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Study of Nuclear Interactions by Emulsion Chambers at Mt. Chacaltaya

Akinori Ohsawa?

3Institute for Cosmic Ray Research, University of Tokyo, Kashiwa, Chiba, 277-8582 Japan.

1. Introduction

Study of nuclear interactions by observing cos-
mic rays permits us to investigate what cannot
be done by accelerator experiments. Those are
the studies of high energy nuclear interactions in
the energy region exceeding 1.5 x 1014 eV {CERN
pp collider of /5 = 546 GeV) or 1.6 x 10'% eV
(FNAL Tevatron of /s = 1,800 GeV), and of ex-
otic events, such as Centauro events|1], etc. which
are possibly produced in extremely high energy
region and/or by an exotic component among the
primary cosmic rays. In this report we discuss
high energy nuclear interactions — multiple par-
ticle production -— based on the data by cosmic-
ray experiments, leaving important and interest-
ing topics of exotic events elsewhere.

To discuss high energy nuclear interactions it is
convenient to start from the cnergy distribution
of produced particles per event, defined as
aN 1 do

dE* o dE*

because other quantities, such as inelasticity and
multiplicity, are derived from it.! Feynman scal-
ing law asserts that the distribution, which is
expressed by a variable z* = 2pj//s, is in-
dependent of the incident energy of collision as
/s = 00.[2] The law is verified in the energy re-
gion of /s < 63 GeV. And one of the empirical
formulae of the energy distribution for charged
produced particles is

BAY |
aN D(l z*) (1)
dz* x*
with D = 2(d + 1)/3 and d = 4.0.[3] 1t leads to
the energy distribution in the laboratory system

lQuantities with and without an asterisk are those in
the center of mass system and in the laboratory system,
respectively.

dN D (1—x)?

dx T

because we have z* ~ E/Ey = x at high energies.
Then we have the charged multiplicity and the
total inelasticity

m(Eo) = fl N e~ D [hl (E_) _ Eé]

mx/Fy dx My 12

and

1
<K>ng wﬂdmIO.S
2/, dx

where the factor 3/2 is due to charge indepen-
dence of produced pions assuming that all the
produced particles are ptons. Both of the above
reproduce the experimental data in low energy
region well.(See Fig. 12.)

In Section 2 we discuss violation of the Feyn-
man scaling law in high energies, based on the
experimental data by emulsion chamber exper-
iments ai Mt. Chacaltaya. And in Section 3
we formulate the energy distribution of produced
particles which shows the violation of the Feyn-
man scaling law, based on the data of direct ob-
servation by accelerator and cosmic-ray experi-
ments. We discuss the conseguences of the for-
mulated distribution at high energies and exam-
ine the validity of it using the data of extremely
high energy (> 10°® V) air showers.

2. Emulsion chamber experiments at Mt.
Chacaltaya

Emulsion chamber experiments have been car-
ried out at Mt. Chacaltaya (5,200 m, Bolivia) by
Brazil-Japan collaboration and by Bolivia-Brazil-
Japan collaboration, employing various types of
the chambers according to the purpose of the
study. In this section we present some results
by the experiments in order to discuss what the
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Figure 1. Emulsion chamber consists of lead plates and sensitive layers (X-ray films and/or nuclear
emulsion plates), piled up alternately. An electron or a photon, incident upon the chamber produces a

cascade shower in the chamber.

Fable 1
Performance of the emulsion chamber
Nuclear cmulsion plate X-ray film
Shower position Az ~ 10 pm Az ~ 100 pm

electron tracks by microscope

Shower cnergy absolute value

opacity by microphotometer
relative value

AEJE ~ 20 % AEJE ~10%
Ew =01 TeV Ey, =1TeV
Shower structure observable impossible

experimental data indicate on the nuclear inter-
action characteristics in high energy region.

2.1. Emulsion chamber

Emulsion chamber is a multiple sandwich of
lead plates (1 cm thick each) and sensitive lay-
ers (X-ray films and/or nuclear emulsion plates),
piled up alternately.[4] (See Fig. 1.) It detects
cascade showers which are produced in the cham-
ber by high energy particles incident upon the
chamber. That is, an electron or a photon of
high energy, incident upon the chamber, produces
a number of clectrons, positrons and photons —
a cascade shower -— in the chamber through a
chain of clectromagnetic interactions with lead.
The electron component in the cascade shower
are recorded by the sensitive layers, and it ap-
pears as a small back spot (~ 100 um in radius)
on the X-ray film after development.

Since a cascade shower develops over several
ccentimeters of lead, the shower spots are found

on X-ray films of several successive sensitive lay-
crs in the chamber. The transition of the spot
darkness, which is obtained by a microphotome-
ter with the slit of 200 x 200 pm?, along the depth
of the chamber enables us to estimate the encrgy
of the incident particle by comparing it with those
which are calculated on the basis of the cascade
theory(5] and the sensitivity curve of the X-ray
film. In this way we can determine the position
and the energy of the incident electron or photon,
called (e,7) hereafter, with high precision. (See
Table 1.} The detection threshold energy of the
shower is By, = 1 ~ 4 TeV on the X-ray film,
depending on the experimental conditions.

On the other hand a high energy hadron, inci-
dent upon the chamber, causes multiple particle
preduction through a nuclear collision with lead
in the chamber. The 7°s among the produced
particles originate a cascade shower through their
decays into ~-rays. In this way emulsion chamber
is sensitive to both (e,~y)’s and hadrons, incident



Figure 2. Two-storey chamber, which is used to study C-jets. The chatmber consists of upper chamber,

target layer, air gap and lower chamber.

Table 2
Structure of two-storey emulsion chambers
165 - 69) IT (69 - '83) I (°83 - )
Area Thickness Area Thickness Area Thickness

Upper chamber | 6.0 m> 6cm Pb [ 442m?  6emPb | 44.2m® 6 cm Pb
Target layer 6.0 m®> 70 cm Pitch | 442 m®> 23 cm Pitch | 44.2 m? 30 cm CHT
Air gap — 80 cm — 158 cim — 237 cm
Lower chamber | 6.0 m?2 10cmPb [ 320m? 10em Pb | 320m? 10cm Pb

T Polyethylene

upon the chamber. It is worth noting,

(1) that hadron detection depends on the total
thickness of lead in the chamber, because the
mean free path of inelastic N-Pb collisions (N
: nucleon) is Ay = 18.0 cm, and

(2) that the observed energy FE,, of hadron-
induced shower is not that of the incident hadron
£y, but that released into y-rays, i.e. E,p = k., Fp
where k., is the energy fraction of produced -
rays with < &k, >~ 1/6. Therefore the detection
threshold for hadrons is much higher (~ 6 times)
than that for (e,7)'s.

2.2. Nuclear interactions in 10'* eV
Nuclear interactions in 10** eV are observed by
the two-storey chamber (Fig. 2), which consists
of the upper chamber, the target layer, the air
gap and the lower chamber.{4, 6] (See Table 2 for
details of the two-storey chamber.) The upper
chamber is a filter of atmospheric (e, v}'s, and
therefore ounly the hadrons arrive at the target
layer to cause multiple particle production. The

¥-rays produced in multiple particle production,
which are mainly the decay products of produced
7%, arrive at the lower chamber with sufficient
mutual separation owing to the air gap.? The
events are called “C-jots”, because the events are
mainly due to the collisions with carbon in the
target layer.

The showers in the lower chamber, originated
by these y-rays, are inspected by a microscope in
the nuclear emulsion plates which are employed
in the sensitive layers of the lower chamber to-
gether with X-ray films. Their energies are deter-
mined by counting the number of electron tracks
in respective showers. That is, the transition of
the electron number in a shower is compared with
those which are calculated for various incident en-
ergies by cascade theory.[5] The threshold energy
for shower detection is iy = 0.2 ~ 0.5 TeV when
we use nuclear emulsion plates.

2A «-ray with the energy F, = 1 TeV has average lateral
spread 7 = Hpr, /B, = 100 (cm) x 200 (MeV/c)/1 {TeV)
= 200 {pm) afier traversing the air gap of H =1 (m).
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Figure 3. Rapidity density distributions of 7-rays. The solid curves present the distributions to follow
Feynman scaling law at s1/2 = 19.7 GeV and at s*/2 = 500 GeV, respectively.

The basic idea of two-storey chamber is to
study nuclear collisions by observing #°'s among
the produced particles in multiple particle pro-
duction. One can see that the produced particles
in the collision are observed directly in this ex-
periment. It is worth noting that the ambiguity
of the interaction point in the target layer is less
than the error of cnergy, determined by electron
track counting, and consequently the energy of -
rays can be calibrated by the kinematical relation
of #° = 2v decay.

The characteristics of multiple particle produc-
tion, which are obtained by the experiment, were
confirmed by the experiments by CERN gp col-
lider.[7] Those are the violation of Feynman scal-
ing law, gradual increase of < pr, > (the average
transverse momentum) with the incident energy,
a correlation between dN/dy, (the rapidity den-
sity of produced y-rays) and < p,., >, etc.

Fig. 3 presents the rapidity density distribu-
tion of vy-rays obtained by the experiment.[8, 6]
The data are 80 C-jets with the total observed

energy » B, = 20 ~ 80 TeV and the number
of ohserved y-rays n, > 4. The average inci-
dent energy of collision is < /s >= 500 GeV. It
shows clearly that y-ray production is suppressed
in the forward region and enhanced in the cen-
tral region, compared with the distribution of the
Feynman scaling law.

2.3. Nuclear interactions in 10" eV (1)

Direct observation of nuclear collisions is not
easy in this cnergy region because of the scarce
intensity of high cnergy cosmic-rays even at high
mountains. Hence nuclear interactions in the at-
mosphere are observed by the upper chamber of
the two-storey chamber or by a simple emulsion
chamber of large area.

The event, called “family” or “A-jet”, consists
of several ~ a few tens showers of (e,v) and
hadron origins, distributed over an area of a few
~ ten centimeters radius. Identification of fam-
ily is easy because the conssituent showers are in
parallel one another on the projection map of all
the observed showers. Family is the air shower at
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Figure 4. The intensity of families with the en-
ergy exceeding 3 E. (the total observed energy
in the family) at Pamirs. Full circles are the ex-
perimental data, and 'model-A’ is by the simu-
lations where UAS5 code is assumed for nuclear
interactions.

its central part or at the early stage of its devel-
opment, because only the high energy particles
are detected by emulsion chamber.

It is not straightforward to extract characteris-
tics of nuclear collisions {rom the ohserved data of
families, because most of the events arc not due to
a single collision but due to complicated cascade
processcs — nuclear and electromagnetic — in
the atmosphere. Thercfore usually the data arc
compared with simulations which follow the at-
mospheric diffusion of cosmic rays. Main assump-
tions in the simulations are on the energy distri-
bution of produced particles in multiple particle
production and on the mass composition of the
primary cosmic rays. We assume UAS code for

the former and proton-dominant composition for
the latter. UAB code is a phenomenclogical simu-
lation code of multiple particle production, which
reproduces what UAS Collaboration observed at
CERN pp collider.|9] It predicts the energy distri-
bution of produced particles with rather strong
violation of Feynman scaling law, both in the
central region and in the forward region. (See
Sect. IIL.) The assumed proton-dominant compo-
sition{10] is the extrapolation of the one in low
energy region ( < several TeV), which are estab-
lished by the experiments of direct observation.?

Fig. 4 shows the frequency of the families with
the energy exceeding 3" E, (the total observed
energy of (e,v)’s in the family) at Pamir altitude
by Chacaltaya-Pamir Collaboration,[11] which is
one of the basic parameters to discuss the fami-
lies, Those by simulations are presented together.
The figure shows that the intensity by the exper-
imental data is lower than that by the simulation
where UAS code and proton-dominant composi-
tion are assumed. It indicates that at least either
of the assumptions should be revised in the di-
rection to make energy subdivision more rapid
through the atmospheric diffusion of cosmic rays.
That is, the violation of Feynman scaling law is
stronger than that expected by UAS code and/or
the composition of the primary cosmic rays is
heavier than proton-dominant one in 10'° eV.

Fuji-Kambala collaboration obtained the simi-
lar results by the emulsion chamber experiment at
Mt. Kambala {5,400 m, Tibet), which are shown
in Fig. 5.[12] They argue that the composition
becomes quite heavier in 10! ¢V on the assump-
tion of quasi-scaling energy distribution of the
produced particles. However, a quasi-scaling en-
ergy distribution is not an established one in the
energy region of 10!° eV,

3Typical ane is;

Ep (eV) Relative abundance (%)
H He CNO Heavy Fe
1018 42 17 14 14 13
1018 42 13 14 15 16
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Figure 5. The intensity of the families with the energy excceding 3" E., at Mt. Fuji and at Mt. Kambala.
The abbreviations, attached to the data by simulations, are as follows.

P (PD) : protons (proton dominant composition)} for primary cosmic rays

S (F) : scaling (fire-ball) model for nuclear interactions

Q : QCD-jets included
I : increasing cross section

2.4. Nuclear interactions in 10*° eV (2)
We cannot discriminate by emulsion chamber
data which of nuclear interaction or cosmic-ray
composition is the cause of the observed low in-
tensity of families. Still inore it should be pointed
out that the above argument nceds further as-
sumption of the intensity of the primary cosmic
rays, which is obtained by the air shower experi-
ments assuming characteristics of high energy nu-
clear interactions.? To overcome such shortcom-

It is true that the air shower size at the shower maximum
does not depend strongly on the details of nuclear interac-
tions and on the nature of the primary cosmic rays. Hence
it is a pood measure of the primary energy to initiate the
air shower.

&

ings we started an expcriment to observe families
and air showers simultaneously.[13]

The experimental set-up consists of air shower
array, hadron calorimeter and emulsion chamber,
by which air shower size (the total number of
charged particles in the air shower), hadron data
and family data are obtained, respectively. The
hadron data which are obtained by the hadron
calorimeter, installed beneath the emulsion cham-
ber, provide a clue to link air showers with fam-
ilies. That is, the families without arriving time
and the hadron data with arriving time are corre-
lated by the coincidence of their geometrical cen-
ter, and the hadron data and the air showers by
the coincidence of their arriving time.
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Figure 6. Shower-size (N,) dependence of average family energy, {Z E.) (a) for the
HADRON experiment at Tien-Shan, and (b) for the svs experiment at Chacaltaya.
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Figure 6. Correlations between 3 E, (total observed energy in the family) and N, (air shower size)
at Tien Shan (a) and at Chacaltaya (b), for the air showers which are accompanied by families with
3> E, > 10 TeV and n, > 4. Full circles are for the experimental data open circles (crosses) arc for those
by simulations where UA5 code and proton-dominant (heavy-dominant) composition are assumed.

Fig. 6 presents a correlation between 3 F. and
N, (air shower size) for the air showers which
are accompanied by the families.[14, 13] Defini-
tion of the family is 3 E, > 10 TeV and n,, > 4,
Discrepancy between the experimental data and
the simulation leads to the same conclusion men-
tioned in the previous subsection. The similar
type of the experiments, which is carried out at
Tien Shan (3,300 m, Kazakhstan), obtained the
same conclusion, which is shown in Fig. 6.[14, 15]

The figures show also that the hypothesis of the
heavy composition of the primary cosmic rays,
proposed by Fuji-Kambala Collaboration, reduces
but cannot describe fully the observed discrep-
ancy. Hence we conclude that violation of the
Feynman scaling law is stronger than that as-
sumed in the UAS code, irrespective of the as-
sumption of the primary cosmic-ray composition.

Fig. 7 shows the differential energy spectrum

of hadrons in the air shower, which is obtained
from the data by the hadron calorimeter, together
with the results by the simulations.[16] The figure
confirms the above conclusion again. KASCADE
experiment reaches the same conclusion from the
study of hadronic cores of extensive air showers
by the large hadron calorimeter.[17]

3. Nuclear Interactions at 10} ~ 10%° eV

As we saw in the previous sections, emul-
sion chamber experiments show /indicate that the
Feynman scaling law of the energy distribution
of produced particles, which looks to be valid in
V'8 < 63 GeV, is violated in 10'* ~ 10'¢ V. Then
our next question is what kind of cnergy distri-
bution describes the experimental data. However
there are a variety of energy distributions, possi-
ble physically.
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Figure 7. Differential number of hadrons in the
air shower, which is obtained by the hadron
calorimeter. Full circles are for the data by the
simulation where UA5 code and proton-dominant
composition are assumed.

Hence in this section we formulate the en-
ergy distribution of produced particles, based on
the data of direct observation by accelerator ex-
periments and cosmic-ray experiments (C-jets),
which show violation of the law. Then the conse-
quences of the formulated distribution are exam-
ined and the distribution is compared with those
by nuclear interaction models which are used re-
cently in simulations to follow the diffusion of cos-
mic rays in the atmosphere.

3.1. Formulation of the energy distribution
by the data of direct observation

There are several sets of data, of direct observa-
tion by cosmic-ray and accelerator experiments,
which are tabulated in Table 3 in chronological
order. One should notice that the experimental
data are presented in various quantities as rapid-
ity density, pseudo-rapidity density, etc., owing

to the experimental conditions of the respective
groups. To discuss these data in relation to the
energy distribution of eq.(1), one has to transform
dN/dz* into dN/dn*, dN/dy*, etc.

We assume that z-distribution is expressed in
the following way.

dN (1—a'z*)e

v = oD ———e= g(pr) (2)
dz dp'r 13;*2.+ (%}%)2
(pe=vpr+mg)

where the parameters o and o' are adjustable

ones. This formula reproduces the scaling func-

tion of eq.(1) using @ = o’ = 1 and /s = oc.

The parameters a (> 1) and o' (> 1) express

enhancement of eq.(1) in the central region and

suppression in the forward region, respectively.
The p,-distribution is assumed to be

with
¢ (z* < zf)
v c(%l)c (z* > x3) (¢ = 0.2 GeV/e)

According to eq.(3), the average value of p;, given
by < pr >= 2py, is constant (=0.4 GeV/c) in
0 < z* £ z§ and becomes smaller in the for-
ward region of &* > zj, which is observed by the
experiments.[4, 18] The values of ¢ and z;, are
determined as

¢ =057, ) =0.08
by the rapidity dependence of the average pg
valuc by UAT Collaboration.[18]

The energy distribution of eq.(2) can be trans-
formed easily to rapidity and pseudo-rapidity dis-
tributions;

anN i ¢
=aD|l-a'“=(e¥ —e ¥ 4
dy*dp, [ ¢ \/E(e ¢ )] 9l) ()
dN P 4
=aD|1—a' (e — ’?']
dn*dpr ¢ [ ¢ \/E(e ¢ )



Table 3
Particle distribution in multiple particle production

Energy  Maximum  Presented Observed Observed
Group Site Collision /s {(GeV)  rapidity quantity  particles regii)‘;?
Brazil-Japan Mt. Cha-
Collab.[6] caltaya h—ct 500f 122 dN/dy, yrays Y, > 7.8
53 4.0 dN/dn* charged
UAS5 Collab.[9] CERN fisgl 200 5.3 dN/dn* charged "] < 4.5
546 6.3 dN/dy* charged
900 6.8 dN/dnp* charged
UAT Collab.[18] CERN p 630 6.4 dN/dy* =0 y*=35.0~6.6
Harr et al.[19] CERN 7/ 630 6.4 dN/dnp* charged #*=15~55

T hadron (nucleon, pion)—Carbon collisions

¥ The value is the averaged one, i.e. < /s >= 500 GeV.

(e +e ™)

X \/(e”' ey (%)

The distributions dN/dy* and dN/dn* are ob-
tained by numerical integration with respect to
the transverse momentum po.

=9(pr) (5)

3.2. Scaling violation parameters

Fig. 8 shows the pseudo-rapidity distributions
of eq.(5) at /s = 546 GeV for various values of
the scaling violation parameter a’. We assume
the energy dependence of paramcter a as

a= (5N o (BT
N S - A
where 85 = 3.9 x 102 GeV?, A = s/2M =

2.0 x 10° GeV and a = 0.105. Then the pseudo-
rapidity density at n* = 0 is given by

(6)

p'i‘

(if}f_) —p{ L Va
dn* rr’:l]_ Vi +ml

9

5 a4
= 1.67 x 0.83 x (—)

S0

which reproduces p(0) = 0.745%19%, given empir-
ically by UAS Collaboration.[9] It may be worth
mentioning that the data of p(0), the pseudo-
rapidity density at n* = 0, isreliable by a collider-
type accelerator experiment.

The calculated distributions are compared with
the experimental data, listed in Table 3, to ob-
tain the value of the scaling violation parameter
«'. The data are those of all inelastic events, but
not of NSD (non-single-diffractive} events, be-
cause the former is more suitable for discussing
cosmic-ray diffusion.® The energy dependence of

5Definitions of all inclastic events and NSD events are,

Ginel = oNspD +0sp  and  ONSD = OND + DD
where ND, SD and DD stand for “non-diffractive”, “single-
diffractive” and “double-diffractive” events.

According to the dasa by UAS5 Collaboration, the den-
sity of the former is smaller by 10 % than that of the latter
in the pseudo-rapidity range 0 < p* < 3.5 and is almost
equal to that of the latter in 7™ > 3.5 at /s = 546 GeV.[9]
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Figure 8. Pseudo-rapidity density distributions
at s1/2 = 546 GeV for various values of the scal-
ing violation parameter a'. The parameter a is
assumed by eq.(6) in the text. The kink of the
curve at ¥ = 4.8 is due to the rapidity depen-
dence of the average p; value.

the scaling violation parameters a and a’ are in

Fig. 9. There we observe that the parameter o

has a stronger dependence than the parameter a.
Two cases of energy dependence are used in

a = (%) (o' = 0.105 and 0.210)

which are called Model-1 and Model-2 hereafter,
respectively. The parameters ¢ and a’ in Model-1
have the same energy dependence, and those in
Model-2 are the best-fitting ones to the experi-
mental data. The values of @’ by Harr et al. and
by C-jets deviate considerably from other data.
Model-0 with ¢ = &' = 1.0, which stands for the
case of Feynman szcaling law, is for the reference.
{Table 4.)

Fig. 10 shows the pseudo-rapidity density dis-
tributions (of all inelastic events but not of non-
single-diffractive events) by UAS Collaboration
together with those of the parameter values of
the best fitting. One can see in the figure that
the reproduction is satisfactory by Model-2 and
that Model-0 (the Feynman scaling law) cannot
reproduce the data both in the central and for-
ward regions.

10

Scaling Viclation Parameter ¢

SUAT

G Haw et Al

Scaling Violation Parameter g’

\/r? (GeV)

Figure 9. Energy dependence of the scaling viola-
tion parameters, o and o', which are obtained by
fitting the calculated curves of (pseudo-)rapidity
density distribution to those of the experimen-
tal data in Table 3. The full circles are the
experimental data of UA5 Collaborationand the
open circles are by the data of other experimental
groups. The hatched area indicates the energy re-
gion where the Feynman scaling law (a ~ 1.0 and
a' ~ 1.0) is verified by the experiments. The lines
are the assumed encrgy dependences of Model-1
and Model-2.



Table 4

Scaling violation parameters, assumed in the models

Model Scaling-violation parameters* Average Remarks
a o
a= (EAQ) a = (%) inelasticity
Model-0 a =10 o =0 < K >=0.5 the Feynmau scaling law
Model-1 @ =0.105 e = 0.105 <K >=05
E.\ -0-105
Model-2  « =0.105 o' =0.210 < K >= (jl) consistent with experimental

data

*A=20x10% GeV

dN 7 dn*

Rapidity Density

Pscude-rapidity !

Figure 10. Pseudo-rapidity density distributions.

Experimental data are by UAS Collaboration for

all inelastic events at the energies of s'/? = 53
GeV (»), 200 GeV (a), 546 GeV (o), and 900 GeV
(o). Solid lines are the eq.(5) in the text, with
the parameter values of the best fitting, shown in
Fig. 2. The chain lines are those of Model-0.

3.3. z-distribution, multiplicity and inelas-
ticity, predicted by the models
Using an approximate relation z* ~ E/Ey =
z, valid at high energies, we obtain dN/dz from
dN/dz* of eq.(2).

11

(1 —a'z)?

dN &0
— =/ aD ==t g(ps )dp.
M 0 2 2

Ve (%)

Fig. 1 shows the x-distributions, predicted by
Model-2. As can be secn in the figures, the Feyn-
man scaling law is violated strongly both in the
central region and in the forward region in Model-
2. There is almost no particle with z > 0.01 at
Ey =102 eV.

Fig. 12 shows the energy dependence of charged
multiplicity, predicted by the models, after inte-
gration of eq.(7). That is,

L/ja’
m{Ey) = / dmﬂ
0

Onec can see in the figure that there is no big
difference about the multiplicity between Model-
1 and Model-2. And it is of no wonder that the
energy dependence of Model-2 agrees better with
the experimental data than that of Model-1 does.

Fig.12 shows also the energy dependence of the
average total inelasticity in the laboratory sys-
tem, defined by

3 Y% 4N
K >= - x——d
< 3 /U x iz xT
It shows that the inelasticity decreases consider-
ably in Model-2 at high enerpies while it is con-

(7)



x dN/dx

x dN /s dx

x=E/E,

Figure 11. z-distribution of Model-2 for various
primary energies Ey. The model describes the
strong violation of Feynman scaling law both in
the forward region and in the central region. The
chain line in the upper figure is the scaling func-
tion of eq.(1) in the text. Full circles are the ex-
perimental data of p+p — 7% + X at s1/2 = 20
GeV, where the scaling law is valid.[20] The lower
figure shows that the distribution in the forward
region shrinks distinctly, in particular, at highest
energies.
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Figure 12. Energy dependence of charged multi-
plicity and that of total inelasticity, predicted by
the models. There is no big difference of the mul-
tiplicity between the models. One can see that
Model-2 describes the experimental data (full cir-
cles) better than Model-1 does, because Model-
2 has the best fitted parameters to describe the
rapidity density distribution. Inelasticity is de-
creasing in Model-2, while it is constant (=0.5)
for Model-0 and Model-1. The shadowed area in-
dicates the region where the Feynman scaling law
is verified by the experiments within the experi-
mental errors.



stant (= 0.5) in Model-0 and in Model-1.9

3.4. Comparison with models used in sim-
ulations

It is interesting to sec how the relation is be-
tween the models, assumed here, and those which
are used recently in stmulations of atmospheric
cosmic-ray diffusion. We compared in Fig. 13
the pseudo-rapidity density distributions[21], pre-
dicted by UAB code22]", VENUS[23],
QGSJET[24], SIBYLL[25], HDPM][26] and DP-
MJET{27], with those of the present models.®
The models VENUS, QGSJET and DPMJET
are QCD theory inspired ones, while UA5S code,
SIBYLL and HDPM are based on the experimen-
tal data.

One can see the following points in the figure.
(1) The difference among model predictions is not
small one another, although all models are either
QCD-inspired or empirical.

{2) In the central region all model predictions of
the pseudo-rapidity density are consistent, except
that of HDPM.

(3) In the middle pseudo-rapidity region, i.e.
2.0 € n* £ 6.0, which is the most important for
the atmospheric diffusion of cosmic rays, QCD-
inspired models predict higher density than phe-
nomenological models do. The pseudo-rapidity
densities by the QCD-inspired models, are be-
tween those of Model-1 and Model-2. Those by
the phenomenological models are almost consis-
tent with Model-2.

{4) In the most forward region, all model predic-
tions are consistent with the one of Model-2.

It may look strange that the average inelasticity < K >
is 0.5 for Model-1, which has a higher rapidity-density
than QGSJET, because it is said that < K >z~ 0.6 by
QGSJET. 1t is due to the difference of sampled events, i.e.
all inelastic events in the former and NSD events in the
latter. In other words the average inelasticity by QGSJET
is ~ 0.5 for all inelastic events.

TUAS code is a phenomenological simulation program,
made by UAS Collaboralion, which describes the data ob-
served by the collaboration. The code does not necessarily
predict the pseudo-rapidity density correctly in the for-
ward region, because the observed pseudo-rapidity region
by UAS Collaboration is limited to n* < 4.5,

80ne should notice that the pseudo-rapidity density by
simulations is for NSD (non-single-diffractive) events while
thal of the caleulation is for all inelaslic events. Sec the
footnote®,
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Figure 13. Pseudo-rapidity density distributions
at sY? = 546 GeV. Plots are by the models
(UAb code, VENUS, QGSJET, SIBYLL, HDPM
and DPMJET) which are employed in the sim-
ulations of cosmic ray phenomena. The data
by the simulations are based on the NSD (non-
single-diffractive) events, while those by Model-0,
Model-1 and Model-2 (solid lines) are for all in-
clastic events. See the footnote® for the difference
betweenr NSD and all inelastic events.

(5) The experimental data by Harr ef al. are al-
most consistent with those by QGSJET.

(6) The distribution by UAb5 code is almost con-
sistent with that of Model-2.

4. Application of the formulated energy
distribution to highest energy air show-
ers

We consider highest energy air showers (> 10!®
eV} as the first step to examine the validity of
the formulated energy distribution of produced
particles, because the energy dependence of the
formulated distribution has larger effect at higher
energies.

Our interest is how the nuclear interactions af-
fect the air shower development and how the for-
mulated energy distribution, based on the data of
direct observation, describes the highest energy
air showers.



4.1. Diffusion of Cosmic Rays in the At-
mosphere.

A high energy primary cosmic-ray proton®, in-
cident upon the top of the atmosphere, makes
a nuclear collision with an atmospheric nucleus,
and many particles — one surviving particle and
a number of produced particles -— are yielded
through the collision. The inelastic cross section
of the proton-air collision increases with the pro-
ton energy. The surviving particle, either a pro-
ton or a neutron, repeats inelastic collisions in the
atmosphere,

The produced particles arc assumed to be pi-
ons. The energy distribution of produced pions
is substituted by that of N — N collision, which
is formulated in the previous paper, because the
effect of the air nucleus target appears only in the
backward region.!® The charged pions among the
produced pions make nuclear collisions in the at-
mosphere again. The collision mean free path of
charged pions has the same energy dependence
as that of nucleon. We neglect decays of charged
pions into muons.

The multiple particle production, induced by a
charged pion, has essentially the same character-
istics as the onc by a nucleon, which is contirmed
in low energy region within the errors of the ex-
perimental data. That is, the final state of the
collision consists of one surviving pion and pro-
duced pions whose energy distribution is the same
as the one of proton collision. The differences arc
that the inelastic cross section of proton is larger
than that of pion, and that the surviving pion
has a probability to be a neutral pion (called the
‘charge exchange’ process). (See Table 5.)

The neutral pions, among the produced pions
and through the charge exchange process, decay
into «y-rays which produce a number of electro-
magnetic component, electrons and photons, via
electromagnetic cascade process.

9We assume that the primary cosmic ray is a proton. And
we employ the superposition model for a target nucleus,
which assumces that the nucleus of mass number A and
energy Fo is a bundle of A oucleons and energy FEo/A,
each. The model is valid when the observation level is
sufficiently deep in the atmosphere.[7]

10 he diffusion of cosmic rays in the atmesphere is gov-
erned by the high energy particles, produced in the for-
ward region.
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Following the above description of the cosmic-
ray diffusion in the atmosphere, we formulate the
elementary processes in the following way.

(1) Inelastic collision inean free path

The mean free path of the ineclastic N —air (N

. nucleon) collisions,

Ey

An(Ep} = Ay ( 5

and for #% — air collisions

s
) {Ar = 80.0 g/cm?)
Ae(Eo) = 2An(E) (e =

f on)

(2) Energy distribution of produced charged pions

The energy distribution of produced charged
particles through multiple particle production is
formulated in Scction 3. In the laboratory system
it is given by eq.(7). And the scaling violation pa-
rameters ¢ and o’ are dependent on the incident
cnergy. That is,

_ Ky “ a = f‘—ﬂ “
“=\a “\4
where the exponents of the parameters o and o
are tabulated in Table 4.

In other words we assume that the number of
charged pions with the energy between £ and E+

dE is given by
- (Eo . £
A Ey

where Ffy is the energy of the incident parti-
cle. According to the above, the energy of the
produced pions is between £ = 0 and F =
(Ey/A)~ Ey.

The average value of the total inelasticity in the
laboratory system it is constant {= 0.5) in Model-
0 and Model-1, while it decreases considerably
in Model-2 at high encrgies. (See Fig. 12 and
Table 4.)

{3} Inelasticity distribution

We assume that the inelasticity is distributed
uniformly between 0 and 2 < K > (< 1.0). That
is, the inelasticity distribution is

diK
2< K >

Onn

Own

d
dE

Eo\®
(B, E)E — D(;) =

w(K)dK = (K=0~2<K >)



Table 5
Energy distribution of the produced particles in multiple particle production

Coilision Surviving particle Produced particles (pions)
charged pions
N_N nucleon w(Ey, BE)dE
E — (1 - K)YEy)dE neutral pions
Lo(Eo, E)E
charged pions charged pions
iy (=B 8E-(1-K)E)dET By, E)E

neutral pions
bO(E — (1 - K)Ey)dE!

neutral pions

1 The charge exchange probability b = 0.3 is assumed.

(4) Energy spectrum of the surviving particle
The energy distribution of the surviving parti-
cle is determined by the inelasticity distribution;

/u(K)dK 8(E — (1 - K)Eo)dE

which leads to z-distribution of the surviving par-
ticle as

2—5%—)— (1-2<K><z<1)

That is, the variable = of the surviving particle is
distributed uniformly between 1 -2 < K > and
1, which is consistent with experimental data in
low energy region.

There is a probability in pion collisions that the
surviving pion is a neutral pion «°, which decays
immediately inte y-rays. This charge exchange
process is important from the energy flow point
of view, because the surviving particle has high
energy in average, compared with the produced
pions. We assume that the charge exchange prob-
ability is b = 0.3 tentatively, because there is no
experimental data of it in high energy region.!'
(5) Energy distribution of #%’s

11 he probability may be higher than 0.3, and probably
~ 0.4

We assume that the cnergy distribution of #%’s
is a half of that of charged pions, which is con-
firmed within the experimental errors in low en-
ergy region.

The assumptions, mentioned here, are tabu-
lated in Table 5.

4.2. Size of the air shower

Size of the air shower is defined as the total
number of charged particles in the air shower
which pass through the plane at the observa-
tion level. And the charged particles in an air
shower consists of electron component (electrons
and positrons), charged hadrons (mainly charged
pions) and muons, among which electron compo-
nent are dominant. Hence we calculate only the
number of electron component N, to express the
air showcr size.

The calculation is made analytically, because
our main intercst is to see how the characteris-
tics of nuclear interactions affect the air shower
development. That is, the diffusion cquations of
nucleon, charged pion and electron components
arce solved analytically for four cases in Table 6.
It corresponds to take into account the respective
factors of the nuclear interaction characteristics
one by one, taking Case A as the zero-th approx-
imation, which is the one of the objectives of the



Table 6
Cases to solve the diffusion equations

Case Parameters Remarks
a o 3 b Model < K > o(FE)
A 0 0 0 0 and 0.3 Model-0 - —
B 0 0 0.056 0 Model-0 - Va
C 0.105 0.105 0 0 Model-1 —¥ —
D 0.105 0.210 0] 0 Model-2 Ny -3
' T T T T " T T T S W
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Figure 14. Transition curve of the air shower size
for the primary proton with the energy Ep, =
108, 101%, and 10%° eV, for Case A (Model-0
and counstant cross section). The arrows indicate
the depth of the sea level (1,030 g/cm?) for the
air showers with the inclination 8 = (° and 30°.

present study.

Fig. 14 shows the transition curve of the air
shower size for the primary proton with the en-
ergies By = 108, 10", 10% eV for Case A. One
can see in the figure that the air showers are at
the maximum development at sea level and that
the relation Ey/N, =~ 2.0 (GeV) holds approxi-
matcly.

Fig. 15 shows the ratio of the air shower size
between the cases of B, C and D and the case A
for the primary energy Ep = 10* eV. One can
see the following in the figure.

(1) Effect of the charge exchange process of the
surviving pion is almost constant over the atmo-
spheric depth,-and amounts 13 %. (This tendency
can be explained by analytic solutions obtained.)

Ammospheric Depth z=1/% (% =80 glent)

Figure 15. Ratio of air shower size, N,(B)/N.(4),
N (C)/N.(A) and N.(D)/N.(A), along the
depth. The cases of A, B, C and D are tabu-
Jated in Table 6. The primary energy of a proton
is 1090 V.

{2) Effect of incrcasing cross section is large at
high altitude, but is small at sea level. (This ten-
dency can be explained by analytic solutions ob-
tained.)

(3) The effects of scaling violation, in Model-1 and
in Madel-2, have similar depth dependence, but
the absohite values of them differ by five times.
(4) Model-2 gives smaller air shower size, and the
attenuation of the air shower size after the shower
maximum is very slow due to the small value of
inelasticity.

(5) At sca level the air shower size is affected most
by the energy distribution of produced particles,
and the effects of the increasing cross section and
of the charge exchange are relatively small.



Table 7
Constants in the numerical calculation

charge exchange probability b =10.3
(of the surviving pion)

collision mean free path

N — air ~ = 80.0 (g/cm?)
w - air Ar = 113.0 (g/cm?
ratio E= My /Ar =071

radiation length of the air
ratio

Xy =371 (g/cm?)

critical energy of the air e = 80.0 (MeV)

)

o= Av/Xo =216

5. Summary and discussion

(i) We formulated three models, Model-0, Model-
1 and Model-2, for the energy spectrum of pro-
duced particles in multiple particle production
{Table 4). Model-2 is based on the data of direct
observation by cosmic-ray and accelerator exper-
iments in the energy region of 10'% ~ 10! eV.
It indicates the violation of the Feynman scal-
ing law both in the central regton and in the for-
ward region. Average inclasticity is < K >= 0.5
in Model-Q and in Model-1, but decreases with
the incident energy in Model-2. Most of the nu-
clear interaction models, which are employed in
rceent simulations to follow the diffusion of cos-
mic rays in the atmosphere, lie between Model-1
and Model-2, from the view point of the energy
distribution of produced particles.

(ii) Analytical expression is given for the size of
the air shower, based on the formulated models of
nuclear interactions. It cnables us to discuss el-
fects of physical processes -— the charge exchange
of the surviving pion, increasing cross section of
hadron — air collisions, and the energy distribu-
tion of produced particles — to the air shower
size. These processes are the major factors to
govern the diffusion of high energy cosmic rays in
the atmosphere. We obtained the following ob-
servations about the sizc of the extremely high

cnergy air showers of By — 1027 eV,

(1) Effect of charge exchange process is almost
constant (x1.13) over the whole depth in the at-
mosphere.

(2} Effect of increasing cross section is large
(x 2 ~ 3) at mountain altitudes, but small
(x1.18) at the sca lovel,

(3) Effect of scaling violation of Model-1 is large
(x 2 ~ 3) at mountain altitudes, but small
(x1.23) at sca level.

(4) Effect of scaling violation of Model-2 is not
negligible at any depth, t.e. x 0.6 ~ 0.4 at moun-
tain altitudes and x0.22 at the sea level.

(ili} The air shower size at sea level, expected by
the present calculation, is tabulated in Table 8
for the incident proton of £y = 10%° eV. In the
table the effects of the charge exchange process
and the increasing cross section are obtained by
Fig. 15. To calculate the expected air shower size,
to which the effects of charge exchange probabil-
ity and increasing cross section are included, we
multiplied all the factors because the factors are
near 1.0.

{iv) M. Nagano et al. examined the method of en-
ergy determination of extremely high energy air
showers, employed by AGASA experiment, by the
simulation code of CORSIKA[26](with QGSJET
model). And they reached the conclusion that
the method works well for the highest energy air



Table 8

Air shower size at sea level, expected by the models, for the incident proton of Ey = 102? eV

Model-0 Model-1 Model-2
size* 5.0 x 1010 6.2 x 10 1.1 x 107
ratio to Model-0 (x1.0) (x1.23) {x0.22)
charge exchange x1.13 x1.13 x1.13
increasing cross section x1.18 x1.18 x1.18
size (expected)** 6.7 x 1010 8.3 x 1010 1.5 x 100

" without the processes of increasing cross section and the charge exchange.

*k

showers.[28] The simulation gives N, = 5.5 x 101?
for the proton-induced air showers of Ey = 1020
eV.'? We can see the following points by compar-
ing the value with those in Table 7.
(1) The value by the simulation is between those
of Model-1 and Model-2. u this sense our calcula-
tion and the simulation are consistent each other,
because we saw in Section 3 that the pseudo-
rapidity density distribution by QGSJET model
is between those by Model-1 and Model-2.
(2) If we take Model-1, the energy spectrum of
highest encrgy air showers shifts to the left (to-
ward lower energy) by a factor 1.5.
(3) If we take Model-2, which is the best-fitted to
the experimental data, the energy spectrum shifts
to right (toward higher energy) by a factor 3.7.
Among the major factors to govern the cosmic-
ray diffusion in the atmosphere — the energy
distribution of produced particles, the charge ex-
change probability of the surviving pion and the
increasing cross section of hadron-air collisions
—, one can sce that the first one has the largest
effect on the size of extremely high cnergy air
showers. Hence we have te specify the energy dis-
tribution of produced particles in multiple particle
production in more detail, in order to confirm the
extremely high energy cosmic rays exceeding 1029
eV.

(v) The item (3) in the above paragraph (iv)
makes the puzzle of extremely high energy cos-
mic rays more serious. That i3, the encrgy spec-
trum of the primary cosmic rays, which is esti-

12%e obtained N = 5.5 x 10° for the proton-induced air
showers of Ky = 10'? eV, from the figure in Ref.[28], and
multiplied it by 10.

with the processes of increasing cross section and the charge exchange.

mated by the highest energy air showers, extends
beyond the Greisen-Kuzmin-Zatsepin cut-off en-
ergy (~ 10'% ¢V)[29], which is one of the most
important and interesting puzzles to be solved at
present.|30]

Probably it is not irrelevant to conclude that
the cnergy dependences of the scaling violation
parameters in Model-2 are not valid at extremely
high energy region. In other words Model-2 does
not describe the extremely high energy air show-
ers. This is due to the fact that Model-2 predicts
small inelasticity at high energies. For example,
the value is as small as 0.2 even at £y = 107¢ eV.
(See Fig. 12))

According to our previous analysis of attenua-
tion mean free paths of hadron and (e, ) compo-
nents [31], the inelasticity of < K >= 0.5 is com-
patible but smaller inclasticity is not compatible
with the experimental data in the energy region
of 10! ~ 101% eV, We will discuss in succeeding
papers the cosmic-ray data in the energy region
of 101" ~ 10® eV, presented in section 2, and
a model to describe all the available data consis-
tently.
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1. Introduction

Emulsion chamber (EC) is sensitive to high
energy (e,y)'s and badrons, incident upon the
chamber, and can determine the positions and en-
ergies of these particles with high precision. It is
used widely in the experiments to observe high
energy cosmic rays, in particular in those at high
mountains.

Objectives of mountain BC cxperiments are
mainly to study nuclear interactions in the on-
crgy region exceeding those of accelerators and
to study exotic events, such as Centauro, Chiron,
etc. To study these subjects it is important to
identify the origin of ohserved showers, hadrons
and (e.)’s. For exatuple, fraction of high energy
hadrons and (e, 7)'s in the air shower is one of
the interesting parameters to study nuclear inter-
actions which originate air showers. And one of
the remarkable characteristics of Centauro events
is a high fraction {~ 1.0} of hadron content.

In this report we present an algorithm to iden-
tify showers and some results which are obtained
by applying the algorithm to experimental data.

2. Showers observed by emulsion chamber

2.1. Emulsion chamber (EC)

EC, a multiple sandwich of lead plates (usually
1 cra thick each) and sensitive layers (X-ray filins,
etc.), detects cascade showers which are produced
in the chamber by the particles incident upon the
chamber.

A cascade shower traverses several centimeters
of lead, and therefore is recorded by several suc-
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cessive sensitive layers of EC. A cascade shower
forins a small dark spot (~ 100 pm) on the X-
ray fim after developient. Darkness of the spot
is measured by a microphotometer with a slit of
200 x 200 wm?. EC detects spots with darkness
exceeding ~ (1.1, which corresponds to the shower
energy of ~ 1 TeV. The transition of the spot
darkness values along the depth of the chamber
D(i) (i : i-th sensitive layer), called “(shower)
transition curve”, enables us to determine energy
and starting depth of the shower, by comparing
it with those calculated on the basis of the cas-
cade shower theory, taking into account sensitiv-
ity curve of the X-ray film.

2.2. Showers observed by EC
(i) Gamma-showers and hadron-showers

Showers, originated by {e,+)’s, are called
“ramma-showers”. Their shower transition
curves are characterized by a single peak at
shallow layers of EC. On the other hand, a
hadron also originates a cascade shower through
its nuclear collision with lead, which is called a
“hadroun-shower”. Most of hadron-showers have
starting points deep in the chamber, because of
long inelastic collision mean free path of hadrons
in the chamber (~ 18.0 cm Pb}. Sometimes the
transition curve of a hadron-shower is not of a sin-
gle peak but of multiple peaks, due to secondary
collisions of the hadrons which are produced in
the first collision.
{ii) Single-showers and family-showers

Observed showers are also classified into those
of single arrival and those in a bundle. We call the
former “single-showers” and the latter “family-
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Figure 1. Illustration of fitting the standard curve to the data points

showers”. A family, a bundle of gamma- and
hadron-showers with the same direction of inci-
dence, is produced by nuclear interaction(s) in
the atmosphere.

Among hadron-showers, single-showers consist
of those originated by nucleons and pions with
roughly equal abundance,® while family-showers
are mainly due to pions.

2.3. Gamima/hadron identification

Gamma- and hadron-showers differ mainly in
the starting depth and in the peaks of the shower
transition curve. So far we have made hadron-
shower identification by the condition that the
starting depth Af > 4(6} c.u. (cascade unit), and
the number of hadron-showers with Aé = 0 ~
4(6) c.u. is estimated statistically.? This way
is sufficient to discuss the intensities of (e,7v)’s
and hadrons. K is the study of exotic events that
urges us to identify respective showers.

The following are the points which make iden-
tification devious.
(1) Development of cascade shower is sensitive
only to the primary encrgy. In other words it is
not so sensitive to the multiplicity of incident ~-
rays if the total energy is the same.

!The intensities of nucleons and pions are approximately
equal at mountain altitude.

2Hadron-showers with multiple peaks are rare because the
chamber is not so thick so far.
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(2) Fluctuation of the shower development due
to stochastic nature of the cascade processes. In
particular LPM effect causes large fluctuation of
shower development in the energy region exceed-
ing 50 TeV.

(3) Ounly the core region of the shower is observed
by EC’s, which makes shower fluctuation larger.
For example, one Moliere unit, which is a mea-
sure of lateral spread of a shower, is ry = 1.6 cm
in lead, while the aperture of the microphotome-
ter is only 200 x 200 gm?. (In other words X-ray
film has low sensitivity.)

{4) Experimental errors mimic fluctuations.

3. Fitting procedure

The following is an algorithm to fit darkness
data points D(i) to the standard curves. (Fig. 1)
(0) Standard curves by simulations.

Gamma-showers are produced for various pri-
mary energies Fy and for various zenith angles
of incidence m = tan4, by the simulation code
of Ref.[1] which takes the chamber structure into
account. The standard curves Dy (i} and the
dispersions o; are obtained for various Fy and m
by averaging them.

(1) The layer of maximum darkness = 1,4,
(2) “Fitting region” of [y, ng}, where ny is the
layer of the first data point and ns = ipma, + 2.



Table 1

Statistics of showers in the experiment and in simuiations.

(1) Experimental data

No. of registered showers

No. of showers for analysis

Single-showers 13290 469
Family-showers 265
(2} Simulated data Conditions No. of showers
Gamma-showers E-TRE (E > 10 TeV) 720
Hadron-showers E7284E (Eu > 10 TeV) 969

(3) Calculation of deviation between the data
points and Dg4(7), moving Ey and the shower
starting point At.

=3 (D) - Dyali)]/o?
The reduced x* is defined as A% = x?/(n — 2),
where n is the number of data points in the fit-
ting region and consequently n ~ 2 is a degree of
freedom. -
(4) The case of the minimum X* = X2
(6) The standard curve of X2, = Energy esti-
mation I5; of the shower in the fitting regiou.
(6) Calculation of the following quantitics outside
the fitting region, called “extra region™ hereafter.

A1) = Y [D(E) — Dyali)] (difference)

8(i) = A(i)/o; (significance)

3~ A1) (Track length

to estimate energy Ex in the extre region)

Xz = 20 0()7
(7} Estimation of the shower encrpy

Ea = Ej+ Ex

3.1. Statistics of showers

At first we cxamine the showers which are ob-
tained by thick lead chambers exposed at Pamirs.
These data are suitable for examination of show-
ers, because the chamber is uniform (59 sensitive
layers at every 1 cm Pb) and thick (60 cm Pb).
The uniform chamber allows us to study shower
development in detail and the thick chamber to
detect high energy hadrons with almost 100 % ef-
ficiency. The showers in Table 1 are selected by
the following criteria.

Dy, = 0.1 (threshold darkness)

Ey, = 10.0 TeV (threshold energy)

m=tanf < 1.5 (4 < 56°)

data points > 3

D <Dy (Dm ~ 4-0)

Gamma- and hadron-showers are produced by
simulations {See Table 1.), where the code of
Ref.[1] is used for electromagnetic cascade pro-
cesses and the code QGSJET[2] is assumed for
hadron-Pb collisions. The energies of the inci-
dent particles are sampled from the power-type
encrgy distribution E~7~1dE (8 = 1.8).

4. Fitting procedure to simulation data of
gamma-showers

We examined the following points using
gamma-showers from simulation.

{1) Optimum number of data points.

Varying the fitting range as [imaz — 7, fmoz +
n| {n =1, ---, 5}, we looked for the optimum
number of data points for the fitting procedure.
Our conclusion is that increase of data points does
not necessarily mean good fitting or good energy
estimation.?

(2) Effect of threshold darkness Dyp

Decrease of Dy, is equivalent to increase of data
points. Hence we set Dy = 0.1,

{(3) Validity of the fitting procedure

We applied the fitting procedure to the gamima-
showers produced by simulations without restrict-
ing the fitting region, and obtained the average
value of reduced x? minimum as < X%, >=
1.08. This value means that the fitting procedure
works satisfactorily, because < X2, >= 1.0 for
an ideal case of ¥* minimum search.

{4) Eﬂ” Us. EQ

Error in the energy estimation by our algorithm

is ~ 10 %.

31t is probably because neighboring data points, D(i) and
D{i + 1), are not independent completely. That is, large
electron number at the i-th layer means again large num-
ber at the (¢ + 1}-th.



Table 2

Average value of reduced x? minimum
Single-showers 2.72
Family-showers  3.03
Gamma-showers .80
Hadron-showers  1.08

Experiment

Simulation

5. Fitting procedure in the fitting region

The fitting procedure in the fitting region is
applied to both data of the experiment and of
the simulations. The average values of X2, in
Table 2 show that the simulation values are near
1.0 while those by experiment are far from 1.0. It
indicates that there is another source of shower
fluctuation in experimental data.

Probably it is the experimental error in dark-
ness measurements, which is not taken into ac-
count in the simulations and which would be re-
duced by smoothing the data or by using the av-
erage values of the neighboring two data points.
After smoothing the X2, distribution of the ex-
periment comes close to that of the simulation,
particularly in small X2, region. Or the value
< X2, >= 2.34 becomes 1.42 after smoothing
for single-showers.*

6. Fitting procedure in the extra region

Fitting procedure (the steps (6) and (7}) is ap-
plied to the extra region of the data from the
experiment and simulations.

(1) x2, vs. Ex/Ey by simulation data

The correlation between x%, and Ex/Fy of
gamma-showers and hadron-showers by simula-
tions shows the following.

e Large x2, corresponds to Ex /Ey > 0 and smal}
x2; 1o |Ex/Fol ~ 0, which signifies that larger
value of x?_ represents real successive showers due
to hadron interactions.

* A criterion x2, > 20 is good for hadron-shower
identification.

(2) Integral distributions of x2. of the simulation
data

4The number of events decreased from 469 to 410, be-
cause some events do not fulfill the selection criteria after
smoothing,

Integral Distribution of XSQX from Extra Region
for Observed Showers with 1D = 5 (Hadron)
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Figure 2. The distribution of x2_ for the single-
showers (c) and for family-showers (a), both with
the starting depth At > 6 c.u.

The x?2, distributions of gamma-showers and
hadron-showers by simulations are quite differ-
ent, and show that the criterion of x2, > 20 for
hadron-shower identification works well.

(3) Integral distribution of x2, of the experimen-
tal data (hadron-showers)

Fig. 2 presents the 2, distributions of single-
showers and of family-showers, both with Ai > 6
c.u. The figure shows that both distributions are
different in spite of the fact that all the showers
are hadron-induced ones. Discussion on the ori-
gin of the observed difference, methodological or
physical, is under way. One of possible descrip-
tions is given by Tamada.[3]
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Characteristics of hadron-induced showers observed by the

Pamir thick lead chambers
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Structures of hadron-induced showers observed by the Pamir thiclk icad chambers are compared with simulations
using VENUS, QGSIET, HDPM and the modified UAS maodel for hadron-nucteus interactions. It is shown none
of the models of hadron-nucleus interactions used in the present analysis can describe all the cliaracteristics of
ihe observed two categories of hadron induced-showers, single-isolated and mulli hadrons, at the same time.

1. Introduction

A sertes of exposures of liomogenecus-lype
thick lead emulsion chambers was carried out on
the Pamir mountains by the Pamir eollaboration
experiment [1]. The homogeneous-type thick lead
chamnber has the advantage that we are able to ob-
serve the shower development of hadron-induced
showers over a range of a few nuclear nean free
paths, which enables us to study in detail charac-
teristics of hadron-Pb interactions of hadron en-
ergy ) > 10% TeV.

In Refs.[2] we discussed the inelasticity of
hadron-Pb collisions at 10'% &V by analyzing the
structure of observed hadron-induced showers. A
parameler Z is defined as Z = Egﬁr)/ ¥ EST),
wlhere ngr) is released energy at the first inter-

action and EE‘U) energy sutn released at all the
interactions during passage through the wlole
chamber. We compared the experimental distri-
bution of Z with those by the analytical calcu-
lations where various types of inelasticity distri-
butions were assumed. We obtain < kf‘,;rb >=
0.67052 for hadron-Pb collisions in the energy re-
gion of Ej =~ 10 eV, appreciably smaller than
usually considered. In the analysis the energies
E'-(ﬂ were estimated by decomposing manually
the observed shower transition into respective in-
teractions. Therefore there still remains an am-
biguity whether the experinental data can be
compared directly with theoretical calculations or
nob. In order to make a direct comparison possi-

ble, we carry out simulations [or hadron-induced

showers and apply just the same procedure both
to experimental and siinulated data.

2. Pamir thick lead chambers

The homogenious thick lead chamber is com-
posed of 60 layers of lead plates of 1 em thick-
ness, equivalent, Lo ~ 3.5 nuclear mean free palhs.
Russian RT6-type X-ray films are inserted under
every 1 cint lead plate except for Llie first 2 em
ol lead. 'The darkness detection threshold, Dy,
of the shower spot is ~ 0.2, which corresponds
ta a shower energy of 2 ~ 3 ‘I'eV approximately.
Details of the chambers are given in Ref. [1].

A shower detected in the chamber is either a
single-isolaled shower, wlhich is nol accompanied
by any other parallel shower of energy above the
detection threshold, or a member of a bundle of
parallel showers with the same arrival direction,
which we call a cosmic-ray “lamily”

3. Simulations

We use tle following four models for hadron-
Pb interactions;
(1} VENUS [3], (2) QGSJET {4]: both of which
are based on the Gribov-Regge theory of multiple
Pomeron exchanges.
{3) HDPM 18] : a semi-emipirical model extrapo-
lating experiwental data based on the Dual Mul-
tichain Parton model and
(4) a phenomenoclogical UAS algorithm [6] mod-
ified for hadron-nucleus interaction using a geo-
melrical approach.



We calculate the development of nuclear and elec-
tromagnetic cascades in lead initiated by hadron-
Pb interactions under the following assumptions:
(1) the energy spectrum of hadrons arriving at
the chamber is of power-law lype, I(> E) ox E=F
with @ =1.8 for single-isolated hadrons and g=1.2
for hadrons in a family,
(2) the zenith angle distribution of arriving
hadrons is (< cos#) o (cos 8)~2 and
(3) the total thickness of the chamber is 60 cmPhb
and the sensitive layers are inserted under every
1 cinPb.

The interaction mean free path of hadron-Pb
interactions is assumed to be energy dependent,
e.g., APLT(E) = 15.9 cmPb and AT;PNE) =

175 cmPb at £ = 10" eV,

Protons and pions of Ej, > 30 TeV, respec-
tively, are sampled from the above energy spec-
tra, and all hadrons, produced in the collisions
during passage through the chamber, are followed
until their energy falls below 80 GeV or they
leave the chamber. For y-rays of B, > 1 GeV,
which are mainly decay products of 7%s, we fur-
ther calculate the three-dimensional electromag-
netic cascade development using the Monte-Carlo
code formulated by M. Okamoto and T. Shibata
[7]. in which the LPM effect is also Laken into
accounts. Electrons and photons are followed un-
til their energies fall below 1 MeV. The electron
number density, p., is converted to the local spot
darkness, d, of X-ray lm, by using the charac-
teristic relation for the Russian RT6-type X-ray
fitrn, and finally we obtain e transition curve of
the spol darkness D vs. depth T throughout the
charber.

4. Estimation of ZE, and Egﬂ

4.1. Total released encrgy Y,

The total observed energy of the hadeon, LI,
released in form of y-rays during the passage
through the chamber is estimated by the sum,
L1}, of the shower-spot darknesses D; > Do,
in its longitudinal development. Here we set
Drin = 0.3, We observe a fairly good correla-
tion between Ll and £1); as shown in Fig.1 for
tlie QGSIET model. 'The other three models give
simmilar results.

o

CGSJET : pPb

TEY21GeV

Dmin=0.3

1w i 1
10° 10’ 107 107
ZD,(20.3) / coss

Figure 1. Diagram on E£, and LD{(D; >
0.3)/ cos® for p — Pb inleractions. @ is zenith
angle of the incident hadron. Open circles show
average dependence,

4.2, Energy Eg—’) released in the first inter-
action

In arder to extract the energy released in the
first interaction from the whole shower transition
curve of the event, tlie following fitting procedure
is appiied for the first 6 layers in which the spot
darkness exceeds £ > 0.3. From a the set of
standard transition curves 12°%¢ vs. 1, calculated
for showers of electron-positron pair origin tak-
g iuto account the exact chamber structure, the
best, fil is selecled by choosing the energy value,
1,)5‘1)’ and the first pair-creation depth, AT, by
a computer algorithm employing the gradient de-
scent method for a search of the chi-square min-
. We also calculate the deviation of the
observed shower transition from {he best-fit by
§ = XD — l)f‘d)/oq, wliere the summalion is
made for the layers beyond the fit range and o; is
the dispersion of darkness of the standard transi-
tion curve at the i-th fayer. A large value of the
deviation & indicates that tlere are contributions
from successive inleractions.

Iig.2 shows a distribution of EEW)/Efr”e(—y)
irue{y} is the true energy released iuto

where £}
v-rays at the “firsl interaction”. The distribu-



tion has a clear peak at E{V/Eiree(y) = 1.9,
indicating that the present procedure works but
overestimates the energy released in the “first in-
teraction” by ~ 20% on average. The same fit
procedure is also applied to vy ray-induced pure
electromagnetic cascades. The estimaled energy
is very close to the true energy in this case (Iig.2).
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Figure 2. Distribution of E{")/El"¥¢(y), for p —
Pb interactions using the QGSJET model (solid
histogram). The dotted histogram is for -ray
induced pure electromagnetic cascades.

5. Selection of the cvents

Emulston chambers detect both (¢, y)-induced
and hadron-induced showers. Here we identify
a shower as a hadron-induced one if AT > 4
emPhb or 6 > B0, According Lo the simulation,
almost all (e, 7)-induced showers are rejected by
these criteria. We demand further that the dark-
ness ab shower maximum, D,,,., in the shower
transition is less than 3, because our standard
procedure of photometric measurement is limiled
up to D = 3 ~ 3.5,and thal the sum of spot
darknesses, L0;(0; > 0.3)/ cosd, is farger than
8, which corresponds to a total released energy
YE, > 20-30TeV. In the Pamir thick lead cham-
ber of 66 m?.year exposure, we have 139 showers
which satisfy the above criteria. Among them 54
are found as members of atmospheric families and
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the other 85 are isolaled ones. The saine selec-
tion eriteria are also applied to simulated hadron-
induced showers.

6. Distribution of Z = /51,

Applying the procedure described in the sec-
tion 4, we obtain £\ and T £, for the above
selected events both in the experituent and in the
sitnulations. We re-define the inelasLicity-related
parameter ¥ by Z = EET)/EE., . Fig.3 shows the
experimental distributions of Z for single-isolated
hadrons and Fig.4 for hadrons in families. On av-
erage hadrons in families have a smaller value of
the parameter 7. The distributions are compared
with those of sitnulated hadron-induced show-
ers. In Fig.3 we assume that half of the incident
hadrons are protons and the other half are pions
both of which have the integral energy spectrum
of the power index f=1.8. On the other hand,
in I'ig.4 we assume that all incident hadrons are
pions with an energy spectrum of spectral index
A=1.2. The dependence of the Z-distribution an
the power index 8 and the nature of incident par-
ticles, however, is found Lo be small.

As is seen in the figure, the experimental dis-
tribution of single-1solated hadrons is described
well by VENUS, QGSIET aud the modified UAS
model, all of which give an average inelasticily
of < K >= 0.7~ 08 ! DBul the data deviate
from the HDPM nmiodel which prediets a smaller
inelasticity < & »>= 0.5 ~ 0.6. For hadrons in
farnilies, on the contrary, more events populate
the region ol smaller Z, and (he experimental dis-
tribution is close to that of the IINPM model and
not compatible with those of the other three mod-
els. Thus none of the models can describe simul-
laneously the experimental Z-distribution of the
two categories of hadrons. The Z-distributions
of single-isolated hadrons and hiadrons in families
can be distorted by the poor accuracy in tracking
of the shower spots. However, according to the
examinalions, these cannot be made responsible
for the observed difference of Lthe Z distribution

MHere the inelasticity is given by K = 1 — x; where z

is defined by the energy fraction carried by the highest
energy baryon (r% meson) in p(x*) — Pb interactions,
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Figure 3. Distribution of Z = E{"/BE, for
single-isolated hadrons. The histograms are Lhose
for simulated hadron-induced showers. p.. = 0
means no charge exchange processes in pion-Fb
interactions.

in the two categories of incident hadrons. One of
the possible explanations of the observed diffrence
between single-isolated hadrons and hadrons in
families is to assume the existence of hadron bun-
dles in high-energy cosmic-ray families. That is, if
there exists a hadron bundle in which the mutuat
distance of the constituent hadrons is extremely
small, i.e. less than ~ 1 mm, we would possi-
bly misidentify two independent hadron-induced
showers as those produced by successive interac-
tions. It would produce a smaller value of the
parameter Z even il the average inelasticity is as
large as that of single-isolated hadrons. The ex-
perimental data, however, require the number of
those hadron bundles to be 3 ~ 4 times more
frequent than expected simply by chance. Ex-
traordinary correlated hadron-bundles remind us
of exotic shower-clusters, named “mini-clusters”,
in which hadrons and y-rays are closely corre-
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Figure 4. Distribution of Z for hadrons in fam-
ilies. The histogramms are those for simulated
hadron-induced showers.

lated, which are observed in high-energy cosmic-
ray [amilies detected in carbon-chambers of the
Chacallays and Pamir experiments.
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A study on the penetrating nature of gamma- and hadron-
induced cascade showers in the two-storey emulsion chambers

M.Tamada ®

aFaculty of Science and Engineering, Kinki University, Osaka 577-8502, Japan

Penetrating nature of the cascade showers observed in the Chacaltaya two-storey chamber is compared with
that of simulated 7-ray- induced and hadron-induced cascade showers. It is shown that around 40 % of the
penetrating showers are neither vy-ray-induced ones nor hadron-induced ones. A possible explanation is given in

connection with ’mini-clusters’.

1. Introduction

The Chacaltaya and Pamir emulsion chamber
experiments have shown that there exist unusual
phenomena which are not yet observed in the
present accelerator experiments from the anal-
ysis of high energy cosmic-ray families, a bun-
dle of electromagnetic particles and hadrons pro-
duced in the nuclear and electromagnetic cas-
cade process in the atmosphere.[1] Those are
called 'Centauro-species’, multiple hadron pro-
duction without association of x°-mesons. It is
also reported that the nature of secondary par-
ticles is different from that of ordinary hadrons
in those unusual phenomena. In Ref.[2] we dis-
cussed about unusual behaviour of cascade devel-
opment of the high energy showers in high-energy
cosmic-ray families observed by Chacaltaya two-
storey chamber no.19, We studied in detail how
the shape of the cascade transition of the observed
showers, which penetrate from the upper cham-
ber down to the lower chamber, deviate from that
of standard electromagnetic cascades expected in
the uniform lead chamber. We found frequent
existence of strong penetrating showers which be-
came rejuvenated after passing through the tar-
get layer. The results were discussed in connec-
tion with ’mini-clusters’, clusters which consist
of extraordinarily correlated 7y-rays and hadrons.
i1, 3] Here we discuss the issue again comparing
the shape of the cascade showers by those ini-
tiated by y-rays and also by hadron interaction
taking into accounts the exact structure of the
Chacaltaya two-storey chamber.
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2. Experimental data

Fig.1 shows the basic structure of Chacaltaya
two-storey chamber no.19. The chamber consists
of the upper chamber of 6 cmPb, the target layer
of 23 ¢cm carbon (petroleum pitch), wooden sup-
port of bem thick, the air gap of 158 cm height
and the lower chamber of 8.4 cmPb. Four sensi-
tive layers (X-ray film and nuclear emulsion plate)
are inserted in the upper chamber and eight sen-
sitive layers in the lower chamber. The chamber
no.19, the area of which is 44.4 m? in the upper
chamber and 32.4 m? in the lower chamber, was
exposed 677 days at Mt. Chacaltaya. Showers
detected in the upper chamber are mainly (e, 7)-
induced ones with small admixture of hadron-
induced ones. Showers detected in the lower
chamber, on the other hand, are those initiated by
nuclear interactions in the target layer (C — jets)
and in the lead plates of the lower chamber it-
self (Pb — jet — lower). In the present analysis
we pick up showers in the high energy cosmic-ray
[amilies with total visible energy grater than 100
TeV observed by the Chacaltaya chamber no.19.

3. Penetrating cascade showers

Some of the showers observed in the upper
chamber can be followed down into the lower
chamber. We define it as a penetrating shower
when its spot darkness, [}, is larger than 0.2 m
at least two layers in the upper chamber and at
least one layer in the lower chamber. A typi-
cal example of the shower transition of the pen-
etrating shower is shown in Fig.2. In Table 1
we summarise the number of showers with visi-
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Figure 1. Iltustration of Chacaltaya two-storey
chamber no.19.

ble energy E(7y) > 10 TeV observed in the upper
chamber, those observed only in the lower cham-
ber (C' = jets, Pb — jets — lower) and those of
penetrating. Among 205 showers observed in the
upper chamber, 85 penetrate into the fower cham-
ber,

4, Simulations

We calculate a development of cascade showers
in the two-storey chamber, of the structure just
same to the Chacaltaya chamber no.19, initiated
from a pure y-ray and {from a hadron-Pb (C) in-
teraction.

4.1. Hadron-induced showers

We use two different models for hadron-nucleus
interactions, one is QGSJET [4] based on the
Gribov-Regge theory of multiple Pomeron ex-
changes and the other is phenomenological UAS
algorithm [5] modified for hadron-nucleus interac-
tion using a geometrical approach. In the nuclear
cascade all hadrons, produced in the collisions
during passage through the chamber, are followed
until their energy falls below 80 GeV or they
leave the chamber. The interaction mean free
path of hadron-nucleus interactions is assumed to
decrease with increasing interaction energy, e.g.,

8 senaitive layers
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Figure 2. An example shower transition on spot
darkness of the penctrating showers observed in
Chacaltaya chamber no.19. Dotted curve is the
best fit described in the text. Vertical bars are
dispersion ¢ of the standard transition curve.

AP=PHEY = 15 9cmPb, A"~ (E) = 17.5¢cmPb,
AP=C(E) = 62.4cmC and A™C(E) = 79.4cmC
at E = 10*eV,

For y-rays of £, > 1 GeV, which are mainly
decay products of 7%’s produced in the collisions,
we further calculate the three-dimensional elec-
tromagnetic cascade development in the cham-
ber using the Monte-Carlo code formulated by
M. Okamoto and T. Shibata [6], in which the
LPM effect is also taken into accounts. Electrons
and photons are followed until their energies fall
below 1 MeV. The electron number density, pe,
is converted to the local spot darkness, d, of X-
ray film, by using the characteristic relation for
the N-type X-ray film, and finally we obtain the
transition curve of the spot darkness D, measured
by a 200 x 200um? slit, vs. depth T throughout
the chamber. The experimental error of the mea-
surement of spot darkness D is also taken into
accounts by adding noise AD in each spot dark-
ness where Al} is sampled from Gaussian distri-
butlon with op = 0.1D. Protons and pions of
By > 20 TeV are sampled from the energy spec-
trum I(> Ep) o E;'* and from zenith angular
distribution /(< cos ) oc (cos§)~8.

4.2, y-ray-induced showers
We also calculate electromagnetic cascade de-
velopment in the chamber initiated by y-rays us-



Table 1 Number of high energy showers, E(v) >
10 TeV, observed in the chamber no.19.

atmospheric families of

£E(y) > 100 TeV 41 events
(a) no. of showers

observed in the upper 205
chamber

(b) penetrating 85
(c) .n.:xpected no. of pene- 4T 44
trating -y-rays

(d) non-y-ray origin 38+ 10
(e) no. of showers of ob-

served only in the lower 93
chamber (C — jets, Pb —

jets — lower)

(f) expected no. of
penetrating showers of 9+2
hadronic origin

(g) no. of anomalous pen- 99 + 10

etrating showers

ing the above mentioned Monte-Carlo code as-
suming the energy spectrum and zenith angle dis-
tribution of the y-rays arriving at the chamber as
I(z Ey) o« E>? and I(< cos8) x {cos )™ re-
spectively.

5. Penetrating probability

According to the simulations, the penetrating
probability of y-ray- induced showers of E, > 10
TeV is found to be 0.23 &+ 0.01. If we assume all
the 205 showers observed in the upper chamber
are y-ray-induced ones, the expected number of
penetrating showers of v-ray origin is then ob-
tained as 47 -t 4. That is, around one half of the
observed penetrating showers can be considered
to be y-ray origin but the other half (38 & 10)
are non-y-ray origin. Possible origin of those
which we can consider are hadron-induced show-
ers. Now let’s estimate the number of hadron-
induced penetrating showers. All the showers de-
tected only in the lower chamber can be consid-
ered to be hadron-induced ones (C' — jets and
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Pb — jets — lower). In the simulation calcula-
tions of hadron-induced showers we know that the
ratio between the number of penetrating hadron-
induced showers and that of showers which are
observed only in the lower charnber. The results
are sumumarized in Table 2. As is seen in the ta-
ble, the ratio is around 0.4 on the average. In the
experiment, there are 23 showers which are ob-
served only in the lower chamber. Then we can
obtain the expected number of hadron-induced
penetrating showers to be 9 £ 2. Among 38 pene-
trating showers of non-y-ray origin, only 9 can be
due to hadronic interaction in the upper cham-
ber. Then we can conclude the rest 20 £ 10 pen-
etrating showers (~ 34 % of all the penetrating
showers) are neither y-ray-induced nor hadron-
induced showers.

Table 2 Number of hadron-induced showers
(Ea(y) > 10 TeV).

QGSJET  modified UAD
incident pion proton pion proton
(1) penetrating 193 208 192 236
(2) visible only in __ R
the lower chamber 550 486 527 545
ratio=(1)/(2) 035 043 037 043

In each set of the calculations, 2,000 particles are
sampled from the spectra described in Section 4.1.

6. Shape of the shower transition of the
penetrating showers

Here we study how the shape of the shower
transition of the penetrating showers differ from
that of ordinary v-ray induced cascades. ! The
following fitting procedure is applied for the lay-

1In the Chacaltaya chamber no.19, full data of spot dark-
ness of the penctrating showers are available at present
for a half of the chamber which were measured in Japan.
Hence the analysis of the shape of the shower transition
is made using 56 penetrating showers in 22 cosmic-rays
families.



ers of the upper chamber in which the spot dark-
ness exceeds D > 0.2, l'rom a set of standard
transition curves D' vs. 7', calculated for show-
ers of e~et-pair origin, taking into accounts the
exact structure of the two-storey chamber no.19,
the best fit is selected out by choosing the energy
value Ef* and the first pair-creation depth AT
by a computer algorithm employing the gradient
descent method for a search of the chi-square min-
imurmn. We then calculate the deviation of the
observed shower transition in the lower chamber
from the besl-fit by § = X(D; — Df'%)/o;, where
the summation is made for the layer in the lower
chamber. o; is the dispersion of the standard
curve al the i-th layer. Fig.3 shows integral distri-
bution of é for the events with E.{” > 5TeV. The
same procedure is applied to the simulated pen-
etrating showers of vy-ray origin and of hadronic
origin. In the figure we show the expected dis-
tributions in the case that penetrating showers
consists of a mixture of y-ray-induced and pion-
induced ones. As is scen in the figure, the exper-
imental distribution is well described by assum-
ing about 40% ~ 50% of penetrating showers are
hadron-induced ones, i.e., non-y-ray origin. The
estimated fraction of hadron-induced penetrating
showers does not depend much on the assumed
model of hadron-nucleus interaction and on the
nature of the incident particle.

7. Discussions

We have shown that around 34% of penetrating
showers ( ~14% of the showers in the upper cham-
ber) observed in the Chacaltaya two-storey cham-
ber no.19 are neither y-ray-induced nor hadron-
induced showers. One of the possible explana-
tions Is to assume an existence of extremely colli-
mated pair of a y-ray and a hadron. That s, if the
mutual distance between a y-ray and a hadron is
extremely small, e.g., less than ~ 1 mm, and the
y-ray-induced showers is observed in the upper
chamber and the hadron-induced shower is ob-
served in the lower chamber, we would possibly
misidentify those two as a penetrating shower, If
a y-ray make electromagnetic interactions in the
atmosphere, we can observe collimated several
{e,y)-particles and a hadron as a mini-cluster’
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Figure 3. Integral distribution of § = IT(D; —
Dj'4)/o; for the penetrating showers. Thin his-
tograms are for the case of mixture of pion-
induced and y-ray induced showers. Percentage
attached to the histograms show the assumed
fraction of the pion-induced penetrating showers.

which are often found in the exotic events, Possi-
ble existence of hadron-bundles in which the mu-
tual distance of the constituent hadrons is ex-
trmely small is also discussed in the analysis of
shower trausition of high-energy hadronic showers
observed in the Pamir thick lead chamber[7, §].
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An cxperiment. of an air shower array, a hadron calorimeter {8 m?) and an emulsion chamber (8 m®, 15 cm
Pb) is under way at Mt., Chacaltaya (5200 m above sca level, Bolivia), in order to study the hadron interactions
and the primary cosmic rays in the energy region exceeding 10'® eV. The number of hadronic component in the
air shower, which is detected by the hadron calorimeter, is not compatible with those by simulations, indicating
that violation of the Feymman scaling law is strongor at 10'° ¢V than the ene assnmed in the simulations. The
average mass numnber of the primary cosmic rays, estimated from the distribution of the wnmber of Ladrons in
the air shower, is < InAd >= 2.8+ 0.5 at 10'% eV.

1. Introduction vegion of 10" ~ 10'7 eV. Detailed knowledge of

) . the air shower development is important in par-
An experiment of an air shower array, a hadron

calorimeter and an emulsion chamber is heing car-
riedd out at Mt. Chacaltaya (5200 m, Bolivia).
The emulsion chamber detects high energy parti-
clex i the air shower and those are called ”fam-
ty”. In this way the experiment simultaneously
supply data of the electron component in the air

ticular at present because there are experiments,
running and as a project, which intend to discrine-
inate the air showers of gamma-origin from those
of proton-origin by thelr lnner structure. On the
other hand the energy region of 10'* ~ 10'% eV
is important botls for particle physics and astro-
] : ) physics. It is so in particie physics becanse this
shower together with those of high energy parti- region is not covercd by the existing accelerators
and because there are several reports, experinen-
tal and theoretical, which point out the change of
the nuclear interaction characteristics and/or ex-

cles 1 the air shower core. Air shower expeui-
ments and emulsion chamber experiments, which
have heen carried independently so far, accumu-
late afarge anount of data, vespectively. Hence it
1s interesting and important to bridge the data by trophysics becanse there is a bend, called “knee”,
both experiments-and a large scale of a new ex- of the energy spectrum of the primary cosmic rays
perimental set-up is not needed for this purpose. at ~ 107 eV,

The present experiment enables us to study the

structure of the air showers, the nuclear interac-

tions and the primary cosmic rays in the energy

istence of exotic phenomena [1,2]. It is so in as-
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Figure 1. Lateral distribution of particle density
for sir showers of N, = 5 x 10% ~ 107 and 107 ~
5 x 107. The air shower are grouped by their age
parameters in respective size region.

2. Experiment

The experimental apparatus consist of the air
shower array, the emulsion chamber and the
hadron calorimeter [3]. The air shower array con-
sists of 35 plastic scintillation detectors, which are
distributed over an circular area of 50 m radius.
The emulsion chamber and the hadron calorime-
ter are stored in AS-EC rooni. The emmulsion
chamber consist of 32 units (50 x 50 cm? each),
cach of which is 15 cm Ph thick and contains
14 sensitive layers of X-ray films. The hadron
calorimeter consists of 32 units of plastic scintil-
lator (50 x 50 x 5 em? each), which are located
beneath the emulsion chamber.

Output from each unit of the hadron calorime-
ter is related to the energy deposit in the scin-
tillator, and it is converted to charged particle
number using the average energy loss of a single
muon in the scintillator. The number of charged
particles per area of 0.25 m?, ny, is called "parti-
cle density” hereafter.
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The data produced by the air shower array and
by the hadron calorimeter are recorded when at
least one unit of the hadron calorimeter has the
particle density ny > 10 (particles/0.25 m?). In
this sense the mode of the run is called "hadror
calorimeter triggering”. Present data set is not
biased by the triggering mode in the region of air
shower size Ne > 5 x 105,

The lateral distribution of the particle density
is determined by applying the least square fitting
to the curve,

(ro =1m)

(1)

where the parameters A and « are to be adjusted
to the experimental data.

Figure 1 shows the average lateral distribution
of the particle density for the air showers of the
size Ne = 5 x 10° ~ 107 and 10° ~ 5 x 107,
The average density is obtained by calculating
the particle densities at several distances, using
parameter values A and o of eq.(1), which are
determined by the least square fitting in respec-
tive events.

We estimate the energy spectrum of hadrons
in the air shower from the lateral distribution
of the particle density, detected by the hadron
calortmeter, the detail of which is described in
Ref.[d]. Figure 2 shows the differential energy
spectrum of hadrons in the air showers with the
size Ne = 5 x 10% ~ 107, together with those by
the simulations. The simulations employ differ-
ent models for multipie particle production; UAS
algorithm modified for hadron-nucleus collisions,
VENUS[5], QGSIJET[6] and HDPM[7]. And a
proton-dominant composition is assumed for the
primary cosmic rays. The energy spectruin of
hadrons by the experiment is not consistent with
those by simulations in the nmmnber, bnt consis-
tent in the power index. If one assumes a heavy-
dominant composition of the prunary cosmic rays
in the simulations, the number of hadrons in-
creases and brings larger discrepancy hetween the
experimental and simulational data.
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Figure 2. Differential energy spectrum of hadrons
in air shower (the solid line} which is estimated
from the lateral distribution of the particle den-.
sity distribution. The size range of the air shower
size is Ne = 58 ~ 107. The predictions by various
sinmulations are presented together. The assump-
tions for the primary cesmic rays are the same
as the one for all the cases. The sampling of the
primaty energy is made for Ey >=5 x 10° €V,
and the air showers with N, = 5 x 10% ~ 107 are
collected.

3. Discussion and conclusion

3.1. Primary cosmic-ray composition at
10" eV

Figure 3(a) shows the distribution of ny {the
diffrential number of hadrons at £ =1 TeV} for
62 air showers whicl have the size Ne = 5x10% ~
107, This air shower size corresponds to the pri-
mary energy of Ey = 10'% eV on average. Fig-
ure 3(b) shows the distribution of n, by a sim-
ulation using UAS algorithm for nuclear interac-
tions. In these figures we can see;
(1) The absolute value of ny, is different hetween
those by the experiment and by the simulation,
which is pointed out in the energy spectrum of
hadrons in Fig. 2.
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(2) The n, distribution by the experiment is
wider than by simulations, probably due to the
experimental errors.
(3) In the figure (I} Ly the simulations the
proton-induced events occupy the left-hand side
of the distribution and are distributed over 8 bins
in the histogram,

Assuming the superposition model for the pri-
mary cosmic-ray particle of mass number 4, we
have a relation

(4)

<logn,  >-< lognslp) >=(1-0)<logd>

where o is the index of the energy spectrum of
hadrons in integral form. It means that, il we
can know the average number of hadrons in the
air shower < log ngf’) >, due to the primary pro-
tons, we can obtain the average mass number of
primary cosmic rays <log A > from the average

number of hadrons in the air shower < log n&f” >.

20 [ 20 e

Ne. of esvents

25 1 15 ¢ L5 2
Leg (n,)

Fignre 3. Distribution of 1y, (a): The experunen-
tal data of 62 events. (b} : The UAS simulation.
The swmber of events is normalized to the ex-
periental data. The Latched events are proton-
induced ones.

By the point (3) seen in Fig. 3(b), we as-

sume that the ng"’} distribution of the experimen-

tal data has a peak at the fourth bin from the



left-hand side of the distribution. Then we have
< log n,(.f ) >= 1.44 for the experimental data. Be-
cause we have < log nSJAJ >= 1.68+0.04 from the
experimental data and ¢ = 0.8 by the theoretical
consideration, we have

<logA>=120+022 or <In A >=28+0.5

One can see that the method of estimmation is
free from the characteristics of nuclear interac-
tion. Figure 4 shows the average wass number of
primary cosmic rays, which is estimated by the
number of hadrons in air showers.

R S T TRT YR

<{n &>

Enargy (GeV)

Figure 4. Average mass number of the primary
cosmic rays, < InA >, whicl is estimated by the
number of hadrons in the air shower, The data
by other experiments, compiled by KASCADE
group, are shown together. The warks F and T,
located at Ey = 107 GeV, are those of typical
heavy-dominant{8] and proton-dominant[4] com-
positions.

3.2. Nuclear interactions at 10'% eV

Figure 2 shows that the unmber of hadrons in
the air shower is lower than those by the simula-
tions in the energy region of 10'% eV. This ten-
dency is consistent with the relationship between

the families and accompanied the air showers [1].
That is, the number of -rays in the family by
the experiment is smaller than that by the sim-
ulation. It is important to poeint out that both
data of y-ray and hadrous are independent, be-
cause they are detected by different detectors.

Our argument is in the following way;
{1) Main assumptions in the simulations are on
the hadron-air collisions and on the chemical com-
position of the primary cosmic rays. The exper-
imental data indicate that at least either of the
assumptions should be revised in the direction to
make the energy subdivision niore rapid.
(2} Heavy-dominant hiypothesis of the primary
cosmic rays, proposed currently, is not effective
to remove the discrepancy.
(3) Hence we reach the conclusion that the nu-
clear interaction has different characteristics from
those assumed in the simulations in the energy
region of 10'® V. That is, the multiple particle
production in 10'® eV is of higher multiplicity, of
softer energy spectrum of the produced particles,
of larger inelasticity, etc., compared with those
assutnied in the simulation.
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On the penetrating showers observed in Chacaltaya two-storey
emulsion chambers

M. TaMapa(l)

(1) Faculty of Science and Engineering, Kinki University,_ Osaka 577-8502, Japan

Summary. — The penetrating nature of the cascade showers observed in the Cha-
caltaya two-storey chamber is compared with that of simulated (e, 7)- induced and
hadron-induced cascade showers. 1t is shown that around 1/3 of the observed pen-
etrating showers are neither (e,-y)-induced nor hadron-induced ones. A possible
explanation is given in connection with 'mini-clusters’,

PACS 94.40 -,

1. — Introduction

The Chacaltaya and Pamir emulsion chamber experiments have shown that there ex-
ist unusual phenomena which are not yet observed in the present accelerator experiments
from the analysis of high energy cosmic-ray families, a bundle of electromagnetic par-
ticles and hadrons produced in the nuclear and electromagnetic cascade process in the
atmosphere.[1] Those are called "Centauro-species’, multiple hadron production without
association of 7% mesons. It is also discussed that the nature of secondary particles is
possibly different from that of ordinary hadrons in those unusual phenomena. In Ref.[2]
we discussed about unusual behaviour of cascade development of the high energy show-
ers in high-energy cosmie-ray families observed by Chacaltaya two-storey chambers no.18
and no.19. We studied in detail how the shape of the cascade transition of the observed
showers, which penetrate from the upper chamber down to the lower chamber, deviate
from that of standard electromagnetic cascades expected in the uniform lead chamber.
We found frequent existence of strong penetrating showers which became rejuvenated
after passing through the target layer. The results were discussed in connection with
‘mini-clusters’, clusters which consist of extraordinarily correlated 4-rays and hadrons.
[1, 3] Here we discuss the issue again by comparing the penetrating probability of the
cascade showers with those initiated by (e,7y) and also by hadron interaction taking into
accounts the exact structure of the Chacaltaya two-storey chambers no.18 and no.19.

(© Societ3 Italiana di Fisica 1
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Fig. 2. — An example shower transition on spot
darkness of the penetrating showers observed in
Chacaltaya chamber no.19. Dotted curve is an
expected shower transition best-fitted to the up-
per chamber data. Vertical bars are dispersion
o of the standard trapsition curve.

Fig. 1. - Tllustration of Chacaltaya two-storey
chamber no.19.

2. — Experimental data

2'1. The structure of the two-storey chambers, — Fig.]l shows the basic structure of
Chacaltaya two-storey chambers no.19. The chamber consists of the upper chamber of
6 cmPb, the target layer of 23 ecm carbon (petroleum pitch), wooden support of Sem
thick, the air gap of 158 cm height and the lower chamber of 8.4 cmPb. Four sensitive
layers (X-ray film and nuclear emulsion plate) are inserted in the upper chamber and
eight sensitive layers in the lower chamber. In the chamber no.18, the thickness of the
upper chamber is 7 emPb and 5 sensitive layers ( composed of only X-ray films) are
inserted. The other structure of the chamber no.18 is just same to that of the chamber
no.19. Showers detected in the upper chamber are mainly (e, «v)-induced ones with small
admixture of hadron-induced ones. Showers detected in the lower chamber, on the other
hand, are those initiated by nuclear interactions in the target layer {C-jets) and in the
lead plates of the lower chamber itself {Pb-jet-lower).

2'2. Selection of the events. — In the present analysis we pick up showers in the high
energy cosmic-ray families, observed by the Chacaltaya chamber no.18 and no.19, which
satisfy the following conditions;

1) the total visible energy is grater than 100 TeV and

2} the event has at least two penetrating showers which are observed both in the upper
chamber and in the lower chamber.

The latter condition is necessary to confirm the exact upper-lower correspondence.

3. — Penetrating cascade showers

Some of the showers observed in the upper chamber can be followed down into the
lower chamber. We define it as a penetrating shower when its spot darkness, D, measured
by a 200 x 200um? slit, is larger than 0.2 in at least two layers in the upper chamber
and at least one layer in the lower chamber. A typical example of the shower transition
of the penetrating shower is shown in Fig.2. We summarise in Table 1 the number of
showers with visible energy E(v) > 10 TeV observed in the upper chamber, those which
penetrate into the lower chamber among them and those observed only in the lower
chamber (C-jets, Pb-jets-lower).
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TABLE L. — Number of high energy showers, E(v) > 10 TeV, observed in the chambers no. 19
and no.18.

chamber no.19 chamber no.18

Japanese part all all
atmospheric families of LE(4) > 100 TeV 15 events 32 events 14 events
with at least two penetrating showers
(a) no. of showers observed in the upper 110 188 111
chamber
{b) no. penetrating showers among (a) 47 (61) 83 (108) 31 (45)
(¢) no. of showers of observed only in the 7 24 18
lower chamber (C-jets, Pb-jets-lower)
{d) expected no. of penetrating showers of 2.7+1.0 9.1+1.9 T5+1.8
hadronic origin
{e) no. of (e, v)-induced showers in the up- 107 £ 10 179+ 14 104+ 10
per chamber
{(f) expected no. of penetrating (e,<¥)- 26+25 444 3.2 15+ 1.5
induced showers [(a)-(d)]
(g) excess of penetrating showers over ex- 183+7.4 30.149.8 8.5+6.0

pectation [{b)-(d)-(f)]

Figures in the parenthesis in the raw (b) is all the number of measured penetrating showers
where detection threshold darkness is Dy, ~ 0.1.

1) I the Chacaltaya chamber no.19, full data of spot darkness of the penetrating showers are
available at present for a half of the chamber which are measured in Japan. Hence the number
of penetrating showers in all events in chamber no.19 which satisfy the present definition is
estimated from the number of all the measured penetrating showers by multiplying a factor
47/61, obtained in the Japanese part data.

4. — Simulations of cascade showers in the two-storey chambers

4'1. Hadron-induced showers. — We use two different models for hadron-nucleus in-
teractions, one is QGSIET [4] based on the Gribov-Regge theory of multiple Pomeron
exchanges and the other is phenomenological UA5 algorithm [5] modified for hadron-
nucleus interaction using a geometrical approach. In the nuclear cascade all hadrons,
produced in the collisions during passage through the chamber, are followed until their
energy falls below 80 GeV or they leave the chamber. The interaction mean free path
of hadron-nucleus interactions is assumed to decrease with increasing interaction en-
ergy, e.g., AP"F2(E) = 159cmPb, A P¥(E} = 17.5emPb, AP~C(E) = 62.4cmC and
AT C(E) =179.4cmC at FE = 10M4eV,

For ~-rays of £, > 1 GeV, which are mainly decay products of 7’s produced in
the collisions, we further calculate the three-dimensional electromagnetic cascade devel-
opment in the chamber using the Monte-Carlo code formulated by M. Okamoto and
T. Shibata [6], in which the LPM effect is also taken into accounts. Electrons and pho-
tons are followed until their energies fall below 1 MeV. The electron number density,
Pe, Is converted to the local spot darkness, d, of X-ray film, by using the characteristic
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TABLE 1L — Number of hadron-induced showers (En{y) 2 10 TeV).

chamber no.19 chamber no.18
QGSJET modified UAS QGSJET
incident pion proton  pion proton pion proton
(a) penetrating 187 195 199 254 228 224
(b) visible only in the lower chamber 609 496 530 546 57.2 507
ratio=(a)/ (b) 03] 039 038 046 039 0.44

In each set of the calculations, 2,000 particles are gampled from the spectra described in §4.1.

relation for the N-type X-ray film, and finally we obtain the transition curve of the spot
darkness D, measured by a 200 x 200um? slit, vs. depth T throughout the chamber. The
experimental error of the measurement of spot darkness D is also taken into accounts by
adding noise AD in each spot darkness where AD is sampled from Gaussian distribu-
tion with op == 0.1D. Protons and pions of E), > 20 TeV are sampled from the cnergy
spectrum (2 Ep) o< By 1.2 and from zenith angular distribution I(< cos#) o (cos )17,

("}

4'2. (e, v )-induced showers. — We also calculate electromagnetic cascade development
in the chamber initiated by ~y-rays and electrons using the above mentioned Monte-Carlo
code assuming the energy spectrum and zenith angle distribution of the (e,~) arriving
at. the chamber as 1(> E,) o E;? and I(< cos§) oc (cos 8)~ " respectively.

5. — Penetrating showers

Some of the hadrons interact with Ph-nucleus in the upper chamber and those hadron-
induced showers can be visible in the upper chamber. According to the simulations, al-
most all hadron-induced showers in the upper chamber penetrate into the lower chamber.
The number ratio of those penetrating hadron-induced showers to the showers visible only
in the lower chamber (C-jets and Pb-jets-lower) is given in Table 2. As is seen in the
table, the ratio is around 0.38 in the chamber 10.19 and 0.42 in the chamber no.18 on
the average. Then we can obtain the expected number of hadron-induced penetrating
showers ( (d) of Table 1) from the number of showers which are observed only in the lower
chamber in the experiment ( (c) of the Table 1). The number of (e, v)-induced showers
in the upper chamber is then given by subtracting the above number of hadron-induced
penetrating showers from the number of showers in the upper chamber and the resuit
is shown in (e) in the Table. The penetrating probability of (e,~)- induced showers of
Ee~ = 10 TeV is summarized in Table.3. According to the simulations of the atmospheric

(!} The attenuation length of the atmospheric families is usually considered to be Agee ~ 90
g/em?. Then the zenith angle distribution of those is given by I{< cosf) o (cos@) ™" at
Chacaltaya. Due to the selection condition that the events have at least two penetrating showers,
most of the selected events have small zenith angle and the zenith angle distributuion of those
becomes very steep.
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‘TABLE 111 — Penetrating probability of Y-ray end electron-induced showers (Ey . > 10 Te V5

~-ray electron (e, )
chamber no.19 0.26 0.23 0.245
chamber no.18 0.17 0.12 0.145

In each set of the calculations, 2,000 particles are sampled from the spectra described in §4.2.
The figure in the last column is obtained assuming the number of y-rays is two times more than
that of e* in the atmospheric families.

families using CORSIKA/QGSJET code, the number ratio of y-rays to et in the families
of XE(v) = 100 TeV is found to be 2 to 1. Then the average penetrating probability of
(e, v)-induced showers is 0.245 for the chamber no.19 and 0.145 for the chamber no.18.
The expected number of penetrating showers of (e, ) origin is calculated using those
penetrating probabilities and is shown in (f) of Table 1, around one half of the observed
penetrating showers can be considered to be (e,7y) origin. 'The excess of the number of
penetrating showers over the expectation ( shown in (g) Table 1) amounts to ~ 37 %
of all the penetrating showers in the chamber 1n0.19 and ~ 27 % in the chamber no.18,
though the statistical error is rather large.

6. — Discussions

We have shown that around 37% (27 %) of penetrating showers , ~16% (~8%) of
all the showers in the upper chamber, observed in the Chacaltaya two-storey chamber
no.19 (no.18) are neither (e, v)-induced nor hadron-induced showers. One of the possible
explanations is to assume an existence of extremely collimated pair of a y-ray and a
hadron. That is, if the mutual distance between a y-ray and a hadron is extremely
small, e.g., less than ~ 1 mm, and the y-ray-induced showers is observed in the upper
chamber and the hadron-induced shower is abserved in the lower chamber, we would
possibly misidentify those two as a penetrating shower. If a y-ray make electromagnetic
interactions in the atmosphere, we can observe collimated several (e, v)-particles and a
hadron as a 'mini-cluster’ which are often found in the exotic events. Possible existence
of hadron-bundles in which the mutual distance of the constituent hadrons is extremely
small is also discussed in the analysis of shower transition of high-encrgy hadronic showers
observed in the Pamir thick lead chamber[7, 8].
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1.~ Introduction

Study of nuclear interactions by two-storey emulsion chambers, which consist of upper
and lower emulsion chambers and a jet-producing layer in between, made clear charac-
teristics of multiple particle production in the energy region of 104 eV[1], most of which
arc confirmed by the experiments at CERN pp collider.[2] This owes to excellent per-
formance of emulsion chamber in energy and position determination. Next step of the
study in 10'% ~ 10'7 eV is made by observing nuclear interactions in the atmosphere,
called “families”, by simple emulsion chambers of large area, because the intensity of
high energy cosmic rays is very small.

The family data differ in several points from those of target interactions which are
obtained by two-storey chambers. Those are (1) unknown interaction height, (2) pol-
lution of the event by overlapping of successive nuclear interactions and by secondary
interactions of the produced particles, and (3) bias of the observed events due to high
detection threshold energy of the emulsion chamber. Consequently the data of families
are used only for the purpose to support the discoveries, made by two-storey chambers,
in high energy region.[1]

To overcome such shortcomings we started simultancous observation of families and
air showers which accompany the families.[3, 4] That is, we operate an emulsion cham-
ber, a hadron calorimeter and au air shower array simultaneously. Importance of the
experiment is to bridge the families and air showers, because both experiments have ac-
cumulated large amount of data independently. Therefore a large scale of the experiment
is not needed.
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Fig. 1. - Air shower array (left) and a unit of emulsion chamber and hadron calorimeter (right).
Emulsion chamber and hadron calorimeter, consisting of 32 units (50 cm x 50 cm each), are
stored in AS-EC room at the center of the air shower array.

2. — Experimental set-up

2°1. Detectors. — The experiment is carried out at Mt. Chacaltaya (5,200 m, Bolivia).
The following is a brief description of the detectors and of their performance.

(1) Air shower array

The air shower array consists of 35 plastic scintillators, which are distributed over an
circular area of 50 i radius. (Fig. 1.) The available data are of arriving time, direction,
center position, size, ete. of air showers.

(2) Emulsion chamber

The emulsion chamber, which is located in the center of the air shower array, consists
of 32 units (50 cin x 50 cm each). Each unit is 30 ¢cm Pb thick with 14 sensitive layers
of X-ray films and/or nuclear emulsion plates. (Fig. 1)

An electron or a photon of high encrgy, incident upon the chamber, produces a cascade
shower in the chamber, and the electron component in the shower is detected by several
successive sensitive layers. In this way the emulsion chamber is sensitive to electrons
and photons, called “y-rays” collectively, incident upon the chamber, and determines
their positions and energies.(!) Emulsion chamber has high detection threshold energy
of By, =1~ 3 TeV.

A family, a nuclear collision in the atmosphere which is observed by emulsion chamber,
is a bundle of showers with parallel direction of incidence. Available data are of direction,
center position, total observed energy, etc. of the families, but not of the arriving time
because the development of sensitive materials is made after 1 ~ 2 years of exposure.
(3) Hadron calorimeter

The hadron calorimeter of 32 plastic scintillators (50 cm x 50 cm each) is located
beneath the emulsion chamber. (Fig. 1.) Each unit of them detects charged particles
under the emulsion chamber and hence 32 units of them supply us with a two-dimensional
mayp of charged particle density over the hadron calorimeter. These charged particles,

(') Emulsion chamber is semsitive to hadrons, incident upon the chamber, too, because a hadron
produces a bundle of y-rays in the chamber through the nuclear collision with Pb.
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mainly electrons and hadrons, are produced by hadrons, incident upon the emulsion
chamber, through nuclear and electromagnetic cascade processes in lead of the emulsion
chamber. 1t is worth noting that cascade showers which are produced by electrons and
photons, incident upon the emulsion chamber, are absorbed corapletely before arriving at
the bottom of the chamber. The available data are of center position, arriving time, size,
etc. of the hadron component, estimated from the charged particle density distribution,
in the air shower.

2°2. Corresponding air showers to families. - Families, which have no data, of arriving
time, are correlated with the events of hadron calorimeter by the coincidence of the center
of the event, and events of the hadron caloritneter is correlated with air showers by the
coincidence of their arriving time.

3. — Analysis of experimental data

3'1. Assumptions in the simulation. — Analysis is made by commparing experimental
data with those of simulated events, because nuclear interactions are not observed di-
rectly in most of the families. Simulation of air shower events is made on the following
assumptions.[3]

(i} Primary cosmic rays

Encrgy and atomic number of primary cosmic rays are sampled from the energy dis-

tribution of

E-1 4R (y=1.7)
and from so-called normal composition of Tabie 1[5], respectively. The assumed cOmposi-
tion is obtained by extrapolating the onc in low energy region where direct measurement
is possibie.

TABLE 1. - Composition of the primary cosmic rays, assumed in the stmulation

Eo (eV) | H (%) He (%) CNO (%) Heavy (%) Fe (%)
10%° 42 17 14 14 13
1016 42 13 14 15 16

(i) Hadron-air collisions
(1) Collision mean free path of hadrons in the air

Agir = 760005 (g/cm?)
Tinel = 0g[1 + 0.0273¢ + 0.01¢26(c)) {mb)

where € = In(£5/200 GeV) and 8(z) is a step function. The constant oo is 32.2 (mb)
and 20.3 (mb) for nucleon and pion collisions, respectively,

(2) The collision of a hadron with an air nucleus follows the geometrical model.

{3} Energy distribution of produced particles in inelastic collisions.

In each collision of a hadron with nucleons in an air nucleus, the multiple particle
production is described by UA5 algorithim(6], which is a phenomenological simulation
code to describe the UAS Collaboration data by CERN gip collider.[7] It is worthy noting
that the Feynman scaling law is violated both in the central and forward regions in the
z-distribution of UAS algorithm.[4]

3°2. Total observed energy in the family. - We obtain the total observed energy in
the family by summing up the shower energies in the family, which is denoted by 3" E,.
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Fig. 2 presents the average total observed energy in the family for several intervals of air
shower size N,.[3] The selected events are ait showers which are accompanied by families
with ny > 5 and " E, > 10 TeV (Eun > 2 TeV). The air shower size is a good measure
of the energy of the primary particle which initiates the air shower.(*) That is, the
relation Eo /N, =~ 2 GeV is shown to be almost independent of the nuclear interactions
and primary composition, assumed in the simulations, in the energy region of our concern
at Mt. Chacaltaya.
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Figure 6. Shower-size (N.) dependence of average family energy, (3 E.Y {a) for the
HADRON experiment at Tien-Shan, and {b) for the sys experiment at Chacaltaya.
Symbols are (O) for model-A with ‘normal’ chemical composition, (%} model-A with

‘heavy-dominant' chemical composition, and (A) model-B with ‘normal’ chemical
composition and i

Fig. 2. - Correlation between the total observed energy in the family and air shower size,
obtained by the experiments at Tien Shan (a) and at Mt. Chacaltaya {b). Model-A stands for
UAS5 algorithm.

The figure shows that the total observed energy in the family is lower than that
by the simulation in large size region of N, > 5 x 105 Similar type of experiment
at Tien Shan (3,300 m, Kazakhstan) obtained the same results, which is presented in
Fig. 2.[8) They indicate that the subdivision of energy in the atmosphere is stronger at
high energies of ~ 10'° eV than the one assumed in the simulation. That is, at least either
of the assumptions in the simulation, the energy distribution of produced particles or the
primary composition, should be modified into the one of stronger energy subdivision.
Consequently following hypotheses are possible.

(1) The Feynman scaling law is violated in the forward region more strongly than assumed
in UAS algorithm.

(2) The composition of the primary cosmic rays becomes heavier or the fraction of irons
becomes larger than the one in low energy region.

{*) Air shower size is defined as the number of charged particles in the air shower. It consists
of hadron, electron {e* and e~ ) and muon components, among which electron component jg
dormninant.
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Fig. 2 shows also that a proposed heavy composition of the primary cosmic rays[9]
reduces but does not describe fully the observed discrepancy. Therefore we reach a
conclusion that the proposal (1) is valid at high energies.

3°3. Hadron component in the air shower. — We can estimate the encrgy-lateral

distribution of hadrons, incident upon
the emulsion chamber, from the charged
particle density map which is obtained
by the hadron calorimeter, by taking
into account the nuclear and electro-
magnetic cascade processes in lead of
the chamber.[4]

Fig. 3 presents the cxpected differ-
ential energy spectrum of hadrons in
the air shower. The energy spectrum
is expressed in the differential form, be-
cause the observed lateral distribution
of charged particle density is limited in
the region of 7 = 0 ~ several meters.
The figure shows that the number of
hadrons is smaller than that by the sim-
ulation, indication of which is consistent
with the one in Fig. 2. It is important
that both components, the high energy
~-rays of > 2 TeV and the hadrons of
0.1 ~ 1 TeV, in the air shower show the
same tendency.

KASCADE experiment (at sea level,
(ermany) obtained the same conclusion
from the study of hadronic cores of ex-
tensive air showers by the large hadron
calorimeter.{10]
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1. — Introduction

At present the energy spectrum of the primary cosmic rays, which is obtained by
observing the highest energy air showers, looks to extend beyond the GZK cut-off energy.
And there are several experimental efforts to confirm this discovery and many ambitious
proposals to describe it, because it is one of the most interesting puzzles to be solved.
One should however keep in mind that high energy nuclear interactions, which we cannot
say to be established well above 10*® eV, are assumed to obtain the energy spectrum
from the observed data of air shower size.

In this report we discuss whether the energy distribution of produced particles in mul-
tiple particle production, formulated by us[1], describes the highest energy (> 1018 eV)
air showers or not. The formulation is made phenomenologically on the basis of exper-
imental data of direct observation by accelerator and cosmic-ray experiments, assuming
that the Feynman scaling law is valid at low energies but is violated at high energies. It
is a merit of discussing the highest energy air showers that the energy dependence of the
nuclear interaction characteristics shows itself in the most distinct way. Discussion en-
ables us to examine how the nuclear interactions affect the air shower size at the highest
energy region of 10'® ~ 10* ¢V, too.

2. — Air Showers

2'1. Elementary processes for air showers. —

(1) Inelastic collision mean free path of hadrons in the air.
(o) = Mw(Eo/B) 7 (o) = (1/6)An(Eo)
where 3 = 0.056, B = 10% GeV and { = oqx/onn = 0.71.
(2) Energy distribution of the surviving particle
(1-b)6(E - (1 - K)Ep) dE
where K is the total inelasticity to be discussed below. The charge exchange probability
of the surviving pion b is 0 and 0.3 for nucleon and pion collisions, respectively. That is,
the charge exchange of the surviving pion, t.e. 7% — 70 is an important process to be
taken into account, because the inelasticity is 1.0 in the process.
(3) Energy distribution of charged produced particles ,
o(Ey, E)dE = aD(1 — a'z)%/zdz (2= E[/Ep, a= (Eo/A)%, o' = (EofA)") (1)

where D = 2(d + 1)/3, d = 40, A = 200 GeV, a = 0.105 and o' = 0.210. The
formula is obtained on the basis of experimental data of direct observation by accelerator
experiments (/3 = 53, 200, 546, 630 and 900 GeV of CERN S5PS 7p collider)[2, 3, 4]
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TaBLE 1. - Scaling violation parameters assumed in the models

o o Feynman scaling law Remark
Model-0 0 0 valid < K >=05
Model-1 0.105 0.105 violated < K>=05
Model-2 0.105 0.210 violated the best-fit to the data

and by cosmic-ray experiment (< Vs >= 500 GeV of emulsion chamber experiment at
Mt. Chacaltaya){5}.(1]

The formula with a = ¢’ = 1.0, which is attained at low energy of Eg ~ 200 GeV, i3
one of the empirical distributions to follow the Feynman scaling law.[6] Validity of the
law is verified experimentally in the energy region /s < 63 GeV.[7] One can see in the
formula that the law is violated strongly at high energies and consequently the average
inelasticity decreases appreciably at high energies. {See Fig. 1.)

The formula leads to the energy dependences of charged multiplicity and average total
inelasticity (See Fig. 1.), defined as

m(Fg) = [ ¢(Eo, EYE < K >= %fgo(Eo,E)EdE
where the factor 3/2 is due to charge independence of produced pions on the assumption
that all the produced particles are pions.
(4) Inclasticity is assumed to be distributed uniformly between 0 and 2 < K>

# LIAS code
® VENIS T

dNFdn”

Rapidity Desity

1 1o 1w 1w 0"

Eq (V) Psewdo-rapidity  n°
Fig. 1. ~ Energy dependences of charged Fig. 2. - The pseudo-rapidity density dis-
multiplicity and average total inelasticity. tributions at /3 = 546 GeV, assumed in
Model-0, Model-1 and Model-2 are ex- Table 1 (solid lines) and obtained by the
plained in Table 1. The hatched area is the simulation codes {plots) which are used re-
energy region where the Feynman scaling cently to simulate the diffusion of cosmic
law is verified experimentally. Full circles rays in the atmosphere.
are the experimental data of charged mul-
tiplicity.

2'2. Comparison with the models used in simulations. — We assume three types of
energy distributions for the discussion made below. (See Table 1.}

It is interesting to see whether the formula of eq.{1) is consistent with the nuclear
interaction models, such as VENUS, QGSJET, DPMJET, SYBILL, HDPM and UAS
code,[8] which are incorporated in the simulations to follow the atmospheric diffusion of
cosmic rays. Fig. 2 shows the pseudo-rapidity density distributions at /3 = 546 GeV by
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TABLE II. — The cases possible to be solved

Remark
a o B8 b Model o <K >
Case A 0 4] 0 0,03 Model-0 const 0.5
Case B 0 0 0.056 0 Model-0 increasing 0.5
Case C 0.105 (.105 0 0 Model-1 const 0.5
Case D 0.105 0.210 0 0 Model-2 const decreasing

the formulated models in Table 1 and by the simulation codes. We can see the following
in the figure.(!)

1) Difference of the densities, predicted by the simulation codes, is not negligible.

2) In the central region all simulation codes predict the rapidity densities consistent with
the experimental data except HDPM.

3) In the middle rapidity region, i.e. 2.0 < n* < 6.0, which is the most important for
the atmospheric diffusion of cosmic-ray particles, predictions by VENUS, QGSJET and
DPMJET are higher than that of Model-2, while those by other codes are consistent
with that of Model-2.

4) In the forward region all the codes predict consistent densities with that of Model-2.
5) The density distribution by UAS3 code is almost, consistent with that of Model-2 over
all rapidity regton.

3. — Air Showers of E; = 102 ¢V

Our plan is to solve the diffusion of cosmic-ray particles in the atmosphere analytically
on the basis of elementary processes, mentioned in Section 2, for the three models, listed
in Table 1.(*) The diffusion equations can be solved for the cases, listed in Table 2,
although it is not easy to solve them in a general way.

Then we obtain the size of the air shower, which is initiated by the incident proton
with the fixed energy Ejp, based on the solutions of diffusion equations. The size the air
shower is defined as the number of charged particles which pass the horizontal plane at
the observation level. The clectron component is dominant among the charged particles
in the air shower, and hence we refer only the electron number as the air shower size.
(i) Fig. 3 shows the transition curve of the air shower size for the primary proton with the
energies Ey = 10'%, 10", 10% eV for Case A (with b = 0), where the exact analytical
solutions are possible. One can see in the figure that the air showers are at the maximum
development at sea level and that the relation Eq/N, ~ 2.0 (GeV) holds approximately.
(ii) Fig. 4 shows the ratio of the air shower size between the cases of B, C, D and the
case A for the primary energy Ey = 10*? ¢V. One can see the following in the figure.

(') The distributions by simulations arc for NSD events while those by the formulation are for
all inelastic events. The definitions of them are onsp = onp + opp and Ginet = onsp + 05D,
where NSD, ND, DD and SD stand for non-single-diffractive, non-diffractive, double-diffractive
and single-diffractive, respectively. According to the data by UAS Collaboration[2] the pseudo-
rapidity density of NSD events is higher by 10 % than that of all inelastic events in the range
0 > 7" > 3.5 and is almost equal in the region * > 3.5 at /3 = 546 GeV.

(2) = - p decay is neglected.
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(1) Effect of the charge exchange process of the surviving pion is almost constant over
the atmospheric depth, amounting 13 %.(%)

(2) Effect of increasing cross section is large (100 ~ 200 %) at high altitude, but is small
{~ 18 %) at sea level.(%).

{3) The effects of scaling violation, in Model-1 and in Model-2, have similar depth de-
pendence, but the absolute values of them differ by five times.

(4) Model-2 gives smaller air shower size, and the attenuation of the air shower size after
the shower maximum is very slow due to the small value of inelasticity.(®).

(5) At sea level the air shower size is dependent most strongly on the energy distribution
of produced particles, but less strongly on the increasing cross section and on the charge
exchange.
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Fig. 3. — Transition curve of the air shower
size for the primary proton with the energy
Eo = 10", 10'%, and 107 eV, for Case A
(Model-0, constant cross section and b =
0).. The arrows indicate the depth of the
sea level (1,030 g/cm?) for the air showers
with the inclination # = 0° and 30°.

Fig. 4. — Ratio of air shower size, N, (B)/N.(A),
N (C)/N(A) and N.(D)/N.(A), along the
depth. The cases of A, B, C and D are tabulated
in Table 2. The primary energy of a proton is
10%° eVv. '

(iii) The air shower size at sea level, expected by the present calculation, is tabulated in
Table 3 for the incident proton of Eg = 10%° V. In the table the effects of the charge
exchange process and the increasing cross section are obtained by Fig. 4. To calculate
the expected air shower size, to which the effects of charge exchange probability and
increasing crass section are included, we multiplied all the factors because the factors are
near 1.0,

(tv) M. Nagano et al. examined the method of energy determination of extremely
high epergy air showers, employed by AGASA experiment, by the simulation code of
CORSIKA[8](with QGSJET code). And they reached the conclusion that the method
works well for the highest energy air showers.[9] The simulation gives N, = 5.5 x 104°
for the proton-induced air showers of Ey = 10?0 eV.(*) We can see the following points
by comparing the value with the expected sizes in Table 3.

(1) The value by the simulation is between those of Model-1 and Model-2. In this sense
our calculation and the simulation are consistent each other, because we saw in Sec-
tion 2 that the pseudo-rapidity density distribution by QGSJET code is between those

(3) This tendency can be explained by the analytic expression of air shower size.
(*) We obtained N, = 5.5 x 10'® for the proton-induced air showers of Fo = 10'° eV, from the
figure in Ref.[9], and multiplied it by 10.
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TABLE IIL. — Adr shower size at sea level by the models for the tncident proton of Eg = 10%2° ¢V

Model-0 Model-1 CORSIKA Model-2
size” 5.0 x 10' 6.2 x 10" 1.1 x10'°
ratio to Model-0 (x1.0) {x1.23) (x0.22)
charge exchange x1.13 x1.13 x1.13
increasing cross section x1.18 x1.18 x1.18
size {expected)** 6.7 x 10%° 8.3 x 10'° 5.5 x 100 1.5 x 10

* without the processes of increasing cross section and the charge exchange.
** with the processes of increasing cross section and the charge exchange.

by Model-1 and Model-2.

(2) If we take Model-1, the energy spectrum of highest energy air showers shifts to the
left (toward lower energy) by a factor 1.5.

(3) If we take Model-2, which is the best-fitted to the experimental data, the energy
spectrum shifts to right (toward higher energy} by a factor 3.7.

Among the major factors to govern the cosmic-ray diffusion in the atmosphere —

the encrgy distribution of produced particles, the charge exchange probability of the
surviving pion and the increasing cross section of hadron-air collisions —, the first one
has the largest effect on the size of extremely high energy air showers. Hence we have
to spectfy the energy distribution of produced particles in multiple particle production in
more detail, in order to confirm the extremely high energy cosmic rays exceeding GZK
cul-off energy.
(v) The item (3) in the above paragraph (iv) makes the puzzle of extremely high energy
cosmic rays more serious. Probably it is not irrelevant to conclude that the energy
dependences of the scaling violation parameters in Model-2 are not valid at extremely
high energy region. In other words Model-2 does not describe the extremely high energy
air showers, although the model is formulated based on the experimental data of direct
observation. This is due to the fact that Model-2 predicts quite small inelasticity at high
energies. For example, the value is as small as 0.2 even at Ey = 10'% eV. (See Fig. 1)
According to our previous analysis of attenuation mean free paths of hadron and (e, )
components [10], the inelasticity of < K >= 0.5 is compatible but smaller inelasticity is
not compatible with the experimental data in the energy region of 104 ~ 1016 eV,
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