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Abstract

The numbe of hadrors ard their enggy sum in extensve air showers has beaen measurd using the KAS-
CADE hadran calorimete. Shower size specta of the hadront componeh have been delived using both
obsevables The specta can be describé by a power law and exhibit a chang in the spectr&index at en-
ergies arourd 5 PeV. The primaly cosmic—ra flux spectrun is delived from the measuremestin the enegy
range from 0.2 PeV up to 50 Pev.

1 Proem:

The cosmic—rg primary—flix spectrum for all particles iswell describé by a power law in alarge enegy
interval rangirg from 10 GeV up to 100 EeV. The only fine structue betwea 10 GeV ard 10 EeV is abreak
in the exponen at enagies of abou 3 to 5 PeV. This phenomenn is commony called the "kne€’ where the
all-partick differentid enegy spectrun change from E—27 before the knee to £—31 beyord it.

The origin of this bred& is nat yet clea in spite of being known for 40 years by now. Explanatios of
the knee usually assure astrophysichreasonsbut it could be cause by new physic in the high—enegy
particle interactian as well, since the available interaction modek are nat able to predid the measuremestin
all obsevables satisfactoriy (Horandé et al. 1999a).

Direct obsevatiors at the top of the atmosphes run out of statistic well below the knee due to limited
size of the instrumeng and shot exposue times The knee has bean obseved by ground—basd extensve
air shower experimens mainly in the electromagneti size spectrum Obsevations in the muont size and by
Cererkov light are scare To solve the problem of the origin of the kneg it isusefu to measue the shower size
specta of all shower components The KASCADE experimen (Klages et al. 1997 determins the shower
size specta of the electromagneticmuonicc anrd hadronc component Using its large hadran calorimete the
numbe of hadrors and their enggy sum in extensve air showers has bean measurd and size specta of the
hadront componehare derived as presentd in the foll owing.

2 Experimental Sd up:

The fine segmentel hadran calorimete allows to measue individud hadrors in the core of an EAS. The
16 x 20 m? calorimete is of the samplirg type, the enagy being absorbd in an iron stak and sample in
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Figure 1: Sketch of the KASCADE hadron calorimeter. Detailed view (top) and total view (bottom).

eight layers by 10 000 ionization chambers (Engler et al. 1998). As sketched in Figure 1, the iron slabs are
12—36 cm thick, becoming thicker in deeper parts of the calorimeter. The energy resolution varies slowly from
o/E = 20% at 100 GeV to 10% at 10 TeV. The concrete ceiling of the detector building is the last part of the
absorber and the ionization chamber below acts as tail catcher. In total, the calorimeter thickness corresponds
to 11 interaction lengths for vertical hadrons. On top, a 5 cm lead layer filters off the electromagnetic
component to a sufficient low level.

A ionization chamber contains four independent electronic channels with a dimengidx a6 cm? each
and is filled with the room temperature liquids tetramethylsilane or tetramethylpentane. Liquid ionization
chambers exhibit a linear signal behaviour with a very large dynamic range. The latter is limited only by the
electronics to abous x 10*. The chambers are able to prove a signal of one traversing minimum ionizing
particle up to an energy deposition of 10 GeV per channel without saturation. The latter corresponds to more
than10* passing muons. This ensures the energy of vertical incident individual hadrons to be measured lin-
early up to 25 TeV. The containment losses at this energy are about 2%. The energy calibration is performed
by means of through—going muons, taking their energy deposition as standard. Due to the fine lateral segmen-
tation, the minimal distance to separate two equal-energy hadrons with 50% probability amounts to 40 cm.
The reconstruction efficiency for hadrons increases with energy from 70% at 50 GeV to almost 100% at 100
GeV.

A layer of plastic scintillators on top of the lead absorber and a second one below the third iron layer act as
trigger for the ionization chambers.

The electromagnetic and muonic components are measured2b§ a 200 m? array of 252 detector
stations. The stations consist of 3.2 figuid scintillation detectors to prove the electromagnetic component
and below a lead and iron shield, corresponding to 20 radiation lengths?astic scintillator to measure
muons with an energy threshold of 300 MeV. The scintillator array allows to determine the electromagnetic
and muonic shower size with a resolution of about 10% for electrons and 30% for muons at PeV energies as
well as the position of the shower core with an accuracy of about 2 m and the angle of incidence.



3 Measurements and simulations:

From October 1996 to August 1998 abdof events were recorded. After all cuts 40 000 showers were
left for the final analysis. The event selection and simulations used for the present analysis are described
elsewhere in these proceeding(lridel 1999a). The total number of hadrons and the hadronic energy sum
in each shower are obtained by integration of the lateral distribution and the lateral energy density up to a
distance of 24 m from the shower axis.

4 The hadronic size spectrum:

The hadronic size spectrum is presented in Figure 2. The normalized flux is multipli€gbin order to
accentuate any possible structure. A kink is clearly visible around a hadron number of 65.
The data can be described by a power law
dN/dNg o Ni with 8, = —2.81 + 0.04 below
andfB; = —3.12 £ 0.11 above the knee. Follow-
ing CORSIKA simulations the knee position corre-
sponds to a range from 2 PeV up to 5 PeV for g5~
pure proton or iron composition, respectively (An-‘\"%I10 -4
toni et al. 1999). The abscissa in Figure 2 ex-_f
tends up to 500 registered hadrons. Accordingly3
the caveat arises that the lower flux may be caused
by saturation effects in the number of reconstructed
hadrons. For this purpose, the hadronic size spec-
trum has been analysed by restricting the calorime- S T T T P P e
ter acceptance to different surface areas. The ac- 08 1 12 14 16 18 2 22 24 26 28
ceptance has been reduced by up to a factor of 3. ~ Number ofhadrons Ig Ny,

Hence, if the knee is brought about by a deficiency ~F19ureé 2: The hadronic shower size spectrum.

in hadron pattern reconstruction, this should have an even stronger influence in these examinations. The sizes
have been chosen as a squar&(of 10 m?, and rectangles dfo x 12 m? and10 x 16 m?. In all three cases the

knee showed up ned@’;; = 65 and the kink in the slopes stayed within the errors at the same hadron number
with an identical change of slope. In addition, the position of the knee and the spectral indices are stable with
increasing statistics, since the first evidence of a knee in the hadronic component in beaYdg1998) the

number of events has been increased from 14 000 to 40 000.
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5 The hadronic energy spectrum:
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Figure 3: Frequency of showers detected versus t(ﬁ(igure 4: Differential all-particle flux versus primary
hadronic energy in the shower energy as derived from the hadronic shower size spec-

trum.




Hitherto the knee has been observed in the spectra of particle numbers soley, apart perhaps from observa-
tions by means oferenkov light. The calorimeter allows in addition to the particle number, to measure the
energy of the hadrons. Therefore, the knee can be investigated in the energy sum spectrum, too. The frequency
of showers as function of their hadronic energy is presented in Figure 3. A kink in the spectrum at an energy
sum of about 20 TeV is evident. Regarding the uncertainty in primary composition, the position of the knee
corresponds to a primary energy of approximately 2 to 4 PeV. Once again a power law has been fitted to the
data with spectral indice§; = —2.5 + 0.1 below ands, = —2.9 + 0.2 above the knee.

6 The primary energy spectrum:

When deriving the primary energy s s ss 6 a5 1 75 80 Osocs
spectrum from the shower size spectrums_ W0 T T T T T T T T
one encounters the uncertainty in pri-2 - 1
mary composition. Since the currently > EIET) 8
available interaction models are not able’ F T A Tihsus 9 |
to describe the measured observables iris i o i + i
all respects, the mass composition de‘-ig/ 103 '™ KASCADE hadrons =08 |
pends on the observables used. Theres B direct measurements ¥ ]
fore, it is important to use for the calcu- "o C SaiggrtaASv ]
lation of the primary spectrum the mass—~ i Q Dice 0 OF ’
composition as obtained from the ob-£ O Tunka-13 VRS ’éég
servables used for the shower size spec;-? | ;éégﬁﬂgsk @ﬁﬁ ol
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trum, i.e. for the hadronic shower size 1021 0 Fly's Eye i
spectrum a mass composition measured : Evis ok v ¥
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used. Almost all parameters which are Primary Energy E, [ GeV ]

sensitive to the primary’s mass depenttiy re 5. The all-particle primary energy spectrum as obtained

logarithmically on the mass numbet 4, the hadronic component compared with world data. See (An-
(Horandel 1998). The mean Iogarlthmlctoni et al. 1999) for references.

mass as obtained from the hadronic com-
ponent (Horandel et al. 1999b) can be parametrised as a function of energy using a a straight line starting with
(In A) = 1.5 at 50 TeV increasing tfln A) = 3.3 at 10 PeV.

The primary particle flux obtained by using the measured composition is plotted in Figure 4 together with
results assuming a pure proton or pure iron composition. The straight lines represent fits of a power law
to the data. A value 05.0 4+ 0.5 PeV is found for the knee position, and an energy scaled absolute flux
of 1880/(m? sr s GeV!5). The slopes of the primary spectrum are = —2.66 + 0.12 below the knee
andy; = —3.03 + 0.16 above. The primary spectrum as obtained from the hadronic component is in good
agreement with other measurements as can be seen in Figure 5.
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