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Cosmic-ray abundances and energy spectra at high
energies: Measurements with TRACER and KASCADE
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Abstract

Galactic cosmic rays are investigated with complementary techniques above the atmosphere and on ground. Recent results of two
experiments, the TRACER balloon experiment and the KASCADE air-shower detector are discussed.
� 2006 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The contemporary knowledge of galactic cosmic rays
has evolved from a series of direct measurements on strato-
spheric balloons and on space craft up to energies of about
1 PeV, as well as from numerous experiments on ground
level. The latter operate at energies above �0.1 PeV and
register secondary particles generated by cosmic rays in
the atmosphere. Of particular interest is the energy region
from 0.1 to 1 PeV, where both methods overlap, thus
allowing for an intercalibration of the two complementary
techniques.

In the present article, two current experiments operating
above and below the atmosphere are discussed – the
TRACER balloon experiment (Section 2) and the
KASCADE air shower experiment (Section 3).

2. The TRACER experiment

2.1. Experimental set-up

To identify cosmic-ray nuclei, typically their charge and
energy are measured. Charge measurements are frequently

based on the charge dependence of the specific ionization
signal dE/dx � Z2, as for example determined with scintil-
lation counters. At high energies, the energy measurement
becomes a significant experimental challenge and various
techniques have been developed.

A suitable technique to construct lightweight detectors
with a large aperture are transition radiation detectors
(TRDs) (Müller, 2004). Transition radiation is emitted
when a charged particle traverses the interface between dif-
ferent dielectrics. For particles with unit charge, the proba-
bility of emitting a photon is small, of the order a = 1/137
per interface. In order to enhance the intensity, practical
detectors use radiators providing hundreds of interfaces.
For highly relativistic particles, the photons appear in the
X-ray regime and are typically registered with a gaseous
detector containing xenon for efficient photoelectric conver-
sion of X-rays. The intensity of the emitted radiation
depends on the Lorentz factor c = E/mc2 of the traversing
particle. Hence, by measuring the signal yield, the Lorentz
factor of the incident particle can be determined. Such detec-
tors are well suited for heavy nuclei, since the relative width
of the signal C decreases as function of the nuclear charge as
C2 = a2/Z2 + b2. For the TRACER detector values of
a = 0.69 and b = 0.04 have been measured (Hörandel
et al., 2001). Since TRDs measure the Lorentz factor of a
particle, the detectors can be calibrated absolutely at
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accelerators. The Lorentz factor range covered by heavy
nuclei up to the PeV region can be covered with light parti-
cles at lower energies, accessible at accelerators.

This technique is realized in the Transition Radiation
Array for Cosmic Energetic Radiation (TRACER). The
instrument is schematically shown in Fig. 1 (Gahbauer
et al., 2004). It consists of eight double layers of 98 propor-
tional tubes each, which are oriented alternately in two
orthogonal directions in order to determine the particle tra-
jectory. The proportional tubes are 2 m long and 2 cm in
diameter, consisting of aluminized Mylar with a wall thick-
ness of 125 lm, and are filled with a xenon–methane mix-
ture. The ionization losses of the particles are measured
with the four upper double layers forming a proportional
tube array. Four radiators of plastic fiber material, previ-
ously used in the CRN experiment (Müller et al., 1991),
each followed by a double layer of proportional tubes,
form a TRD to measure the particle energy. Two scintilla-
tors (200 · 200 · 0.5 cm3), placed on top and bottom of the

detector stack, act as instrument trigger and determine the
charge through measurement of the specific ionization. A
Čerenkov counter (200 · 200 · 1 cm3) of acrylic plastic at
the bottom of the detector is used to reject non-relativistic
particles. The scintillation and Čerenkov counters are read
out with photomultiplier tubes via wavelength shifter bars.

Objective of the instrument is to measure the energy
spectra of cosmic-ray nuclei from oxygen to iron with indi-
vidual elemental resolution in the energy range from 10 to
104 GeV/n.

Up to date, the TRACER instrument had two successful
flights: A one-day test flight from Ft. Sumner, New Mexico
in September 1999. The instrument floated for about 28 h
at an altitude corresponding to �4–6 g/cm2. TRACER
has been launched from Mc Murdo, Antarctica in Decem-
ber 2003 on a 106 m3 helium-filled balloon for a Long
Duration Balloon (LDB) flight. It floated for about two
weeks at an altitude corresponding to �4–5 g/cm2 on a cir-
cumpolar trajectory, see Fig. 2, covering a distance of
about 8500 km. The weight of the scientific instrument
amounted to about 1.7 ton, the total weight lifted by the
balloon was 2.7 ton. TRACER has been successfully recov-
ered close to the Mc Murdo station. Post flight investiga-
tions show that all detector components are functioning
and the instrument should be refurbished for another Long
Duration campaign.

2.2. Results

For the analysis, first, the tracks of the particles through
the 16 layers of proportional tubes are reconstructed. In a
second step, low energy particles are rejected with the
Čerenkov counter and the charge is determined using the
signals of the two scintillator planes. Finally, the energy
is derived from the signals in the proportional tube array
and the transition radiation detector.

Scintillator

Scintillator

Cerenkov counter

Radiator

2 m

2 m

1.
2 

m

Proportional counter

Transition radiation
detector

Fig. 1. Schematic view of the TRACER experiment (Gahbauer et al.,
2004).

Fig. 2. Ground track of the TRACER experiment during the 2003 Long Duration Balloon flight.

1550 J.R. Hörandel / Advances in Space Research 38 (2006) 1549–1557



Aut
ho

r's
   

pe
rs

on
al

   
co

py

2.2.1. Charge measurement

As an example of results of the 2003 LDB flight, the
measured signal in the top scintillator is presented as func-
tion of the Čerenkov light yield in Fig. 3. The ionization
energy loss dE/dx measured by the scintillator depends
quadratically on the charge of the incoming particle. For
a given charge it decreases as function of the velocity
b = v/c and reaches a minimum for relativistic particles.
The number of photons generated in the Čerenkov counter
depends on the velocity b of the particle and the refraction
index n of the detector

dN
dx
/ Z2 1� 1

ðnbÞ2

 !
: ð1Þ

Hence, the measured cosmic-ray particles are represented
in the figure in a charge–velocity (energy) plane as indicat-
ed. The bands for individual charges can easily be
identified.

Primary goal of TRACER is to measure high-energy
particles, which are minimum ionizing in the scintillator.
Selecting these leads a charge histogram as shown in
Fig. 4. With the presently used read-out electronics, the
instrument is not fully efficient for nuclei lighter than
oxygen, hence, the intensities of carbon and nitrogen are
suppressed in the figure. The charge resolution amounts
to rZ = 0.23 for oxygen, and – in this preliminary analysis
– to rZ = 0.51 for iron nuclei. The latter is expected to be
reduced to rZ � 0.2 in the final analysis.

2.2.2. Energy measurement

The principle of the energy assignment is illustrated in
Fig. 5. The figure is a result of simulations based on
GEANT4 for iron nuclei. The signal from the TRD, i.e.
ionization losses and additional contributions due to

transition radiation X-rays, is plotted as function of the sig-
nal measured with the proportional tube array at the top of
the instrument. Below the threshold for transition radia-
tion, both detector components are expected to deliver a
signal of the same magnitude and the data points are
expected to cluster along the dashed line. In this domain,
the energy is derived from the relativistic rise of the ioniza-
tion signal. At higher energies (c > 500) additional energy is
registered in the proportional counters due to X-ray pho-
tons generated in the radiator material. In this regime the
energy assignment is based on the steep rise of the transi-
tion radiation signal as function of the Lorentz factor.
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Fig. 4. Measured cosmic-ray charge abundance. Shown are preliminary
results of the 2003 LDB flight.
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Fig. 3. Scintillator signal as function of Čerenkov light yield for cosmic-
ray nuclei according to a preliminary analysis of the 2003 LDB flight data.
A power law approximation is used to account for the non-linearity of the
light yield of the plastic scintillator.
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Fig. 5. Simulated detector response for iron nuclei. Plotted is the sum of
the ionization and transition radiation signal (as measured in the lower
part of the TRACER instrument) versus the ionization signal only (as
derived from the upper layers of proportional tubes). Events are expected
to cluster along the dashed line if the signals had the same magnitude in
both detectors. The arrows qualitatively indicate the direction of increas-
ing particle energy (Gahbauer et al., 2004).
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The strong increase of the signal and the relatively small
intrinsic fluctuations allow for a good energy resolution,
with typical values for iron nuclei in the 10% region.

As an example of an energy spectrum, the flux of iron
nuclei is depicted in Fig. 6. Shown are results for the
one-day test flight in 1999. The lowest energy data point
is derived from the energy dependence of the Čerenkov
signal. Information about the intensities at intermediate
energies is derived from the relativistic increase of the
ionization signal in the proportional tubes (15 GeV/n <
E < 500 GeV/n). The highest energy values are derived
from the TRD signals. For comparison with the TRACER
measurements, Fig. 6 includes results as reported by
HEAO (Engelmann et al., 1990) and CRN (Müller et al.,
1991). For a detailed discussion of the test flight data see
(Gahbauer et al., 2004).

The connection between the source spectrum Qi(E) of a
cosmic-ray species (numbered i) and the observed spectrum
Ni(E) can be approximated by a leaky box continuity
equation,

QiðEÞ ¼
N iðEÞ
K=qc

þ Nirinc�
X
j>i

N irjinc; ð2Þ

where K is the propagation path length, q and n are the
interstellar gas density or number density, respectively, ri

and rji are spallation cross sections for species (i) or for spal-
lations (j > i)! (i), respectively, and c is the cosmic-ray
speed, i.e. essentially the speed of light. Up to TeV/n ener-
gies, a parameterization according to Qi(E) � E�2.2 and
K(E) � E�0.6 is consistent with the data of various measure-
ments. However, recent measurements with the thin passive
calorimeters JACEE (Takahashi, 1998) and RUNJOB
(Apanasenko et al., 2001), suggest that the spectra of heavi-
er nuclei from carbon upward are harder beyond 103 GeV/n
than predicted by the model. A quantitative and plausible

interpretation of this behavior would be found if the path
length for escape from the Galaxy K(E) does not continue
to decrease, but asymptotically reaches a constant value Kinf

at high energies. This is illustrated in Fig. 6, where the data
for iron nuclei are compared with predicted spectra for
different assumptions about the residual path length
Kinf � 0, 0.15, and 0.5 g/cm2. For all cases, a source
spectrum � E�2.2 was assumed.

Even though models with a finite path length for escape
at high energies have been proposed long ago (Cowsik and
Wilson, 1973), Fig. 6 illustrates that the currently available
data do not have sufficient counting statistics to test a mod-
el with finite path length in detail and independently for the
individual elements. The analysis of the LDB flight is
currently (Autumn 2004) in progress and will yield data
with a statistical accuracy that is improved by more than
an order of magnitude as compared to the initial flight.
The results will help to resolve the question concerning
the escape path length.

2.3. Prospects for the future

The full potential of the TRD technique could be
revealed in a space mission with an exposure time of several
years, making available energy spectra of individual ele-
ments up to energies of a few PeV/n. Such a mission
requires TRDs which do not saturate until Lorentz factors
c � 105 are reached. To explore the required detector per-
formance, prototype studies have been carried out at an
accelerator (Wakely et al., 2004) and it was shown that
practical transition radiation detector configurations can
be constructed that generate a measurable X-ray signal
for particles with Lorentz factors as low as a few hundred
without reaching saturation until c � 105. A Lorentz factor
c = 105 corresponds to a total energy of 1.6 PeV for oxygen
and 5.6 PeV for iron nuclei.

A possible space mission, the ACCESS project, would
combine a TRD and a thin calorimeter in order to cover
a large range in charge and energy. Light nuclei will be reg-
istered with the calorimeter, while heavy nuclei are mea-
sured with the TRD. ACCESS has been originally studied
for attachment to the International Space Station (Israel
et al., 2000), but it could also be realized on a free flying
satellite. The energy dependence of the propagation path
length K(E) could be directly determined with such a detec-
tor by a measurement of the ratio of primary to secondary
nuclei1 (e.g., the B/C-ratio) up to very high energies. The
energy spectra for individual elements will then be extended
to energies where air shower experiments are operating and
thus will provide an intercalibration between the comple-
mentary techniques.
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Fig. 6. Differential energy spectrum for iron nuclei, compared with
estimated spectra for different assumptions about the energy dependence
of the propagation escape path length Kesc. Shown are results of the 1999
one-day test flight (Gahbauer et al., 2004) compared to previous
measurements by (Engelmann et al., 1990) and (Müller et al., 1991).

1 ‘Secondary nuclei’ denote in this section, nuclei generated during the
propagation process of cosmic rays through the Galaxy. On the other
hand, in Section 3, ‘secondary particles’ are particles generated in air
showers.
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3. The KASCADE experiment

Extending to energies beyond the TRACER or ACCESS
regime, the steeply falling energy spectrum requires large
detection areas (exceeding 104 m2) and long exposure times
(many years). At present, such experiments can only be real-
ized in ground based installations. They measure the sec-
ondary products generated by high-energy cosmic-ray
particles in the atmosphere – the extensive air showers.
The challenge of these investigations is to reveal the proper-
ties of the shower inducing particle behind an absorber – the
atmosphere – with a total thickness, corresponding to 11
hadronic interaction lengths or 30 radiation lengths.

One of the most detailed experiments in the energy range
from several 1013 eV up to beyond 1017 eV is the experiment
KASCADE (‘‘Karlsruhe Shower Core and Array DEtec-
tor’’) (Antoni et al., 2003). It has been operating continu-
ously since 1996, detecting simultaneously the three main
components of air showers: The electromagnetic compo-
nent is detected in a 200 · 200 m2 scintillator array. The
energy, as well as point and angle of incidence for hadrons
with energies Eh > 50 GeV are measured in a sampling cal-
orimeter. Muons are registered with different thresholds in
lead shielded detectors in the scintillator array (El >
230 MeV), as well as in the calorimeter with a layer of scin-
tillators (El > 490 MeV) and below it with three layers of
position sensitive detectors (El > 2.4 GeV). In addition,
high-energy muons are measured by an underground muon
tracking detector equipped with limited streamer tubes
(El > 0.8 GeV). The multi-detector set-up allows us to
address several questions connected to the development of
air showers in the atmosphere as well as the origin of
high-energy cosmic rays, as discussed in the following.

3.1. High-energy interactions

To address astrophysical questions with air-shower data
necessitates the understanding of high-energy interactions
in the atmosphere. Or, in reversion, properties of primary
nuclei derived from air-shower measurements depend on
the (limited) understanding of the complex processes dur-
ing the development of air showers. Recent investigations
indicate inconsistencies in the interpretation of air shower
data. Thus, one of the primary goals of KASCADE is to
investigate high-energy interactions and to improve con-
temporary models to describe such processes.

A valuable tool to test high-energy interaction models
are correlations between different shower components. As
an example, Fig. 7 shows the energy of the most energetic
hadron registered in each shower averaged over many
events as function of the number of reconstructed electrons
(Milke et al., 2004). The KASCADE measurements are
compared with predictions for proton and iron induced
showers as calculated with three different interaction mod-
els in the framework of the CORSIKA code (Heck et al.,
1998). For this correlation, the models QGSJET 01
(Kalmykov et al., 1997) and SIBYLL 2.1 (Engel et al.,

1999) are able to describe the data reasonably well, while
on the other hand, the maximum hadron energy predicted
by NEXUS 2 (Drescher et al., 2001) is significantly smaller
than the measured energies. The conclusions may differ
for a different set of observables (like electron versus muon
number) and an impartial judgment requires the analysis of
many air shower observables (Milke et al., 2004).

As a conclusion of the various analyses, the model QGS-
JET seems to be the best model to describe high-energy
hadronic interactions. But still the model is not able to
describe the data with complete consistency (Ulrich et al.,
2004, 2005). The discrepancies stimulate new work with
the objective to improve the present interaction models.
Examples are investigations of the influence of the pro-
ton–proton cross-section or the inelasticity of hadronic
interactions on air-shower observables (Hörandel, 2003b),
or new theoretical concepts included in the QGSJET model
(Ostapchenko, 2006).

3.2. Energy spectra and mass composition

Main objective of KASCADE is to determine the energy
spectra and mass composition of cosmic rays. The problem
has been approached from various points of view.

The longitudinal development of the muonic shower
component is studied with the muon tracking detector of
the KASCADE experiment (Büttner et al., 2003). The
arrival direction and point of incidence of individual
muons are registered. In conjunction with the geometric
parameters of the electromagnetic shower the average pro-
duction height of muons is reconstructed. Through com-
parison of measured values with predicted production
heights from Monte Carlo calculations, the mean logarith-
mic mass of cosmic rays is inferred. Resulting values are
presented in Fig. 8 as function of muon number. In the
energy range depicted, from �0.4 to �30 PeV, a steady
increase of the mean logarithmic mass can be recognized.

Fig. 7. Correlation of the most energetic hadron Emax
h and the number of

electrons Ne averaged over many showers. KASCADE data are compared
to model predictions for primary protons and iron nuclei. To improve the
visibility, for some models parameterizations are shown only (Milke et al.,
2004).
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Attention has also been drawn on a special class of
events, the unaccompanied hadrons. These originate from
small air showers, which have interacted at large heights.
Almost the complete shower has been absorbed in the
atmosphere and only one single hadron has been recon-
structed in the calorimeter (Antoni et al., 2004c). Simula-
tions reveal that these events are closely related to the
flux of primary protons. Hence, the measured flux of unac-
companied hadrons at ground level has been used to derive
the spectrum of primary protons based on simulations with
CORSIKA/QGSJET. The resulting flux is compatible with
direct measurements. This indicates that below 1 PeV the
interactions in the atmosphere seem to be reproduced rea-
sonably well by the models.

An advanced analysis is founded on the measurement of
the electromagnetic and muonic shower components with
the scintillator array (Ulrich et al., 2004). The analysis is
based on the deconvolution of the two-dimensional elec-
tron muon number distribution. The content of each cell
in the N e–N 0l plane (see Fig. 9) is assumed to be the sum
of contributions from five different primary elements, i.e.
protons, helium, carbon, silicon, and iron. These elements
are taken to represent the full spectrum of cosmic-ray
nuclei.

The application of the unfolding procedure to the data is
performed on basis of two hadronic interaction models
(QGSJET and SIBYLL) as implemented in the CORSIKA
program. The resulting spectra of a preliminary analysis
are displayed in Fig. 10. The results exhibit sequential
cut-offs for the individual mass groups, starting with the
proton component. There are systematic differences for
the spectra derived with QGSJET and SIBYLL. They are
attributed to the fact that none of the models is able to
describe the observed data set in the whole energy range
consistently, for details see (Ulrich et al., 2004, 2005).

Despite of the uncertainties a depression of the flux of light
nuclei (protons and helium) can be recognized, while the
flux of the heavy component seems to extend to higher
energies for both interaction models. For comparison,
results of direct measurements are indicated by the lines.
For the implications of these results on the understanding
of the origin of the knee, the reader is referred to (Höran-
del, 2004a, 2005).

As can be seen from Fig. 10, the measurements at 1 PeV
are dominated by systematic uncertainties, statistical errors
are negligible. The derived fluxes differ by a factor of two to
three when the interaction models QGSJET and SIBYLL
are used to interpret the measured data. With the ACCESS
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Fig. 8. Mean logarithmic mass of cosmic rays derived from the measure-
ment of the average production height of muons with the KASCADE
experiment (Büttner et al., 2003).
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Fig. 9. Two-dimensional shower size spectrum of the number of electrons
and the number of muons for showers with zenith angles <18�. The
contour histogram represents measurements. Additionally, the lines
indicate results of simulations for five primary particle types based on
CORSIKA (Roth et al., 2003).

Fig. 10. Energy spectra for groups of elements derived from the
measurements of the electromagnetic and muonic shower components
using CORSIKA with the hadronic interaction models QGSJET and
SIBYLL (Ulrich et al., 2004). The squares represent the measured all
particle spectra for comparison. For protons, upper left, the flux derived
from single hadrons is indicated (Antoni et al., 2004c). The dashed lines
represent fits to direct measurements (Hörandel, 2003a). Only statistical
errors are shown.
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experiment a statistical uncertainty in the flux for individu-
al elements of better than 30% is expected at 1 PeV (Israel
et al., 2000). Such a measurement would help to interpret
the air-shower data and to discriminate between different
interaction models.

3.3. Cosmic-ray anisotropy

Despite the information extracted from composition
measurements, at high energies additional information
about the origin of cosmic rays can be derived from studies
of the arrival directions. The search for potential point
sources is of great interest to address the question of cos-
mic-ray sources. One has to keep in mind that the gyro-
magnetic radius of a proton with an energy of 1 PeV in
the galactic magnetic field is about 0.4 pc and consequently
the probability to detect a source is rather small. The result
of such an analysis is depicted in Fig. 11 (Antoni et al.,
2004a). Shown is the distribution of the significances from
a sky map of the arrival direction of showers with energies
above 0.3 PeV covering a region from 10� to 80� declina-
tion. For an isotropic distribution the significances are
expected to follow a Gaussian distribution as indicated
by the solid line. Results for all events are presented, as well
as for a selection of muon-poor showers. The latter are
expected from potential primary gamma rays. No signifi-
cant deviation of the data from the Gaussian distribution
can be recognized. The analysis has been deepened by
investigating a narrow band (±1.5�) around the Galactic
plane. Also circular regions around supernova remnants
and TeV-c-ray sources have been studied. None of the
searches provided a hint for a point source, neither by tak-
ing into account all events, nor selecting muon-poor show-
ers only. Upper limits for the fluxes from point like sources
are determined to be around 10�10 m�2 s�1. In addition, no
clustering of the arrival direction for showers with primary
energies above 80 PeV is visible.

While the search for point sources is related to the inves-
tigation of cosmic-ray acceleration sites, the large scale
anisotropy is expected to reveal properties of the cosmic-
ray propagation. The Rayleigh formalism is applied to
the right ascension distribution of extensive air showers
measured by KASCADE (Antoni et al., 2004b). No hints
of anisotropy are visible in the right ascension distributions
in the energy range from 0.7 to 6 PeV. This accounts for all
showers, as well as for subsets containing showers induced
by predominantly light or heavy primary particles. Upper
flux limits for Rayleigh amplitudes are determined to be
between 10�3 at a primary energy of 0.7 PeV and 10�2 at
6 PeV.

The KASCADE upper limits are shown together with
results from other experiments in Fig. 12. It presents the
Rayleigh amplitude as function of energy. The experimen-
tal results are compared to the anisotropy expected from
calculations by (Candia et al., 2003). They have calculated
the diffusive propagation of cosmic-ray nuclei in the
Galaxy. The resulting amplitudes are shown for primary
protons and iron nuclei as well as for all particles. The
trend of an increase of the amplitude as function of energy
seems to be reflected by the data. This indicates that leak-
age from the Galaxy and consequently a decreasing path
length K(E) plays an important part during cosmic-ray
propagation and most likely, also for the origin of the knee.

3.4. Extensions of the set-up

Energy spectra have been reconstructed with
KASCADE data up to energies of 100 PeV, see Fig. 10.
At these energies, statistical errors start to dominate the
overall error. To improve this situation the experiment
has been enlarged. Covering an area of 0.5 km2, 37 detector
stations, containing 10 m2 of plastic scintillators each, have
been installed around the original KASCADE set-up
(Navarra et al., 2004). The combination is called the
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Fig. 11. Distribution of the significance values from a sky map for the
complete data set (open circles) and a selection of muon poor showers
(filled squares) (Antoni et al., 2004a).
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Fig. 12. Rayleigh amplitudes as function of energy for various experi-
ments (Antoni et al., 2004b). Additionally, predictions for a diffusion
model are shown. The lines indicate the anisotropy expected for primary
protons (H) and iron nuclei (Fe) as well as for all particles (tot) (Candia
et al., 2003).
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KASCADE-Grande experiment and regular measurements
are being conducted since Summer 2003.

To explore new dimensions of air shower observables, a
prototype array of antennas has been installed on the
KASCADE site to investigate radio emission from air
showers (Horneffer et al., 2004). The first phase consisting
of 10 antennas is already running. It operates in the
frequency range of 40–80 MHz. It has demonstrated how
digital interference suppression and beam forming can
overcome the problem of radio interference and pick out
air shower events. First preliminary analyses show promis-
ing results.

4. Conclusion and outlook

With the TRACER instrument energy spectra with indi-
vidual elemental resolution are extended to higher energies
approaching 0.1 PeV. With the proposed ACCESS project
such information could be obtained up to 1 PeV. In this
region, the direct measurements overlap with results from
air shower detectors and the direct measurements will help
to discriminate between different hadronic interaction
models, used to interpret air shower data. The KASCADE
measurements indicate that the knee in the all-particle
spectrum is caused by the depression of the flux of light
elements. The energy spectra for mass groups exhibit a
sequential cut-off. An increase of the mean logarithmic
mass as function of energy has been observed in the
knee region. The investigations will be extended up to
energies around 1 EeV with the KASCADE-Grande
experiment.
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