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Abstract

The cosmic ray energy spectrum in the range Eo = 10"°-10' eV (including the region of the steepening, “knee”) is
studied by means of the EAS-TOP array (Campo Imperatore, Gran Sasso Laboratories, atmospheric depth 820 g cm™2).
Measurements of the electromagnetic size (N, = total number of charged particles at the observation level) are performed
as a function of zenith angle with statistical accuracies of a few percent. The change of slope of the spectrum is observed
in each bin of zenith angle at size values decreasing with increasing atmospheric depth. Its attenuation is compatible
with the one of shower particles (A, = 219 4+ 3 g cm~2). This observation provides a consistency check, supporting a
normal behaviour of showers at the break, that make plausible astrophysical interpretations based on an effect on primaries
occurring at a given primary energy. The break has a “sharp” shape (i.e., within experimenta errors is compatible with
two intersecting power laws) that represents a constraint with which any interpretation has to match. The change of slope of
the power law index reproducing the size spectrum is Ay = 0.404 0.09. The derived al particle energy spectrum is in good
agreement with the extrapolation of the direct measurements at low energies and with other EAS data at and above the knee.
Power laws fits to the energy spectrum below and above the knee give (in unitsof m™2 s™t s~ TeV~1) S(Fp) = (3.48+
0.06) x 10~%0( Eo/2300) ~27+0% for 900 TeV < Eo < 2300 TeV and S(Eo) = (3.77 4 0.08) x 10~ ( Eo/5000) ~319+0.6
for 5000 TeV < Ep < 10* TeV. The systematic uncertainties connected to the interaction model and the primary composition
are discussed. © 1999 Elsevier Science B.V.
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1. Introduction

The measurement of the spectrum and composi-
tion of cosmic rays at high energies is till an open
problem in High Energy Astrophysics, thus limiting
the possibilities of setting a firm experimental basis
to the problem of cosmic ray origin and propaga-
tion. Thisis particularly the case at primary energies
Ep > 10¥ eV, where, due to the low fluxes, @ ~
5x 102 particles-m—2sr— day 2, the data have to be
obtained through indirect measurements, i.e. the ob-
servation of Extensive Air Showers (EAS). But even
the direct data obtained at lower energies by experi-
ments operating on satellites or balloons suffer from
statistical limitations and from methodological prob-
lems when measurements are not calorimetric.

The energy range Ey ~ 10%-10% eV is of fur-
ther interest since it is characterized by a break in the
shower size spectrum [1], interpreted as a change in
the cosmic ray primary energy spectrum (“knee”).
Such “astrophysical” interpretation is how supported
by observations of the break in the spectra of the
electromagnetic [2-4], muon [3,4] and Cherenkov
light [5,6] componentsof EAS. Different physical ori-
gins have been proposed for the interpretation of such
break, leading to different predictions on the spectra
of the different primary nuclei [7-10].

It is now important to perform measurements con-
necting the direct and the EAS experimental regions,
and determine the characteristics of the break with
good dtatistical accuracies, to derive its shape in en-
ergy and the possible corresponding changes of pri-
mary composition.

Moreover, at the energies of interest, we have no
direct information on the hadronic cross sections for
secondary production relevant for the interpretation
of measurements. Extensive Air Showers experiments
have therefore further to confirm that the “knee” it-
self is not due to a change of the hadronic physics,
and provide a verification of the hadronic interaction
models used to analyze the data.

From the experimental point of view, an exhaustive
understanding of the problem requires the contempo-
raneous detection of the different EAS componentsin
order to identify both the nature and the energy spectra
of the primaries. Most of the information has been ob-
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tained, up to now, through the detection of the electro-
magnetic component that provides the measurement
of the total number of ionizing particles (N, = shower
size, see Section 2). This technique has mainly con-
tributed to the construction of the cosmic ray primary
energy spectrum at high energies and to the observa-
tion of the quoted steepening.

The EASTOP experiment at Campo Imperatore
(National Gran Sasso Laboratories) has been planned
to perform complete observations of the atmospheric
cascades through their different components (electro-
magnetic, muon, hadron, Cherenkov light, radio emis-
sion, with the further possibility of measuring in co-
incidence with experiments operating in the deep un-
derground Gran Sasso laboratories, detecting the TeV
muon content) .

In this paper we present and discuss the results ob-
tainedin the study of the e.m. component (preliminary
results were already presented in [3,11]), namely:

- the experimental data on the size spectrum around
the knee;

- an analysis of the dependence of the parameters of
the size spectra versus the atmospheric depth;

- theconversion of the size spectrumtotheall particle
energy spectrum;

- acomparison of the measured spectra with the ex-
trapolations of the direct data.

2. The experiment and the analysis

The EAS-TOP array is located at Campo Impera-
tore, 2005 m a.s.l. (abovethe underground Gran Sasso
laboratories), at 820 g cm~2 atmospheric depth. Its
electromagnetic detector [12] is made of 35 scintil-
lator modules, 10 m? each, separated by 20 m in the
central region and 80 m at the edges of the array (see
Fig. 1). In this work we will deal with four runs: run
(1) with 29 active modules and runs (11)-(1V) with
35 modules in operation (each run covers about four
months of data taking, with pressure variations o, ~
5 g cm~2). Each module is split into 16 individual
scintillators (80 x 80 cm? area and 4 cm thickness);
the accuracy in the particle density measurements is
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Fig. 1. The EAS-TOP array. (a) and (b) are the fiducial areas for
the spectra measurements in run (1) and (11)-(1V), respectively
(see text).

and linearity up to 400 particles m—2. The time reso-
lution, for single particles, is Ar < 1.4 ns.

Event selection for the present analysis requires
at least 6 (or 7) modules fired (with threshold, for
each module, set at 1/3 of the signa due to a mini-
mum ionizing particle) and the highest particle den-
sity recorded by an inner detector, i.e. a detector not
located at the edges of the array. Arrival directions
are obtained from the time of flight technique with an
accuracy, for the quoted events, of oy = 0.83° that
improvesto o, = 0.5° for events with N, > 10°.

The core location, the slope (s) of the lateral distri-
bution function (Idf in the following) and the shower
size are measured by means of a minimum y? fit to
the theoretical NKG Idf [13],

s—2 s—4.5
p(r) =N, —C(Zs) (%) (1+ L) m=2 (2

I’O ro

with normalization factor C(s) = 0.366s%(2.07 —
$)1% and Moliére radius ro = 100 m.

To check the NKG formula fit to the experimen-
tal data, average ldfs have been measured in different
size intervals. Fig. 2 shows the results of such mea-
surements and of their fits through expression (2): the
agreement is good in every size interval; maximum
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Fig. 2. Experimental average lateral distributions in different inter-
vals of shower size and their fits to the NKG formula. The solid
lines represent NKG Idfs with s = 1.21.

differences are within 10% for large core distances.

Theaccuracy in the measurement of the shower size
has been obtained by analyzing simulated data, includ-
ing the experimental dispersion (1). The dependence
of AN, /N, with N, is shown in Fig. 3, being ~ 10%
in the region of interest for the present analysis. The
whole reconstruction procedures and accuracies are
fully discussed in Ref. [12].

The consequences of possible inaccuracies of the
NKG |df on the determination of N, and s have been
investigated, using both a different value of rg, as
suggested in Ref. [14], and a modified Idf [2]. The
maximum systematic differences are: As < 0.2 and
AN,/N, < 6%. The maximum systematic uncertainty
in the determination of N,, due to the differences be-
tween the measured |df and the theoretical NKG for-
mula (see Fig. 2), iSAN, /N, < 3%.

The analysis is performed in units of vertical min-
imum ionizing particles (m.i.p., whose mean energy
loss in the scintillator is 8.23 MeV), obtained experi-
mentally, for calibrations, from single particle spectra
(measured triggering each module in single mode).
The shower size expressed in units of m.i.p. (Neyip)
is converted to total number of charged particles ( N,
defined as the number of charged particles with en-
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Fig. 3. Accuracy (AN./N.) inthe determination of the shower size
vs N.. Events have been simulated with zenith angle 6 between
0° and 40°; no dependence of the reconstruction accuracy on 6
is observed in such range.

ergy E > 0 following Greisen expression [15]) tak-
ing into account the transition effect in the scintil-
lators. This has been studied by means of simula
tions of the shower development in the atmosphere,
in the detectors and in their housing, based on the
GEANT code [16]. Further, it has been verified by
means of a test performed, with the same scintilla-
tors and electronics operating on the field, at a CERN
positron beam up to E,+ = 50 GeV. Up to zenith angle
6 = 40° the relation between Ne,,;, and N, is N, =
Neyip/1.18.

The trigger efficiency has been studied by smulat-
ing the array response as a function of zenith angle
(#) and shower size (including all experimental dis-
persions and triggering conditions). For events with
core inside the fiducial areas (a) or (b) (referringto
Fig. 1 for dataacquired during runs (1) or (11)-(1V))
and N, > 10°2, the trigger efficiency is greater than
95%, independent of @ (for & < 40°). All further
analysis will therefore involve only events with N, >
10°2 and core inside these areas; fluxes are corrected
for the calculated trigger inefficiency.

Using the same simulation, the distortions of the
shower size spectrum introduced by the event recon-
struction have been studied. A trial spectrum (e =

7
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number of eventsinside 12% size bins) generated with
a unique power law index is compared with the spec-
trum resulting from the whole data processing (e =
number of eventsreconstructed in the quoted sizebin).
Imc/ Iex does not appreciably depend on the slope of
the trial spectrum (for 2.7 < y < 3.1) and its varia-
tion with N, is

I
T =0.934+0.148log N

e Ne
™ 1 0.106 log? o

This expression is used to correct each bin content
of the measured spectrum. The accuracy of the whole
procedure allows us to obtain a measurement of the
differential flux with systematic effects, due to the
reconstruction procedure, not larger than 3%.

For the present analysis 256 days lifetime are used
(corresponding ~ 1.4 x 10’ events). The dead time
due to the data acquisition is 6%. Only events with
0 < 40° and core faling inside the quoted fiducial
areas (1.1 x 10* m? for run (1) and 2.5 x 10* m? for
runs (11)-(1V)) are used in the analysis (for atotal
of 2 x 10° events).

3. Results
3.1. The size spectrum

To obtain the measurement of the absorption mean
free path of showers in atmosphere the usual “con-
stant intensity cut” technique [2] is followed. The
measured absorption curve of EAS in atmosphere is
fitted with an exponential law (x = atmospheric depth
at zenith angle 6, and xo = 820 g cm~?2 vertical depth
corresponding to the average measured pressure),

Ne(8) = No(0°) e~/

=N,(0%) e~ (x0/Ae) (secd—1) , (4)
with 4, = 219 + 3 g cm~? (weighted mean of
A, caculated between intensities 2 x 10~7 and
105m2s g,

Fig. 4 and Table 1 show the differential size spectra
measured in six different intervals of zenith angles; in
Fig. 4 the spectra are multiplied by N2° to empha-
size the change of dope at the knee. The angular bin
width is A secd = 0.05. With such choice the maxi-
mum difference of atmospheric depth inside the same
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Table 1

Values of the differential shower size (N.) spectra measured in different intervals of zenith angle; the reported values are in units of

108 m2slg-lnN1t

log Ne Asect Asecd Asech Asecd Asecd Asecd

1.00-1.05 1.05-1.10 1.10-1.15 1.15-1.20 1.20-1.25 1.25-1.30
5.20 50.76 + 0.35 38.02+0.32 28.68+0.30 21.2840.28 15.73+ 0.25 11.51+0.23
5.25 42.64+0.32 31.77+0.29 23.60 & 0.27 17.42 +£0.25 13.29 + 0.23 9.63+0.21
5.30 34.95+0.28 26.30 4 0.27 19.87 +0.25 14.91+0.23 11.07 £ 0.21 8.08+0.19
5.35 28.93+ 0.26 21.93+0.24 16.35+ 0.22 1217+ 0.21 9.05+0.19 6.73+0.17
5.40 24.03+0.23 18.35+0.22 13.86 + 0.20 10.33+0.19 7724017 5.66 + 0.16
5.45 20.08 + 0.21 15.28 + 0.20 11.45+0.18 8.73+£0.17 6.35+ 0.16 4714015
5.50 16.87 + 0.19 12.81+0.18 9.65+0.17 7.29+0.16 531+0.14 3914013
5.55 1410+ 0.18 10.77 £ 0.17 7.79+0.15 5.93+0.14 4.45+0.13 3414012
5.60 11.75+0.16 9.22+0.15 6.71+0.14 5.18+0.13 3.63+0.12 270+ 0.11
5.65 9.97+0.15 7.63+£0.14 5.63+0.13 4314012 313+0.11 2.28+0.10
5.70 8.49+0.14 6.38+0.13 4744012 3.48+0.11 259+ 0.10 1.78 + 0.09
5.75 6.88 + 0.12 550+ 0.12 4.0840.11 2.87+0.10 2.06 + 0.09 1.49 + 0.08
5.80 5.76 + 0.11 4534011 3.36+£0.10 2.40 +0.09 1.72+0.08 1.25+0.07
5.85 4.8640.10 3.82+0.10 2.73+0.09 2.17+0.08 1.46 + 0.07 1.02+0.07
5.90 4114 0.09 3.00+0.09 2.29+0.08 1.63+0.07 1.25+0.07 0.85+0.06
5.95 3.34+0.08 2.57+0.08 2.03+0.08 1.43+0.07 1.02 + 0.06 0.62+0.05
6.00 2.90+0.08 2.10+0.07 1.54+0.07 1.12+0.06 0.84 + 0.06 0.54+0.05
6.05 2.39+0.07 1.73+0.07 1.28 + 0.06 0.92 + 0.06 0.71+0.05 0.45+ 0.04
6.10 1.90 + 0.06 1.39+ 0.06 1.03+0.05 0.80+ 0.05 0.53+0.04 0.35+ 0.04
6.15 1.63 + 0.06 1.13+0.05 0.83+0.05 0.62+0.04 0.41+0.04 0.28+0.03
6.20 1.17+0.05 0.93+0.05 0.66 £ 0.04 0.46 £ 0.04 0.33+0.04 0.21+0.03
6.25 0.97+0.05 0.76 £ 0.04 0.52+0.04 0.43+0.04 0.29+ 0.03 0.19+0.03
6.30 0.82+0.04 0.630.04 0.43+0.03 0.33+0.03 0.20+ 0.03 0.14 4 0.02
6.35 0.65 -+ 0.04 0.46 + 0.03 0.36+0.03 0.26 -+ 0.03 0.16 + 0.02 0.11+0.02
6.40 0.49+ 0.03 0.36+ 0.03 0.29+0.03 0.18+0.02 0.12+0.02 0.1240.02
6.45 0.39+0.03 0.28+0.03 0.22+0.02 0.16 £ 0.02 0.10+0.02 0.08+ 0.02
6.50 0.31+0.03 0.22 +0.02 0.17 £ 0.02 0.08 £ 0.02 0.08+ 0.02 0.05+0.01
6.55 0.23+0.02 0.17 £ 0.02 0.14+0.02 0.09 £ 0.02 0.08+ 0.02 0.04+0.01
6.60 0.19+0.02 0.14+0.02 0.10+0.02 0.06 = 0.01 0.04 + 0.01 0.03+0.01
6.65 0.15+0.02 0.12+0.02 0.08 £ 0.01 0.06 -+ 0.01 0.04+ 0.01 0.03+0.01
bin is 40 g cm~2 (i.e., about one radiation length). IN.0) =1 (0)< N, )m(”) 5)
The spectra refer to the depth corresponding to the e k Nei(0) ’

mean zenith angle of the showersrecorded inside each
interval. The maximum difference in shower size, in-
side the same angular bin, using the measured value
of A, is 17%.

The shapes of the spectra are very similar, the
change of slope is seen at al zenith angles, at a size
value Ney(6) shifting as expected with zenith angle
(i.e., aimospheric depth).

The behaviour of the parameters of the size spec-
trum versus atmospheric depth are studied fitting the
experimental data with the following expression:

v1 below, y, above the knee?.

Since all spectra have closely similar slopes below
the knee (see Table 2), in the following y1 will no
longer be fitted, in order to obtain a better accuracy
on others parameters. The value of y; calculated as
weighted mean of the six individua valuesis

y1=2.56+ 0.02.
2All given errors on the parameters of the fits are calculated

using the extreme parameter value corresponding to a y? variation
with respect to the minimum one A x?/d.o.f. = 1.
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Table 2

Results obtained from the fits to the spectra measured in different bins of zenith angle. The third column reports the values of y; obtained
from the 4-parameter independent fits at al zenith angles, showing constancy of y;. Columns 4-6 show the results of the 3-parameter fits
performed with a constant value of 1. The last column reports the slopes y, obtained with the fit in which a constant integral flux above

the knee is imposed.

Asech ¥(gom?3) oy v2 (1st fit) I(> Nep) x 1070 (m™2 571 g=1)  Log(Ney) y2 (2nd fit)
1.00-1.05 835 2.56 + 0.02 2.99 4+ 0.09 (0.99+0.2) 6.09 4+ 0.05 3.12+0.05
1.05-1.10 880 2.55 4 0.02 293+0.11 (1.01+0.3) 6.02 4+ 0.07 2.92 4+ 0.05
1.10-1.15 920 2.55 1+ 0.03 2.854+0.12 (0.9.34+0.4) 5.97 + 0.08 2.87 + 0.06
1.15-1.20 960 2.56 + 0.03 2.81+0.16 (0.80 £+ 0.4) 593+ 0.14 2.76 + 0.06
1.20-1.25 1000 2.59 4+ 0.03 291+ 0.26 (0.524+0.3) 595+ 0.11 2.77 £ 0.07
1.25-1.30 1040 2.55+0.07 2.80+0.11 (1.30 £+ 0.6) 563+ 0.12 2.96 £ 0.08
}6.2
2 ¢
861l +
- L
| +
6F 1
L |
59F 1
r 1
5.8 !
50r * 1.00<se®<1.05 +
w0l A 1.05sed<1.10 5.7+
m 1.10<se®<1.15
30l ® 1.15sed®<1.20 .
v 1.20<se®<1.25 T
O 1.25se®<1.30
e L e L L — I PR N AR AN AR AP B B
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Log(Ne) X (g cm?)

Fig. 4. Differential shower size spectra measured at different at-
mospheric depths. The solid lines show the results of the fitting
procedure with 3 free parameters per spectrum, dashed lines those
of the procedure requiring constant integral flux above the knee.

The results of the fits of each spectrum with free
parameters, y,, Ney and Iy, are shown in Table 2, and,
as Ne, is concerned, in Fig. 5.

The shower size at the knee Ne, decreases with
increasing atmospheric depth, its attenuation length is
A = 257 +80 g cm—2, while the intensity 7(> Ney)
is constant inside experimental errors of ~ 20%, a
hypothesis which is verified with a y? = 0.5/d. f.

These data support a “normal” behaviour of show-
ers at the ‘knee’ concerning the absorption in atmo-
sphere and the integral intensity at different atmo-
spheric depths (as should be for an effect occurring at
agiven primary energy).

Fig. 5. Dependence of the size value of the knee on the atmospheric
depth. Black dots show the results obtained fitting each spectrum
independently, stars (shifted of Ax =5 g cm~2) those obtained
under the physical hypothesis of a knee occurring at fixed primary
energy. The two results are compatible inside the experimental
uncertainties.

Such hypothesis has been further introduced in
the fit of the different spectra, requiring at the knee
(for different zenith angles) constant integral flux
(I(> Nex) = (IxNey)/(y2 — 1)), and shower size
(Ney) attenuating exponentially with atmospheric
depth. In this frame the free parameters are Ne(0°),
I1(> Ney), A and the slopes y, above the knee.

The obtained valuesare I (> Ney) = (8.1+0.7) x
108m2stgl New(0°) = 10815+0.02 gng Ay =
222 + 3 g cm~2, avaue which is in excellent agree-
ment with the attenuation length obtained for EAS
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particles from the constant intensity cut technique.

Concerning Ney, theresultsare shownin Fig. 5. We
observe that the values of Ne, at every atmospheric
depth are compatible, within the experimental errors,
with the results of the previous fit.

Theresults of thefit concerning y, are also reported
in Table 2. An indication of a decrease of y, with in-
creasing zenith angle is derived: its compatibility with
a constant value is excluded with a y? ~ 5.86/d.f.;
i.e. a chance probability of ~ 2 x 1075, Thisis ex-
pected due to the attenuation of showerswith increas-
ing atmospheric depth. A similar variation is however
not observed below the ‘knee’ for y;: such effects
need to be further investigated with improved statis-
tics, and possibly correlated with the spectra of other
components (e.g., muons).

3.2. The energy spectrum

The conversion from primary energy (Eo) and
mass (A) to shower size (N,.) has been obtained
by means of complete simulations of the cascades in
atmosphere using the CORSIKA-HDPM code [17].
The mean conversion from primary energy (Ep, in
TeV) to shower size (N, in Greisen formalism, as
for the experimental data) at the depth of 810 g cm—2
(i.e, the standard pressure corresponding to 2000 m
asl.), obtained smulating sets of events at fixed
primary energies, is

N.(Eo, A) = a(A)EE™Y | (6)

wherea(A) = 197.54-9521 gng B(A) = 1.107A0035
Fluctuations are

(Ne) -
UNe = k(A) Byt (7)

where k(A) = 1.495A70%97 and £(A) = 0.249x
A70.056.

The effects on the size spectra of such fluctuations
in the EAS development have been taken into account
simulating events on a tria power law energy spec-
trum for primary protons. The shower size spectrum
(Imc) resulting from the mean conversion (6) and
the one (1) calculated including fluctuations (7) are
compared (I, and Iy represent the number of counts
in 12% shower size bins). The resulting correction is

Inmc N. Ne
— =0.959 + 0.051lo .
Iy + 9 106 106

— 0.021log? (8)

This function depends on the index y of the spectrum,
events are therefore generated on a trial spectrum re-
producing the measured one.

The al particle energy spectrum is obtained, from
all eventswith # < 40°, converting every shower size
to 810 g cm~2 using the measured absorption length
(A, = 219 + 3 g cm~2). The effective value of the
primary mass (to be used in expression (6)) is cal-
culated from the extrapolation of the single nuclear
spectra (&; = b; - E;¥') measured at lower energies
by experiments operating at the top of the atmosphere
(JACEE Collaboration [18] for the light elements,
CRN [19] for the heavier ones),

Z,’ Ai¢i(Ne)
Zi¢i(Ne)

The value of A« abovethe kneeis calculated using a
rigidity dependent cutoff: E;(A) = Z-2-10% eV, and
vi = vyi + 0.4 for E, > Ey(A) and al nuclear mass
groups (A« changesfrom 7.1 at N, = 102, t0 8.9 at
N, =10% and 10.9 a N, = 108%).

The validity of the extrapolation of the low energy
composition data up to the knee is supported by the
good agreement between the size spectrum cal cul ated
under such hypothesisand the measured one, as shown
in Fig. 6. Further it agrees with the N, — N, mea-
surements both for £, > 1.4 TeV [20] and for E,, >
1GeV [21].The N, — N, dataalso support the rigid-
ity dependent cutoff used to cal cul ate the effective pri-
mary mass above the knee [ 20,22].

Fig. 7 shows the obtained intensity: below the knee
it is well connected with the results of the experi-
ments operating on balloon or satellites [23,24]; at
the knee and above, the agreement between the EAS
data [ 2,25,26] is quite good.

From power law fits to the energy spectrum per-
formed below and above the knee we obtain, for
900 TeV < Eg < 2300 TeV,

Agt(N,) = (9)

S(Eo) = (3.48+ 0.06)
% 10710( E0/2300) —2.76+0.03 mfz 371 9'71 Tevfl,

and for 5000 TeV < Ep < 10* TeV,

S(Eo) = (3.77+0.08)
x 10~ (Eo/5000) ~319+0%®m~2s 1 g1 Tev 1,

The given errors are the statistical ones.
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The systematic uncertainties in the energy spec-
trum due to the primary composition (Ag:) and the
hadronic interaction model used (N.(Ep, A)) have
been evaluated:

(a) one standard deviation errors (from direct mea-
surements) of opposite signs have been applied
to each “light” and “heavy” component in order
to obtain “upper” and “lower” limitsto A«;. The
all particle spectrum, obtained in the “light” and
“heavy” limits, still compatible with the direct
measurements, differs of +£10% from the one
calculated with the mean value of Ag (reported
inFig. 7).

(b) The shower sizes obtained from different inter-
action models included in the CORSIKA code
have been compared at Eq = 2 x 10'° eV. The
maximum difference in the determination of N,
between the tested models (namely, QGSJIET,
DPMJET, SIBYLL) and the reference one
(HDPM) is aso about 10%.

If the “knee” is due to the steepening of a sin-
gle component, its corresponding energy, as obtained
from the size spectrum, dependsobviously on the mass
number of such component. Following the extrapola-
tions of the low energy data the component dominat-
ing the size spectrum at the knee energy should be a
light one (p,He), or CNO [10]. The corresponding
knee energies, obtained from the vertical value of Ney,
are E; ~ (2.7-3.4-4.1) x 10 eV, respectively.

4. Conclusions

From the measurement of the size spectrum in the
energy region Eo = 10%-10'6 eV of the cosmic ray
energy spectrum (“knee” region), we conclude:

(a) The size spectrum in the region below the knee
agrees with the expectations obtained from the
extrapolations of the direct measurements.

(b) At the atmospheric depth of 835 g cm~2 the
“knee” is observed at Ne; = 106.09+005 the cor-
responding intensity being (> Ney) = (9.9+
2.1) x 1078 m~2? s~! g1, with achange of the
index of the power law from y; = 2.56 + 0.02
to y, =2.99 + 0.09.

(c) The break is “sharp”, i.e, inside a few percent
accuracies of the data, it can be represented by
“two power laws’ intersecting spectra. Of course



M. Aglietta et al./ Astroparticle Physics 10 (1999) 1-9 9

less “sharp” fits represent, inside the experimen-
tal uncertainties, the data as well, but, in any
case, the change in lope has to occur in arather
“limited” range of N,. This represents a con-
straint that has to be taken into account by any
physical explanation of the “knee” and could be
difficult to be explained by interpretations based
on diffuson models, that imply “dow” varia-
tions of the spectra with primary energy [7].

(d) The shower size at the knee (Ne;) attenuates
with increasing atmospheric depth; its attenua-
tion length is compatible with the attenuation of
EAS particles in the same energy range.

(e) The energy corresponding to the knee is E;, ~
(2.7-3.4-4.1) x 10% eV for proton, Helium and
CNO primaries respectively. Power laws fits to
the energy spectrum below and above the knee
give

S(Egp) =(3.48+ 0.06)
%10~ 10( E0/2300) —2.76+0.03
m2stgtTev?

for 900 TeV < Ep < 2300 TeV and

S(Ep) =(3.77 = 0.08)
%10~ ll( EO/SOOO) —3.19+0.06
m2staglTev?

for 5000 TeV < Eo < 10* TeV.
Systematic uncertainties are +10% both due to the
uncertainties in composition and in hadronic interac-
tion models.
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