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Attenuation Mean Free Path of Hadrons in Super-Families.
Vladimir Kopenkin and Yoichi Fujimoto
Institute for Nuclear Physics, Moscow State University,
Adv. Res. Center for Science and Technology, Waseda University.

1. Introduction.

As was reported at the previous conference (ref 1), the result of
experiment with thick Pb-chambers of Pamir gave an unexpectedly small
value for the attenuation mean free path for hadrons in super-families. It
is 170 +47 -26 g/cm? in Pb with 95% CL by maximum likelyhood
method. This is to be compared with the value for hadrons of single
arrival, 200 - 250 g/cm2, which was repeatedly measured by Moscow
University group (ref 2).

The result was obtained from a number of thick Pb-chambers of
Moscow University type, and the observation was for hadrons with energy >
10 TeV. The super-families observed here are 17 events with energy-
sum > 700 TeV, while the majorities are with energy of 2,000 - 3,000
TeV.

Comparing with the geometrical collision mean free path, about 192
g/cm2 in Pb, the above value is unexpectedly short, and the authors
suggested its possible connection to interactions of the exotic- type proposed
by Chacaltaya Collaboration (ref 1, and 3).

Because of importance of the results, we made a systematic study with
four chambers of recent exposure at Pamir for the check, and the present
report gives the preliminary results. The four chambers are all with the
same structure of thick Pb type, and the measurement was made by a joint
team of Waseda and Moscow University all through the work. The study
covers all showers above the detection threshold, both of single arrival as
well as in a family. The simulation calculation was made by Tamada (ref
3), and the comparison was made in every steps of the analysis.

2. Outline of the present experiment.

The four chambers of the present experiment are all with
thickness of 60 cm of Pb, and the X-ray film (RT6M, Russian-made) are
placed at every 1 cm of Pb throughout the chamber except at the very top.

.._1__



Attenuation m.f.p. of hadrons with E > 10 TeV

category of number of attenuation m.f.p.
hadrons hadron shower in Pb (g/cm?2)
single arrival 911 214 =% 14
“in family
(E > 100 TeV) 141 233 £ 40

The hadron attenuation mean free path is a function of the collision
mean free path, inelasticity of the collision K , and power of the energy
spectrum of a hadron. With the observed value of the power, we arrive at
the following conclusion (for detailed discussion, see Tamada (ref 4);

iy The hadrons of single arrival as well as of families are with the
collision cross section with Pb, close to the geometrical size of Pb-nucleus
and the average inelasticity 0.7 - 0.8.

ii) The short mean free path of hadrons is observed only in super-
families beyond energy of 1,000 TeV, but not in families with several
hundred TeV.

4. Hadrons and gamma-rays in family.

This type of thick Pb chamber is good .for hadron detection, with
detection efficiency close to 1. It gives a chance to make complete
observation of hadron-gamma families, which is not possible with other
types of chambers. Here, we show in Fig. 3 the NL-Qp diagram for the
‘observed families together with the simulation results, as an example. Np
expresses number of hadrons and Qp, the ratio of hadron energy sum over
the total energy in a family.
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Fig.3 Nh-Qh diagram, circles for experiment and dots for simulation.



Seeing Fig. 3 of the diagram, one finds that the points showing
observed families in the experiment distribute over the same region of the
diagram as those obtained by the simulation calculation. There is found no
evidence, within the limit of statistics, of a cluster of points showing a
particular hadron-rich type of exotic events (ref 3). Thus, events of those
exotic types exist with frequency less than the previously estimated value,
may-be appreciable only in super-family region.

The following diagram of Qp, in Fig 4, gives an example of comparison
with simulation results. Here one sees a uniform distribution of Qp in the
experiment, while the simulation shows a peak at Qn around 0.5. A simple
explanation can be that the charge state of individual emitted pions is not
just at random as in the assumed case for simulation.
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Fig.4 Normalized Qp-distribution, a solid line for experiment

and a broken line for simulation.

5. Preliminary results of family analysis.

The family analysis is made through the following steps;

1)  decascading through making cluster of gamma-rays with constant
Kdecas = 12 TeVmm, for picking up an air cascade.

2)  jet-clustering thfough making cluster of decascaded gamma-rays
and hadrons with constant Kjet = 200 TeVmm, for picking up a jet produced
in the nuclear cascade.



3) rejuvenation by setting the threshold, fyjn = 0.04, for the
fractional energy of a jet. This allows to normalize the data in energy
scale, leaving a skelton of the nuclear cascade.

The comparison with the simulation data is made in every steps, and we
found agreement within the statistical error. It shows that the nuclear
interaction follows approximately along the extrapolation of the collider
information. The obtained full results will be presented in a publication
elsewhere.
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Simultaneous Observation of Families and Associated Air Showers
at Mt. Chacaltaya

N. Kawasumi, I. Tsushima, K. Honda, K, Hashimoto, T. Matano !,
N. Inoué 2, K. Mori 2, K. Yokoi 3, A. Ohsawa 4, M. Tamada ® , N. Ohmori ¢,
N. Martinic 7, R. Ticona 7, N. Gironda ? F. Osco 7 and C. Aguirre ”

- Department of Physics, Yamanashi University, Kofu 400, Japan.
! Dep. of Applied Phys. and Chem., Fukui Inst. of Technology, Fukui 910, Japan.
2 Department of Physics, Saitama University, Urawa 338, Japan.
3 Fac. of Sci. and Eng., Aoyama Gakuin University, Setagaya, Tokyo 157, Japan.
4 Inst. for Cosmic Ray Research, University of Tokyo, Tanashi, Tokyo 188, Japan.
> Fac. of Science and Technology, Kinki University, Kowakae, Osaka 577, Japan.
§ Department of Physics, Kochi University, Kochi 780, Japan.
7 Inst. de Inv. Fisicas, Universidad Mayor de San Andres, La Paz, Bolivia.

The observation of families and air showers is carried out at Mt. Chacaltaya
(5,200 m, 540 g/cm? atmospheric depth, Bolivia), by operating the emulsion cham-
ber and the air shower array simultaneously. We will summarize in this paper the
results by the experiment, leaving the description of experimental apparatus, exper-
imental procedure, etc. elsewhere.!)3) The analysis relies on the data of 47 families
of ZE, > 10 TeV with the accompaniment of air showers.

(1) Energy spectrum of y-rays per family.

Energy spectra of y-rays per family, in the experiment and in the simulation,
are shown in Fig. 1 for three different regions of air shower size N, = 10° ~ 10°,
106 ~ 107 and 107 ~ 108. The experimental data show that the spectra of different
N, regions differ in the number of y-rays per family. Comparison of the spectra in
the experiment and in the simulation shows that there is a discrepancy in the number
of v-rays, i.e. the experiment gives smaller number than the simulation, while the
slopes of the spectra agree with each other.

HADRON, the same type of experiment at Tien Shan (3,300 m, 700 g/cm?, Kaza-
khstan), reported that the spectrum, expressed by the variable z = E,/E, where Ey
is estimated from N, by assuming Ey/N, = 2.0 GeV, becomes steeper suddenly in
the region N, > 107, compared with those in lower size region.3) And they argue that

'UAS simulation algorithm 3) is employed for hadron-air collisions in the present simulation of
high energy cosmic-ray phenomena in the atmosphere. It reproduces the features of multiple particle
production at /s = 200, 546 and 900 (GeV), which shows a fair violation of Feynman scaling law

in the forward region.*)
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Fig. 1 Energy spectrum of y-rays in the family for three regions of the size of -
the accompanying air showers ; N. = 10° ~ 10° (Q), N. = 10° ~ 107 (A), and
Ne=10" ~ 10% (0). (a) experimental data and (b) simulation.
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Fig. 2  Energy spectrum of y-rays (a) and hadrons (b) per family for two groups of
families. E{™ in the figure (b) is the visible energy of the hadron-induced shower.

O : Families with £E, = 46.4 ~ 100 (TeV) and N. = 10° ~ 10°,

A : Families with ZE, = 46.4 ~ 100 (TeV) and N, = 10°% ~ 107.

nuclear interaction changes its feature above ~ 2 x 10%6 V. However such a change
of the slope is not observed in Fig. 1 by our experiment.

In order to study the relation between the families and the accompanied air showers
in more detail, we compare the energy spectra of y-rays per family, grouping the



events both by £E, and N,. That is, all the families with £E, = 10 ~ 215 (TeV) are
classified into four groups of TE, = 10 ~ 21.5, 21.5 ~ 46.4, 46.4 ~ 100 and 100 ~ 215
(TeV). Fig. 2(a) shows the energy spectrum of y-rays per family, for two groups of
events with the same interval of ZE, = 46.4 ~ 100 (TeV) and with different intervals
of N, = 10% ~ 10° and 10° ~ 107, as an example. As can be seen in the figure, the
energy spectra of the same interval of £ E, agree well with each other in spite of the
difference of size region. In other words, the energy spectrum of 4-rays in one family
does depend on L E, of the family, but does not on N, of the accompanied air shower.
It is the case for the hadrons in the family, too. (See Fig. 2(b).)

It indicates that the family is produced deep in the atmosphere by a small number
(one or two) 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.

Fig. 3 presents the energy spectra of y-rays per family for four intervals of LE,,
without classifying the events by N, to improve the statistics. On the whole the
spectra in the experiment and in the simulation agree with each other with respect

to both the slope and the number of y-rays.
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Fig. 3  Energy spectrum of v-rays in the family for four regions of LE,, without
classifying the data by N. of the accompanying air shower. Figures (a) and (b) are

by the experimental data and by the simulation.
O : 10 < TE, (TeV) < 21.5, O: 21.5 < TE, (TeV) < 46.4,
A : 46.4 < TE, (TeV) < 100, 0 : 100 < LE, (TeV) < 215.

What are mentioned above for the v-rays are valid for hadrons in the family, too.
To conclude the present subsection, our simulation code does simulate the features
inside the family well, but does not the relation between the family and the air shower



(or between the family and the primary energy of the event).

(ii) Correlation between < LE, > and N.,.

Fig. 4 presents the scatter diagram between X E, and N,, and Fig. 5 the depen-
dence of the average value of ZE, on N, in the experiment and in the simulation. In
the simulation the center of the family is distributed randomly over one block of the
emulsion chamber in order to take into account missing showers which fall outside the

emulsion chamber, though the effect is found small.
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(2) and (b) are by the present experiment and by HADRON experiment.*) The full
circles are by the experiment and the open circles by the simulation.

It is seen in Fig. 5(a) that < £ E, > of the experiment has a smaller value than that
of the simulation. Similar tendency is seen by HADRON at Tien Shan,®. (Fig. 5(b)).



The discrepancy between the experiment and the simulation is found again in the
relation between the family and the accompanied air shower.

The observed discrepancy, in Fig. 1 and in Fig. 5, indicates a more rapid energy
dissipating process in the atmospheric propagation of cosmic rays at high energies.
And the hypotheses for such a process under discussion are an increase of heavy
components in the primary cosmic rays and the change of the nuclear interactions.
The simulation shows, however, that the increase of iron component reduces the
observed discrepancy only in part, because even iron primaries produce large families,
whose < LE, > is greater than the value of the experiment, in high energy region
N, > 107.5) Hence the change of nuclear interaction is necessary for the required rapid
energy dissipating process, whether one assumes the increase of heavy primaries or
not.

It may be worthwhile to note the following points regarding the above analysis.
(1) The analysis is free from the absolute intensity of the primary cosmic-ray spec-
trum. It is the advantage of the present experiment, compared with the pure emulsion
chamber or air shower experiment.

(2) It is not the reason for the ineffectiveness of the iron component to < L E, > that
most of the families, produced by the iron component, disappear in the atmosphere
before arriving at the chamber, because the primary cosmic rays produce always the
visible families in the region N, > 107.

(3) For all of the 47 families with accompanying air showers, the family centers always
coincide with the core position of air showers within the experimental error. Hence
there is no possibility that the families are produced locally at the periphery of the
large air showers. ' ‘ '

Figs. 5(a) and (b) show that the experimental values of < £E, >, at Mt. Cha-
caltaya and at Tien Shan, are similar in spite of the difference of altitudes, while the
simulation shows that < X E, > at Mt. Chacaltaya is 2 ~ 3 times as large as that at
Tien Shan. The reason for it may be attributed to the fact that the energies of y-rays
are over-estimated in HADRON experiment, because L E, spectrum at Tien Shan is

not consistent with those at Mt. Chacaltaya and at Mt. Fuji.

(iii) It is important to see what kind of families are produced by the air showers of a
fixed size, or, more specifically, the distribution of ZE, at a fixed value of V.,
o(z,N.)dz with z=ZLE,

It can be observed in Fig. 4 directly along a fixed value of N,, if the statistics of the
events is large enough and if the most part of the distribution exists above the thresh-
old of ZE,. However unfortunately our experiment fulfills neither of the conditions.

Hence we will discuss it in another way.



The distribution can be expressed approximately by a single variable of £E. / N,®

)

because we have L E, Eq? approximately. That 1s,
z | dz
p(z,N.) dz = MW)]—V?

The exponent § = 1.44 assures the difference of the exponent between LE, spectrum
(8 = 1.25) and N, spectrum (v = 1.8), because we have g = v/é.
The distribution of ZIE'.,/NQ‘s by the experimental data is proportional to

. TE
¢(y) dy with y= ~ :57

e

It means seeing the distribution of the events in Fig. 4 by rotating the y-axis from
the vertical line to the slant line of L £, N.°.

The distributions of the experiment (Fig. 6(b)) are broad compared with those of
the simulation (Fig. 6(c)) where the events of proton primaries are sampled. It shows
that the families are produced not only by protons (with UAS5 algorithm of nuclear
interactions in the atmosphere) but also by other processes. For example, the families

produced by iron primaries contribute to the left-hand side part of the distribution.

s 10 I @ ] Fig.6  The distribution of y = ZE,/N.°.
e, R 1 (2) Scatter plot of ZE., of the families and
= 10 E A Tyt + 3 y = ZE,/N.° where N, is the size of the
Ry Lttt B it i i air shower. T, is proportional to N.’ ap-

proximately. (See the text.)

2 (b) Histograms of y = LE.,/N.* for the
: events with a certain values of ZE,, by the
° experiment.

Lz, solid line : 10 < ZE, (TeV) < 31.6

dashed line : 31.6 < TE, (TeV) < 100
dotted line : 100 < TE, (TeV)
(c) The same as (b) by the simulation of
proton primaries. The total area under the
histograms is normalized to the histogram

TEy/ Ng (TeV) in (b).

No. of events
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Preliminary Report on the Large Halo Event TADJIKISTAN

Akinori Ohsawa
Institute for Cosmic Ray Research, University of Tokyo,
Tanashi, Tokyo, 188 Japan.

I. Introduction.
A large event with a halo, called TADJIKISTAN, was observed by the emulsion

chamber which was constructed at Pamirs by the collaboration of the former USSR
countries and Poland. (Fig. 1) It consists of a halo (diameter ~ 2 cm) in the center
of the event and a large number (~ 2,000) of showers, scattered over an area of the
diameter ~ 30 cm outside the halo. Preliminary analysis reveals that the estimated
energy of the halo is 4.8 x 10!® eV, which is the largest energy of the halo ever observed
by emulsion chambers. It is a young air shower or the core of a large air shower.

This paper presents the preliminary analysis of the event, in comparison with the
event ANDROMEDA of the comparable energy, which is observed in 1969 by the
emulsion chamber at Mt. Chacaltaya by Brazil-Japan collaboration.!)

A :..,j.*'.‘,.
R
Fig. 1 Photograph of TADJIKISTAN
on the X-ray film, inserted at 12 c.u. in
I-block. The scale is 4 cm. It consists
of the halo (the total energy = 4.8 x
10'® eV) in the center and ~ 2,000 high Fig. 2 Structure of the emulsion chamber at
energy showers outside the halo. Pamirs.
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II. Experimental Procedure.

(1) Emulsion chamber at Pamirs. v
Emulsion chamber is three storied type (I', H1 and H2 block) with two producer

layers (60 cm C) in between. Each producer is equivalent to 1.2 inelastic collision

mean free path of nucleons. The sensitive layer, inserted at various depths in the

chamber, consists of one sheet of X-ray film of high sensitivity. (Fig.2)



Location Pamirs (4,300 m, 595 g/cm?, Tadjikistan)

Exposure
[ Producer (5¢cm C)
Emulsion chamber (I'-block, 6 cm Pb, 2 sensitive layers)
Prod 0
Structure . roducer (60 cm C)

Emulsion chamber (H1-block, 6 cm Pb, 2 sensitive layers)
Producer (60 cm C)
Emulsion chamber (H2-block, 8 cm Pb, 3 sensitive layers*)

Sensitive Layers X-ray film RT-6

* The film at the last layer is missing.

The emulsion chamber by which ANDROMEDA is observed is of a simple type;
11 cm Pb with 10 sensitive layers inserted under every 1 cm Pb except the first 1 cm.
The sensitive layer consists of three sheets of X-ray film (two of high sensitivity and
one of low sensitivity) and one sheet of nuclear emulsion plate, which served much for
understanding the halo. Electron tracks can be recognized one by one in the nuclear
emulsion plate by the microscope, while a bundle of electron tracks (> 10%) is visible
by a naked eye as a small dark spot on the X-ray film.

(2) Performance of emulsion chamber.

Emulsion chamber, a multiple sandwich of sensitive layers and lead plates, detects
the electron showers of high energy (> several TeVJ, produced in the chamber by
high energy cosmic-ray particles incident upon the chamber.

An electromagnetic particle (i.e. e or v, called a y-ray hereafter) incident upon
the chamber produces an electron shower in the chamber through the cascade process
of electromagnetic interactions in lead plates. The electron shower makes a small
dark spot (~-100 pm), visible by a naked eye, on the X-ray films after photographic
‘development. Hence the sensitive layers, inserted at various depths in the chamber,
observe the various stage of shower development. The photometric measurement of
the shower spot enables us to determine the energy of the y-ray with the aid of the
cascade theory. Thus the emulsion chamber determines the energy and position of
the incident particle. The detection threshold of the emulsion chamber is several TeV,
depending on the sensitive materials, the structure of the chamber, the condition of
the exposure, etc.

A hadron incident upon the chamber gives rise to nuclear interactions in the
producer layer and/or in the lead plate, and the electromagnetic component (mainly
from the decays of 7°’s) among the produced particles originates an electron shower
in the chamber. Hence the detection of hadrons depends on the collision probability
in the chamber, the energy fraction of electromagnetic component produced in the
interaction (i.e. k, = TE,/E)), and the detection threshold. And the observed

energy of the hadron-induced shower E,(;’) i1s not the energy of the incident hadron
E, but a fraction of it, i.e. E,(;’) =k Ep.
(3) Event TADJIKISTAN



Photometric measurement is made by a microphotometer with the slit size of
200um x 200um. X-ray film has two emulsion layers, coated on both sides of plastic
base, but one side of emulsion layer is stripped off for those of this event because
otherwise opacities are too high for measurement.

(3-1) Halo.

It is known by the microscopic observation of nuclear emulsion plates, which is
possible for ANDROMEDA, that the halo is made of a large number of electrons
distributed continuously.

The darkness distribu-
tion of the halo is ob-
tained by the step-wise
raster scanning of the mi-
crophotometer, over the
area of 5 cm X 5 cm con-
taining the halo. Then
the darkness D 1is con-
verted to the electron den-
sity p (electrons/cm?) by
the characteristic curve of
the X-ray film,

D:Do (l_e-—ap)

10°

Ng

10

107 £ o

3
I

No. of Electrons

FE, =1 (TeV) .

6 !

where Dy = 4.0 and o = .
3.25 (um?). %, 10 20 30 40
) The lateral dlsmth— Depth in the chamber t (c.u.)

tion of electron density
p(r), thus obtained, is in-
tegrated with respect to r
to obtain the total elec-
tron number N, in the halo. The transition curve of N, is given in Fig. 3, which shows
that TADJIKISTAN has larger number of electrons in the large depth of the chamber
than ANDROMEDA, indicating that TADJIKISTAN is rich in hadrons, compared
with ANDROMEDA.

The total energy of the halo, estimated from the total track length of the halo is
4.78 x 10'® (eV) assuming the critical energy ¢ = 7.4 (MeV) in Pb. (c.f 2.1 x 106
eV in ANDROMEDA.) '

(3-2) High Energy Showers.

Many high energy showers are visible outside the halo. It is known by observa-
tion in the X-ray films of low sensitivity and in nuclear emulsion plates, possible in
ANDROMEDA, that there exist many showers inside the halo, too.

(3-2-1) Identification of showers. :

High energy cosmic-ray particles, belonging to the same event, have the same

directions of incidence. Therefore we can identify the showers as those of TADJIK-

Fig. 3 Transition curve of the total electron number in
the halo. (¢ TADJIKISTAN, o ANDROMEDA) See the
text in §III (1) for the solid curves.



ISTAN if the configuration of the spots on one film coincides with that on the other
film of the same block. We can find that some showers have the continuation to the
lower block(s), too. '
(3-2-2) Classification of showers.

Classification of showers into y-induced ones and hadron-induced ones (called -
rays and hadrons, respectively) can be made by the starting point of the shower,
because a y-ray and a hadron have much different interaction lengths in Pb, 0.57 cm
and 18.5 cm, respectively. That is, the showers which starts from I'-block are identified
as y-rays, if they have no continuation to H1 or H2 block or if, in case of continuation,
the energy in I'-block is larger than that in H1l-block. And the showers in all the cases
else are identified as hadrons. (See the table below.)

Identification y-ray hadron

Shower of no continuation T H1, H2
Shower of continuation [-H1 (Er > Ew,) T-H1 (Er < Eyy), T-H2,
H1-H2, I'-H1-H2

(3-2-3) Energy determination of showers.

Each block of I, H1 and H2 has two X-ray films, inserted at the different depth
in the chamber. The energy of the shower is determined by fitting the two plots of
darkness vs. depth to the curves which are calculated on the basis of the cascade
theory and the characteristic curve of the X-ray film.

Energy spectra of y-rays and hadrons, outside the-halo (» > 1 cm), are shown in
Fig. 4. Fig. 5 presents the energy spectra of y-rays, inside and outside the halo, of
ANDROMEDA.

III. Discussion.
(1) Halo and high energy showers.

In order to see what is the halo, we assume that the halo is produced by the vy-rays
which have the energy spectrum,

E\T"YdE
Nov | == —= (E > E;, Ey=10.0TeV). (1)
E, E,
Then the transition curve of the total electron number of the halo N,(¢) is given by
El 1 ds 1 Eg ’ - A (s)t .
N.(t) = vNo (E2> omi] 3T ( - > Hi(s) Ky1o(s,—s)e (2)

where all the notations are familiar in the cascade theory.?) The lower limit of the
energy spectrum E; governs the depth at the shower maximum, and the index ¥ the
attenuation after the maximum, of the transition curve.

The solid lines in Fig. 3 present the calculated curves of eq.(2). Both TADJIK-
ISTAN and ANDROMEDA may be fitted by the same curve with £ = 0.1 (TeV) and
No = 8.8x 10. The excess of the experimental data over the calculated curve att > 20
(c.u.) is due to the hadrons. The corresponding energy spectrum eq.(1) is shown in
Fig. 4 and Fig. 5 in integral form. In the case of ANDROMEDA, a good agreement



is found between the estimated and the observed energy spectrum, showing that the
halo is produced by the high energy showers observed in the halo region.

In the case of TADJIKISTAN, high energy showers are visible only outside the halo
(r > 1 cm), but not inside the halo due to the absence of nuclear emulsion plate. One
sees in Fig. 4 that the showers outside the halo have larger energies than the energy
spectrum of the showers in the halo, expected from the transition curve of N.. It may
indicate that the energies of the high energy showers are somewhat overestimated.
The calibration of the energies of the showers will be discussed elsewhere.
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Fig. 5 Energy spectrum of high energy 7-
rays, inside (o) and outside (o) the halo
(re = 2 cm), of ANDROMEDA. See the
text in §III (1) for the dashed line.

Fig. 4 Energy spectrum of high energy
showers, outside the halo (r > 1 cm), of
TADJIKISTAN. See the text in §III (1) for
the dashed line.

(2) Mean free path of hadrons.

It is reported by the Pamir thick lead chamber experiment that the observed
attenuation mean free path (m.f.p.) of hadrons is shorter than the value expected by
the ordinary hadrons in the high energy region of £E., > 700 TeV.?) TADJIKISTAN
is a suitable event to discuss the issue, because of the much higher primary energy,
large statistics of hadrons in one event, and large thickness of the chamber.

Fig. 6 presents the number of hadrons outside the halo (7 > 1 ¢cm), observed in H1
and H2 block of the chamber. The chamber depth is measured by inelastic collision
m.f.p. of nucleon in C, A, = 49.9 cm (at 200 GeV). The observed attenuation m.f.p.

of hadrons is,

A 0.2
P



for the hadrons with Efy) > 10 TeV.

Fig. 7 presents the dependence of the attenuation m.f.p. on the inelasticity of
hadron interaction. The above experimental data with the error is expressed by the
hatched area in the figure, because the inelasticity is unknown. The attenuation m.f.p.
of nucleon is given by

1 _ 1-<(1-K)>

A Ao /1.47 3

where the factor 1.47 is due to the cross section increase with energy, assuming < Ej >
= 100 TeV for Ef;’) > 10 TeV. And furthermore Ar/A, = 1.45 is assumed for the
attenuation m.f.p. of pions.

The observed value of the attenuation m.f.p. is compatible with that of pions,
which are assumed to be the major part of the hadrons in the cosmic-ray event.
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Fig. 6 Number of hadrons, outside the Fig.7 Attenuation mean free pa.f.h of hadrons
halo (r > 1 cm), observed in H1 and and the inelasticity of hadron interactions.
H2 block: (a) £ > 5 (TeV), (b) Experimental data is shown by the hatched
Ef;’) > 10 (TeV), (<) Eﬁ:’) > 20 (TeV). area. See the text in §III (2) for the solid

The chamber depth is measured by the curves of “nucleon” and ”pion”.

inelastic collision mean free path of nu-
cleon in carbon, A, = 49.9 cm.

The event was lent out for measurement to Japanese group by Prof. I. Bobod-
janov (Institute of Physics and Engineering, Tadjikistan), and the measurement and
a preliminary analysis were made by K. Funatani for his Master Thesis of Waseda
University.
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I. Introduction. .

Arisawa et al. have made an estimate of the interaction mean free path (m.f.p.) of
high energy hadrons in Pb through the starting point distribution (s.p.d.) of showers
in thick lead-emulsion chambers (60 cm and 120 cm Pb) constructed at the Pamir
Cosmic Ray Station.!) They reported that the hadrons in the families of ZE, > 700
TeV have a m.f.p. for inelastic collisions in Pb as short as (% ~ %)/\0, where Aq is
the m.f.p. for nucleon-Pb inelastic collisions at low energies; Ag = 210 (g/cm? Pb)
= 18.5 (cm Pb), corresponding to 1,632 (mb). The existence of short m.f.p. hadrons
in the high energy region provides a clear-cut explanation for some of the unsettled
problems in cosmic-ray physics.?)

But, before entering upon a discussion of the physical significance of the reported
short m.f.p. hadrons, we will try in this paper to study in detail the behavior of
hadrons in the chamber. This will clarify simultaneously which physical quantities
relate to the observed s.p.d. of showers, and to what extent the distribution is ex-

plained by the conventional physical processes, etc.

II. Experimental Procedure.
(a) Emulsion chamber.

Emulsion chamber is a detector, consisting of photo-sensitive layers (X-ray films,
nuclear emulsion plates) and lead plates which are piled up alternately. It detects
an electron shower, whose energy is determined by the cascade theory. The emulsion
chamber has a high threshold for shower detection, say E;, = 1 ~ several TeV in
terms of shower energy. Therefore, all the showers, produced in the chamber, are not
necessarily detected.?

A hadron, incident upon the chamber, makes nuclear interaction(s) in the chamber
to produce electron shower(s). And the estimated energy of the shower is a part of the
incident energy of the hadron, because k, (the ratio between the energy-to produce
the shower and that of the incident hadron) is smaller than one.

(b) Attenuation length of the starting point distribution of showers.

The energy and the starting point of the shower are determined at the same time

by fitting the transition curve of the shower to those of the cascade theory.



When the shower curve shows a complicated behavior (of double peaks, etc.,
mainly due to the successive interactions), impossible to be fitted to the smooth
curve of the cascade theory, the four data points around the maximum are used to
estimate the energy and the starting depth. Showers of successive interactions are
treated as different showers, when the'y are well separated.

The s.p.d. is constructed for showers of ”single” and ”family”. The former are the
showers of isolated incidence, while the latter are the members of the family where
a bundle of showers have the same direction of incidence. The family is produced
through the cascade processes, nuclear and electromagnetic, in the atmosphere.

We obtain the attenuation length A by fitting the s.p.d. to the function, exp(—t/A)

where t 1s the depth of the chamber.
Attenuation length is discussed for the showers which have starting points deeper

than 10 cm Pb in the chamber. Those showers cannot be produced by the electro-
magnetic component (e*,y) which have an interaction m.f.p. Xo = 0.57 cm Pb
in the chamber. Hence the particles to produce these showers are called ”hadrons”
tentatively. '

Table 1 ~ Attenuation length of starting point distribution

9 Enin <E> AE) A E
A (g/cm?) T (Tev)  (Tev)  (g/em?) NE)
Ay =146 £40° 12 20 416 176 083 +023 0.15
Ay =176 £ 48 1.2 10 208 178 0.99 +0.27  0.30
Ay =144 + 18° 1.2 4 138 180 0.80 £ 0.10 0.75
A, =252 + 30 2.1 6 58.9 182 1.38 £ 0.16 —
Ay =251 (22 cm) 1.8 2 24.0 1844 1.36 —

¢ 17 families (68 hadrons with £ > 20 TeV) with £ZE, > 700 TeV.

5 17 families (143 hadrons with E > 10 TeV) with £E. > 700 TeV.

¢ 40 families (119 hadrons with £ > 4 TeV) with £E, = 100 ~ 500 TeV.
414 (cm) = 159 (g/cm?) is concluded by the authors.3)

Table 1 shows the attenuation lengths, A, and Ay, the exponent of the integral
energy spectrum, v, and the minimum energy of the showers, given in Refs. 1) and
3). < E > in the table is the average energy of nucleons, given by

— Y Emin . 1
< E>= ;T with a= I:/ k,‘;dk-y]

_ (4
(v

and A(F) is the m.f.p. of inelastic nucleon-Pb collisions by Glauber theory, corre-

(1)

sponding to < E > of nucleons. A/A(F) is the value to be compared directly one
another, because each set of data consists of the showers of different energy region.



The two values of A, by Pamir!) and Fuji®) experiments are consistent with each

other, and A;’s!) are appreciably smaller than A,.

III. Attenuation Length of Starting Point Distribution of Showers.

In this section we will derive the starting point distribution of showers to get the
attenuation length on the following assumptions:
(1) the incident hadrons are nucleons with the energy spectrum yNE; "~ 'dEj.
(2) the inelasticity K in nucleon-Pb collision is assumed uniform between 0 and 1.
(3) ky is given by ky = cK with ¢ = 1/3.

The number of nucleons at the depth ¢ in the chamber is given by,
F(E,t)dE= yNE-7"1dE 35° L(+)"exp (—%)
x [(mm2 - -0 )Y dnydny - - dig (2)

where 7 is the elasticity, assumed to be uniform. The integration regions of 7’s, which
specify nuclear interactions between 0 ~ t of the chamber, are determined by the
experimental condition. The s.p.d. is obtained from F(E,t) easily.

(i) Attenuation length of single showers.

Suppose that a nucleon makes a visible shower at the depth ¢ in the chamber. It
doesn’t specify anything about the nuclear interactions between 0 and ¢ in the case ’
of single showers. That is, there may or may not be visible showers between 0 and ¢,
and the integration regions are 0 ~ 1 for all the n’s. Then we have,

Aifﬂl—ri—] (3)
7

which is shown in Fig. 1. A, is the same as the attenuation length of nucleons in the
atmosphere.
(11) Attenuation length of the first starting point, Aj,:.

Suppose that a nucleon makes the first visible shower at the depth ¢ in the chamber.
It specifies that the nucleon did not make any visible showers between 0 and ¢ of
the chamber. That is, all the nuclear interactions between 0 and t produce the
showers whose energies are below the detection threshold. The integration regions
are n = 1/(1+b) ~ 1 with b = E;3/cE for all n’s.

The attenuation length A;,:, calculated on the above consideration, is shown in
Fig. 1 for various values of observation depth (/A = 2,10) and the minimum shower
energy (Ein/Emin = 1.0,0.5,0.1). It depends reasonably on E;/Eni,, but slightly
on t/A. And it is natural ‘that A1s: approaches A as Eiyp/Epin — 0 and A, as
Ein/Emin — 00, and that Aj,; is appreciably smaller than A,.



IV. Discussions.

(i) One of the rea- t
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in Table 1 may be 10 ©
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same direction and
inclination of inci- Fig. 1. Attenuation length of the shower starting points, nor-

malized by the mean free path of nucleon-Pb collision. v of the
ordinate expresses the exponent of the energy spectrum of the
map where show- observed showers. The dotted line and solid lines are for A, and
Aise, respectively. The figures, attached to the curves of Aj,:,
are the observation depth (¢/A) on the left and the minimum
energy of the shower (E:x/Emin) on the right. The crosses (x)
However, it i1s not are the experimental data in Table 1.

dence on the shower

ers are projected

on horizontal plane.

so easy to make a
precise map for the
showers located deep in the chamber, because there is not always the reference show-
ers deep in the chamber. These family showers which may have a slightly different
direction of incidence from other members of the family on the map due to the error
of the map, are possibly not identified as the family members. Consequently A; is
approximately equal to Aq,;.
(ii) Fig. 1 shows that A, of the calculation is larger than the experimental data. Let
us examine the possibility that the average inelasticity has a larger value in nucleon-
Pb interactions than < K >= 0.5 assumed in the present analysis. If we want to get
A, /A = 1.35, we must have < (1 — K)Y >= 0.26. It follows < K >= 0.61 for v = 2.0,
assuming a flat distribution of K between a (# 0) and 1.

It may be worthy to add that the calculated curves of Ay, also go down closer to

the line of Aj;:/A = 1.0 for larger values of the average inelasticity.
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1. Introduction.

Observation of high energy cosmic-ray phenomena is made at Mt. Chacaltaya
(5,200 m, Bolivia) by operating the emulsion chamber (EC) and the air shower (AS)
array simultaneously. EC of 8 m? of area and 15 cm thick, located in the center of
the AS array, observes the family, a bundle of high energy particles, electromagnetic
(called ”y-rays”) and hadronic, in the phenomenon. The burst detectors are installed
under EC to find the correspondence between the family and the accompanying AS.
The AS array consists of 44 scintillation detectors of 0.25 m? and 1 m?, distributed
over the area of 50 m in radius, and of 8 fast-timing detectors. The former measure
the lateral distribution of electron density, which determines the total size N, and the
age s of AS, and the latter the arrival direction of AS.

Total exposure of EC is 41.2 m?-yr up to date, and 47 families, fulfilling the
criteria (1) the threshold energy of the shower E;; > 2(TeV), (2) the number of v-
rays n, > 5, and (3) the total energy of y-rays TE, > 10(TeV), are connected with
the accompanying AS’s. The coupling rate is 70 % out of the total recorded families.

Simultaneous observation of the family and the accompanying AS has several
advantages, compared with the respective experiments of EC and AS array. For
example, the experiment can give an answer to the long-standing controversy — the
change of the nuclear interactions or the increase of the heavy nuclei in the primary
cosmic rays —, regarding the cause of the strong attenuation of cosmic rays in the
atmosphere.

In this paper we will present a summary of the experimental results in §II, and a

description of some individual events of particular interest in §III.



2. Summary of the experimental results.

We present a brief summary of the experimental results, because the detailed
discussion was given elsewhere.!)

Simulation calculation 2) for comparison assumes UA5 simulation algorithm 3 for
the hadron interactions and a normal composition for the primary cosmic rays. The
former reproduces the features of multiple particle production, observed mainly by
UAS5 collaboration,3) and assumes a mild violation of Feynman scaling law in terms of
(1/Ginet)do/dz with z = E/E,. The latter assumes the energy spectrum of E~!-8 in
integral form with the composition of p : 42 %, He : 17 %, CNO : 14 %, heavy : 14 %
and Fe : 13 % at 1015 eV, which is an extrapolation of the experimental data in low

energy region where the direct measurement is possible.

(1) The size spectrum of all the AS’s and X E, spectrum of all the families are in
agreement with those by BASJE %) and Brazil-Japan EC Collaboration 3) which
are the experiments carried out at the same site. It assures the.cohsistency of the
experiments one another.

(2) Energy spectrum of y-rays and hadrons in the family.

The energy spectra of gamma-rays in the family for three bins of the AS size
(N. = 10° ~ 10% ~ 107 ~ 10®) are compared with the simulation, showing that the
slopes of the spectra agree with each other while the number of gamma-rays in one
family is smaller in the experimental data than in simulation.

The experiment HADRON at Tien-Shan®), the same type of experiment as the
present one, reported that the slopes of energy spectra of gamma-rays become steeper
in the size region exceeding 107. And they discuss the change of the characteristics
of nuclear interactions in the region above 10!® eV. Such a change, however, is not
found in the present experiment.

The energy spectra of y-rays and hadrons in the same range of X E, agree one
another independently of N.. It indicates that the family is produced deep in the
atmosphere mainly by one of the high energy hadrons in AS, and therefore there is no
strong correlation between N, and the energy spectrum of gamma-rays in the family.
It doesn’t mean, however, that the information of AS is useless for family analysis,
which will be shown below in many examples.

The energy spectra of gamma-rays for four ranges of ZE, (10 ~ 21.5 ~ 46.4 ~
100 ~ 215 TeV) irrespectively of the AS size, agree with the simulation both in the
spectral index and in the number of gamma-rays. It is the case for the energy spectra
of hadrons, too. '

In summary the simulation does reproduce the features of the family well, but
does not the relation between the air shower (or the primary energy) and the family.



(3) Correlation between ZE, and N,.

Figure 1 shows the scatter plot of £E, of the family and N, of the accompanying
AS. And Figure 2 shows the average value of £ E, vs. N, by the experiment and by
the simulation. It is clearly seen in Fig. 2 that the experimental data do agree with
the simulation in the lower size region, but do not in the higher size region.
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The discrepancy indicates a necessity of more rapid energy-dissipating process in
the atmosphere than those assumed in the simulation. Possibilities for such a process
under discussion are the increase of heavy component in the primary cosmic rays (e.g.
iron component) and the change of nuclear interactions (e.g. the violation of Feynman

scaling law in multiple particle production, the existence of the exotic events, etc.).



The simulation, however, shows that < ¥ E, > decreases slightly even when the large
fraction of iron nucleus is assumed in the primary cosmic rays, because mainly protons
produce families in low energies and both protons and irons produce families of large
LE, in high energies.

3. Clean families.
One of the advantages of the simultaneous observation is the possibility to select
the events of low production height. It is sure that these events are produced by
nucleons penetrating deep in the atmosphere and preserve the features of high energy
interaction without suffering the cascade degradatioh through the atmosphere.

We select two events of larger value of ZE. /N, (the full circles in Fig. 1) for such
candidates. Really the events have small ages s of the accompanying AS’s. (See
Table 1.)

Table 1 : Candidate events-of low production height.

LE, ZE <E/ xr>

Name N. s H(m)
(TeV) (TeV) (TeV - cm)
0918X-50 43.5 0 1.98 x 10 1.95 x 10* 029 990
B21-22D 32.5 19.6 3.64 x 10-2  3.76 x 10* 0.40 1.8

The analysis of the events is made on the assumption that the family and the
accompanying AS are produced from the same interaction. The production height A
is estimated from < E, - r > of the family, assuming < pr, >= 0.2 (GeV/c). The
production height of the event B21-22D is unrealistic, indicating that the event has
smaller < ppr, >. Taking into account the existence of hadrons in this event, it is a
good example of ”mini-cluster”, reported by Brazil-Japan EC Collaboration.”

The radiated energy of the event 0918X-50, Eq = 3.0 x 10 (TeV), estimated from
the s and H, is consistent with LE,.
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1. Introduction

Feynman scaling law!) regarding the inclusive energy spectrum of produced par-
ticles in multiple particle production, seemed to be valid in the energy region /s <
63(GeV).?) It is important to establish whether it holds or not in still higher energy
region, because the energy spectrum of produced particles is one of the important
features to be satisfied by models of multiple particle production. Furthermore how
much the law is violated in the forward region at high energies is crucial for the anal-
ysis of high energy cosmic-ray phenomena, in particular those observed deep in the
atmosphere, because the nuclear cascade process in the atmosphere plays a decisive
role to the phenomena. For example, among topics of current interest, it is closely
related to the estimation of heavy nuclei content in primary cosmic rays, the energy
estimation of extensive air showers, the flux estimation of atmospheric neutrinos, the
possibility to discriminate y-induced showers from proton-induced ones, etc.

We will discuss the scaling law in terms of dN/dz* = (1/0ine)do/dz" where
z* = 2p}/+/s. (The quantities with an asterisk are those in CMS.) It is almost
identical to discuss the subject in terms of dN/dy* or dN/dn* where y* and n*
are rapidity and pseudo-rapidity, because we have dN/dy* ~ dN/dn* ~ z*dN/dz"
approximately.

There exist three sets of data to discuss the subject in the forward region of the
collision in high energy region; (1) dN/dn* of charged particles (n* < 4.5) at /5 =
53, 200, 546 and 900 (GeV) at CERN SppS collider by UA5 Collaboration,® (2)
dN/dy* of 7%s (5.0 < y* < 6.5) at /s = 630 (GeV) at CERN SppS collider by
UAT7 Collaboration,?) and (3) dN/dn of y-rays (n > 1.0) at < /s >= 500 (GeV)
from C-jet observation by Brazil-Japan Collaboration of cosmic-ray experiment at
Mt. Chacaltaya.5)

Conclusion on the validity of the scaling law is different by respective groups above,
but there is no cross-examination of three sets of data because comparison of the data
is not straightforward due to the fact that each set of data is expressed by different
physical quantity owing to their experimental conditions. The present work is the
first that tries to examine them in a unified way of analysis.

In § IT we will present an analysis of three sets of data, made on the assumption
that all the produced particles are pions, and in § III correction factors to dN/dz,
obtained in § II, due to the composition of produced particles and the possible effect



of the projectile charge. § IV is devoted to the discussions on the consequences of the

violation of the Feynman scaling law.

2. Analysis
In order to analyze the data which are expressed by the different physical quantity

by respective groups, we introduce two-dimensional distribution,

2
T = F0) 9(eo), 1)

where g(pr) = prexp(—pr/po)/p3- po is dependent on y* so that < pr > has a

rapidity dependence to decrease in the forward region and to agree with UA7 data at
Vs = 630 (GeV). The equation (1) can be rewritten easily as,

d2N — * pT COSh(n*) : *\ sin *
Trdps f(y )g(pr)m (psinh(y*) = prsinh(n*)) (2)
d*N . 1 .2
T = [W)eler) _ (2" = —=sinh(y")) ()
x~2+ ___)
VA

where y = \/pr? + m?2 (m : pion mass).
The analysis is made on the simplified assumption of,

(1) all the produced particles are pions,

(2) m*’s, #~’s and 7%’s have the same distribution.
We present here only the conclusion of the analysis, because details of the analysis

are given already elsewhere.5)

(1) The data of dN/dn* from UAS5 Collaboration show both the increase of the density
in the central region and the strong decrease in the forward region, compared with
the scaling distribution. However, if ones give less weight to the data points in the
region 7" > 4.0, one may conclude that the scaling law is valid in the forward region.
That is the reason why there are different kinds of estimation on the validity of the
scaling law in the forward region, based on the same data of UA5 experiment.

(2) The data of dN/dy* from UA7 Collaboration show the decrease of the distribution
in the forward region, compared with the scaling distribution.

(3) The distributions of dN/dn* from UA5 and UA7 Collaborations, which fall on the
different pseudo-rapidity intervals, connect smoothly. Hence one can combine both
data to construct the empirical distribution of (dN/dn* )y as+vaz at /5 = 630 (GeV),
valid both in the central and forward regions.

(4) The distribution of dN/dz from Brazil-Japan Collaboration agrees well with
(dN/dz)vas+uazr- (See Fig. 1.)

(5) The total inelasticity, obtained from (dN/dz)y as5+U a7, amounts to K = 0.41 & 0.05
at /s = 630 (GeV). |



3. Correction Factors to dN/dz and K.

We discuss the correction factors to
dN/dz and K due to the composition
of produced particles and possible effect
The discus-

sion needs further assumptions which

of the projectile charge.

are not established well. However, it
is meaningful for claiming the violation
of the scaling law, because these effects
will increase the distribution, resulting
the recovery of the scaling law.

The discussion, given below in de-
tail, concludes that the increase of
dN/dz is by a factor 1.00 x 1.3 = 1.3
in the forward region (at z = 0.2).
The z-distribution after the correction,
shown in Figure 1 by the solid line,
still shows an appreciable suppression
of particle production in the forward re-
gion, compared with the scaling distri-
bution. And the inelasticity is increased
by a factor 1.15 x 1.00 = 1.15, giving
K(corr.) = 0.47 £ 0.06. The corrected
value is smaller than 0.5 (of the scal-
ing case), in spite of the increase of the
particle density in the central region.
(1) Composition of produced particles.

Table 1 shows a summary of parti-
cle composition (Leading particles are
excluded.) in pp collisions at /s = 546
(GeV) in a non-single-diffractive events,
given by the UA5 collaboration.®) Fig-
ures are the average numbers of parti-

cles in one event.

dN/dx

100 MR
E
10F E
1 3 3
I ®%
: I“ “
O.o N s aaal N N N
01.01 0.1 1

Feynman x

The z distributions. Dashed curve (a) is
dNuas+uar/dx from the empirical formula of Eq.
(19), which reproduces both the UA5 and UA7
data consistently, and (b) is dNc-jei/dx from the
rapidity density distribution of y-rays based on
the C-jet data. The experimental data exist in
the region z<0.3 for both curves of (a) and (b).
Curves (a) and (b) are consistent with each
other, and show a smaller density in the for-
ward region, compared with the dotted curve
of the scaling function of Eq. (13). The solid
line is the corrected distribution of curve (a),
taking into account the produced particle com-
position and projectile charge effect. It shows
still an appreciable suppression of the particle
production in the forward region.

Table 1: Particle composition

7 7% 5 charged neutral

220 11.0 34 26.1 18.7

The 7%’s to be observed in the experiment are the sum of those produced directly
and those through the decays of the 7’s, i.e. 7 — 7°7%7° (31.8 %) and n — 7+ 7~ x°
(23.7 %). Assuming that a half of the #%’s from the 7’s are observed in the forward

region on the rapidity scale, we have



neo=220+34x (3 x0.3184+1x0.237)/2=13.0
Assuming further that the local particle composition at any rapidity region is the
same as the total one, given in Table 1, and that all kinds of produced particles have
the same energy spectra, we can discuss the correction factors in the following way.
The correction factor to dN/dz is ncharged/2nx0 = 1.00, and that to K is either

{ncharged + nneutral}/l'sncharged = 1.15 or {ncharged + nneutral}/3-0nw° = 1.15 for

the cases when it is estimated from charged particles or from =°’

s, respectively.
(2) Effect of the projectile charge in the forward region.

According to the data of bubble chamber experiments”), the following relations
exist approximately in the inclusive reaction of pp — 7+ X :

f@)er = af(@)e- and  f(z)ro = F(2)s-

where f(z) = dN/dz and a = 1.0 in the central region while a ~ 1.2,1.6,2.0 at
z = 0.1,0.2,0.3 in the forward region. It shows that there exists the effect of the
projectile charge in the forward region.

Hence, when f(z) of charged particles is estimated from that of 7%’s,

f(@) gtz = {2f(z)ﬂ'°}a -2*- 1

which shows that the correction factor is 1.1, 1.3 and 1.5 at £ = 0.1, 0.2 and 0.3,
respectively. The correction to K is negligible, because f(z) is enhanced in the

central region.

4. Discussion

We have shown that the Feynman scaling law is violated appreciably both in the
central and forward regions at high energies of 1014~1% eV, giving very weak decreasing
energy dependence of inelasticity. One should keep it in mind that the estimate is
made in the way most favored to the scaling law.

It was pointed out that the decreasing inelasticity is compatible with the existence

of the exotic events®), such as Centauro?), etc.
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A Study of Shower Transition Behaviours
Initiated by Hadron-Pb Interaction

M.Tamada

Faéulty of Science and Technology,
Kinki University, Osaka, Japan

Abstract
Three-dimensional development of cascade shower in lead initiated by high energy hadron-Pb
interaction are calculated by full Monte-Carlo simulation assuming simple geometrical model for
hadron-nucleus interactions and also taking account excat geometrical structure of Pamir thick lead
chamber. It is shown that fluctuations in shower development is very large but the extroardinary
long penetrating showers observed in the experiment can not be explained by simple fluctuations of
shower development initiated by ordinary hadron-Pb interactions.

1. Introduction

In Chacaltaya and Pamir coollaboration experiments it has been reported[1] that there exist
exotic pheonomena called "Centauro species” in very high energy cosmic-ray nuclear interaction
of energy larger than 1015 eV. The common characteristics of those exotic phenomena are
absence of pions among produced secondary particles and large p; of produced partcles.
Although nature of those partcles is still unknown, there is an argumemnt that those particles are
something new different from ordinary hadrons because there found exotic shower-cluster
called "mini-cluster” in those hadron interactions and also collision mean free path of those
partcles is found to be shorter than that of ordinary hadons. In recent work of Pamir and
Chacaltaya collaborations[2], attenuation mean free path of high energy hadrons in super-
families of visible energy sum XE(y) = 700 TeV observed in thick lead chamber is measured
and is found again to be considerably smaller than that of ordinary hadrons. Extraordinary
characteristics of those hadrons are also seen in their shower transition behaviours[3]. Some of
those hadron-induced cascade showers penetrate almost whole thickness of the chamber
without considerable attenuation. Typical examples of shower transition of those are shown in
Fig.1. Those extraordinary characteristics can be considered to be related to short collision
mean free path of hadrons. That is, suuccessive intarections happen so frequently, because of
the short collision mean free path, that electromagnetic cascades initiated by the successive
interactions begin to develop before the attenuation of the preceding electromagnetic cascades.
In the present paper we study nuclear and electromagnetic cascade development in lead initiated
by hadron-Pb interactions assuming simple geometrical model for hadron-nucleus interactions,
and compare with experimental results.

2. Nuclear and electromagnetic cascade in thick lead chamber initiated by
hadron-Pb interaction

Hadron-nucleus interaction

Here we use simple geometrical model for hadron-nucleus interaction. Some details of the
model are described in the separate paper[4]. The number of target mucleons that would interact
with projectile hadron is sampled from Poisson distribution with an average depending on
impact parameter of collision. Each sub-interaction is treated as a usual hadron-nucleon
interaction and phenomenological UAS algorithm[5] is used for it. Here we assume, for
simplicity, all produced particles are pions.



Nuclear cascade inside the ch r
We calculate development of nuclear
cascade in the lead chamber under the
assumptions that ;

1) energy spectrum of hadrons
arriving upon the chamber is power-
type of I(>E) s« E-P with integral
power index B=2.0,

2) azimuthal distribution of arriving
hadrons is I(<cos8) e (cos0)-8,

3) total thickness of the chamber,
Teff, is 60 cmPb.

300 protons of E = 100 TeV are
sampled from the above energy
spectrum, and nuclear cascades
initiated from interaction of those are
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traced down until energy of all
hadrons, both projectile and
produced, becomes less than 0.2
TeV or arriving at the bottom of the
chamber.

Fig.1 Examples of shower transition on spot darkness
found in Pamir thick lead chambers[2,3].

Electromagnetic cascade inside chamber

Among produced hadrons, neutral pions decay into gamma-rays. Further three-dimensional
electromagnetic cascade development initiated from those gamma-rays of energy larger than
0.02 TeV is calculated also by Monte-Carlo method taking into account exact structure of Pamir
thick lead chamber, 60 layers of 1 cm thck lead plate. Monte Carlo code of electromagnetic
shower development inside the chamber, here we used, were completed by T.Shibata[6].
There, Landau-Pomeranchuk effect to the cross section for high energy particles, effects of
ionization loss and Compton scattering for low energy particles are also taken into
considerations. Electrons and photons are traced down until their energy becomes 1 MeV. After
calculations of electromagnetic cascade development of all gamma-rays of Ey= 0.02 TeV, we

obtain electron number in a ring of width 6.25 um at every 6.25 um from incident hadron
direction under every 1 cm thick of lead in whole the depth of the chamber. Electron number
density, p, is transformed into darkness, D, of X-ray film, measured by 200 x 200 um? slit, by
using characteristic relation of the Russian RT6-type X-ray film,

D =Dg (1 - exp(-ap))
with Dg=4.0 and o.=1.48/um?2 , and finally we obtain shower transition on spot darkness
throughout the chamber.

3. Shower transition curve initiated from proton-Pb interaction

Fig.2 shows several examples of hadron-induced shower transition curve on spot darkness
obtained by the above calculations. As is seen in the figure, general charateristics of those
shower transitions are

1) they have wave-like structure with multiple-peak,

2) the first peak gives shower maximum in almost all events,

3) distance between neighbouring peaks is 10 - 20 cmPb.

¥<,3:3_.
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Some of the high energy events have
very long tail after the first peak of
shower ttransition, but attenuation
rate seems much faster than that of
experimentally observed shower
transition shown in Fig.1
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Fig.2 Examples of simulated shower transition on spot

does not yet fully develop, situated far from the main stream in the figure.

Width of shower transition.
Here we define width of shower transition curve,

Dwidth, as number of successive layers which
have spot darkness larger than 0.5-Dpax, where
Dmax is spot darkness at shower maximum in the
shower transition on spot darkness. Fig.4 shows
correlation diagram on Dyjgih, width of shower
transition define above, and ZD;(D;20.3), sum of
spot darkness with D;=0.3 in those shower
transition. Here also we put Dpax=3.5 if Dmax
gives larger than 3.5 in simulation calculations.
For inclined showers, Dyidth is also corrected for
zenith angle 0, that is, Dyijdth = Dwidth/c0s0. 1t is
seen in simulated data that Dwidth becomes large
when XD is large, that is released energy, ZEY, is
large. In Fig.5 we show a correlation digram on

‘03: — T ——rrrry
.
102F . E
~
b 8. 3
2 ve’s ]
=} v d
l..
[a] e . J
w
10'F 3
I n
3 ’ .
. .
100V e e s aaaaal FEEPPEPTTY PP RPN
10’ 10° 10 104

LEY (TeV)

Fig.3 Correlation diagram on sum of spot
darkness, ZD(D20.3), and sum of energy
released into gamma-rays in hadron-Pb
interactions.



Dmax and Dyidwh for the events which
have XDj(D;=20.3) £ 55, correspond to

ZEy < ~ 400 TeV as is seen in Fig.3.
We can see in those figures, there
exist events in the experimental data
which have extraordinary large value
of Dwidth, saY Dwidth > ~ 15-20, even
though released energy sum and Dpyax
are not so high.

4. Sumary and Discussions

We have shown there exist events
which show extraordinary large
penetrating shower transition on spot
darkness, far beyond fluctuation
expected from ordinary hadron-
nucleus interactions. Darkness of
shower maximum in those showers is
not so large but showers continue very
deep in the chamber. One of the
possible interpretations is to assume
short collision mean free path of
incident and/or produced particles. In
this case, succeeding electromagnetic
cascades develop before preceding
cascades attenuate and shower
transition curve of those showers is
expected to be very penetrative
without considerable attenuation.
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Attenuation Mean Free Path of High Energy Hadrons in Lead
M.Tamada
Faculty of Science and Technology, Kinki University, Osaka, Japan

Abstract
Attenuation mean free path, Aatt, of nucleons and pions in thick lead chambers is calculated

assuming simple geometrical model for hadron-nucleus interactions and also taking experimental
procedure into considerations. It is shown that A, of hadrons in high-energy families observed by

Pamir and Chacaltaya collaboration experiment is much smaller than that of ordinary hadrons.

1. Introduction

In recent work of Pamir and Chacaltaya collaborations[1], it is argued that the attenuation mean
free path of hadrons in super-families of visible energy sum ZE(y) = 700 TeV is considerably
smaller than that of ordinary hadrons. Relationship between attenuation mean free path and
collision mean free path is not straightforward, it depends on energy spectrum of incident
hadrons, inelasticity distribution on hadron-nucleus interaction, detecting method of hadrons
and so on. In the present paper we estimate attenuation mean free path for ordinary hadrons in
the thick lead chambers assuming simple geometrical model for hadron-nucleus interactions,
and compare with experimental results.

2. Geometrical model of hadron-nucleus interactions

Inelastic cross-section for hadron-nucleus interaction.
We assume projectile hadron moves through a nucleus on a straight line, interacting with

encountered target nucleons as it pass through, as is usually assumed in models of hadron-
nucleus collisions[2]. The probability to make v collisions at an impact parameter b, Py(b), in
-0 < Z < o0 is given by

Py(b) = ’—' (0 T()) exp( - T(b)) T(b) = f o (bz) dz . ()
v! ,
The inelastic cross-section for hadron-nucleus interaction is then given by
nel _ @ - @)
o= Y Py=2rn| bdb[l-exp(-c T(b)]
v=] 0

where A is atomic number of target nucleus. In the following we use Wood-Saxon form for
nuclear density, that is,
— 3A
p(r)= Po__ Po=
1 +exp (L%) ; 4mrod( 1 + szlz) (3)
o
with parameters ro = 1.19 A/3-1.61 A-1/3 fm and a=0.54 fm [2,3].

Energy dependence of inelastic cross-section, o, for elementary hadron-nucléon collision is
drawn from the one given by Hillas[4]. Inelastic cross-section for nucleon-Pb and for pion-Pb
interaction is calculated by the eq.(2), and the results are shown in Fig.1.

Inelastic hadron-nucleus interaction.
The number of target mucleons that would interact with projectile hadron is sampled from the

Poisson distribution given by eq.(1). Here the projectile hadron is assumed to impinge on target



nucleus at a random impact parameter and to

be always in "hadron state". Each sub- 2500
interaction can be treated as a usual hadron-
nucleon interaction and phenomenological
UAS algorithm[5] is used for it. We assume
here no internuclear cascade for produced
particles. Our algorithm for inelastic hadron-
nucleus interaction is summarized as follows;

1) sample an impact parameter b from 1700F
random distribution,

2) sample number of sub-collisions v
from eq.(1),

3) generate secondary particles by using
UAS algorithm for each sub-interaction. The
ratio of single-diffraction, both projectile and
target, to non-single-diffraction process in each sub-interaction is assumed to be 0.19. Here we
assume, for simplicity, all produced particles are pions.

4) repeat the process 3) v times or until projectile hadron energy becomes below 10 GeV.

2300

[
2100
o

o (h-Pb) (mb)

1900

Fig.1 Energy dependence of cross-section o(h-Pb)

3. Nuclear cascade in thick lead chamber

We calculate development of nuclear cascade in the lead chamber under the assumptions that ;

1) energy spectrum of hadrons arriving upon the chamber is power-type of I(>E) « E-B with
integral power index {3, B=2.0 for single-arrived hadrons and B=1.3 for hadrons in families.

2) total thickness of the chamber, Tegf, is 100 cmPb.

100,000 protons and pions, respectively, of E > 10 TeV are sampled from the above energy
spectrum, and nuclear cascades initiated from interaction of those are traced down until energy
of all particles, both projectile and produced, becomes less than E, or arriving at the bottom of
the chamber. During calculations of nuclear cascades, distance of interaction points measured

from the top of the chamber and released energy sum, E(Y)=XEg0, in form of n0-mesons in
each interaction are recorded if E(y) is larger than Egy,

4. Distribution of interaction points ( AT-distribution )

In the experiment, depth of interaction points of hadrons are defined by AT, horizontal shift of

experimental transition curve with respect to the "best-fitted" theoretical curve around shower-
maximum region. In hadron-induced showers, we often observe multi-bump structure in its
shower transition. If the distance between two bumps is not large, we can identify those two
bumps are due to successive interaction of single hadron and the above AT determination is
applied for the maximum bump. However, if the distance between two bumps is very large, we
often misidentify those two bumps as coming from two different hadrons, especially in case of
the study of single-arrived hadrons. Then we construct distribution of interaction points, i.e.,

AT-distribution , in simulation calculations for the following two cases;

A) If there are several points of interaction which give E(y) = E¢y in single nuclear cascade, we
define AT as a depth of the point which has maximum E(y) among those interaction points, and
B) all interaction points which give E(Y) = E¢y¢ in single nuclear cascade are taken into
considerations for measures of AT.

__36__



\ . ; h of sinele-arrived hadron
Fig.2 shows simulated depth distribution of interaction points which give rise to E(y) = 6.3
TeVfor the case of proton incidence with energy spectrum I(2E) o E-2, In the figure, (A)
stands for the case A and (O) for the case B of AT determination. Straight lines in the figures
are best-fitted ones in the interval of 20 < AT < 170 c.u. and we can estimate attenuation mean

free path for case A [ for case B] as,

204.4 + 4.0 g/cm? [220.4 + 4.4 g/cm?] protons

224.3 + 3.8 g/cm? [239.6 + 3.6 g/cm?] pions
The difference between case A and case B, and also between proton incidence and pion
incidence is not so large. The experimental results[6] for single-arrived hadrons is also shown
by closed circles in the figures for the comparison. The experimental procedure to get AT-
distribution is same neither to the case A nor to the case B, but is just a mixture of both cases.
The single-arrived hadrons are considered to be mainly protons, and the results then could be
compared with intermediate value of calculations for case A and case B of proton incidence.
Although the experimental distribution shows not simple exponential behavior, the attenuation

mean free path is estimated in the range 20 < AT < 80 c.u. to be Agy = 209 + 17 g/cm2[6]. Thus
the experimental distribution of AT for single arrived hadrons agrees well to the simulated ones
in the region of AT < 100 c.u.. Beyond AT = 100 c.u., however, experimental data shows less
attenuation rate. '
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Fig.2 AT distribuion for single-arrived hadrons. Fig.3 AT distribuion for hadrons in families.
Attenuation mean fr h of hadrons in super-families.

Fig.3 shows simulated depth distribution of interaction points which give rise to E(y) 2 10 TeV
for the case of pion incidence with energy spectrum I(2E) o< E-1-3. Straight lines in the figures
show best-fitted ones in the interval 20 < AT < 170 c.u. and attenuation mean free path for case
A [ for case B] is obtained as,

207.8+ 7.2 g/cm? [275.6+ 7.3 g/cm?] protons

2298+ 7.4 g/cm?2 [316.9+13.7 g/cm? ] pions
In usual type of interaction, the produced secondary hadrons are mainly pions. Then hadrons in
families are expected to be mainly pions and we can compare experimentally observed
attenuation mean free path with that of pion incidence. In the case of hadrons in families, tracing
of shower spot down into deeper layer is much easier than in the case of single-arrived hadrons,
because we can find many reference shower spot even in deeper layers. Then the case A is more



probable for the comparison for hadrons in families. In Fig.3 also shown are the experimental
distribution on AT of hadrons in 17 super-families of ZE(y) = 700 TeV[1]. The experimental
value on A,y estimated by using 142 high energy hadrons of visible energy E(y) 2 10 TeV in
those super-families is known to be Ay =176 + 48 g/cm? by least square method in the interval
of 10 < AT < 100 c.u., and Ag = 170 *37 g/cm? by maximum likelihood method[1]. Those

values are considerably smaller than that of case A of the simulated value, 229.0 £ 7.3 g/cm?2,
of pion incidence. Even when we assume secondary hadrons in super-families are not pions but

mostly nucleons, the experimentally observed Ay is still smaller than that of nucleon incidence,
Aaw = 207.8 £ 7.2 g/cm?2. In Table | we show summary of the above argument. In the table

also given are A,y for the case where we assume 20% of n-Pb interactions have charge

exchange process. As is seen in the table, no considerable affects of charge exchange process
are seen.

Table 1. Summary of attenuation mean free path and collision mean free path.

A at (g/cm?)
integral | visible energy of | procedure nucleon pion experiment [1.0]
power index hadrons
A 2044+ 4.0 2243138 |-
B=2.0 E(y) 2 6.3 TeV (2063 +£3.7) (221.0+538) 209+ 17 *
B 2204 £ 44 2396 £ 3.6
(22241+4.0) (2364 %£5.7)
A 207.8+7.2 2298+ 74
E(Y) 2 10 TeV (2043+74) (221.1£5.8) 176 + 48
B 2756 £17.3 316.9 + 13.7 [170 *47
B=1.3 (284419.2) -(2928+7.6) )
A 2022+ 4.3 224.1£6.3
E(y) 220 TeV (198.1+7.6) (218.1£8.0) 146 + 40
B 311.1 £ 6.7 308.8 + 7.8 [137 +57]
(2733 +11.0) (281.6+10.7)
Acoll (g/em?) 190 - 180 210 - 200

Figures in () are for the case where 20 % of n-Pb interactions are asuumed to be charge exchange process.
* : estimated by least square method in the interval 20 < AT < 80 c.u..
Figures in [ ] are estimated by maximum likelihood method.

5. Summary and Discussions
We have studied expected attenuation mean free path, Ay, of pions and nucleons in thick lead

chamber by constructing simple geometrical model' for hadron-nucleus interactions. Ayy of
single-arrived hadrons, which are considered to be mostly protons, observed in the Pamir and
Chacaltaya collaboration experiment well agrees with calculations for proton inicidence. For
hadrons in high-energy families, however, calculations fail to explain the experimentally
observed short attenuation mean free path. It seems to indicate the existence of new hadronic
phenomena in high-energy cosmic-ray nuclear interactions.
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Abstract

Pseudo-rapidity distributions of two high multiplicity events Ca-C
and Si-AgBr observed by the JACEE are analysed by the wavelet trans-
form. Wavelet spectra of those events are calculated and compared with
the simulation calculations with Poisson random numbers, uniformly ran-
dom numbers and a p-model. The wavelet spectrum of Ca-C resembles
to that simulated with the uniform random numbers, but that of Si-AgBr
is not reproduced by any of the simulation calculations.

In high energy ncleus-nucleus collisions, studies of number density fluctu-
ations in the rapidity space is expected to reveal new features of multiparticle
production mechanisms. In this paper, pseudo-rapidity n distributions of the
two JACEE events, Ca-C and Si-AgBr[1] are analysed by the wavelet trans-
form [2]. Any function (data) can be expanded by self-similar wavepackets in
this scheme. Therefore characteristics of local fluctuations can be extracted
from the data.

Orthonormal wavelets are constructed from dilation and translation of a
scaling function ¢(z). It is constructed by an iteration equation,

N-1

¢,’($) = Z Ck¢g_1(2$ - ]C) Z = 1,2, sy, (1)

k=0

from a primary scaling function, whcih is defined as ¢o(z) =1for0 < z < 1,
and otherwise ¢o(z) = 0. In Eq.(1), N is a even number, and ¢ (k = 0,1,

.+, N — 1) are constants. The iteration is continued until ¢;(z) becomes
indistinguishable from ¢;_;(z), and ¢(z) is defined by this ¢;(z). The mother
wavelet W(z) is given by

N-1
W(z)= 3 (-1 en_1-k 625 — k), (2)
k=0

and the j-th level wavelet (j =0,1,---) is defined as

¢j,k($)=2g'W(2j$—k), k=0’1,...’2j - 1. (3)



Then any function f(z) (defined for 0 < £ < 1) can be expanded by the

wavelets as .
oo 27-1

f(z)=aod(z)+ ) Y ajkd;i(c).

1=0 k=0
If N =4, coefficients ¢, (k = 0,1,---, N — 1) are given by
14++/3 _3+v3 _3-V3 1-3
4 ’ 1= 4 ) 2 — 4 ’ 4 .
Let f(z) be given by descrete value, f; = f(A/2+A:(i—-1)) (¢ =
1,2,---,2"), where A - 2" = 1. f(z) is assumed to be periodic outside the
defined region 0 < £ < 1. By the use of column matrices,

Cog =

f1 5,0
F= .o y AJ= Y y J:O,l’...77‘-—l,
for Qj2i-1

the wavelet transform is given by

apg = 2—2£L1L2~-~L.,F,
Ajo1 = 277HjLjyy---LF, j=1,2,---,r—1, (4)
A1 = 27iH,F.

L; and H; are 27=1 x 27 matrices. The i—th row of L, is expressed as,

( 0 --- 0 Ixg-1)41 - log-1+x - lG-1+n8 0 - 0 )
1
:E(O (] Co cee o Ck cer CN-—1 o ... 0).
If 2(i — 1) 4+ k > 27, element I2(i~1)+x is added to the (2(i — 1) + k — 27)-th
element in each row. Matrix H, is obtained if ¢ (k= 0,1,---,N —1)in L, is

replaced by (—1)**lcy_1_s.
The j-th level wavelet spectra £; (j =0,1,---,7 — 1) is defined by

27-1
Ej= ) o, ="4;4;, j=0,1,---,r—1. (5)
k=0

The background distributions [3],

B
fom = A(1-e VM- e¥)|”, Y <n<y, (6)
A=81,B=54Y=17.0 for Ca — C,
A=184,B=8.1,Y =55 for Si — AgBr.



are subtracted from 7 distributions of Ca-C and Si-AgBr, respectively. Those
n distributions are given with the bin size An = 0.1, and data points with
—3.0 < 1 < 3.4 for Ca-C, and —2.7 < 5 < 3.7 for Si-AgBr (2° points) are used
in the analysis.

In Fig.1a and 1b, the wavelet spectra F; (5 =0,1,---,5) of Ca-C and Si-
AgBr are shown, respectively. The full circles show the wavelet spectra of the
distributions where backgrounds are subtracted. For the sake of comparison,
wavelet spectrum of the raw distribution ( without subtraction of the back-
grounds) is shown by white circles. The results are different at the 0-th and
the first level, but those from j=2 to j=5 are almost the same.

The wavelet spectra E; (j = 2,---,5) of the distributions, where back-
grounds are subtracted, are compared with the following simulation calcula-
tions;

(i) Poisson random numbers with the mean 4 and the standard deviation
o= \/i
(ii)) Uniform random numbers from O to a. The mean g and the standard
deviation o are respectively given as y = a/2 and ¢ = /3a/6
(iii) A p-model[4] with a fraction p, (p, = 1 — p,) and an initial ’energy’ (or
particle number) Ej in a rapidity interval Ay. Ej is devided into p, Ey
in one sub-interval of Ay, and py Ey in the other one at the first step, as
the interval Ay splits into two sub-intervals with equal width. After n
steps, the mean g and the standard deviation o are 'given by

Eq Ey :
=gn 0= 5—,:\/2"(p3+q3)” -1

Each simulation calculations are done 1000 events. Parameters are ad-
justed to reproduce the standard deviation of each distribution where back-
ground is subtracted, because the mean value has no effect on the wavelet
spectrum.

We calculate the wavelet spectra E;™ (=0,1,---,5) of simulated events
and count the number of events within a value of z,

5
z= \' Z(log2 E; —log, E;™)2. (M)
=

The results for Ca-C and Si-AgBr are shown in Table 1. For Ca-C, sim-
ulation (ii) have the highest rate within z < 0.8 among the three simulation
calculations. For Si-AgBr, the highest rate within z < 0.8 is obtained with
(iii), the p-model. Wavelet spectrum of Ca-C is compared with the average
< E™ > (j=2,--,5) of simulation (ii) in Fig.1a. That of Si-AgBr is com-
pared with those with (iii), the p-model in Fig.1b. In Fig.1a and b, middle



dashed line denotes the average < E;™ > (j = 0,1,---,5), upper and lower
ones are < E;™ > + oj™ (j = 0,1,---,5), where o;™ is the standard devi-
ation of simulated spectra. The wavelet spectrum of Ca-C is well described
by < E;™ > of simulation (ii). That of Si-AgBr is not explained by (iii).
It remaines almost inside the region < E}™ > + 0;™, but fluctuates along
< E;m >.

Ca-C Poisson Uniform p-model
(b=14) (a=940) (p,=0.22,E=853)
z2<04 15 25 6
z2<0.6 59 75 21
z2<0.8 154 197 41
Si-AgBr  Poisson Uniform p-model
(1 =16.2) (a=14.0) (p,=0.36,FEy = 340.8)
2<04 0 0 4
2 < 0.6 1 3 22
2<0.8 9 8 73
Table 1

Number of simulated events which satisfy the condition z < 0.4, z < 0.6, or
z < 0.8 for Ca-C and Si-AgBr. Each simulation is done 1000 events.

L

Uniform (a=9,4) tor Ca-C

1 T
6 { o-mode! (p=0.36, EB=340.1) for Si-AgBr T

6 1 )
longj logyE;

-4 T.

0. 2 4 i 6 ' 0 2 LI 6

Fig.1 Wayvelet spectra of a) Ca-C and b) Si-AgBr. Full circles are calculated
from 7 distributions where backgrounds are subtracted. White circles
are from the raw distributions. Dashed lines are obtained from the
simulation calculations.
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Abstract

We present an useful clue to estimate the energy and chemical composition of the
primary cosmic radiation belween 104 eV and 10'7 eV. The method uses various
kinds of quantities as measure by an hybrid detector an emulsion chamber in the
central part of an EAS (Extensive Air Shower) array at mountain altitude. The pro-
cedure permits an analysis on individual events, it gives estimation of the mass and
energy of a primary nucleus initiating a shower. We show that EAS size measure-
ment could be complementary to quantities as measured by an emulsion chamber
detector to improve the accuracy of the primary cosmic ray identification.

1 INTRODUCTION

The primary cosmic ray composition plays a crucial role in the knowledge of astrophysics
particles, because the primary energy spectrum and also the chemical composition are
connecled with the problems of the origin and propagation of the cosmic particles into
and out of the galaxy.

Direct measurements have been done using balloons, air craft and satellites However,
these measurements are limited to energies below 1011 eV by the low fluxes and the
limited exposure time in space or on balloons. A new generation of sophisticated air
shower detectors called “hybrid detectors” an emulsion chamber in the central part of an
extensive air shower array at mountain altitudes has been developed. The simultaneous
observation of high energy «-rays bundles in emulsion chamber and accompanying EAS
in large scale can provide details of the primary cosmic ray composition or in principle
distinguish groups of nuclei, with accuracy better than 36%, in the energy region of
105 — 1017 eV that includes the so called “knee” region in the primary cosmic ray energy
spectrum, as well as the characteristic of hadronic interaction in the extremely high
cnergy region, beyond the collider experiments.

In the last years, experimental data in small scale of these hybrid detectors became
available by three groups Norikura [1], Tien-Shan [2] and Chacaltaya [3], they have
successfully tested the concept. In this context two large scale experiments are planned:
the Omega experiment at Chacaltaya (5200 m above sea level) and the Yangbajing
experiment at Tibet (5300 m above sea level). The Omega experiment is an up-grade of
SYS (Saitama, Yamanashi, San Andres) EAS array and Brazil-Japan emulsion chamber.

In this work an analysis on individual events is carried out. It gives an estimation of
the energy and mass number of a primary nucleus, on the basis of a formal argument that
permits to construct the joint probability of finding observable quantities with prescribed
values. The aimn of this report is to examine the accuracy of the method, independent
by of the model used to describe the nuclear collision and the posibility of extending the
method to practical use in cosmic ray experiments.



2 ANALYSIS ON INDIVIDUAL SHOWERS

The analysis on individual showers carried out in this work, to obtain information on the
masses and energies of primary nuclei from observable showers quantities as measured by
an hybrid detector was developed on the basis of method reported by Adachi et al. [4].
The method is fully used to get an useful clue to the estimation of the energies of y-rays
and their production heights, from observable quantities of electromagnetic cascade as
observed by emulsion chamber.

We make a blow-up of this method to the case of primary nuclei initiating showers,
even knowing that stochastic nature of the atmospheric processes smears out identity
of the incident primary particle. However, with Monte-Carlo simulation one can derive
average quantities and also investigale the fluctuation phenomena.

Let the non-observed quantities: the energy E, and the mass number A of a primary
nucleus starting a shower. The joint probability

P(Eo, A; Y Ey, Ny, ) E,R,/ Y E,)AE, AA, (2.1)

of finding E, and A at prescribed intervals (E, + AE,) and (A + AA), for fixed observed
quantities Y E,, Ny and Y EyR,/ Y Ey can be obtained from figures 1(a), 1(b) and
1(c), mounted via Monte-Carlo method on the basis of a hybrid code composed by a
superposition model to describe the number of interacting pairs (wounded nucleons) [5],
together with a ‘In s’ extrapolation of a model on the basis of accelerator data (UAb
algorithm) [6] to describe the hadronic interaction. They may be presented by the
approximation formulas: i
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Eof Egn = (24.55 A + 182.6) (IV,,)(0:754-0.0561n A) (2.3)
Eof En = (2.52 x 108 A258)(3" B R/ 3 B,) (7304 4%™™), (2.4)

These parametrizations are valid only by primary energy above 50 TeV and to
540 g/cm? of atmospheric depth (Chacaltaya).

For instance at fixed value of }_ E,/FE¢, we can scan all possible values of A (mass
number) in a determined primary energy region, the same procedure can be made using
the other two observable quantities.

If the primary nucleus has an energy E, and a mass number A the joiut probability
P(E,,A) will have a relative maximum at E, and A. Thus, in principle it is possible to
estimate the energy and mass of primary nucleus. It can happen that as P(E,,A) may
have several critical points in this case it can be achieved as the maximum point (E,,A)
sufficiently close to E, estimated as |7] E, = 2.0 X N,.

To get the better understanding of the situation the figures 2(a) and 2(b) show the
relative probability densily P(E,, A)JdAE,dAA at fixes values of ) E./E, N, and
Y. E R,/ Y E, for showers initiated by CNO (A ~ 14) and iron respectively
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Fig.2 Relative probability density P(E,, A)AE,AA. The analysis on simulated
evenls are shown by: (a) a shower initialed by a primary nucleus with Eo/Ey, = 3236
and A = 14; (b) a shower inilialed by a primary nucleus with E,/Ey, = 18600 and
A = 56. In all the cases the horizontal full line represents the primary energy estimaled
from EAS size as E, = 2.0 N, (in GeV).

3 ACCURACY IN DETERMINATION OF THE MASS

In order to obtain the accuracy of the method above described a randon selection of
100 simulated events was made, this correspond around 3,000 m2year of exposition at
Chacaltaya. Distributions of the difference between Aestimated 80d Agye are shown in
the figures 3(a) and 3(b), for two extreme cases: proton and iron as primary particles
respectively. The accuracy test carried out from this method, show to be better than
36% in average, this value includes 12% of events that were discarded because, they
presented high ambiguity in their interpretations.

4 CONCLUSIONS

Shower quantities as measured by a combined experimental apparatus can find a break-
through in the confronting difficulties of EAS and emulsion chamber studies because, the
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correlations between the mean values < )} E,/Ew >, < Ny > and < Y, B R/ Y By >
with the primary energy presents a primary mass resolution big enough to permit an
analysis on individual event. The knowledge of the primary nucleus energy through the
shower size N, is crucial to an useful use of the method, because ambiguities in the
interpretations of the joint probability function can be avoided.

On the other hand, the accuracy of the method to primary mass identification is
better than 36% in average, this value is high enough td resolve the discrepancies on
primary composition assumptions or, in other words, confirm a dominant proton or iron
composition in the primary cosmic ray particles, in the region of 10 1o 1017 eV.
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Abstract
Hadronic interactions detected by upper and lower part of emulsion chamber
seems to show production of particles heavier than pions. One of these particles may be
eta-meson, observed to be produced by events called A¢t by Brasil-Japan Collaboration
on Chacaltaya experiments, while Mirim events of smaller multiplicity doesn't show
significant production.

Introduction

Brasil-Japan Collaboration (B-J Collaboration) observed some regularity in the
phenomena of Multiple Meson Production. The experiments held at Mt.Chacaltaya (5220
m above sea level)-La Paz, Bolivia indicated occurrence of “cluster” of pions decaying
isotropically and with high value of transverse momenta. They are called as Mirim, A¢l
and Guagu fire-balls. Comparison with accelerator data showed that the correlation
between mean pt and multiplicity agrees[ 1 and so, scaling-law seems to be not valid for
higher energy. We did attempts to look for n-meson, because this particle decays also to
2 v's, same as m°-meson decay. Both types of data, C-jets and A-jets, ic. data of
interaction in a target layer and in the atmosphere above the chamber are used. Fig. 1a,
1b, 2a and 2b shows histograms of invariant mass of two y's. They are plotted under
following criteria: 1) Selection of events that shows isotropic y decay in the azimuthal
angle; 2) Separation of events in Mirim and Agu according to the analysis of fig. 3a, 3b;
3) Combination of y pairs after picking up pairs coming from =n° decay. We notice no
difference between each pair of figs. 1a, 2a and 1b, 2b, but between figs. 1a, 1b and figs.
2a, 2b it appears a signal over the background estimated by simulation.

On A-jets we tried to recognize pairs of y's from m-meson decay. For that
purpose we used an additional criteria looking for a partner for a y not coupled to n°-
meson and observed almost far from the center of mass of the event. Some of these
highest energy y's happen to be observed near to another y‘s and, if we combine then we
obtain an invariant mass close to the n-meson mass. Especially for A-jets events, where
the interaction height is not so straightforwardly determined as in C-jets events, it might
have room to arguments as superposition of interactions, but these events when analyzed
through an algorithm constructed with a convenient combination of energy flow
moments it results in a plot of fig. 4, showing that all y‘s of the event came mainly from
one interaction point and has an isotropic decay.

Fig. 5 shows a transverse momenta of pions superposed with n-mesons plot. The
tail part of n°'s coincides with the spectrum of n-mesons and the mean values are <pty°>

= (64243) MeV/c and <ptyn> = (890£134) MeV/c.



Discussions and Conclusions

A tail in figs. 1b and 2b shows possible production of particles of higher invariant mass,
Myy, than n°-meson.

Production of n-mesons seems to be observed in Agu events and no appreciable
signal in Mirim events is recognizable. ‘

Mean value of transverse momenta of nt°'s is (642+43) MeV/c, but this value is a
little higher than previously determined value because it was calculated assuming a
single exponential fit.

Mean value of transverse momenta of n-mesons is (890+134) MeV/c , a rather
high value, maybe affected by the criterion used for identification of m-meson.
Nevertheless, the coincidence between both spectra in the higher values of transverse
momenta may be understand as m-meson decaying to y's, through other decaying
channels, mainly n — 3 n°‘s (branching ratio = 31.9 %) and n — 7© nn° (branching
ratio = 23.6 %), comparable with 1 — 2 y‘s (branching ratio = 38.8 %).

Finally, this analysis showing production of n-meson in Agu fire-balls may be

- interpreted as a production of heavier particle for higher interaction energy because mean
energy of Agu fire-balls is higher than mean energy of Mirim fire-balls.
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Abstract
Algorithms based in isotropic decay of a fire-ball was applied in C-jets events of
Chacaltaya experiments. Through this analysis main result is that the events are well
separated in two sets as well established previously by Brasil-Japan Collaboration (B-J
Collaboration) on Chacaltaya experiments.

Introduction

Decay products of hadronic interactions obeys isotropy on azimuthal distribution as
would be seen applying the so called Duller-Walker plot™! . B-J Collaboration analyzed
C-jets of an experiment (Chamber 15), through a method devéloped by T.Shibata'® based
on isotropic decay of a fire-ball but, this method considered only the first two moments
of, ZE, that is, the dependence of energy flow (ZE,) and of transverse momentum flow
(ZE,8,) with the emission angle of secondary v's.

We proceed this method calculating higher order moments and so, it was
possible to construct not only ZE,8,%, ZE,0, but also an algorithm that is the sum of all
four moments of ZE,. Explicit expression of this algorithm is,

1 [__ 4 , 4 3 |
mDW =" SE+—SE(T)+ZE(T0)' +-—LET6)' |

where M = invariant mass of y‘s cluster (fire-ball),
I" = Lorentz factor of y°s cluster (fire-ball),
0 = emission angle of y‘s and
E =energy of y's

ploted in fig. 1.

Each of the moments are normalized and so it is necessary to divide by‘4 the
sum of the four moments and we called the algorithm as modified-"Duller-Walker" plot
(mDW), since Duller-Walker method.

This mDW algorithm has an advantage concerning to the traditional Duller-
Walker plot because for this one it is necessary to know/consider previously the
multiplicity of secondaries. ,
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We re-analyzed C-jets of
various experiments (Chamber
15, 16, 17, ..)) in a total of 90
events. Extracting the isotropic
events only,

‘|2

- (ZE)(EEHZ)/[ ZE6 |

has a behavior like fig. 2. This is
possible through a convenient
combination of moments!® .
Applying the algorithm
mDW to these selected events we
obtained fig. 3 where it is clear
the separation in two regions, the
left region occupied by the events

called Mirim type and the right region by Agu type, since B-J Collaboration notation.

After the separation of events
we can do analysis to obtain
characteristics of each type of
fire-balls and our preliminary
analysis yields results similar
to the previous results obtained
by B-J Collaboration.

Discussions and Conclusions

By the use of this modified
Duller-Walker plot, we
obtained a clear separation of
events in two types, consistent
with previous B-]
Collaboration results. So, these
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results indicate occurrence of events obeying Feynman scaling and other set of events
showing Feynman scaling law breaking.
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Abstract

We describe a cosmic-ray induced event, CH24 S23 I10, ob-
served in the 24th chamber exposed by Brasil-Japan Collabora-
tion. The event is of clear double-core type consisting of 2 groups,
one with ZE, = 971.8 TeV and the other with X E, = 880.8 TeV.
The distance between the two energy weighted centers is 5.7 mm.

1 Introduction

Brasil-Japan Collaboration has been studying the cosmic ray interactions in
the energy region 103 — 10'7 eV by means of emulsion chambers exposed at
Chacaltaya (5220 m above sea-level), Bolivia [1]. In this paper are described
the characteristics of a family of v-rays (and hadrons) detected in the 24th
chamber at Chacaltaya. The total measurable energy is TE, = 3146.2 TeV.

2 Experiment

The detector, in which our event was found consists of an upper chamber (4
cm of Pb), a target layer (30 cm of polyethylene), an air space (181 cm of
air) and a lower chamber (6 cm of Pb). Both the upper chamber (42 m?) and
the lower chamber (13.6 m?) are of multilayered sandwiches of lead plates and
photosensitive materials. Each photosensitive layer consists of two sheets of
X-ray films, and in a few of them, in the upper chamber, nuclear emulsions
also are inserted. In the lower chamber only X-ray films are inserted. The
showers were observed on X-ray films by naked eye scanning and then under
microscope. The darkness of the spots on the X-ray films was measured with
the microdensitometer, and energy of showers was determined according to the
3-dimensional EM cascade theory [2]. Many dark spots correspond to single
showers, but a great number is produced by several showers that cannot be
individualized, so that the darkness of these spots gives the total energy of the
showers inside them.

3 Experimental Results

As the event was observed in the unit block 23 in the upper chamber and in
the block 10 in the lower chamber, we name this event as CH24 S23 110. Fig. 1



shows the photography of the event on the N-type X-ray film located at 10
c.u. in the upper chamber. The target diagram of the event is shown in Fig. 2,
where we can see two separate groups of showers. One group has total observed
energy LE, = 971.8 TeV, and the other has the energy ¥ E, = 880.8 TeV.
The distance between the energy weighted centers of the two groups is 5.7 mm.
Outside the two groups there are many showers with X E, = 1293.6 TeV; so,
for the total energy of the event results the value ¥ F, = 3146.2 TeV. Some
showers continue from the upper to the lower chamber. Unfortunately this
continuation is located near the edge of the X-ray films, so that many showers
may be lost and others are seen only in one layer.

'1 [V % o
. ._.v#. . .'-
Fig. 1 Photography of the Fig. 2 Target diagram of the
event CH24 S23 110 event CH24 S23 110

Fig. 3 shows the integral energy spectrum of vy-rays; the straight line rep-
resents an exponential spectrum.

Fig. 3 Integral energy spectrum of y-rays



As the event is composed of two groups, we present, in Table 1, the char-
acteristics of each group separately.

TABLE 1

Group | XE, (TeV) | < ER > (TeV mm)
1 971.8 25.14
2 880.8 22.10

The energy weighted spread of the whole event is < FER >= 424 TeV mm.
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Analysis of the Particle
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Abstract

We are analysing the high energy interactions detected in the
24'h emulsion chamber exposed at Chacaltaya (5220 m).
The aim of this paper is to continue the investigation of the az-
imuthal effect on the transverse characteristics and the energy in
the gamma hadron families to clear the dynamic mechanism of

hadron nuclei collisions.

1 Introduction

The 24" two story nuclear emulsion chamber of Brasil-Japan Collaboration
was exposed together with the air-shower array at Chacaltaya. The arrange-
ment of this exposure is seen in the Fig. 1.
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The families observed in this chamber can be linked with the accompanied

air showers, when the air shower size is large, say, exceeding 107 [1]
In the photosensitive material analysed at CBPF, Rio de Janeiro (50

blocks. corresponding to an area of 10,0 m?) we found 35 families with



YEy > 30 TeV, among which, 12 have £E, > 100 TeV including one con-
sisting of two groups of showers, with total energy of TE, > 3000 TeV [2].
The correlation between the more energetic families and the air showers will

be made in the future.

2 Results

We are investigating the dependence of the azimuthal effects on the spatial
characteristics in these families.

We analysed the events with £XE, = 100 — 300 TeV and, separately, the
special event with £E, > 3000 TeV. To verify if the anisotropy effect appears
in these events, we obtained the superposition of the eight first harmonics of
Fourier analysis for each family.

Fig. 2 shows the result for the special event with two groups of showers.

[« ]} (o)
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—
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—

™

To investigate the azimuthal correlation we used a statistical criterion sen-
sitive to the mechanism of nuclear interaction calculating the value of the o
parameter [3] and the quantity ) [4].

We applied the “decascading” and “jet analysis” procedure tusing kge. =
12 TeV mm and kje¢ = 250 TeV mm [5], respectively, for all families cited
above.

The families were selected according to the criteria of Ny > 5 and E;, =
4 TeV. In the special event of XE, > 3000 TeV, we made calculations also for
different values of Ey,. :



The results of these calculations are shown in the Tables 1 and 2.

TABLE 1

Y E,100 — 300 TeV
Before Decascading | After Decascading
<a>| <ER> |<d>|<FER>|<X>
0,19 183,6 0,08 277,09 0,16

TABLE 2

Event with ¥ E, > 3000 TeV

Before Decascading | After Decascading
Ein o < ER > a’ <ER > |<A>
4 TeV | 0,03 424 .4 0,05 1235,6 0,18
10 TeV | 0,02 1318,8 0,14 1748,1 0,15
15 TeV | 0,15 1704,8 0,17 1698,9 0,15
50 TeV | 0,37 2157,9 0,42 2164,2 0,23
100 TeV | 0,94 3100,3 0,94 3113,4 0,31

We investigated if the parameter < a > depends strongly on the mean
value of ER where R is measured from the center of the event.

As the results on particle accelerator experiments have showed that the
production of jets of particles with big momenta increases with the energy, we
investigated if this effect appears in these cosmic ray families.

We made a comparison between our events and those calculated taking
into account the jets generation on the basis of QCD [6], and we observed that
there is an agreement with the results obtained by Azimov et al [3].

We observed that the average number of jets produced increases with the
total energy. We found < Nj¢; >= 2 for the families with X E, = 100—300 TeV
and < Nje; >= 6 for the special event L E, > 3000 TeV.
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Abstract

We integrated exactly the Nucleon Diffusion Equation using the

successive approximation method with the primary energy spec-
trum in the general form, G(E).
We considered the nucleon-air nuclei inelastic cross-section ris-
ing with energy in three different forms (logarithmic, logarithmic
square and power function). The Interaction Probability law for
the first and second cases is binomial and for the third case is a
hypergeometrical function. If the inelastic cross-section is constant
this law is Poissonian.

1 Nucleon Diffusion Equation

This paper is a continuation of the previous results published in the Proceed-
ings of Int. Symp. on Cosmic Ray Super High Energy Interactions (1988),
Lodz-Poland [1].

Assuming, a priori, that the probability of a nucleon making n interactions
in traversing a depth = of the atmosphere is given by the Poisson Distribution,
G. Brooke et. al. [2] obtained for the total Intensity of Nucleons at z the
following expression

rem=tE (2 20 (B) o

n=0

where G(E) is the primary nucleon energy spectrum, XA is the interaction
length, n is the elasticity coeflicient, both supposed constants.

We used the successive approximation method to integrate exactly the dif-
ferential equation that describes the diffusion of a nucleon in the atmosphere,

OFN(z, E) _FN(:c?E) Fn (z,E/n) (2)

oz A(E) nA(E /n)




with the boundary condition Fn(0,E) = G(E) and A(E) is the nucleon-air
nuclei interaction mean free path supposed a function of the energy.
The solution for A(E) in the general form is the following

Fn(z,B) = e ®ME (2,6 (Eo,n))én(E)G(E/n™) ni" (3)
n=0 :
where 1
¢n(E) (4)

AE/MAE/M?) - ME /M)
and ¢n(z,5(Eg,n)) represents the multiple integral calculated by induction,

with the solution
, 1 (1= e (Eomz\™
T,6 = — )

2 Results and Discussions
The total nucleon flux, Fyx(z, E), can be also expressed in the following way,

Fn(z,E) = i Pn(m’E:rIO,Z G(Ey)

n=0

(6)

where P,(z, Eg) is the probability that a nucleon with energy EFq = E /7™ at
x = 0 interacts n times down to the depth x and it assumes different forms
for different dependences of the interaction length with energy;

A = constant — Poisson Distribution
ENT*
A = Ao (-E—) — Pp(z,Eg) =

e =%/ AEon™) (1 — =8(Eom)zyn , —F(nt+1)n

nl(n=@ - 1)"

. EN\ L
A= X (1 +aln (;)) — Pp(z, Ep) =

=2/ A Eon™)

= m T(Z+1+n)(1— e‘“‘s(")m)" (8)



. _ 1l4a InE/e
Wlth Z = _WT))TOL

E
A = Aga In—2 (;) — Pn(z, Eg) =

T Py (LT TS S

n! }\io (1-2y)n r1-v)
with ¥ = lnl—E/—e
nrn
In the case of constant cross-section, P,(Eg, ) is purely poissonian but for
o = o(E) the distributions are distorted to a large number of interactions. In
these cases the differential equation (2) is not good to describe the diffusion
of nucleons in the atmosphere.
It is important to note, that for the case of Poisson Distribution, the

interaction of nucleon is independent of the depth z; in the other cases (¢ =
o(E)) this fact is not verified.
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