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Abstract

The region of the "knee” of the cosmic ray primary spectrum (10*° < Ey < 10'%eV) isstudied in the elec-
tromagnetic and muon components of Extensive Air Showers by means of the EAS-TOP array. |ndependent
and correlated analysis of the two measurements are presented as a function of zenith angle (i.e. aimospheric

depth).

1 Introduction

A study of theknee [1] structureis performed by means of the electromagnetic and muon detectorsof EAS-
TOPR Theamsare of: a) checking the compatibility of the observationsfrom the point of view of high energy
hadron interactions; b) individuating the knee position and its structurein the N e- N i variables; ¢) comparing
data obtained at different zenith angles.

The aim isto extract experimental informations as much as possible independent from the interpretation
through interaction models. An interpretation of the widerange relation Np — Ne isalso discussed.

2 Theexperiment

TheEAS-TOParray islocated at Campo Imperatore, 2005 m a.s.l. (above the underground Gran Sasso |ab-
oratories), at 820 g cm 2 atmospheric depth. Its electromagnetic detector [2] is made of 35 scintillator mod-
ules, 10 m? each. The distance between detectors ranges from ~ 20 m to ~ 80 m. Event selection for the
present analysis requires at least 6 (or 7) modules fired and the highest particle density recorded by an inner
detector. The core location, the slope (s) of thelateral distribution (1df) function and the shower size (Ne) are
measured by means of a minimum 2 fit to the theoretical NKG Idf. The accuracy in the measurement, for
Log(Ne) > 5.2,are. Ar < 10m for the core location and ANe/Ne ~ 10% for the shower size[2].

The muon detector [3] covers asurface of 144 m? and consistsof 9 identical planes. Each planeis made of
two layers of streamer tubes (for muon tracking) and onelayer of quasi proportional ones (for hadron cal orime-
try). Planes are separated by 13 ¢m thick iron absorbers. On each plane the x coordinate of muon track is
obtained from the signals of the anode wires (368 in alayer), they one is measured from the induced signals
on strips orthogonal to the wires. The distance among the wires and the width of the stripsis 3 ¢m. A muon
track is defined from the alignement of at least 6 hits (wireson) in different layers of tubes. The muon energy
threshold for vertical eventsis1 GeV.



Asecd T Y2 I(> Neg) x 10" Log(Neg)
m 25 Lepl

1.00 —1.05 2.56£0.02 2.99+£0.09 0.994+0.2 6.09+0.05
1.056-1.10 2.55£0.02 293+£0.11 1.014+0.3 6.024+0.07
1.10 -1.15 2.55+£0.03 2.854+0.12 0.93+04 5.9740.08
1.15-1.20 2.56+£0.03 2.814+0.16 0.80+04 5.934+0.14
1.20-1.25 2.59+£0.03 291+£0.26 0.5240.3 5.95+0.11
1.25-1.30 2.55£0.07 2.80+£0.11 1.304+0.6 5.63+0.12

Table 1: Results obtained on the Ve spectrameasured in different bins of zenith angles.

L
gsoo .
T{; Ng;b L
200} T
o 8 e, 4
E T * Cor T * * l
o ] | | ] * |
o " y ? \
Y10 ] ARARFRE
[ 907 (")1
g 80t z +
S 70} . N
S 60} 0% ~\ =
50f * 1.00<se®<1.05 -
4o & LOBse®<1.10 =1 * 1.00<se®<1.05
m 1.10<se®<1.15 N m 1.05se®<1.10
30+ o 1.15se®<1.20 1 1&3e©<1 15
v 1.20<se®<1.25 v :
O 1.25sed<1.30
oo b b b b e b b L
52 54 56 58 6 62 64 66 68
Log(Ne) | | | | [ R

4.4 - 5.1‘ ‘ 5.2
Log(Np)

Figure 1: Differential shower size spectrameasured at  Figure 2: NV, spectra measured at different atmo-
different atmospheric depths. spheric depths.

The muon size (Vi) is obtained from the average measured muon | df:

r1.25r0.75 r 2.5
Np= p(u)oi(l + —)

1
0.269 To @)

where p(u) isthe detected muon density and ro = 300 m.

3 Thedata

3.1 Nespectra Theresultsareobtainedfromtheanalysisof 256 daysof datataking (= 1.4 x 107 events)
using events with core location inside a fiducial area Ay = 2.5 x 10*m?. The differential size spectra are
measured in different bins of zenith angles, with width A secf = 0.05 (i.e. Az ~ 40gcm~2). Theresults
[4] are shown in figure 1 and table 1. In table 1 we report the obtained values of: the index of the power law
spectrabelow (1) and above (v2) the knee; the size at the knee (IV ey, decreasing with increasing atmospheric
depth); the integral intensity above Nej, (I (> Ney), costant inside the experimental uncertainties).

3.2 Ny spectra Muonnumber spectraare measured in thefirst threeintervals of zenith angles. In order
to avoid detector fluctuations and inaccuracies due to the used |df, events are sel ected inside a narrow range of
distances from the i detector: 130 < r < 150m (A ~ 6 x 103m?). The obtained spectrawith a data set of



Asec o Yz I(> Nug) x 107 Log(N )
m 25 Lepl

1.00 -1.05 3.00£0.1 3.60+£0.1 1.240.2 4.65+ 0.1

1.05-1.10 3.00£0.1 3.55+0.1 1.04+0.2 4.60+ 0.1

1.10-1.15 3.00£0.1 3.55+£0.1 0.940.2 4.65+ 0.1

Table 2: Results obtained on the V. spectrameasured in different bins of zenith angles.
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Figure 4: Scatter plot of experimental Ne — N data
for vertical direction. The knee location error box is
shown.

Figure 3: Comparison of the slopesof the Ne and V it
spectrameasured below and above the knee.

~ 230 days of datataking, are shown in figure 2; the change of slope, a Log(N i) ~ 4.7, isvisiblein al of
them in spite of the large statistical fluctations.

Y1, @Nd N py. areobtained by aminimum x? procedure comparing the experimental datato atrial spectrum
taking into account the poissonian fluctuations of the number of detected muons. /(> N py) is obtained from
the total number of eventswith N > N . Theresultsare shownin table 2.

4 Electromagneticand Muon data
From the comparison of the electromagnetic and muon data we obtain:
a) theintegral fluxes above the knee /(> Ney) and I(> Npy) are compatible at all atmospheric depths, as
expected for afeature occurring at fixed primary energy (seetables 1 and 2).
b) The slopes of muon and electron number spectra bel ow and above the knee, reported in figure 3, show that
avalue of o ~ 0.75 (concerning the relation Ne o« Np®) holdsin al angular bins, thus indicating that no
sudden changes in secondary production rates occurs at primary energies around the knee.
¢) Thelocation of theknee (N ey, N 1) on the scatter plot of the NV u-Ne data, at all zenith angles (seefor ex-
amplefigure 4), isfar from both the lower and upper (corresponding to proton and iron primaries respectively)
edges of the distribution, indicating the preference for the identification of an "intermediate” primary mass.
Thedistributionsof Ny for Nep —1lone, < Ne < Neg+1on., obtainedwith different hadroninteraction
models (from CORSIKA code [5]) for primary protons at vertical incidence are shown in figure 5. For all
interaction models the knee location is a the upper edge of the distribution, thus showing that a break in the
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Figure6: N vs N e relationfor experimental dataand
a composition with the same slope (v = 2.75) for dll
components. Pure proton and pure iron are also plot-
ted for comparison.

Figure5: Ny distributionfor eventswith Ne, — 1o <
Ne < Nep+10 obtainedfor primary protonswiththe
CORSIKA codefor different interaction models.

proton component is unlikely. A break in the Helium or CNO spectrum provides a better representation of the
data[6]. For He or CNO primaries the knee energy corresponding to the Ney, isrespectively 3.4 and 4.1 x
10%eV (2.7 x 10'°eV for primary protons), in agreement with the cerenkov light data of reference [7]

d) Figure 6 shows the behaviour of the mean value IV ;. observed, in vertical direction, in narrow binsof Ne
(ALog(Ne) = 0.05). The experimental result (160 days of data taking) are compared with the results of a
complete shower simulation including detectors' responses. In the simulationthe 17V compositionis used
with equal slopes (y = 2.75) for all components. It appears that the experimental measurements of NV . shift
systematically towards higher values with respect to the simulated onesfor increasing Ve. The difference be-
tween the measured and simulated values of Ny (AN y) is, for ALog(Ne) = 1: ANu/Nyp ~ 0.17. The
corrispondent changein A isAA/A = 0.7 over the N e decade around the knee. The simulation is performed
using the HDPM code that gives a good representation of the EASTOP-LVD data[8] and that seemsto "min-
imize” the observed effect, dueto thelarge i yield when compared to other models.
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