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The study of cosmic rays at primary energies Eo > 10'* eV requires the detection of the different components
of Extensive Air Showers through ground based stations. EAS-TOP is such an array (located at Campo Imper-
atore, 2000 m a.s.l., National Gran Sasso Laboratories), including detectors of the electromagnetic, muon (E, =
GeV at the surface, and E, =~ TeV in coincidence with the detectors operating in the underground Gran Sasso
Laboratories), hadron and atmospheric Cerenkov light components. The combined operation of the detectors is
discussed from the point of view of the capability of measuring the cosmic ray primary spectrum and composi-
tion. The main lines for checking the significant features of the high energy hadron interaction model used for

the interpretation of the data are outlined.

1. INTRODUCTION

At primary energies above Eq =~ 10'* eV the
cosmic ray primary intensity becomes too low
(I(> Eo) =~ 0.27(Eo/10"eV)=1 %/ m? hr sr) to
allow statistically significant measurements of the
primary spectrum and composition through the
direct calorimetric experiments operating on bal-
loons or satellites. Measurements have therefore
to be performed through the detection of the sec-
ondaries (Extensive Air Showers, EAS) that the
primary cosmic rays produce in tleir interactions
in the atmosphere.

Mayor problems of such measurements are con-
nected with:

- the necessity of defining the “beam™ geome-
try;

- the nature of the observation. at fixed atmo-
spheric. i.e. target, depth;

- the steepness of the primary spectrum;

- the lack of direct knowledge of the features of
secondary production in hadron interactions (p-p
and p-A: cross sections, correlations and fluctua-
tions) in the energy range and kinematic region
of interest;

- the low event rate at the highest energies.

As main consequences:

- long observation times are required, with high
stability detectors (often conflicting with their en-
vironmental locations. possibly at mountain alti-
tudes);

- measurements are strongly affected by fluc-
tuations, so that, to create a “minimum bias”
sample, different EAS components have to be
recorded:

- such a requirement is strengthened by the
need of having the additional informations nec-
essary to check the main features of the hadron



interaction model used to interpret the data.

Obviously, the requirement of the contempora-
neous detection of different EAS components re-
duces the statistical sample, especially in the case
of high energy secondaries, for which the detec-
tion of the core region is required, or of Cerenkov
light observations having a reduced duty cycle.
Such events are however of main significance for
the interpretation of the full data set.
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Figure 1. The EAS-TOP array.
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Figure 2. The EAS-TOP array location with re-
spect to the underground Gran Sasso laborato-
ries.

The EAS-TOP array [1] (Campo Imperatore,
2000 m a.s.l., 810 g cm~2 atmospheric depth,
National Gran Sasso Laboratories) has there-
fore been planned to detect the electromagnetic
(e.m.), muon (Efev: E, > 1 GeV), hadron, at-
mospheric Cerenkov light, radio emission compo-
nents of Extensive Air Showers. Moreover, its
location has been chosen to have the further pos-
sibility of running in coincidence with the muon
detectors operating inside the deep underground
Gran Sasso laboratories (EIEV: E, > 1.4 TeV).

We will discuss here the characteristics of the
individual detectors and the performances of the
full array in the event reconstruction, concerning
the geometry and the characteristics of the cas-
cades relevant for the studies of primary compo-
sition, and the checks of the models used for the
high energy processes. While, of course, the full
interpretation of the data is performed through
a complete program of simulation, including the
cascades in the atmosphere and the detectors re-
sponses, we will outline here the main significance
of each individual measurement.

2. THE ARRAY AND THE METHODS

The array structure is shown in fig. 1 and fig.
2, also in connection with the underground Gran
Sasso laboratories.

2.1. The e.m. detector

The e.m. detector {2,3] is made of 35 scintilla-
tor modules (10 m? each, 4 em thick, divided into
16 individual units), organized in circles (of radii
r= 50-830 m) interconnected with each other. for
trigger and data taking organization. The events
used in the following discussion are those with at
least 7 detectors fired (one located at the center
and six on the quoted circle), and the maximum
particle density recorded by a module internal to
the edges of the array. The EAS arrival direction
15 obtained through the times of flight among the
different detectors, measured with 0.5 ns sensi-
tivity, the precision in the response of the single
scintillator to a single particle being 6t = 1.3 ns.
The accuracy in the measurement of the arrival
direction, obtained through the internal consis-
tency of the data, is shown in fig. 3, as a function



of the shower size N.. These resolutions are ver-
ified in celestial coordinates (thus including pos-
sible systematic effects) by the observation of the
“shadow” cast by the moon on the flux of the pri-
mary cosmic rays [4]; this is shown in fig. 4, and
provides a resolution of o, = 0.83 £ 0.10° [5] for
all events and vertical incidence, thus confirming
the data reported in fig. 3.

Also shown in fig. 3 is the resolution obtained
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Figure 3. The angular resolution of the e.m. de-
tector; the dotted line represents the resolution
for events with core location in the central part.

for events with core internal to the second ring of
modules. For large shower sizes (in order that de-
tectors located at about 140 m from the core are
fired too) the saturation in o, is removed. and an
accuracy oo & 0.2° is achieved at N, =~ 10°.

The shower size N, and the core location are
obtained from the fit to the recorded particle den-
sitles. The resolutions are obtained by means of
simulations that include all experimental uncer-
tainties [2,3]. The results are shown in figs. 5 and
6 (the resolution on core location has been exper-
imentally verified by means of the coincidences
with the deep underground muons recorded by
MACRO [6]). The resolutions correctly improve
with increasing shower size. saturating at N, =
10%, due to the saturation of the photomultipli-
ers recording the particle density nearest to the
core. In the same figure the resolution obtained
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Figure 4. The "moon shadow™. The ordinate
represents the fractional difference between the
number of counts recorded inside a cone of aper-
ture a around the center of the moon and those
measured in two reference regions.

by removing such saturation is also shown, lead-
ing to values of: o N, /N, < 10% and 6, = 0, < 2
m. The fluctuations of the electron number, for
primaries of fixed energy and mass number (e.g.
protons). is AN, /N. =~ 20% for N, = 10° (i.e.
Eg = 3.10'3 eV, corresponding to the “knee” of
the primary spectrum); the experimental resolu-
tions are thus smaller than such intrinsic fluctu-
ations.

Resolutions of o, = 0.2° in the arrival angle,
and . =~ 2 m in the core location allow the lo-
calization of the core of the shower at the depth
of the underground laboratories with accuracy of
about 4 m, 1.e. smaller than the dimensions of
the already existing detectors [8,9] and in general
of the halls of the underground Gran Sasso lab-
oratories. This partly allows to remove the need
of integrating over the core locations in the anal-
ysis of coincident events, and moreover provides

!The simulated EAS data have been obtained by means
of the CORSIKA code [7]. Since the scintillators provide
a measurement of “energy losses” rather than of “particle
numbers”, the response of the e.m. array has been cali-
brated in primary energy on a 10-50 GeV positron beam at
CERN. To have the possibility of comparison with other
experiments. the quoted N, values have been converted to
represent the “total number of charged particles” as usual
in EAS experiments.
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Figure 5. The shower size resolution. The full tri-
angles show the resolution obtained by removing
the saturation near the core.
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Figure 6. The core location resolution (see also
capt. of fig. 3).

a physical significance to individual events with
low numbers of detected muons.

2.2. The muon detector

The muon detector [10] consists of 9 active
planes interleaved by 13 cm thick iron absorbers.
The surface of the detector is 140 m® and the
height 2.8 m. Each plane is made of two lay-
ers of streamer tubes for muon tracking and one
layer of proportional tubes for hadron calorime-
try (see sect. 2.4). Every tube has 3 x 3 cm? sec-
tion and 12 m length. The tracks X coordinates
are obtained by the signals of the anode wires,

the Y ones by the induced signals on strips (3
cm width) placed orthogonally to the wires. The
muon energy threshold is E, =~ 1 GeV for ver-
tical incidence, the resolution (i.e. the difference
between the numbers of visible and reconstructed
muons with at least 6 wires and strips fired) is
ANt /NZet < 4.3% up to N4 = 30, and, con-
cerning the angles, A8, =~ 0.6°. Since the core
is located by the e.m. array, by using the mea-
sured average l.d.f., the total muon number N,
can be obtained; the accuracy is AN, /N, =~ 20%
at N, =~ 10°.

The effective muon sensitive area 1s increased
by 10 m? scintillator detectors positioned below
13 e.m. modules, each shielded by 30 cm of iron.

The primary mass (A) affects the N.-N, rela-
tion as in the following:

Ny m k- APINDS

This holds for all muon energies E,, provided
that E, << Ep/A. Measurements with different
muon energies (i.e. muons produced at different
stages of the EAS development, or in quite dif-
ferent kinematical regions) provide therefore an
important tool to check the hadron cross section
used. First data concerning the analysis of the
.\':-.\'SE" data in terms of an interaction and a
composition model are reported in [11,12]

2.3. The coincidences with the deep under-
ground muon detectors

The deep underground detectors LVD [8] and
MACRO [9] have surfaces respectively 455 m?
(182 in operation) and 907 m?: the energy thresh-
old for muons reaching their depth (1100 m, 3400
m water equivalent) is E!{} ~ 1.4 TeV. Data of
the e.m. and Cerenkov EAS-TOP detectors have
been reported in coincidences with both under-
ground detectors [6.13-15]. The analysis of the
EAS-TOP and MACRO data has shown that the
cosmic ray composition is mixed with the pres-
ence of both heavy and light components both
below and above the “knee™ [14] (the quoted N,-
NGe' [11.12] and these N.-NT¢' data lead inde-
pendently to similar conclusions).

We want here to discuss the main significance
introduced by the threefold coincidence analysis
Ne-NGV-NT¢" in the understanding of individ-
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Figure 7. Average TeV muon numbers vs. shower
size for different primaries.

ual events. In fact, from the underground data,
events due with high probability to heavy (iron
type) or light (p, He) primaries can be selected
from their high muon multiplicity as compared
with their shower size (as e.g. above the iron line
in fig. 7) or their high energy in a single muon (see
fig. 8). Such events are analyzed at the surface
as shown in fig. 9. where the relation N'e-z\'ﬁ"ev 1s
shown for p and iron primaries of fixed primary
energy. The underground selection can be con-
firmed or rejected, providing thus a constraint to
the role of fluctuations and of the uncertainties
of the interaction model. As we can see from fig.
9, the fluctuations in N, for fixed primary energy
and eg. A = 56 are AV, /N, = 20%, the sep-
aration between proton and iron primaries being
~ factor 2. A resolution better than AN, /N, is
thus required to perform a measurement on indi-
vidual events. Such statistical accuracy (= 25 de-
tected muons) at a typical distance = 100 m from
the EAS core is now achievable with the EAS-
TOP detector at primary energies Eg > Egpee.

2.4. The calorimetric detector
The GeV muon tracking structure operates as
a calorimeter by means of the active lavers made

0

u), (aw.)
(=]

s

NESE
<

[*)

—r-ryvimey

ey

1 =3 ] 2
10 10
Muon Elnergy Eu (II%V") 10

Figure 8. Energy spectrum of muons recorded by
a detector located in the deep underground Gran
Sasso Laboratories for shower size 10° < N, <
2.10° at the surface.
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Figure 9. N.-N, relation calculated for fixed pri-
mary energies and different primaries.

of tubes operating in “quasi proportional” mode
(wire thickness 30 pm. V = 2900 V). The infor-
mation is read through pads of dimensions 38 x
40 em®. The resolution for energy measurement
of high energy hadrons is AER/E, =~ 30% at
Ey ~ 1 TeV. The main informations of interest
in this context, for showers with the core hitting
the detector, are: a) the measurement of the total
energy content in the high energy component in
the core (i.e. energy not transferred to the e.m.
and muon components as measured at large core
distances). and its absorption characteristics; b)



the measurement of the higher energy hadrons; c)
the detection of peculiar events as e.g. the mul-
tistructured events correlated to large P secon-
daries produced in hadron interactions [16]. Both
informations a) and b) provide selection criteria
for given classes of primaries. Rather than on
the energy released to the higher energy compo-
nent as for the criterion discussed in sect. 2.3, the
present ones are based on the energy "retained”
by the incoming primary, and therefore on differ-
ent features (total cross sections and inelasticity)
of the high energy hadronic process.

2.5. The atmospheric Cerenkov light de-
tector

Figure 10a.

Figure 10b. Cerenkov light images as observed
by two multichannel detectors (a.b) close to each
other and with parallel fields of view.

Tlie main tool for removing the limitation due
to the observation at fixed atmospheric depth is
provided by the detection of optical emissions in
the atmosphere (fluorescence or Cerenkov light).
Fluorescence light can be exploited at primary
energies Eg > 10!7 eV. At our energies, Cerenkov
light {C.l.} provides the tool for such information,
and therefore for the information about the lon-
gitudinal development of the shower, that is also
related to the rate of energy release in the atmo-
sphere and therefore to the primiary composition
[17]. A first information can be obtained from the
relation Q/N, (Q=total C.I. yield, whose mea-
surement is still dependent on the effective l.d.f.
of the C.1. signal). A direct information on the
longitudinal EAS development can be obtained
from the localization of the altitude of production
of the light. This is realized through the deter-
mination of the depth of production of the max-
imum light intensity by means of angular mea-
surements of its direction performed at different
core distances®.

The Cerenkov light detector of EAS-TOP is made

e

B * |
s . !
gsk |
L
Y |
E sl
F .
w2ast
wa-
nATEn -
" :‘:—
i ——
LR Ll
I"lu 1m0 :glm _hlln A £ [T 11‘:- L) LU L
N

Nohe
Figure 11. Accuracy in the reconstruction of the
direction of the maximum C.l. intensity from a
single observation point, as a function of the total
number of collected photoelectrons.

2The relation between the average depth of shower max-
imum < Xp >, the primary energy E, and the mass
number A is: < Xy, >= C + D [n(E,[10"%eV]/A), where
C and D depend on the interaction model (€' = 600 g
e~ and D =30 g em™3).



Table 1

Main informattons obtained from the multiple measurements performed at EAS-TOP (the energy ranges,
besides the physical processes, are determined by the statistics).

Type of observation

Energy range (eV)

Physical information

N, — NGV 101 —5.10™ Composition
N.— NIV 10 — 1018 Composition
Ne— NGV — NT<V 10% — 5.101!3 Comp.+ Int.
N, — NuGeV-C.I.img. 1014 - 10'3 Comp.+ Int.
N, + NZSV+C.I.L0L < 1013 — 0™ Int. (+ Comp.)
N, + NuGeV-i-Calorim. 10" - 5.10%° Spectrum + Comp.

of eight telescopes, positioned at = 100 m from
each other (see fig. 1). Each of them houses
three mirrors. 90 cm diameter and 67 cm focal
length. One of them is seen by a multichannel
photomultiplier (NP 1704, 96 pixels with fields of
view 4.4 - 1073 sr each), for image studies. Two
of them are seen by arrays of 7 photomultipliers
for a full field of view of 5- 1072 sr. for measure-
ments of the total Cerenkov light signal, and wide
acceptance for operating in coincidence with the
e.m. and muon detectors. Examples of Cerenkov

Figure 12. The volume of atmosphere sensitive
for the study of the EAS development as seen by
the overlapping fields of view of the imaging C.I.
detectors (A,B,C; drawing not on scale).

light images as obtained by two imaging detectors
mounted on the same support and with parallel

optical axis are shown in fig 10 (a.b). The accu-
racy in the reconstruction of the direction from
which the maximum of light is detected. is shown
in fig. 11 as a function of the total number of col-
lected photoelectrons [21]. It depends on the to-
tal number of detected photons as expected from
the poissonian fluctuations, and it saturates at
< 0.2°. Such accuracy implies for the determina-
tion of the height of EAS maximum. with & ob-
servation points, a resolution of about 40 g cm™?
(the average difference in the depth of EAS max-
imum for proton and iron primaries is =100 g
em™?). With the present fields of view. in two
vears of data taking. the energy range up to 10'?
eV can be studied. A detection scheme is shown
in fig. 12: the effective sensitive volume of atmo-
sphere has surface S = 10* m?, from h,,in = 2000
m above the detector to lina, = 7000 — 8000 m
where the resolution is reduced of a factor =~ 2
(the relevant heights of interest are between 3000
and 6000 m above the detector).

As shown by the event reported in fig 10, the
agreement between the full images recorded by
the two detectors is fairly good. thus showing that
additional informationscan be extracted from the
number of photoelectrons recorded by individual
pixels [21]. In fact the fluctuations in the mea-
surement of the photoelectron content of each
0.2° x 0.2° pixel is = 20% beside poissonian fluc-
tuations.

From another point of view, the majority of
muons recorcded by the deep underground de-
tectors are procduced by primary protons of en-
ergy Eg = 5 TeV. At such energies only pri-
mary protons. whose flux is known from the direct
measurements. can contribute to the TeV under-



ground muon flux. The atmospheric Cerenkov
light yield associated to the TeV muons provides
therefore a new tool for calibrating the simula-
tions and checking the cross section for pion pro-
duction in the forward region at E, = Ey/4. The
performed tests [13,15] have shown that the mea-
surement is possible. Eg is measured with ac-
curacy =~ 20%, and at higher energies the data
are sensitive to the ratio "alfa/p” in the primary
beam {22].

3. CONCLUSIONS

By means of the multiparametric EAS-TOP ar-
ray operating at the Gran Sasso laboratories, also
in connection with the deep underground muon
detectors, well defined samples of high energy
cosmic ray events are obtained in different en-
ergy ranges. This allows to face specific items in
the spectra-composition- interaction models puz-
zle concerning the cosmic ray radiation around
the "knee” of the primary energy spectrum. The
fields of main significance of the different mea-
surements are summarized in tab. 1.
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