HE 2.2.41 1

First Measurement of the Knee in the Hadronic Component of EAS J.R. Hĺorandel^{2,7} T. Antoni^1, W.D. Apel^1, F. Badea^3,K. Bekk^1, K. Bernlĺohr^1, E. Bollmann^1, H. Bozdog^3, I.M. Brancus^3, A. Chilingarian^4, K. Daumiller^2, P. Doll^1, J. Engler^1, F. FeSSler^1, H.J. Gils^1, R. Glasstetter^2,R. Haeusler^1, W. Hafemann^1, A. Haungs^1, D. Heck^1, T. Holst^1, K.H. Kampert^{1,2}, H. Keim^1, J. Kempa^5, H.O. Klages^1, J. Knapp^{2,8}, H.J. Mathes^1, H.J. Mayer^1, J. Milke^1, D. Mĺuhlenberg^1, J. Oehlschlĺager^1, M. Petcu^3, H. Rebel^1, M. Risse^1, M. Roth^1, G. Schatz^1, F.K. Schmidt^2, T. Thouw^2, H. Ulrich^2, A. Vardanyan^3, B. Vulpescu^3, J.H. Weber^2, J. Wentz^1, T. Wibig^6, T. Wiegert^1, D. Wochele^1, J. Wochele^1, J. Zabierowski^6 1 Institut fĺur Kernphysik, Forschungszentrum Karlsruhe, D-76021 Karlsruhe, Germany 2 Institut fĺur Experimentelle Kernphysik, University of Karlsruhe, D-76128 Karlsruhe, Germany 3 Institute of Physics and Nuclear Engineering, RO-7690 Bucharest, Romania 4 Cosmic Ray Division, Yerevan Physics Institute, Yerevan 36, Armenia 5 Department of Experimental Physics, University of Lodz, PL-90950 Lodz, Poland 6 Soltan Institute for Nuclear Studies, PL-90950 Lodz, Poland

Abstract The number of hadrons and their energy sum in extensive air showers has been measured using the KAS- CADE hadron calorimeter. Shower size spectra of the hadronic component have been derived using both observables. The spectra can be described by a power law and exhibit a change in the spectral index at energies around 5 PeV. The primary cosmicŰray ~ux spectrum is derived from the measurements in the energy range from 0.2 PeV up to 50 PeV.

1 Proem:

The cosmicŰray primaryŰ~ux spectrum for all particles is well described by a power law in a large energy interval ranging from 10 GeV up to 100 EeV. The only ^ne structure between 10 GeV and 10 EeV is a break in the exponent at energies of about 3 to 5 PeV. This phenomenon is commonly called the ŤkneeŤ where the allŰparticle differential energy spectrum changes from E�^{2.7} before the knee to E�^{3.1} beyond it.

The origin of this break is not yet clear in spite of being known for 40 years by now. Explanations of the knee usually assume astrophysical reasons, but it could be caused by new physics in the highŰenergy particle interaction as well, since the available interaction models are not able to predict the measurements in all observables satisfactorily (Hĺorandel et al. 1999a).

Direct observations at the top of the atmosphere run out of statistics well below the knee due to limited size of the instruments and short exposure times. The knee has been observed by groundŰbased extensive air shower experiments mainly in the electromagnetic size spectrum. Observations in the muonic size and by “Cerenkov light are scare. To solve the problem of the origin of the knee, it is useful to measure the shower size spectra of all shower components. The KASCADE experiment (Klages et al. 1997) determines the shower size spectra of the electromagnetic, muonic and hadronic component. Using its large hadron calorimeter the number of hadrons and their energy sum in extensive air showers has been measured and size spectra of the hadronic component are derived as presented in the following.

2 Experimental Set up:

The ^ne segmented hadron calorimeter allows to measure individual hadrons in the core of an EAS. The 16 × 20 m^2 calorimeter is of the sampling type, the energy being absorbed in an iron stack and sampled in

7corresponding author, present address: The University of Chicago, Enrico Fermi Institute, 933 East 56th Street, Chicago, IL 60637, USA; http://ik1au1.fzk.de/¸joerg

8now at: The University of Leeds, Leeds LS2 9JT, U.K.

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 σ/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 λ_I for vertical hadrons. On top, a 5 cm lead layer ^lters off the electromagnetic component to a suf^cient low level.

A ionization chamber contains four independent electronic channels with a dimension of 25 × 25 cm^2 each and is ^lled 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 about 5 × 10^4. 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 than 10^4 passing muons. This ensures the energy of vertical incident individual hadrons to be measured linearly up to 25 TeV. The containment losses at this energy are about 2%. The energy calibration is performed by means of throughŰgoing muons, taking their energy deposition as standard. Due to the ^ne lateral segmentation, the minimal distance to separate two equalŰenergy hadrons with 50% probability amounts to 40 cm. The reconstruction ef^ciency 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 measured by a 200 × 200 m^2 array of 252 detector stations. The stations consist of 3.1 m^2 liquid scintillation detectors to prove the electromagnetic component and below a lead and iron shield, corresponding to 20 radiation lengths, 3.2 m^2 plastic 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 about 10^8 events were recorded. After all cuts 40 000 showers were left for the ^nal analysis. The event selection and simulations used for the present analysis are described elsewhere in these proceedings (Hĺorandel 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 ~ux is multiplied by N^{2.5}_H in order to accentuate any possible structure. A kink is clearly visible around a hadron number of 65.

Figure 2: The hadronic shower size spectrum.

The data can be described by a power law dN/dN_H ∝ N^β_H with β_1 = −2.81 ± 0.04 below and β_2 = −3.12 ± 0.11 above the knee. Following CORSIKA simulations the knee position corresponds to a range from 2 PeV up to 5 PeV for a pure proton or iron composition, respectively (Antoni et al. 1999). The abscissa in Figure 2 extends up to 500 registered hadrons. Accordingly, the caveat arises that the lower ~ux may be caused by saturation effects in the number of reconstructed hadrons. For this purpose, the hadronic size spectrum has been analysed by restricting the calorimeter acceptance to different surface areas. The acceptance has been reduced by up to a factor of 3. Hence, if the knee is brought about by a de^ciency in hadron pattern reconstruction, this should have an even stronger in~uence in these examinations. The sizes have been chosen as a square of 10×10 m^2, and rectangles of 10×12 m^2 and 10×16 m^2. In all three cases the knee showed up near N_H = 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 ^rst evidence of a knee in the hadronic component in 1997 (Hĺorandel 1998) the number of events has been increased from 14 000 to 40 000.

5 The hadronic energy spectrum:

Figure 3: Frequency of showers detected versus total hadronic energy in the shower.

Figure 4: Differential allŰparticle ~ux versus primary energy as derived from the hadronic shower size spectrum.

Hitherto the knee has been observed in the spectra of particle numbers soley, apart perhaps from observations by means of “Cerenkov 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 ^tted to the data with spectral indices β_1 = −2.5 ± 0.1 below and β_2 = −2.9 ± 0.2 above the knee.

6 The primary energy spectrum:

Figure 5: The allŰparticle primary energy spectrum as obtained from the hadronic component compared with world data. See (Antoni et al. 1999) for references.

When deriving the primary energy spectrum from the shower size spectrum, one encounters the uncertainty in primary composition. Since the currently available interaction models are not able to describe the measured observables in all respects, the mass composition depends on the observables used. Therefore, it is important to use for the calculation of the primary spectrum the mass composition as obtained from the observables used for the shower size spectrum, i.e. for the hadronic shower size spectrum a mass composition measured with the hadronic component has to be used. Almost all parameters which are sensitive to the primary’s mass depend logarithmically on the mass number A (Hĺorandel 1998). The mean logarithmic mass as obtained from the hadronic component (Hĺorandel et al. 1999b) can be parametrised as a function of energy using a a straight line starting with ⟨ln A⟩ = 1.5 at 50 TeV increasing to ⟨ln A⟩ = 3.3 at 10 PeV.

The primary particle ~ux 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 ^ts of a power law to the data. A value of 5.0 ± 0.5 PeV is found for the knee position, and an energy scaled absolute ~ux of 1880/(m^2 sr s GeV�^{1.5}). The slopes of the primary spectrum are γ_1 = −2.66 ± 0.12 below the knee and γ_1 = −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.

References

Antoni, T. et al. (KASCADE Collaboration) 1999, ŤFirst observation of the knee in the hadronic component of EASŤ, submitted to Astrop. Phys.

Engler J. et al. 1998, ŤA warmŰliquid calorimeter for cosmicŰray hadronsŤ, to be publ. in Nucl. Instr. Meth. Hĺorandel, J.R. 1998, Report FZKA 6015, Forschungszentrum Karlsruhe Hĺorandel, J.R. et al. (KASCADE Collaboration) 1999a, Proc. 26^{th} ICRC (Salt Lake City), HE 1.3.01 Hĺorandel, J.R. et al. (KASCADE Collaboration) 1999b, Proc. 16^{th} ECRC, Alcalťa, 579 Klages, H.O. et al. (KASCADE Collaboration) 1997, Nucl. Phys. B (Proc. Suppl.) 52B, 92