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We present a useful clue to estimate the energy and chemical composition of the primary cosmic
radiation between 10 and 10 eV. The method uses various kinds of quantities as measure by a
hybrid detector, an emulsion chamber in the central part of an extensive air shower (EAS) array at
mountain altitude. The characteristic features needed for the analysis are derived in detail through
the Monte Carlo method. The procedure permits an analysis on individual events; it gives an
estimation of the mass and energy of a primary nucleus initiating a shower. The estimation of the
primary energy is with quite negligible ambiguity. We show that the HAS size measurement could be
complementary to quantities as measured by an emulsion chamber detector to improve the accuracy
of the primary cosmic ray identification.

PACS number(s): 13.85.Tp, 96.40.De

I. 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 com-
position are connected 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,
aircraft, and satellites [1—3]. However, these measure-
ments are limited to energies below 10 eV by the low
Quxes and the limited exposure time in space or on bal-
loons. Thus, the primary Qux composition in the very
high energy region (above 10~4 eV) can be obtained us-
ing only indirect methods of ground-based detectors to
look at the showers initiated for the interaction of pri-
mary nuclei in the upper atmosphere.

There are several air shower parameters that show
some sensitivity to the primary composition. However,
interpretations of extensive air showers (EAS's) as well
as high energy p-ray families require the knowledge of
the properties of nuclear interactions in the energy re-
gion above 10~4 eV. The problem at present is that there
are suFicient uncertainties in the mechanism of multiple
production of hadrons, especially in the fragmentation re-
gion (forward region), because even in accelerators (such
as colliders) that have a very high available energy (O.l—
2.0) x 10~s eV in the laboratory system, compatible with
cosmic ray experiments, only the central region is plen-
tifully observed.

Thus, how to extrapolate the hadronic physics of an
accelerator, beyond the kinematics and energy region
covered by these machines, implies a corresponding un-
certainty in the interpretation of cosmic ray showers.
The situation is delicate, because the same shower data
can accommodate difFerent and contradictory interpreta-
tions.

A new generation of sophisticated air shower detec-
tors, called "hybrid detectors, " emulsion chambers in the
central part of an extensive air shower array at moun-
tain altitudes, has been developed. The simultaneous
observation of high energy p-ray bundles in the emulsion
chamber and accompanying EAS's in large scale can pro-
vide details of the primary cosmic ray composition or in
principle distinguish groups of nuclei, with an accuracy
better than 27%, in the energy region of 10is—10' eV
that includes the so-called "knee" region in the primary
cosmic ray energy spectrum, as well as the characteris-
tics of hadronic interactions in the extremely high energy
region, beyond the collider experiments.

In the last years, experimental data on the small scale
of these hybrid detectors became available from three
groups: Norikura [4], Tien-Shan [5], and Chacaltaya [6].
They have successfully tested the concept. In this con-
text 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 upgrade of the
SYS (Saitama, Yamanashi, San Andres) EAS array and
Brazil- Japan emulsion chamber.
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Furthermore, through correlations between some pa-
rameters in which features of high energy p-ray bundles
are related with their associated extensive air shower size,
it is possible to get the global characteristics of the pri-
mary cosmic ray chemical composition. As already indi-
cated above, a p-ray family as well as its associated EAS
reflects the physics of the particle interaction and pri-
mary composition, or in other words, they are sensitive to
the hadronic model. However, this sensitivity decreases
when the fluctuations in various measurable parameters
that reflect fluctuations in shower development are con-
sidered. The same global analysis on the basis of some
shower parameters for two assumed difFerent models, in
spite of some difFerences, can have an overlapping region.

Thus, an analysis of individual showers using together
difFerent measurable parameters to derive other indi-
rectly measurable parameters is a less dependent model
than a global analysis of showers on the basis of a mea-
surable parameter.

In this work an analysis on individual events is car-
ried out. It gives an estimation of the energy and mass
number of a primary nucleus, on the basis of a formal
argument that permits one to construct the joint prob-
ability of finding observable quantities with prescribed
values. The various kinds of quantities (average values
and variances) needed for the analysis were computed
through an extensive Monte Carlo simulation using a hy-
brid code composed of a superposition model to describe
the number of interacting nucleon-nucleon pairs implicit
in the nucleus-nucleus collision, together with a "ln 8"
extrapolation of a model on the basis of accelerator data
(UA5 algorithm) to describe the hadronic interaction.

The aim of this paper is to examine the accuracy of
the method, independent of the model used, to describe
the nuclear collision and the possibility of extending the
method to practical use in cosmic ray experiments.

II. EXPERIMENTAL CHARACTERISTIC
OF p-RAT FAMILIES

AND THEIR ASSOCIATED EAS

The observation stations at mountain altitudes have
around 540 g/cm2 or more of atmospheric depth and
the depth is much larger than the mean &ee path of the
nuclear interaction and also the electromagnetic cascade
process. Thus, we should expect that an atmospheric
shower (high energy p-ray family and their associated
EAS's) is a complex result of successive nuclear interac-
tions and of electromagnetic cascade processes.

The superposition of Coulomb scattering of an elec-
tron by atomic nuclei of the matter traversed is called
multiple scattering, and it is the main cause of the lat-
eral diffusion of particles in an electromagnetic cascade
shower. After the passage of matter at a depth t mea-
sured in cascade units, an electron with energy E receives
an average angular deflection given as

2

&E) (i)

where E, is the quantity called the scattering constant:

21 MeV. In this way, the lateral spread of an electron
(also a p ray) with energy E from the shower center is
estimated as

Thus, the difFerences between a p-ray family and its
associated extensive air shower depend mainly on the
method of observation. The EAS experiment detects
all arriving particles, most of which are electrons and
photons with energy around or greater than the critical
energy in air, 80 MeV, while the emulsion chamber
experiment observes electrons and photons with energy
greater than 1 TeV. This difference of their detection
threshold energy 10 makes the lateral spread of the
family much smaller than that of EAS's, i.e., around a
few cm in the emulsion chamber compared to a few hun-
dred meters in the air shower case. At the same time,
the total number of observed particles in the emulsion
chamber is 104 times less than that of an extensive air
shower.

A. Emulsion chamber as shower detector

Following the ordinary point of view on hadronic in-
teraction of cosmic ray particles with atmospheric nu-
clei and subsequent atmospheric propagation, high en-
ergy secondary particles are registered as small showers in
an emulsion chamber (spot darkness in x-ray films) [7,8].
The shower that starts in the first layers of the cham-
ber is of electromagnetic origin (abbreviated as "p ray");
on the other hand, a shower starting in deep layers is
of nonelectromagnetic origin (abbreviated as "hadron").
These hadron-induced showers can be mainly initiated
by a charged pion or nucleon.

As for the detection of the shower efficiency in the
emulsion chamber, the most adequate measurable quan-
tities are the shower energy of electromagnetic origin
("p ray"), E~, together with the relative position in
the chamber K„, defined as the radial distance &om the
energy-weighted center of the family. Thus, the total
electromagnetic energy PE~, the mean lateral spread
defined as g E~R~/ P E~, as well as of course the mul-

tiplicity, defined as the numbers of electroxnagnetic parti-
cles (p rays), N~, with energies above an energy threshold
are good parameters to characterize the " p-ray" family.

B. Extensive air shower as detector

The highest energy region of cosmic rays has been stud-
ied by the observation of extensive air showers with a
ground-based apparatus covering a large area. As al-
ready indicated above, the EAS array measures parti-
cles, mainly electrons and photons of low energy (E 80
MeV), produced in the atmosphere through the arrival of
a single primary particle of extremely high energy. Here,
the observed particles are the results of the repetition of
a number of atmospheric processes.

The mean quantities as measured by an EAS array are
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the shower density, defined as the number of particles ob-
served per unit area, and the arrival time distribution of
the particles, especially in the near core region, as well as
the lateral distribution of the particles. From these one
can find such basic quantities as the shower size N de-
fined as the total number of particles, and the shower age
8 which measures the degree of shower development, as
well as the atmospheric depth penetrated by the shower
at a maximum shower size X

rapidly with ~s &om 23 to 1800 GeV as shown by Abe
et al. [12], as well as that the previously observed Hat-
tening in the shape of the pz distribution with energy
continues up to ~s = 1800 GeV. As indicated above,
an individual analysis using together difFerent measur-
able parameters of air showers is a less dependent model
than a global analysis on the basis of only one measurable
parameter.

III. MAIN ASSUMPTIONS

A. Model of hadronic interaction

The understanding of high energy strong interactions
has been improved considerably during the last decade,
mainly due to the collider experiments at CERN and
Fermilab. However, a typical collider detector will regis-
ter 80—90% of all secondary particles, but these will only
carry 10—30% of the total energy, because the highest en-
ergy particles are emitted along the beam pipe and are
not detected. This blind spot where the highest energy
secondaries occur (called a &agmentation region) leads to
uncertainties in the knowledge of nuclear collisions which
is crucial to the analysis of cosmic ray phenomena, as
happens to the behavior of inelasticity of the hadronic
collision in the high energy region which is connected to
the validity of the scaling law in this region. That is to
say, the inclusive cross section 1/o;„, do;„,/dx depends
indirectly on the primary energy only through the pa-
rameter x, x = E/Ep, where E and Ep are the energies
of the secondary and primary particles, respectively, and

is the inelastic cross section.
The problem of the scaling validity in the &agmen-

tation region was investigated by the UA-7 experiment
[9], installing a silicon detector in Roman pots at CERN
reached at the Interacting Storage Rings (ISR) energies
up to ~s = 630 GeV, and they concluded that it holds
in terms of do /dy. While in terms of 1/(o;„,)do;„,/dy it
indicates scale breaking because the data &om the ISR
and UA-7 experiments must be divided on difFerent val-
ues o;„,which are distinguished by a factor of 2. A re-
analysis made in [10] shows that the degree of violation
of the scaling law is not strong in this region; in this case
the inelasticity decreases slowly &om K = 0.5 at ~s = 53
GeV to (extrapolated value) K 0.4 at v s 1.8 x 10
GeV.

Despite the uncertainties in the &agmentation region
(which must be included in the primary mass resolution),
the hadronic interaction implicit in the nucleus-nucleus
collision has been simulated with an "ln 8" extrapolation
of a model on the basis of accelerator data, the UA5
algorithm, reported by the UA5 Group [ll], which has
two parts, a GENCL code for no difFractive interaction
and a DIFFR code for a single difFractive interaction,
and reproduced pp collisions at ~s = 540—900 GeV as is
reported in the original paper [11].

The asymptotic form ln(s) used in this work is a rea-
sonable alternative for our objectives; once more, the in-
clusive cross section in pp collisions continues to increase

B. Nuclear effect

A;, = 760cr,.„& g/cm,

where 0;„ I is the inelastic cross section for hadron-
nucleon collisions and we used a Hillas's parametrization
[13] for the energy dependence of the inelastic cross sec-
tion:

o;„,( = op[1+ 0.0273&+ 0.01m e(e)] mb, (4)

with e = ln(2pp& v), harp
——32.2 for nucleon-nucleon colli-

sions, op = 20.3 for pion-nucleon collisions, and 0(e) is
the step function.

In the last several years, experimental data on high
energy heavy ion experiments have become available
through experiments at CERN, Fermilab, and BNL,
as well as through cosmic rays. We try to reproduce
nucleus-nucleus collisions by carrying out a Monte Carlo
simulation on the basis of these results. The code con-
sists of the following processes: attainment of the number
of intranuclear interacting nucleons in a nucleus-nucleus
collision, accounting for nuclear &agmentation processes
(see the Appendix), and, as already mentioned above, an
"ln 8" extrapolation of a model on the basis of collider
data to describe hadronic collisions.

It has been well established that the superposition
principle for nucleus-nucleus collisions is not valid strictly
but represents a good approximation, especially for
nucleus-air collisions. In this work the number of
wounded nucleons is generated through relation (10) (see
the Appendix), which includes Huctuations in the frag-
mentation process, the emission of n particles, evapo-
rated (or free) nucleons, etc. The results obtained with
this &amework are a little difFerent &om the results ob-
tained &orn the Glauber formalism as reported in [21]
where a comparison with experimental results is also car-
ried out.

Fluctuations beyond these values (even if they are
large) have very little inHuence on air shower develop-
ment, though, because all nucleons will interact in the
atmosphere sooner or later. Quantities such as the mul-
tiplicity of secondary particles, electromagnetic inelastic-
ity, etc. , should therefore be related to the participating
nucleons only, whereas spectator nucleons should be dis-
regarded (see Sec. VI for extra Huctuations).

For practical calculations of atmospheric propagation,
the cross section 0;„,~ is transformed into collision mean
&ee path, in the atmosphere A;, ; for instance, the mean
free path for nucleons in the atmosphere is carried out
by the formula
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f (x)dx = exp( —x /2o )dx, (5)

Figure 1 summarizes the energy dependence of inelastic
cross section for pp collision used in this work.

The following bias sources introduced by experimen-
tal constraints in the emulsion chamber are taken into
account: (a) The error of energy estimation is Gaussian-
type as

3
2

102 =
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with x = dE/E and 0 = 0.12E ~; (b) the typical
threshold energy Etb for E~ is around 1—2 TeV. How-
ever, in this work all calculations are made as a function
of Etb, and only those p rays inside a radius of 15 cm
&om the family center are considered.
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IV. SENSITIVITY TO PRIMARY' MASS
COMPOSITION

FIG. 2. Scatter plot between the family multiplicity N~
and the primary energy Eo/E&t, . The symbols are the same
as in Fig. 1.

In order to examine the sensitivity to the primary mass
composition of quantities measured as a hybrid detec-
tor we provide a direct test of the primary mass resolu-
tion of correlations between observed quantities dispersed
around the averages with the primary energy.

The dispersion PE~/Ett„N~, and PE~R~/g E~
around the average values are plotted as a function of
primary energy and shown in Figs. 1—3 for two extreme
cases: proton and iron, as primary particles. The aver-
age values of these quantities plotted as a function of the
primary energy and for several values of primary mass
are shown in Figs. 4—6 respectively.

From these figures we can see that the correlations of
the mean values of these quantities with the primary en-
ergy (above 50 TeV) are closed with power functions, and
present a sufficient primary mass resolution. So a careful
analysis extracts information on composition or, in other
words, identi6es the incident nucleus that generates the
individual shower.

On the other hand, hybrid experiments have shown
that it is possible to find correlations between quantities
observed in the emulsion chamber with their associated
EAS's of size N . In this work, N is traced via the Monte

Carlo method, down until their particle energies fall be-
low 0.1 TeV and &om this point down by an analytical
calculation based on electromagnetic cascade theory us-

ing the approximation B [14].
It has been well established that the air shower size N,

is a very stable estimator with a quite negligible ambigu-
ity of the primary cosmic ray energy on the observational
level, as far as we are concerned, the mountain experi-
ment, and related as

Eo ——a x N, (GeV),

with a 2.0—2.5; this factor weakly depends on Eo and is
almost independent of the nuclear collision model [15,4].
Shower size is also practically independent of the primary
cosmic ray composition. This important characteristic
can be observed through Fig. 7(a) and Fig. 7(b) where
the correlation between primary energy and shower size
is shown under the assumption of proton "normal" com-
position (P = 42'%%up, ct = 17%%up, CNO=14%, H = 14%,
VH = 13%%uc) and heavy dominant composition (P = 14%%uo,

ct = 8%%uo, CNO= 17%, H = 14/0, VH = 47'%%uo), respec-
tively, in the primary Aux.

Our calculations are in agreement with other indepen-
dent calculations, for instance, Saito's paper [4]. The few
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FIG. l. Scatter plot between the family energy P E~/Eit,
and the primary energy Eo/Eit, . Solid circles are for the pro-
ton as the primary particle and squares are for iron as the
primary particle. Solid lines represent average values.
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FIG. 3. Scatter plot between the family lateral spread

P E~R~/ P E~ and the primary energy Eo/Eit, The sym-.
bols are the same as in Fig. 1.
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events with large fluctuations observed in Figs. 7(a) and
7(b) are identified as coming from proton primaries, be-
cause some protons can penetrate deep in the atmosphere
and even if they have high energies are accompanied by
"young" showers with small size (N, ).

It was found that at Chacaltaya the Eo(GeV)/N, dis-
tribution is nearly like the narrow Gaussian with mean
2.0 and standard deviation of 0.25. This characteris-
tic as well as the linear correlation expressed in (6) is
a consequence that at mountain altitude the air shower
is detected before it enters in the attenuation stage. For
instance at Chacaltaya the age shower parameter 8 is
almost independent of the shower size and the average
value measured is 8 = 0.751—0.823 with a standard devi-
ation between 0.037 and O.l in the region of N, = 10 —10
[16] and the shower attenuation happens only to s ) 1.

In other words, the depth of the shower maximum at
these energies is higher in the atmosphere than the Cha-
caltaya level (5220 m above sea level or 540 g/cm of
atmospheric depth). These results are also consistent
with measurement by the Fly's Eye detector [17] where
the depth of the maximum distribution X „ofshowers
begins only at 500 g/cm2 of atmospheric depth and their
average values (X „) increase with the primary energy
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from 645 g/cm at 10 ' E eV to 770 g/cm at
10~.3E eV.

V. 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 &om observable shower quantities as
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and (A+ AA), for fixed observed quantities PE~, N~,
and P E~R„/ g E~ can be obtained via the Monte Carlo
inethod. For instance at a fixed value of PE~/Eth
we can scan all possible values of A (mass number) in
a determined primary energy region; the same proce-
dure can be made using the other two observable quan-
tities. In this case, an analytical treatment to obtain
the joint probability is very hard. Therefore, it can be
made graphically, because a function of two variables as
P(Eo,A) can be represented by level curves or contour
lines.

If the primary nucleus has an energy Eo and a mass
number A, the joint probability P(Eo,A) will have a rel-
ative maximum at Eo and A. Thus, in principle, it is
possible to estimate the energy and mass of the primary
nucleus.

A further complication is the following: It can happen
that as P(Eo,A) is a continuous function. , then P(EII,A)
may have several critical points. While every relative
maximum occurs at a critical point and consequently
the joint probability can have two or most points (Eo,A)
where the P(Eo,A) has a relative maximum, in this case,
which one is the real point? Probably the higher value
of P(EII,A) is related to the real values of Eo and A.
However, it is not always possible to use this criterion.

There is another way to find the real point (Eo,A) when
P(Eo,A) has two or more inaxiina and it can be achieved

measured by a hybrid detector was developed on the basis
of a method reported by Adachi et al. [18]. The method
is fully used to get a useful clue to the estimation of
the energies of p rays and their production heights, &om
observable quantities of the electromagnetic cascade as
observed by the emulsion chamber.

We make a blow up of this method to the case of pri-
mary nuclei initiating showers, even knowing that the
stochastic nature of the atmospheric processes smears out
the identity of the incident primary particle. However,
as already shown in the last section, with Monte Carlo
simulations one can derive average quantities and also
investigate the Huctuation phenomena.

The method makes it possible to examine the struc-
ture of showers starting &om some observable parame-
ters. It is, therefore, important because it permits one
to derive other parameters which cannot be measured in
direct form as primary nuclear mass.

Let the nonobserved quantities, the energy Eo and the
mass number A, of a primary nucleus start a shower. The
joint probability

P E, A; E, N, EB E LEOLA

of finding Eo and A at prescribed intervals (Eo + AEo)
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as follows: The observed quantities as measured by a hy-
brid detector are P E~, N~, and g E~R~/ g E~, while
we also have another observable quantity, that associated
with air shower size. As already shown in Sec. IV, N is
a stable and an almost model-independent estimator of
primary energy. Thus, we can choose the maximum point
(Eo,A) sufficiently close to Eo estimated as Eo ——2.0N, .

To get a better understanding of the situation Figs.
8(a), 8(b), 8(c), and 9(d) show the relative probability
density P(Eo, A) dAEodAA at fixed values of P E~/Eth,
N~, and P E~R~/ P E~ for showers initiated by the pro-
ton, a, CNO, and iron, respectively.

VI. ACCURACY IN DETERMINATION OF THE
MASS

In order to obtain the accuracy of the above-described
method a random selection of 100 simulated events for
each type of primaries (proton, helio, CNO, heavy, and
iron) was made, corresponding to around 3000 m2 yr of
exposition at Chacaltaya, and one can examine whether
shower measurable quantities of the concerned event are
consistent with a common origin &om a primary nucleus
with energy ED and mass number A.

Distributions of the difFerence between A„t,. q,g and
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At, „, are shown in Figs. 9(a), 9(b), 9(c), 9(d), and 9(e)
for the five types of nuclei, respectively. The accuracy
test carried out &om these figures shows that very-light
(proton) particles as well as very-heavy particles (iron)
initiating showers can be identified with an accuracy bet-
ter than 45'%%uo, while the accuracy by intermediate nuclei
identification decreases; we found 34% for n particles,
35'%%uo for the CNO group, and 26%%uo for the heavy group,
respectively. In short, we estimate the accuracy of the
method to primary mass identification better than 36%%uo

on average; this value includes 12'%%uo of events that were
discarded because they presented a high ambiguity in
their interpretations.

Using the same procedure as shown above and now
used for primary energy resolution, we found that the air
shower size is a very good primary energy estimator with
an accuracy better than 87'%%uo, while the primary energy
estimation &om joint probability has an accuracy better
than 69% on average showing that the present method is
reliable.

Furthermore, other kinds of fluctuations especially ref-
erent to a nuclear collision in the forward (fragmenta-
tion) region, as well as the nuclear target effect, have to
be taken into account, to obtain a more accurately mass
resolution.

Admitting an uncertainty between a scaling hold and
a mild scaling break in the forward region as expressed
in Sec. IIIA, as well as a binomial distribution for the
average interacting nucleon (wounded nucleon W~) dis-
tribution with probability (N )/N 0.5 where K
is obtained using the relation (10) of the Appendix, we
have found that the joint probability method permits an
accuracy better than 27'%%uo to the determination of the
primary mass.

VII. CONCLU SIONS

it is the same method used for the primary mass esti-
mation. The knowledge of the primary nucleus energy
through the shower size N is crucial to a useful use of
the method, because ambiguities in the interpretations
of the joint probability function can be avoided.

On the other hand, in the last section, it was shown
that the accuracy of the method to primary mass identi-
fication is better than 27% on average; this value is high
enough to resolve the discrepancies in primary composi-
tion assumptions or, in other words, confirm a dominant
proton or iron composition in the primary cosmic ray
particles, in the region of 10i4—10i~ eV.

The method can also be adapted for other types
of calorimeter, for instance, a tracking module with
streamer tubes, installed. in the central part of a gigantic
EAS array. This new design can amplify the study of the
chemical composition of cosmic ray particles above 10
eV.
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APPENDIX

1. Multiple collision model in nucleus-nucleus
interactions

In this work we have shown that using a new genera-
tion of sophisticated air shower detectors called "hybrid
detectors, " an emulsion chamber in the central part of
an extensive air shower array at mountain altitudes, it
is possible that showers can be classified according to
the mass of the primary cosmic ray nuclei, in the energy
range &om 10 to 10 eV.

Shower quantities as measured. by a combined experi-
mental apparatus can find a break-through in con&onting
the difBculties of EAS and emulsion chamber studies be-
cause even the dispersion of the observable quantities
P E~/Eth, K~, and g E~B~/ g E~ around their av-
erage values are great when plotted as function of the
primary energy. The correlations between the mean val-
ues (g E~/Et;i, ), (N&), and (g EzB~/ P E~) with the
primary energy presents a primary mass resolution big
enough to permit an analysis of individual events.

An advantage of this method is that the primary en-
ergy can be estimated from two independent modes: (a)
from the air shower size N, and (b) from the joint prob-
ability together with the nuclear primary mass. This
peculiar characteristic can be used to check the accuracy
of the method that uses the joint probability, because

(N )=A (A1)

and the mean number of nucleon-nucleon interactions,
N, ~~, in nucleus-nucleus interactions is related as

A nice analysis of Glauber's formalism is carried out
in [20]. They show that (when the target nucleus is ni-
trogen) despite the fact that the N', ii distribution has
a width larger than the 1V distribution (at large val-
ues of 1V, ii), both distributions have a maximum at one
wounded nucleon and. both also decrease rapidly, i.e., for
peripheral collisions. Thus, if the target nucleus is light
or semilight, for practical calculations the N, ~I distri-
bution can be obtained by the use of N distributions,
except for very large values of N, ~~.

In this work the number of participating nucleons in

According to the standard Glauber formalism [19], for
nucleus-nucleus (AB) collisions, the average number of
participating nucleons in the projectile nucleus (wounded
nucleons, N ) is
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the projectile nucleus is obtained on the basis of ex-
perimental data [21], from both cosmic ray ( 1 TeV/
nucleon) and machine ( 200 GeV/nucleon ). According
to this scheme, the wounded nucleons is expressed by

N = A —A' —4N

for the process

with

o 2 = o.o2&'(& —A')/(A —1), pro ——90 MeV/c. (A6)

The production rate of a particles, %, is obtained
through the use of a Poisson distribution

(A7)

A+ B = A'+ anything . (A4)

g(PI)dPI = exp( PI /2o—)dPI/4v. ro2, (A5)

The &agmentation probability of the incoming nucleus
A in A' (with A' ) 4) when the target nucleus B is the
air (nitrogen or oxygen) nucleus is taken according to
a numerical table summarized by Tsao, Silberberg, and
Letaw [22] and for the momentum distribution of frag-
ments a model with minimal correlation among nucleon
moments proposed by Goldhaber [23] is used, where the
distribution function that reproduced experimental data
is expressed as

with (N ) given by Freir-Waddington data [24], and for
the free nucleon (Nt„, ) distribution a function reported
by the JACEE Group [25] is used and expressed as

f(x)d(x) = 2xdx (AS)

with

x = Nt„, /(A —A' —4N ). (A9)

The results obtained within this framework are a lit-
tle different &om the results obtained &om the Glauber
formalism as reported in [21] where a comparison with
experimental results is also carried out.
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