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Simultaneous observations of families and accompanied air showers with emulsion chambers and the air
shower array of electronic equipment at Mt. Chacaltég200 m, 540 g/crf) reveal that families bear the data
of nuclear interactions generated deep in the atmosphere. 47 outstanding famili€SEyi#10 TeV are
correlated with the accompanied air showers of the size-1@. A scatter plot of the average family energy
versus the size of the relative air shower requires further energy fractionizing feg@sshe propagation of
high energy cosmic rays in the atmosphere, such as a larger dissipative mechanism in nuclear interaction,
heavier chemical composition of the primary cosmic rays, etc. We reach the conclusion that nuclear interaction
changes its features in the energy redig>10'° eV, because the heavier composition, proposed so far, is not
sufficient for the required dissipative process. A comparison with the data from the HADRON experiment at a
similar altitude with a similar technique shows that no larger deviations are present between both experiments.

PACS numbgs): 13.85.Tp, 13.85.Hd, 96.40.De, 96.40.Pq

[. INTRODUCTION and energ\E,, incident upon the atmosphere, produces large
nuclear and electromagnetit!EM) cascades in the atmo-

It has been reported by several groups that the familysphereg2]. An air shower experiment observes the whole of
intensity, measured by the emulsion chamber located at the particles, produced in the NEM cascade, while an emul-
high mountain, is several times lower than that expectegion chamber experiment observes respective high-energy
from the intensity of the primary cosmic ray%]. This ex- particles(> several TeY among them. That is, both experi-
perimental result, in agreement among the experimentahents observe the same phenome(d&EM cascadgat a
groups, leads to various speculations which cause further ewlifferent cut edge.
ergy dissipation to the cosmic-ray propagation in the atmo- It is obvious that the conventional analysis, where both
sphere, such as that the primary cosmic rays change its cordata by the air shower experiment and by the emulsion
position, that the nuclear interaction changes its feature, etchamber experiment, carried out independently, are com-
The final conclusion, however, has not been reached so fapared through a medium of a simulation, is far from com-

This is an important problem in view of both the high- plete. The combination of both experiments enables us to
energy particle physics and astrophysics, because the energhserve the air showers and families without losing their
region concerned is several times higher than the energies obrrelations, i.e., what kinds of an air shower and a family
the present high-energy accelerators and coincides with there produced in a single NEM cascade. It increases the
so-called “knee” region where the primary cosmic-ray spec-amount of information considerably and reduces the possible
trum has a bend. ambiguities inherent to the indirect comparison.

Taking into account the fact that the primary cosmic-ray The first experiment of this kind was carried out by
spectrum, employed in the above analysis, is obtained by aBmorodinet al.[3] at an airplane altitude in the early 1960s
shower experiments, we can formulate the problem from anin order to investigate the nucleon interactions at energies
other side. A primary cosmic-ray particle of mass number above 16% eV. We started in 1968 the experiment of emul-
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TABLE |. Experiments operating with the emulsion chamber and the air shower array at high mountains.

Air shower array
(1) Density detectorgarea Statistics of the events
(2) Core detector (definition of the family
(3) Burst detector

Emulsion chamber
(1) Area
(2) Thickness

Mountain

Experiment Start (height, depth

(1) 32 scintillators(R=40 m) 99 events
(2) Spark chambe(54 nt) (SE, =10 TeV,n, =2,
(3) Scintillator (18 ) E,n=2TeV)

Mt. Norikura (1) 20 n?
AS,[5.7] 1968 5000 m, 738 glcA) (2) 14 c.u. Fe

Mt. Chacaltaya (1) 8 n? (1) 44 Scintillators(R=50 m) 47 events

SYS[4] 1979 2)— (SE,=10 TeV,n,=5,
(5200 m, 540 g/er) (2) 30 c.u. Pb (3) Scintillator (8 ) E=2TeV)
Tien Shan (1) 162 n? (1) 28 scintillators(R=70 m) 1531 events
HADRON [6] 1985 400 "0 ) o4 (@ 12cu. P70 glerf C (29— (SE,=10 TeV,n,>2,
' 9 +10 c.u. Pb (3) lonization chamber§162 nf) E,n=2TeV)

sion chambers associated with burst detectors, installed ufiamilies [6]. There is, however, a discrepancy of absolute
der the 20 rA spark chamber, in the central area of a Tokyovalue between the above-mentioned spectrum by the experi-
air shower array in the Institute for Nuclear Study, Universityment and that by the simulation. Recent results of the
of Tokyo, in order to study high-energy hadrons and largeHADRON experimen{15] will be discussed in Sec. Il of
transverse momentum phenomena in air showers. Then thbis paper in relation to the data of our experiment, respec-
detectors were moved to Mt. Chacaltaya in 1977 for theively, because their way of analysis is similar to ours.
present experimer({8YS) [4]. Dakeet al. started the experi- The present paper consists of four sections. Section I
ment at Mt. Norikura in 1968 to study multicore events of air describes the experimental setup and the experimental pro-
showers and familie§ASy) [5], and the large scale experi- cedure. Section Il presents the experimental results to show
ment HADRON started at Tien Shan in 1988. (See Table the origin of the families in relation to the air showers and to
I.) The SYS experiment is a unique one of this sort underconclude that the change of the nuclear interaction is neces-
operation at present. sary for the required rapid energy dissipating process. Sec-
The ASy experiment at Mt. Norikura drew the conclusion tion IV is devoted to a summary and discussion on the con-
that a proton’s fraction is poor, i.e., 20%EB§=1.4x10"°eV, tent of the change of the nuclear interaction, on the
among the primary cosmic-ray compositigoonsequently assumptions in the simulation, and on the future prospect of
the composition becomes heavier than that in a low-energthe experiment.
region, where the proton fraction is 40—50%y comparing
the frequency of families witlXE, ; (the total observed Il. THE SYS EXPERIMENT
energy in the familyin the experiment and in the simulation
[5,7]. Recently they made a reanalysis of their data to con- The experiment operating an emulsion chamber and an air
firm the above-mentioned conclusidd0]. As shown in  shower array together at Mt. Chacaltaya was started in 1979
Table Il, however, the estimation of the primary cosmic-rayby the SYS Collaboratior{Saitama University and Yama-
composition by the intensity argument depends on the asiashi University in Japan, and Universidad Mayor de San
sumed model of nuclear interaction. It was pointed [d#  Andres in Bolivig [11]. The geographic parameters of the
that the energy spectrum of produced particles, assumed @osmic Ray Laboratory at Mt. ChacaltayBolivia) are
their simulation code, shows weaker violation of the Feyn-height, 5200 m(540 g/cn? of atmospheric depihlocation,
man scaling lawf13] than that observed by the accelerator16°21 S, 68°08 W.
experiments.Therefore, if they assume the energy spectrum, The initial motivation for the experiment was to obtain
consistent with the data by accelerator experiments, in theithe information on the primary particle interaction that pro-
simulation code leaving other features of nuclear interactionsluces the air shower, by observing the high-energy hadrons
untouched, they would reach a conclusion of less heavyand y rays in the air shower via the emulsion chamber. It
dominant composition. Some comments will be given in Secdepends on the consideration that most of the high-energy
IV on the ASy experiment. particles, observed by the emulsion chamber, come directly
The HADRON experiment at Tien Shan, in the prelimi- from the same interaction that initiates the air shower. It will
nary report, concludes that the primary cosmic-ray composibe shown in Sec. Il of this paper that this assumption is too
tion is a mixed onda heavy composition in our vocabulary, simplified.
defined in the remark in Table)lfrom the normalized inte-

gral size spectrum of air showers which are accompanied by A. Experimental setup

1. Air shower array

1Some of the authors of the A&xperiment assert incorrectly that ~ The configuration of detectors of the air shower array is
the x distribution, assumed in their simulation code, is consistenshown in Fig. 1. The array covers an area of radtas50 m
with the data by the accelerator experimgtd,14. by 35 detectors of plastic scintillator, 31 detectors of 0.25
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TABLE Il. Conjectures on the chemical composition of the primary cosmic rays and the assumed extent of the violation of Feynman
scaling law.

Violation of Feynman

Conclusion on the com- scaling law in the as-

position of the primary sumed nuclear interac-
Author(s) cosmic ray3 tion model Experimental data

. Light Strong .

Shibata[ 8] Heavy Weak Fuji
Renet al. [9] Heavy Weak Fuji/Kanbala
Shimaet al.[5,7] Heavy WeaRk Norikura
Saitoet al.[10] Heavy WeaRk Norikura
Kempaet al. [11] Light Strong Fuiji

@The composition, consistent with that in the low-energy regierl0'® eV) which has the proton fraction 40—50 %, is called “light”
composition.
®The simulation code is the same.

m?, and 4 of 1 M, to measure the lateral distribution of so as to cover the emulsion chamber of the Brazil-Japan
electron density of the air shower. And 5 plastic scintillatorsCollaboration[1,16] too. Therefore the data of accompanied
(0.25 nf each with the fast-timing circuit are located in air showers is available for the high-energy families ob-
pyramid shape in the center of the array to measure the aserved by the emulsion chambers of the Brazil-Japan Col-
rival direction of the air shower. laboration. However, the present analysis concerns the data
The recording system of the air shower array is triggeredf SYS chambers from 1979 to 1986, which have a uniform
when one of the burst detectors, described below, has thguality.
densityn,>10°%

) 3. Burst detectors
2. Emulsion chamber

e . ) Burst detectors of plastic scintillatdf.25 nf each are
32 blocks (0.25 nt each of emulsion chamber are in- j,iajled underneath the respective blocks of the emulsion
stalled in the center of the air shower arid@yg. 1). Acon-  cnamper(Fig. 3). A burst detector measures the number of

figuration of 32 blocks is shown in Fig. 2, and the _structurecharged particlegcalled “burst density’n,) which penetrate
of one unit in Fig. 3. The chamber generally consists of 3Q,o emulsion chamber.

sheets of lead plat€0.5 cm thick each equivalent to 30 When the core of an air shower hits the burst detectors,

cascade unitéc.u,) or 0.81 inelastic collision mean free path many of them have signals of the burst density and the map

(Nine)) in total, and of 14 sensitive layers of x-ray films in- ¢ yhe purst densities determines the center of the burst.
serted under every 1 cm of lead plate. Some sensitive layers

contain nuclear emulsion plates besides x-ray films for the

calibration of energylSee Sec. Il B 2.The emulsion cham- B. Experimental procedure

ber detects the electron showers produced by high-energy

particles incident upon the chamber, and measures their en-

ergies, positions, and directions of incidence. The lateral distribution of electron density, measured by
Table Il shows the exposure list of emulsion chambersthe density detectors of the air shower array, is fitted to the

In 1989 the detectors of the air shower array was increased

1. Size of the air shower

50cm
| N

20 (m)
= Density det. (1 m%)
o Density det. (0.25 m?)

o O FTdet. (0.25 m?)

{1) B-J emulsion chamber
{2) SYS emulsion chamber

FIG. 1. Complete schema of the air shower array. 35 density
detectors of plastic scintillator cover the area of the radRas50 FIG. 2. Configuration of the blocks of the emulsion chamber in
(m). The emulsion chamber is located in the ro@h the room(2).
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soem cess in lead plates. Hence the photosensitive layers, inserted

Lead Piate (0.5 om thick) at various depths in the chamber, observes the various stages

Eruision sonsioe agr of shower development. The electron shower is recorded as a
cramber (Krayfime /Noclear omulsion plate) small black spot, visible with the naked eye, on the x-ray
Support film after photographic development. This performance of

emulsion chamber shows that the incident electron and pho-
ton cannot be discriminated, and it is the reason why they are
et called “y rays” collectively by emulsion chamber experi-
ment.
The routine in an emulsion chamber experiment is to
Photo-multpier measure the darkness of the spots by the microphotometer

with the slit of a certain sizéusually the size of 200200

FIG. 3. Structure of the emulsion cham_ber and the burst detechmz) and to make a transition curve of darknég® devel-
tor. Each block of the emulsion chamber is>30 (cn) of area

and 15 cm Pb thick with 14 sensitive layers of x-ray films, insertedOpment of darkness along the depth of the chap reach

at each 1 cm of lead plate. The burst detector of plastic scintillato?'hqwer' -Cqmpanson (,Jf the transition curve with those of
is located underneath the emulsion chamber. various incident energies by the cascade th¢&®}, deter-

mines the relative value of the energy and the starting depth
At of the shower, because the darkness is related to the num-
ber of electrons in the shower. On the other hand, the elec-
called “size,” and the age parametsrof the air shower. tron number in the shower, obtained directly by the micro-

Figure 4 shows the size spectrum of all the observed ai?COpiC observgtion of the shower in the nuclear emulsion
zglates, determines the absolute value of the energy by com-

Nishimura-Kamata-GreiseNKG) function of the Molige
unit r,=155 m[17] to obtain the total electron numbbi,,

showers in 1982. The spectrum is consistent with the one by <> " :
P aring its transition curve with those of the cascade theory.

BASJE, another air shower experiment at Mt. Chacaltay :
[18], in the size region of §10°—5x 10P n emulsion chamber detects the showers of the energy ex-
' ' ceeding~1 TeV.

In the case of hadron incidence, the shower is originated
by photons(mainly through the decays of%s and #'s)

A high-energy particle of electromagnetic componentwhich are produced by the nuclear interaction of the hadron
(electrons and photopsncident upon the chamber, produces with the lead plate. The visible energy of the shower is not
an electron shower in the chamber through the cascade prthe incident energy of the hadrd, but a fraction of itk E,

2. Energy ofy rays and hadrons [16]

TABLE lll. Exposure list of the emulsion chambers and the electronic detectors of the air shower array in SYS experiment.

Emulsion chamber Air shower array
- - - Detectors
Series Construction-disassembly Area
(thickness, sensitive layers, burst det./target
78/04/10
1-79 79/05/29-79/11/26 8 M(15 cm Pb, 14 layers, burst det. Density 31(0.25 nf)
11-0A 80/05/25-80/09/26 8 M(15 cm Pb, 14 layers, burst det. 4 (1P
111-0B 80/10/23-81/03/20 8 M(15 cm Pb, 14 layers, burst det. FT 5(0.25 nf)
IV-82 82/09/16-83/08/11 8 M(15 cm Pb, 14 layers, burst det.
V-83 83/10/07-84/08/23 8 M(15 cm Pb, 14 layers, burst det.
VI-84 84/09/17-85/09/19 8 M(15 cm Pb, 14 layers, burst det.
VI11-85 85/11/29-86/11/25 8 M(15 cm Pb, 14 layers, burst det.
87/09/30
VI11-88 88/01/12-89/10/06 8 M (15 cm Pb, 14 layers, burst det. Density 31(0.25 nf)
4(1md)
FT 8(0.25 nf)
IX-89-C23 89/11/11-91/03/11 8 (15 cm Pb, 14 layefs burst def. 89/11/24
46 nt (14 cm Pb, 5 layefs Density 36(0.25 nf)
38 n? (11 cm Pb, 4 layefs 60 cm Q 4(1md)
FT 8(0.25 nf)
X-91-C24 91/03/16-92/10/12 8%1115 cm, Pb, 14 layers, burst det. 91/10/25
42t (13 cm Pb, 12 layers, 30 cm GEH,) Density 36(0.25 nf)
38 n? (11 cm Pb, 5 layefs 60 cm Q 4 (1 md)
X1-93-C25 93/11/10- 8 (9 cm Pb, 8 layers, burst dgt. FT 8(0.25 nf)
41 n? (9 cm Pb, 8 layels 51 m)

8Japanese and Russian X-ray films.
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FIG. 4. Size spectrum of the air showers. Open circles are forall FIG. 5. XE, spectrum of the families. The solid line is the
the observed air showers and the full circles for those which accomspectrum by the Brazil-Japan Collaboration, another emulsion
pany the families. The solid line is the spectrum of all the air show-chamber experiment at Mt. Chacaltaya. The minimum eng&igy
ers by BASJE, another air shower experiment at Mt. Chacaltaya. is set at 4 TeV in the definition of the family for this figure, in

accordance with the Brazil-Japan Collaboration.

wherek, is the ratio of the total energy of rays to the

incident energy of the hadron. Accordingly the detection ofyon that there are several candidate air showers to one fam-
hadrons depends on the collision probability in the chambery, \ithin the allowance of the experimental errors. Hence

the distribution ofk,, and the detection threshold energy of yq 4ir shower is looked for through the mediation of the data

the chamber. ) :
. : of the burst in the following way.
The showers with the starting dep#t=6 (c.u) are de- (1) List the families in one block of the emulsion cham-

fined as hadron-induced ones, because the probability for ber

rays to have such a starting depth gs<e ®=2.5x10"". . . .
Those showers will be called “hadrons” hereafter, and the (2) List the bursts Wh'c.h have their centers on the con-
rned block of the emulsion chamber.

visible energy of the hadron-induced shower is expressed b?/e

EM, ie,EM=kE,. (3) Correspond the families to the bursts on the assump-
Y tion that the order of magnitude of the fami%E,) is the
3. XE,, of the family same as that of the burst density at the cerntgj.(

. . (4) Examine the consistency of the arrival direction be-
Usually, when the emulsion chamber is hit by the core Of'[Ween the air shower and the family, and also of the position
an air shower, it detects a bundlepfays and hadrons in the Y P

air shower, which is called “family.” Identification of the between_ the air _shower core and the family center.__
showers composing the family is easy because they have the BY this algorithm 47 among 67 observed families are
same zenith and azimuth angles on the map where traject§OUPed with air showers. Hence the coupling rate is 70%,
ries of all the showers are projected on the horizontal planédNd it increases to 77% taking the dead time of the air
Analyses made below are for the families which fulfill the Shower array into account. For the 47 coupled events the
following criteria: (1) minimum energy of the shower, differences of the arrival directions between the family and
Emin=2 TeV; (2) number ofy rays,N,=5; (3) total energy of the accompanied air shower are 5@5 (deg for zenith
y rays,XE. =10 TeV. angle and 17.€1.8 (deg for azimuth angle on the average.
Figure 5 shows th& E,, (the sum ofy-ray energies in the The difference of the positions between the family center and
family) spectrum of the families. It agrees well with that by the air shower core is 0.49.04 (m). The coupling rate
the Brazil-Japan Collaboration with the pure emulsion chamincreases to 85% for the families withE ,>50 TeV.
ber at Mt. Chacaltayfl,16], showing that energy determi-  The size spectrum of the accompanied air showers is
nation of the showers is consistent in both experiments. Ishown in Fig. 4. One sees that all the air showers accompany
should be noted that the minimum energy is set 4 TeV in Figfamilies in the regionN,>10’, or that the primary cosmic

5 in accordance with Brazil-Japan Collaboration. rays always produce the visible families in the redion
Ey,>2Xx10" eV. The difference of both spectra in the high
4. Coupling the family with the accompanied air shower size region, observed in Fig. 4, is due to the low statistics of

Families have the data @1) the arrival direction and of the events. That is, that of all the air showers is based on the

(2) the position, but not of3) the arrival time, because the data in 1982, when the triggering of the recording system is
emulsion chamber is exposed to cosmic rays for 1-2 yr coniade by the air shower, and the triggering is made by the

tinuously to accumulate cosmic-ray events. On the other

hand, the air showers have all three of them. It is not easy to

couple the air shower with the family directly by the data of 2We assume 210° (eV/electron as the factor between the pri-
their arrival directions and their positions, because it is commary energy and the size of the air shower. See Sec. Il C 5.
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TABLE V. Chemical composition of the primary cosmic rays, TABLE V. Statistics of the simulated events.
assumed in the simulation.
No. of simulated primariesE,>10'° eV) 23452
Eo (eV) Proton(%) Alpha (%) CNO (%) Heavy(%) Fe (%) No. of families by the simulation 13274
105 42 17 14 14 13 No. of families by the criteria 8 157
1016 42 13 14 15 16

because the propagation of cosmic rays in the atmosphere is
overned mostly by the particles produced in the forward
emisphere. UA5 algorithm is the phenomenological simu-
lation logic and reproduces the features of multiple particle
production atys=53, 200, 546, and 900 GeV at the CERN
super proton synchrotroiSPS pp collider. The energy
The principle of our simulation is to use as simple as-spectrum of produced patrticles, predicted by the algorithm,
sumptions as possible without losing the essential points, beshows a fair violation of Feynman scaling law both in the
cause most of them are not established yet in the concernddrward and central regions in terms @N/dx=(1/c;,) do/
energy region, being the themes of investigation. What fol-dx with x=p,/Ey, and the inelasticity distribution is ap-
lows is a brief description on our simulation proced[26]. proximately uniform between 0.1 and 0.9 in the laboratory
system, giving the averagé&)=0.40.(See the Appendix ).

burst in the experiment of simultaneous observation, startin
in 1979.

C. Simulation

1. Primary cosmic rays Further additional assumptions made in our simulation
Energy spectrum of the primary cosmic rays is assumed t§0de are(1) all the produced particles are pions, a(®)
be m-air collisions follow the same algorithm as-air colli-
sions. Hence one should keep it in mind that the charge-
Eo” exchange process of the leading partieté —#°, is not as-
sumed.
in the integral form. The exponentis ~1.8 atE,=10'° eV (c) Nucleus-air collisions. The wounded-nucleon model

and increases gradually to 2.0 with the energy. The energis assumed for nucleus-air collisiof5]. That is, the num-
region of the primary cosmic rays to be sampled is abovéder of wounded nucleons which expresses the number of

10" eV. nuclear interactions in the air nucleus, is given by
The assumed chemical composition is so-called “normal” ,
one which is estimated by Nikolsky by the analysis of the Nw=A—A"=4N,—Neyap,

experimental data of air showdral]. (See Table V). Itis a

light composition in our vocabularySee the remark in Table WhereA is the mass number of the incident nucleds that
1) of the fragment nucleus after the collisids, the number of

a particles, andNg,,, the number of evaporated nucleons.
2 Nuclear interactions These quantitiesA’, N, and N, are sampled from the

- ) ) appropriate distributiong20].
(a) Collision mean free path of hadrons in the aiThe

collision mean free path of hadrons in the air is assumed to 3. Electromagnetic interactions

be . .
For the particles of electromagnetic compong@iéctrons

Nair=T7600,9%  (g/cnd), and photonswith the energy exceeding 1 TeV, the processes
of pair creation and bremsstrahlung without the Landau-
where the inelastic cross section of hadregg, is given by ~ Pomeranchuk-Migdal effe¢26] are taken into account.

Tinel= 0o 1+0.027%+0.01€%0(€)]  (mb) 4. Families

with e=In(E/200 GeV} [22]. The constanir, has different Simulation for families is made in a three-dimensional
) oy e way. That is, the coordinates and the energies are the avail-
values for nucleon-nucleonN(-N) and pion-nucleon(m able data for showers in the familyrays and hadrons which

—N) collisions: e . : -
) collisions have visible energy exceeding 2 TeV and location within the
322 mb, N—N, circles _of 15 cm radius frpm the family cent_e_r, are registergd
0=120.3 mb. 7—N. as family members. The interaction probability of hadrons in

the chamber is assumed to be 0.7, and the visible energy of

The increasing cross sectiaf),,, reproduces the experimen- the hadron-induced shower is given kyE, wherek, is
tal data consistently in the low-energy region, giving a 10%Sampled from thd" distribution of(k,)=0.15.
ggt}e[rz %stmatlon than the experimental valuey/at=1800 5. Air showers
(b) Hadron-air collisions. We employ UA5 simulation The simulation for the air showers is made in a one-
algorithm[24] for the model of multiple-particle production dimensional way, and therefore only the sidg is the di-
of N-air collision. It is because we assume tiNtN and rectly available data.
N-air collisions have the same features of multiple-particle Hadrons are traced down following the algorithm of
production in the forward hemisphere of the collision, andnuclear interaction until their energies become 0.1 TeV or
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they arrive at the observation level of Mt. Chacaltaya. Thosever such a change of the slope is not observed in Fig. 6 by
with the energy less than 0.1 TeV are assumed to have nour experiment.

further interaction, because the majority of them are pions In order to study the relation between the families and the
that decay into muons. accompanied air showers in more detail, we compare the

Electrons with an energy less than 1 TeV are replaced bgnergy spectra of rays in one family, grouping the events
the analytic solution of electron number by the cascadédoth by ZE, and N.. That is, all the families with
theory under Approximatio [19] instead of being traced XE,=10-215 TeV are classified into four groups of
down by the algorithm of electromagnetic interactions. How-3E ,=10-21.5, 21.5-46.4, 46.4-100 and 100-215 TeV.
ever, photons are traced down until they convert to electrofrigure 7 shows the energy spectrumyofays in one family,
pairs, their energies become the critical energy in thé8flr for two groups of events with the same interval of
MeV), or they arrive at the observation level. 3E,=46.4-100 TeV but with different intervals of

The size of the air showeM, is defined as the total num- N,=10°-1 and 16-10/, as an example. As can be seen in
ber of charged particles which arrive at the observation levejhe figure, the energy spectra of the same intervak Bf,

(Mt. Chacaltaya among those produced by the above pro-agree well with each other in spite of the difference of size

cesses. The air shower size, thus defined, reproduces tP@gion. In other words, the energy spectrumyafys in one

well-known relationEo/Ne=2.0 GeV on the average with & family does depend oB E,, of the family, but does not oN,

narrow dispersion of the distributidi20]. of the accompanied air shower. It is the case in the simula-
6. Statistics tion, too.

It indicates that the family is produced deep in the atmo-
sphere by a small numbdbne or twg of interactions of
high-energy hadrons in the air shower. Therefore there is no
sharp correlation between the characteristics of the family
and those of the accompanied air shower.

A. Energy spectrum of y rays in one family Figure 8 presents the energy spectrayofays in one

Energy spectra of rays in one family, by experiment and family for four irltervals of ZE, \_/vit.hout classifying the
by simulation, are shown in Fig. 6 for three different size €vents byNe to improve the statistics. On the whole the
regions ofN,=10°-1CF, 16°~10/, and 16—-10. The experi- Spectra in the experiment and in the simulation agree with
mental data show that the spectra of differét regions €ach other with respect to both the slope and the number of
differ in the number ofy rays in one family. Comparison of 7 rays.
the spectra in the experiment and in the simulation shows
that there is a discrepancy in the numberyafays, i.e., the B. Energy spectrum of hadrons in one family
experiment gives a smaller number than the simulation,
while the slopes of the spectra agree with each other. Mear'u:-i
ing of the discrepancy will be discussed in Sec. Il C.

The experiment HADRON at Tien Shan reported that th
spectrum, expressed by the varialle E,/E, whereE, is
estimated fromN, by assumingg,/N.=2.0 GeV, becomes
steeper suddenly in the size region exceeding d@mpared
with those in lower size regiofl5]. And they argue that
nuclear interaction changes its feature-&x 10 eV. How-

Table V shows the statistics of the simulated events.

Ill. EXPERIMENTAL RESULTS

The energy spectrum of hadrons in one family is shown in
g. 7(b) for two groups of events with the same interval of
2E,=46.4-100 TeV but with the different intervals of
*N,=10°-1¢ and 16-10.. Figure 9 shows the energy spec-
trum of hadrons in one family for four intervals &E,.
These figures of hadrons confirm what are mentioned for the
vyrays in the family, i.e., the agreement of the energy spectra
in one family for the families belonging to the same interval
of SE, in spite of the different intervals oN,, and the
agreement of those by the experimental data and by the
simulation for the families belonging to the same intervals of
3The distribution ofEy/N, is not symmetric around the average EEy_
value, having a long tail on the larger value side than the average on Comparison of Figs. @) and (b) shows that only the
the log scale as well as on the normal scale, due to the large ﬂUQ;pectrum of the highest Ey interval, i.e.,EE,/= 100-215
tuation of the starting points of air showers. Hence we will describeTey/, deviates from that by the simulation, though the statis-
the distribution in terms of the average and the standard deviationjcs js not sufficient yet. The observed increase of hadrons in
defined byo=\(x?)—(x)*. the family may have some relation with the change of

D(i)sftgb/“,fjo” nuclear interaction in high-energy region, which will be dis-
o cussed elsewhere with better statistics of high-energy events.
Primary Average o (GeV) To conclude the present and previous subsections, our
Eo particle  (GeV) Remarks simulation code does simulate the featuireside the family
11 510 eV P 1.95 0.62(32% Events with well, but does not the relation between the family and the air
' Eo/N>5 (GeV) shower(or between the family and the primary energy of the
are omitted even).
The sampled events are all the air showers, irrespective of the accompa- C. Correlation between <2E‘y> and Ng
niment of the families. The value is consistent with “31%tandard devia- . .
tion) at N,=5X10° for the proton-dominan{PD) composition” in the Figure 10 shows the correlation betweE'EV and Ne'

simulation for Yangbajing4300 m) experimen{10]. Figure 11 shows the dependence of the average valbi&gf
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FIG. 6. Energy spectrum of rays in the family for three regions of the size of the accompanying air showners10°—1¢ (0),
N=10°-10 (A), andN,=10"-1C (O). (a) experimental data ang) simulation.

on N, in the experiment and in the simulation. In the simu- however, that the increase of iron component reduces the
lation the center of the family is distributed randomly overobserved discrepancy only in part, because the simulated
one block of the emulsion chamber in order to take intoevents of iron primaries have larg&E ) than the value of
account missing showers which fall outside the emulsiorthe experiment, in the high-energy reg|clN11e>107 [20].
chamber, though the effect is found small. Hence the change of nuclear interaction is necessary for the

It is seen in Fig. 1¢a) that(XE,) of the experiment has a required rapid energy dissipating process, whether one as-
smaller value than that of the simulation. A similar tendencysumes the increase of heavy primaries or not.
is seen by the experiment HADRON at Tien Shidrb], It may be worthwhile to note the following points regard-
which is shown in Fig. 1(b). The discrepancy between the ing the above analysis.
experiment and the simulation is found again in the relation (1) The analysis is free from the absolute intensity of the
between the family and the accompanied air shower. primary cosmic-ray spectrum.

The observed discrepancy, in Fig. 6 and in Fig. 11, indi- (2) It is not the reason for the ineffectiveness of the iron
cates a more rapid energy dissipating process in the atme@omponent tqXE,) that most of the families, produced by
spheric propagation of cosmic rays at high energies. And théhe iron component, disappear in the atmosphere before ar-
hypotheses for such a process under discussion are an iriving at the chamber, because the primary cosmic rays pro-
crease of heavy components in the primary cosmic rays anduce always the visible families in the regidh,>10, as
the change of the nuclear interactions. The simulation showsyas discussed in Sec. .
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FIG. 7. Energy spectrum of rays(a) and hadrongb) in the family for two groups of familiesE{? in (b) is the visible energy of the
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hadron-induced shower.J, families withS E.,=46.4—-100 TeV ant#l=10°~1(; A, families withS E,=46.4-100 TeV antl,=10°-10".
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(3) For the 47 families with accompanying air showers, D. Production spectrum of 3E,
the family centers always coincide with the core position of ¢ is important to see what kind of families are produced
air showers within the experimental error. Hence there is Ny the air showers of a fixed size, or, more specifically, the
possibility that the families are produced locally at the pe-gjstribution of SE. at a fixed value oN,:
riphery of the large air showers. 7

Figures 11a) and(b) show that the experimental values of e(x,Ng)dx with x=2E, .
<2.E7>’ at Mt. C_:hacaltaya and_at Tien Shan, are IS|m|Ia.r "t can be observed in Fig. 10 directly along a fixed value of
spite of the difference of altitudes, while the simulation "t the statistics of the events is large enough and if the
shows that%E,) at Mt. Chacaltaya is 23 times as large as|argest part of the distribution exists above the threshold of
that at Tien Shan. The reason for it may be attributed to th&'e . However unfortunately our experiment satisfies neither
fact that the energies oy rays are overestimated in the of the conditions. Hence, we will discuss it in another way.
HADRON experiment, because tieE, spectrum at Tien The distribution can be expressed approximately by a
Shan is not consistent with those at Mt. Chacaltaya and aingle variable off Ey/Ng, because we havEEymEg ap-
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FIG. 9. Energy spectrum of hadrons in the family for four region& &, . The energy in the figur& EJ) is the visible energy of the
hadron-induced showefa) and (b) are by the experimental data and by the simulatiog., 10<2E7 (TeV)<21.5; O, 21.5£2Ey

(TeV)<46.4; A, 46.4<XE,, (TeV)<100; O, 100<XE, (TeV)<215.
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o(X,Ne)dx= ¢

X | dx
Ne/ Ne’

The exponent assures the difference of the exponent betweEn spectrum andN, spectrum. That is, th& E,, spectrum is
obtained as

f X)X g e _7_1dNe—| *ﬁfldf Bep(y)d ih =2 and v= —
¢N—g NERARITY N, = Blox x| yPg(y)dy with g= an V=

where y15(N/Ng) ~ Y *dNg/Ng (with y=1.8) is the N, (3) There is a discrepancy between the experimental data
spectrum of the air showers. The integral spectrumxof and the simulation of current assumptions, which is seen in
(=2E,) has the exponeng. We assumes=1.44, because Fig. 6 and Fig. 11. For example, in the relation(®fE ) vs

B=1.25 by the experiment. N in Fig. 11,(XE ) of the experiment is smaller appreciably
We will discuss the distribution o‘EEY/Ng, which corre-  than that of the simulation in the regidf,>5x1. It indi-
sponds to cates further energy dissipation in the atmospheric propaga-

tion of cosmic rays in the high-energy regi@iy>10' eV,
) y such as the heavy composition of the primary cosmic rays,
$(y)dy with y=-35". the change of the nuclear interaction, etc. The simulation
€ shows that the heavy composition reduces the observed dis-

. T - crepancy only in part. Therefore the change of nuclear inter-
It means Seeing the dlstrlbutlorj of t.he events in F'g.' 10 byaction is necessary whether one assumes the increase of
rotating they axis from the vertical line to the slant line of

SE ooN? heavy primaries or not. This conclusion is free from the ab-
Y e

L : . solute intensity of the primary cosmic rays.
FigThl%()t/)) dﬁ;{/’gutﬂznm(:xmz %ﬁi&gﬁﬁ?ggﬁg;jﬁgﬂn n (if) Taking into account the fact that the nuclear interac-

= e _ tion model, assumed in the present simulation code, repro-

Elsr:utzzltl\%etg \t/)?)lﬁe{syge_c%rgéj}s als\l\/l relgzgdzcaer?dﬂl]:?greéa duces the violation of the Feynman scaling law gonsistently
y e, Fig. .5, . : '
consistently. The distributions of the experiméhig. 12b)] with the data by the accelerator experime(@ts-10™*eV), i

; X : is not easy to assume a much stronger violation of the law in
are broad compared with thos_e of t_he simulafibrg. 12c)] the energy regiofit,>10'"° eV. Hence it is more probable to
where the events of proton primaries are sampled. It sho

W, .
that the families are produced not only by protgwith the Zssume that another channel, such as the production of Cen-

: . : . tauro specie$27], opens in the nuclear interactions of high
UAS algorithm of nuclear interactions in the atmp'sphémt energies besides the channel of ordinary multiple particle
also by other processes. For example, the families produceéf|

. . ' . . roduction which is characterized by the pion dominance
Siystl:%let?glnmarles contribute to the left-hand side part of theand small(py) value (~0.4 GeVt) of produced particles.

(ii ) If one applies Glauber theof®8] to hadron-air col-
lisions in the simulation, one gets a larger value of the in-
IV. SUMMARY AND DISCUSSION elasticity ((K)=0.62 and a longer collision mean free path
than those assumed in the present simulation. The former

(i) The observation of families and accompanied air
showers is carried out at Mt. ChacaltafE200 m by oper-
ating the emulsion chamber and the air shower array simul-
taneously. It is the role of the present experiment to mediate 10
the air shower experiment and the emulsion chamber experi-
ment, both of which have accumulated a lot of data indepen-
dently. °

The analysis is made for 47 families éIEyzlo TeV 10°k £
with accompaniment of air showers, which are the data dur- :
ing the first 7 year§1979-1986 of the experiment. Princi-
pal conclusions of the present experiment are the following.

(1) Energy spectra ofy rays in one family are approxi-
mately the same, when the families are parametrized by i
3 E,, irrespective of the size of the accompanied air shower. i ey
It is also the case for the hadrons in the family. It means that o
the family is produced deep in the atmosphere by a small o © o 8
number(one or twg of interactions of high-energy hadrons 10 L sl
in the air shower. 10° 10

(2) The feature of the families is reproduced well by the Ne
present simulation code, when the families are parametrized FIG. 10. Diagram betweeBE, (the total observed energy in
by EEy. the family) and N, (the size of the air showgr

ZEy (TeV)
o
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FIG. 11. Correlation betweeX E,) (the average value &iE,) andN,. (a) and(b) are by the present experiment and by the HADRON
experiment. The full circles are by the experiment and the open circles by the simulation.

makes the energy dissipation larger, while the latter smallethe experimental site and/or the small area of the emulsion
Hence the simulation code which takes the above alternativehamber. It is one of the reasons why the advantages of the
into account, gives similar values to the quantities discussedimultaneous observation is taken little in their analysis, and
in the present paper. Details of the analysis by the code of thethy they had to devote much effort to couple families with
above alternative will be discussed elsewhere. air showerd5,7].

(iv) The relation betweek>E,) and N, is discussed by (v) We will not propose at present any model of the pri-
the ASy experiment in Ref[29]. It shows that(XE ) is  mary cosmic-ray composition but assume that it does not
almost constant and~30 TeV over the size range of change so drastically from that of the lower energy region. It
N.=10"°-10", which is nothing but the threshold effect of is because the estimation depends critically on the model of
2E, . The high-energy region where air showers are accomnuclear interaction, the detail of which is not clear yet and is
panied by visible families without exception, has not beento be elucidated urgently.
reached yet by A experiment, due to the low altitude of (vi) It is one of the advantages of the simultaneous obser-

vation of families and the accompanied air showers that one
can select the events of low production height. Those events

_10°F . . . . . e are characterized by the small valuesN§>E,, (i.e., the
> + (a) 1 events in the left-upper region in Fig. l@nd of the age
c L[ . 4 % ] parameters of the air shower. For these events we can as-
~10°F i s + sume that the incident particles are nucleons which penetrate
w - + . -
N L ...ﬁ..ﬁ. L *. e +*|+ M deep in the atmosphere, and that the families and the accom-
panied air showers are initiated by the same interactions. On
" 20 [T S SRR B b such assumptions E,, of the family andN, of the accom-
H B () 5 panied air shower enables us to estimate the production
3 . height and the primary energy of the event consistently.
= . Second, taking into account the fact that the family is
2 L produced mainly by one or two interactions of high-energy
- S hadrons in the air shower, which is one of the conclusions of
e g © J the present paper, the distribution BE s along the fixed
g ; i i value of N, in Fig. 10 reflects the energy spectrum of had-
5 £ rons produced in the nuclear interaction to initiate the air
s £ ] shower. It enables us to study nuclear interactions at the fixed
Z = bl e energy in the energy regidf,>10'° eV.
10 10° 10° 107 10° 10° 16* 10° These items will be reported elsewhere with a better sta-
Ey/ Neﬁ (TeV) tistics of the events.
FIG. 12. The distribution ofy= EEy/N‘s (a) Scatter plot of ACKNOWLEDGMENTS
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APPENDIX: UA5 SIMULATION ALGORITHM decreasing inelasticity with the incident energy.

The UAS algorithm is the simulation logic, developed by 2. violation of the Feynman scaling law in the forward region
the UA5 Collaboration[24], to reproduce the data of . L . £ th e
multiple-particle production, which are observed by their de- ©OUr discussion is made in terms of the rapidity distribu-
tectors of streamer chamber at CERN SP collider at 10N dN/dy=(1/oj,g)do/dy, because it is equivalent to the
Js=53, 200, 546, and 900 GeV. It consists of the codes 0]discuss,ion in terms of the distribution owing to the relation
GENCL :';md D,IFF. 'I,'he former is for a nonsingle-diffractive dN/dy=xdN/dx. Figure 13 shows the rapidity distributions

process, and assumes basically the production and Subs%f_produced particles in the forward region at different ener-

guent isotropic decay of small hadron clusters. The latter i§1es, predicted by the UAS algorithm. The distributions show

for a single-diffractive process, the cross section of which isclearly the violation of the Feynman scaling law in the for-

assumed to be 19% of the total inelastic cross section. ward region, and are consistent with the data of the UA7

We will give below some comments on the characteristicsc((,),"aborat'on[30]' To convert the rapidity distribution of

- ; . 7°'s, observed by the UA7 Collaboration, into that of the
of the UAS algorithm, relevant to cosmic-ray experiments. charged particlestgnagedNpo—2.0 and o, —49.0 mb are

assumed.
One should notice that the statement that a certain inter-
In the UA5 algorithm the inelasticity is not the input but action model reproduces the data by the UA5 Collaboration
the output of the algorithm. The inelasticity distribution in does not meam priori that it reproduces the experimental
the laboratory system is approximately uniform between 0.Hdata in the forward region, for example those by the UA7
and 0.9, because thedistribution of the leading particle in Collaboration, because the UA5 data concern only the cen-
the center-of-mass system is approximately uniform betweetral region.

1. Inelasticity
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