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The key observables of the KASCADE field array are the electron and muon number of extensive air showers. 
Using the size spectra of these measured quantities and their correlations with energy and primary mass it is 
possible to reconstruct the energy spectra of individual mass groups. The analysis relies on the application of 
unfolding methods. The resulting spectra of the light components show a knee-like feature. The positions of the 
individual knees suggest a dependence on the primary charge even if the statistical and systematical significance 
has to be improved. 

1. Introduction 

The KASCADE experiment [l] located at the 
site of the Forschungszentrum Karlsruhe, Ger- 
many, measures various observables of extensive 
air showers with primary energies between 1014 
and 1017 eV. It consists of three major detector 
components: the field array, the muon tracking 
detector and the central detector complex. 

The field array extends over an area of 200 x 
200 m2 and consists of 252 detector stations for 
the detection of the electron and muon compo- 
nent of EAS. The stations of the inner part of the 
array contain four liquid scintillation counters, so 
called e/y-detectors, for the detection of the elec- 
tromagnetic part of the shower. In the outer part 
two e/y-detectors per station are installed. In 
addition these stations are equipped with plastic 
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scintillation counters below an iron-lead absorber 
to measure muons. Using the information of the 
array detectors it is possible to reconstruct the 
location of the shower core, the direction of in- 
cidence, and by using the NKG formula the to- 
tal number of electrons N, above 3 MeV and the 
so called truncated muon number NF. The lat- 
ter one is the number of muons above 100 MeV 
inside a ring around the shower core with inner 
radius of 40 m and outer radius of 200 m. Sim- 
ulations have shown that this quantity is more 
robust against systematical reconstruction errors 
than the total number of muons. During the iter- 
ative procedure of reconstruction, contributions 
of accompaying particles (e.g. energy deposit of 
muons in the e/y-detectors) are taken into ac- 
count. A detailed description of the setup and 
the reconstruction can be found in [2] and [3]. 

In this analysis only the reconstructed elec- 
tron and truncated muon number are used. The 
data were taken between May 1998 and December 
2001. 
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Figure 1. The two-dimensional shower size spec- 
trum of lg N, and lg Nz. The zenith angle of the 
showers ranges from 0” to 18’. 

2. Outline of the Analysis 

The aim of the present analysis is to recon- 
struct the energy spectra of individual mass 
groups by means of the measured frequency dis- 
tribution of showers with given values of lg N, 
and lg NE. The considered mass groups can of 
course only be regarded as representatives for a 
whole range of actually present elements. The 
mentioned data set is displayed in Fig. 1 as a two- 
dimensional histogram. The zenith angle ranges 
from 0” to 18”. The content Nj of each cell (nor- 
malized to measurement time, solid angle, detec- 
tion and cell area) in this histogram can be re- 
garded as the sum of contributions ck from the 
m considered primary elements. For each primary 
its contribution is the convolution of the differen- 
tial flux spectrum Jk(lg E) and a distribution pk 
which describes the probability to reconstruct a 
shower with values of lg N, and lg NF of the cor- 
responding cell: 

c,, = 
I Cdl 

dlg Nedlg N; 
I 

PkJk(lgE)dlgE (1) 

In general the reconstructed shower sizes will 
not coincide with their “true” values lg Ni and 
lg N;lt. Because of this the kernel functions it- 
self are a convolution of three functions: 

Pk = 
II 

Tk&kSkdlg N,tdlg NF” (2) 

Sk = sk(IgN~,lgN~PtIlgE) describes the depen- 
dence between primary energy and the true val- 
ues of the shower sizes, &k = ek(lg Ni, lg NFt) 
is the probability for a shower to trigger the 
experiment and to be reconstructed and rk = 
rk(lg Ne, lg NF( lg Ni, lg NFt) describes the in- 
fluence of the reconstruction. 

Arranging the cell contents in a vector y’ (e.g. 
sorting the cells line by line, starting in each row 
from the left) it is possible to write the problem 
in matrix notation 

(3) 
k=l i=l 

where the individual energy spectra are broken 
up to n energy bins represented by the vectors 
%k. The elements of the response matrix Rk are 
definded as 

I R$ = ce11 j 
dlg N,dlg N; 

I 
PkJkdkE 

bin i 

I 

(4) 
Jkdlg E 

bin i 

If the energy bin size is chosen small enough the 
matrix elements are practically insensitive to the 
exact form of the energy spectra employed for the 
calculation. 

In the present analysis four elements were as- 
sumed as representatives for the cosmic radiation: 
hydrogen, helium, carbon and iron. 

Arranging now the 4 vectors f in one vector 2 
and the response matrices Rk in a single matrix R 
the original problem of coupled Fredholm integral 
equations is reduced to a system of linear equa- 
tions. Since the condition of R is rather poor a 
direct inversion would give insufficient results. To 
avoid this problem unfolding methods have to be 
used. Here the results applying the iterative Gold 
algorithm [4] are presented. First investigations 
using other algorithms (like Bayesian unfolding 
and maxEnt-regularization) yielded qualitativly 
equal results. 

3. Calculating the response matrix 

The best way to determine the elements of the 
matrix R would be to generate at least one or- 
der of magnitude more simulation events as mea- 
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Figure 2. Distribution of lg N, and 1gNF for 
1 PeV proton showers with zenith angle smaller 
18”. The histogram shows the simulations and 
the contour lines the parameterization. 

sured data in order suppress statistical uncertain- 
ties due to the limited number of Monte Carlo 
events. However, for air showers with primary 
energies in the knee region this is not practica- 
ble. For this reason a set of high statistics of 
simulated showers with fixed energies using the 
CORSIKA [5] program (version 5.623) with the 
QGSJet model [6] was generated. For these sim- 
ulations the thinning option was used to be able 
to generate a sufficiently large number of showers. 
The thinning level was chosen in a way that sys- 
tematical effects due to the thinning are negligi- 
ble. Using this set the shower fluctuations Sk were 
parameterized and the energy dependence of the 
corresponding parameters interpolated. A second 
set of fully simulated showers but with smaller 
number of events was used as input for a detailed 
detector simulation based on the GEANT pack- 
age [7]. Afterwards, these showers were recon- 
structed with the standard reconstruction soft- 
ware of KASCADE. Using this second set pa- 
rameterizations for the efficiencies &k and the re- 
construction accuracy rk were obtained. By the 
means of Sk, &k and rk the matrix elements were 
calculated. As an example Fig. 2 shows the pa- 
rameterization of shower fluctuations for 1 PeV 
proton showers. 

4. Results 

After applying the unfolding algorithm to the 
experimental data one obtains the four energy 
spectra displayed in Fig. 3. A knee like feature 
is clearly visible in the spectra of hydrogen and 
helium. In the spectrum of carbon there is only 
a slight tendency for a knee around 1gE M 7.3. 
Since carbon represents not only the CNO group 
but also a wide range of elements beyond A = 16 
this behavior is expected. For a dependence of 
the knee position on atomic mass or charge the 
knee in the carbon spectrum will be “washed out” 
by contributions of heavier elements. It has to be 
stressed that the displayed errors in Fig. 3 rep- 
resent only the statistical errors due to the mea- 
surement. The statistical errors according to the 
limited size of the Monte Carlo samples are not 
included. Also careful checks for the systematics 
due to the chosen form of the parameterizations 
(especially the tails of the distribution) are not 
yet completed and have to be performed. It is 
most likely that these systematics are responsible 
for the behavior of the carbon and iron spectra 
below 2 PeV resp. 3 PeV. 

lo6 10’ 
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Figure 3. Result of the unfolding procedure. The 
error bars are only statistical errors due to the 
measurement. 

Nevertheless it may be interesting to compare 
the knee positions in the spectra of proton and 
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Figure 4. Comparison between the energy spectra 
of hydrogen and helium. This time the differential 
flux according to the rigidity is displayed. 

helium. According to extrapolations from direct 
measurements [S] the expected flux of Li, Be and 
B around 2 PeV is only about 3% of the helium 
flux and 5% of the proton flux. Because of this it 
is likely that the contribution of these elements to 
the reconstructed spectra of proton and helium is 
very small and that these spectra resemble very 
much the true ones. In Fig. 4 these two spec- 
tra are displayed again, this time as a function of 
the rigidity E/Z. In this kind of presentation the 
knees seem to occur at the same position around 
E/Z x 2.5. lo6 GV. This would strongly suggest 
a rigidity dependence of the knee. Further inves- 
tigations have to be carried out to confirm this 
claim. 

5. Conclusions 

Using unfolding methods the energy spectra of 
four mass groups (represented by hydrogen, he- 
lium, carbon and iron) of the primary cosmic ra- 
diation have been reconstructed. As input for 
the analysis the two-dimensional size spectrum of 
lg N, and lg NE’ and their correlations were used. 
The resulting spectra of the light elements show 
knee-like features which suggest a rigidity depen- 

dence of the knee position. These results are still 
preliminary and a thorough investigation of sys- 
tematical errors has to be carried out. Also it 
has to be stressed that these results have to be 
seen in the framework of the CORSIKA simula- 
tion package using QGSJet. Further investiga- 
tions and analysis are on the way. 
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