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Detektorfelder und Messmethoden

• Teilchendetektoren

• nicht-abbildende optische Detektoren

• Beispiele: KASCADE, TUNKA

Messergebnisse und offene Fragen

• Knie im Energiespektrum

• Unsicherheiten bei der Dateninterpretation

Kalorimetrische Messung von Schauern mit Fluoreszenzlicht

• Prozess der Fluoreszenzemission in Luft 

• Korrektur für nicht nachgewiesene Energie

Beispiel: das Pierre Auger-Observatorium

• Aufbau und Schauernachweismethoden 

• Methode der Hybrid-Messung

Daten zum Primärfluss und der Elementzusammensetzung

• Knöchel (Ankle) im Fluss: Übergang zu extragalaktischen Quellen? 

• Tiefe des Schauermaximums und Interpretation

http://apod.nasa.gov/apod/ap110405.html Markus.Roth@ik.fzk.de
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Das Knie im Fluss der Kosmischen Strahlung
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Das Knie im Fluss der Kosmischen Strahlung
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Magnetische Steifigkeit und Quellen
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Magnetfeld nur unzureichend bekannt, 
B = 3 !G = 30 nT in der Nähe des 
Sonnensystems

Geschichte Spektrum mögliche Quelle Zusammenfassung I Experimente Zusammenfassung II + Ausblick Literatur

galaktische Magnetfelder

SN als Quelle von KS verursacht ein Spektrum mit � =2
Diffusion der Teilchen aufgrund der Magnetfelder
kein Entweichen der Teilchen� kein Energieverlust�
quadratische Abhängigkeit auf der Erde messbar

Magnetische Steifigkeit und Ausbreitung

Teilchen mit hoher Energie entweichen
schneller aus der Galaxie

Magnetische Steifigkeit und Ausbreitung
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B = 3 μG = 30 nT in der Nähe des 
Sonnensystems

Teilchen mit hoher Energie entweichen 
schneller aus der Galaxie

we@A>-'8'" 5B>n'K,-'B ./8 F.$.1K8
v'AV.,->/B=8=0%o' "

50BK' C 5*.& 8J.$K'0> *K> :'0

~.:'B@='--$ }

A@'Bh>
KB :'0 t/'$$'

5B>n'K,-'B /B8

2
666 66666

2

22

� MK__/8KAB8=$'K,-/B=



Das Knie im Fluss der Kosmischen Strahlung

6

Das Knie im Fluss der Kosmischen Strahlung
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Beschleunigung/Ausbreitung

Modelle für die Entstehung des Knies (ii)
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Exotische Modelle für die Entstehung des Knies
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Das Knie im Fluss der Kosmischen Strahlung
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Modelle für die Entstehung des Knies (iii)
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KArlsruhe Shower Core and Array DEtector

gleichzeitige Messung der


• elektromagnetischen,


• myonischen

• und hadronischen  
Schauerkomponenten

T. Antoni et al, Nucl. Instr. & Meth. A 513 (2004) 490



KASCADE Luftschauerdetektor
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KASCADE Luftschauerdetektor 

200 m

13 m

Detektorstation

Muonspurdetektor

Zentraldetektor
(Haronen und 
Myonen)



Der Zentraldetektor
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KASCADE

KArlsruhe Shower Core and Array DEtector
Campus Nord (FZK)
1996  2000 (Grande)  2011→ →

200m × 200m array
252 detector stations

KASCADE Grande

central detector



Detektorstation
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Prinzip der Elektron- und Myonmessung
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Prinzip der Elektron- und Myonmessung



Datenanalyse
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Fig. 9 KASCADE data analysis workflow for measurements and sim-
ulations

CORSIKA simulation package. CORSIKA has been written
especially for KASCADE and extended since then to become
the standard simulation package in the field of cosmic ray air
shower simulations [17].

At KASCADE, the entire simulation chain consists of
three parts: (1) air shower simulation performed by COR-
SIKA; (2) detector simulation performed by CRES (Cosmic
Ray Event Simulation); (3) data reconstruction performed by
KRETA. Figure 9 illustrates the parallel workflow of mea-
surements and simulations as applied in KASCADE (and
Grande).

CORSIKA is a detailed Monte Carlo program to study
the evolution and properties of extensive air showers in the
atmosphere. Protons, light nuclei up to iron, photons, and
many other particles can be treated as primaries. The parti-
cles are tracked through the atmosphere until they undergo
reactions with the air nuclei or – in the case of non-stable sec-
ondaries – decay. A variety of high- and low-energy hadronic
interaction models is implemented. In KASCADE we were
using six high energy models from three different model fam-
ilies (for a comparison of the models see [27] and references

therein) – QGSjet-II-02 and QGSjet-II-04; EPOS 1.99 and
EPOS-LHC; SIBYLL 2.1 and SIBYLL 2.3 – and one low
energy model in different versions, named FLUKA.

The detector simulation is performed with CRES, a
code package for the simulation of the signals and energy
deposits in all detector components of KASCADE-Grande as
response to an extensive air shower as simulated with COR-
SIKA. CRES has been developed, based on the GEANT3 [28]
package accepting simulated air shower data from (unthinned)
CORSIKA as input delivering simulated detector signals.
The data structure of the CRES output is the same as from
the KASCADE measurements, which means that both are
analysed using the same reconstruction program KRETA.
Unlike for measured data where we have calibration param-
eters like air temperature and event specific information like
the event time, we have here some additional information on
the shower properties like true primary energy and particle
ID derived directly from CORSIKA or from CRES. It was
one of our main goals to publish the simulation data in the
same format as the measured data published with the release
NABOO, to make it as easy as possible for the users.

From about 200 observables obtained in the analysis of
the simulated data we choose 34 to be published in KCDC.
Some of these parameters are representing the true shower
information, which are described as:
True primary energy The energy of the particle inducing the
air shower is an input for the CORSIKA air shower simula-
tion code. In our case we simulated showers with a primary
energy between 1014 and 3.16 · 1017 eV following a power
law spectrum with an index of −2.
True primary particle ID The ID of the particle inducing the
air shower is an input for the CORSIKA air shower simula-
tion code. We simulated 5 primaries representing 5 different
mass groups. These primaries and their respective IDs are:

Proton ID = 14 Representing the lightest mass
group

Helium ID = 402 Representing a light mass group
Carbon ID = 1206 Representing the CNO-group
Silicon ID = 2814 Representing a medium heavy

mass group
Iron ID = 5626 Representing a heavy mass group

True shower directionThe zenith angle and the azimuth angle
of the incident particles are input parameters for the COR-
SIKA air shower simulation code. The zenith angle spectrum
reaches from 0◦ to 42◦ in simulation. The zenith angle is
selected at random in this interval to match equal particle
fluxes from all solid angle elements of the sky and a registra-
tion by a horizontal flat detector arrangement. The azimuth
angle is always simulated between 0◦ and 360◦, where 0◦

123

charged particles Nch and the total number of muons Nl, here the
electron shower size Ne and the truncated muon number Ntrunc

l
(number of muons between 40 m and 200 m distance from shower
core) are used. Another difference is that KASCADE covers a lower
energy range than KASCADE-Grande, but a reasonable overlap
remains.

At an energy of approximately 4 PeV to 5 PeV, a kink in the all-
particle flux, the so-called ‘‘knee’’ of the cosmic ray spectrum, can
be observed (cf. Fig. 11). The left panel of Fig. 12 shows the energy
spectra of protons, as well as of helium and carbon nuclei. It can be
noticed that, in the frame of the models used, protons are less
abundant than helium and carbon nuclei, which is in agreement
with the results at higher energies (cf. Fig. 7). At an energy of about
4 PeV, a kink in the proton spectrum can be found. The energy
spectra of helium and carbon, which are the most abundant nuclei,
indicate an almost equal abundance of both elements, but the
fluxes of the two primary particle types differ in their spectral
shape. Whereas the helium spectrum is characterized by a kink
at about 7 PeV, a change of index in the carbon spectrum is com-
patible with a kink at around 20 PeV. As discussed in [2] for other
models, the knee positions of the three nuclei protons, helium, and
carbon relative to each other demonstrate a compatibility with a
rigidity dependence of the knees. It should be mentioned that in
case of the steepening of the carbon spectrum the statistics

become poor in this energy region and the spectrum is liable to
large fluctuations; but, a general trend can be seen. The right part
of Fig. 12 exhibits the energy spectra of silicon and of iron nuclei.
The silicon spectrum reveals a kink at quite low energy, which is
not expected when a rigidity dependence is assumed. Its existence
can be explained by problems in the data description. An examina-
tion of the distribution of the v2

i -deviations (analogous to the
examination performed in Section 7.1 for the KASCADE-Grande
data) reveals deficiencies mainly in the medium energy range,

Fig. 12. Unfolded energy spectra of protons as well as helium and carbon nuclei (left panel), and silicon and iron nuclei (right panel), using as hadronic interaction models
QGSJET-II-02 [12,13] and FLUKA 2002.4 [14–16]. The error bands mark the maximal range of systematic uncertainties, and the error bars represent the statistical
uncertainties. Basis for this analysis are air showers measured with the KASCADE experiment for zenith angles from 0! to 18! .
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Fig. 13. Most probable values for the five considered nuclei according to the
calculated response matrix (based on the interaction models QGSJET-II-02 [12,13]
and FLUKA 2002.4 [14–16]). Additionally, the measured two-dimensional size
spectrum (the data used) is depicted.

Table 1
Differential flux values dJ/dE and uncertainties rstat:

respectively Dsyst: for protons. The response matrix used
bases on the interaction models QGSJET-II-02 [12,13]
and FLUKA 2002.4 [14–16].

Energy E
GeV

dJ=dE"rstat:"Dsyst:

m#2sr#1 s#1GeV#1

1.12$107 (2.11 ± 0.68 ± 0.93)$10#16

1.55$107 (5.87 ± 1.31 ± 2.54)$10#17

2.14$107 (1.78 ± 0.35 ± 0.63)$10#17

2.95$107 (7.13 ± 1.12 ± 1.69)$10#18

4.07$107 (2.99 ± 0.69 ± 0.80)$10#18

5.62$107 (1.27 ± 0.33 ± 0.29)$10#18

7.76$107 (2.79 ± 1.34 ± 0.89)$10#19

1.07$108 (7.87 ± 4.41 ± 0.16)$10#20

1.48$108 (1.18 ± 0.55 ± 0.54)$10#19

2.04$108 (5.30 ± 3.68 ± 7.49)$10#20

Table 2
Differential flux values dJ/dE and uncertainties rstat:

respectively Dsyst: for helium nuclei. The response matrix
used bases on the interaction models QGSJET-II-02
[12,13] and FLUKA 2002.4 [14–16].

Energy E
GeV

dJ=dE"rstat:"Dsyst:

m#2sr#1 s#1GeV#1

1.12$107 (5.75 ± 0.72 ± 1.98)$10#16

1.55$107 (1.43 ± 0.19 ± 0.63)$10#16

2.14$107 (3.72 ± 0.65 ± 2.02)$10#17

2.95$107 (1.05 ± 0.20 ± 0.62)$10#17

4.07$107 (3.28 ± 0.58 ± 1.98)$10#18

5.62$107 (1.62 ± 0.36 ± 0.76)$10#18

7.76$107 (3.55 ± 1.12 ± 1.76)$10#19

1.07$108 (1.03 ± 0.42 ± 1.85)$10#19

1.48$108 (1.11 ± 0.35 ± 0.42)$10#19

2.04$108 (2.22 ± 1.19 ± 8.04)$10#20

64 W.D. Apel et al. / Astroparticle Physics 47 (2013) 54–66



KASCADE: Elektron-Myon-Spektren
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KASCADE: Elektron-Myon-Spektren

no
. o

f s
ho

w
er

s

1

10

10 2

10 3

10 4

tr.lg N
4 4.5 5.5 6 6.5

e
lg

 N

5

5.5

6

6.5

7

7.5

8

5

Zahl der Myonen (40-200m)

Z
ah

l d
er

 E
le

kt
ro

ne
n

insgesamt 6.9 x 105 Ereignisse



elg N

n
o
. 
o
f 

sh
o
w

er
s

elg N

5.8 6 6.2 6.4 6.6 6.8 7 7.2 7.4

n
o
. 
o
f 

sh
o
w

er
s

1

10

10
2

10
3

 < 4.95tr.
µ4.85 < lg N

measured

sum of all

H 

He 

C 

Si 

Fe 

i2
!

co
n

tr
ib

u
ti

o
n

  
  

0

2

4

6

8

10

12

14

tr.
µlg N

4 4.5 5 5.5 6 6.5
e

lg
 N

5

5.5

6

6.5

7

7.5

8

QGSJet 01 - result

Description of data

forward folding of solution with

calculated probabilities, calculation

of how the data would look like

5 5.5 6 6.5 7
10

-1

1

10

10
2

10
3

10
4

 < 4.1tr.
µ4 < lg N

measured

sum of all

H 

He 

C 

Si

Fe

comparison between calculated

and measured data: !2

no
. o

f s
ho

w
er

s

1

10

10 2

10 3

10 4

tr.lg N
4 4.5 5.5 6 6.5

e
lg

 N
5

5.5

6

6.5

7

7.5

8

5

16



Elementzusammensetzung�
im Energiebereich �
des Knies: KASCADE

17

Das Knie im Fluss der Kosmischen Strahlung
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actions are treated with the GHEISHA 2000 [22] code, the electromagnetic part of
the shower is simulated using EGS4 [23]. For the determination of efficiencies and
reconstruction properties the simulation of the KASCADE experiment is necessary.
This simulation is based on a detailed GEANT [24] simulation, the following re-
construction of the showers is done with the standard KASCADE reconstruction
software. More details about the simulation and parameterization procedures can
be found in [20] and references therein.

4 Results

Unfolding results for the elemental group energy spectra are shown in Fig. 3.
In the upper part of the figure results for the spectra of light elements (left) and
heavy elements (right) using QGSJet simulations are shown, in the lower part the
corresponding spectra using SIBYLL simulations. The shaded bands indicate the
systematic (methodical) uncertainties. For low energies (< 10 PeV) these uncer-

Fig. 3. Results for the energy spectra, H, He, C in left column, Si and Fe in right column.
Upper panel: QGSJet01 hypothesis; lower panel: SIBYLL 2.1 hypothesis. The shaded

bands indicate methodical uncertainties.

A266 Czech. J. Phys. 56 (2006)
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This simulation is based on a detailed GEANT [24] simulation, the following re-
construction of the showers is done with the standard KASCADE reconstruction
software. More details about the simulation and parameterization procedures can
be found in [20] and references therein.

4 Results

Unfolding results for the elemental group energy spectra are shown in Fig. 3.
In the upper part of the figure results for the spectra of light elements (left) and
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KASCADE-Grande: Elementzusammensetzung
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In order to parametrize the dependence of the resolution of the
experiment on the true sizes, a possible bias in the charged particle
and muon number reconstruction must first be corrected by using
appropriate correction functions Cbias

ch and Cbias
l , respectively, deter-

mined based on the simulations. The correction is typically in the
order of less than 10%. The distributions of the remaining devia-
tions between the reconstructed (and bias corrected) and true
shower sizes are depicted in Fig. 4 for the charged particle number
(left panel) and for the muon number (right panel), in case of dis-
crete exemplary true shower size intervals (corresponding to about
30 PeV to 40 PeV primary energy). Since the resolution does not
differ significantly between different primaries, in order to increase
statistics, the simulations for the five primary particles can be com-
bined to a mixed composition set serving for the parametrization.

In Fig. 5, the measured shower size plane is compared to the
probabilities given by the final response matrix taking into account
the entire parametrizations, i.e. that of the intrinsic shower fluctu-

ations as well as that of the properties of the experiment. Shown
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the outermost isoline: 0:1;0:05 and 10#4 probability density). For
reasons of clarity, only the results for two exemplary primaries are
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10#4, represent the smallest probability value just considered in
the response matrix after its conditioning. As can be seen, these out-
er isolines cover almost all measured data; hence, the minimal prob-
ability is not set too large.

4. Error propagation

The determination of the elemental energy spectra will be sub-
jected to influences of different error sources. They can roughly be
classified in four categories (cf. [17] for details):

(i) Statistical uncertainties due to the limited measurement time:
Due to the limited exposure, the measured data sample will
suffer from unpreventable statistical uncertainties, which
are expected to be Poisson distributed. These uncertainties
will be propagated through the applied unfolding algorithm
and are usually amplified thereby. The statistical uncertain-
ties can be determined by means of a frequentist approach:
The measured two-dimensional shower size plane is consid-
ered as probability distribution. Based on a random genera-
tor, a couple of artificial data sets are generated, which are
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a good estimate for the statistical uncertainty due to the lim-
ited measurement time.

(ii) Systematic bias induced by the unfolding method: In the con-
text of the convergence properties of the iterative unfolding
algorithms, small numbers of iteration steps will on the one
hand reduce the amplification of the statistical uncertainties
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tion. In this work, the number of iteration steps, respectively
the regularization parameter, is chosen such that an optimal
balance between the statistical uncertainties and the sys-
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13 In case of smaller energies, the widths of the probability distributions are as large
that there are no individual probabilities larger than 0.1 or even 0.05, such that the
inner isolines are missing in these cases.
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convergence rates of Gold’s algorithm below the threshold of full
detection efficiency.14 These systematic effects can hardly be esti-
mated in case of real data. Hence, the only possibility will be to de-
mand a sufficiently large detection probability, which is realized if
the energy is larger than log10ðE=GeVÞ # 7:0 for the lighter mass
groups, and larger than log10ðE=GeVÞ # 7:2 for silicon and for iron.
Hence, for energies below these thresholds, i.e. where the estimation
of the systematic uncertainties is not comprehensive due to the
missing uncertainty caused by the different convergence properties,
no error bands are depicted in Fig. 6. In order to guarantee that the
presented spectra are reliable within the given uncertainties, in the
main analysis, energy ranges below these limits will be omitted in
the depictions completely, though they are considered mathemati-
cally within the unfolding process itself. Considering all these in-

sights, the unfolding procedure can be applied successfully to the
measured shower size spectrum.

6. Results

In Fig. 7, the energy spectra for elemental groups of cosmic
rays, determined by applying Gold’s unfolding algorithm [18] to
the two-dimensional shower size distribution measured with
KASCADE-Grande and shown in Fig. 1, are presented. For a better
distinguishability, the spectra of lighter mass groups, represented
by protons as well as helium and carbon nuclei, and those of hea-
vier mass groups, represented by silicon and iron nuclei, are de-
picted separately. The error bars represent the statistical
uncertainties due to the limited measurement time. The error
bands, representing the maximal range of systematic uncertain-
ties, include the bias induced by Gold’s algorithm, as well as
the uncertainties caused by the uncertainties in the response ma-
trix due to the limited simulation statistics. Possible uncertainties
of the interaction models used, i.e. of QGSJET-II-02 and FLUKA
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Fig. 6. Realistic test energy spectra (open symbols) are shown together with the spectra determined by an unfolding (based on Gold’s unfolding algorithm [18]) of the toy
data set generated based on these test spectra (filled symbols): on the left panel, in case of the lighter mass groups, and, on the right panel, for the heavier ones. The sum
spectrum, which is the sum of all five unfolded elemental spectra, is also depicted. The error bars are the statistical uncertainties due to the limited measurement time, the
error bands represent the systematic bias induced by Gold’s unfolding algorithm. The bands are only shown for energy ranges, where the estimation of the systematic
uncertainties works reliably.

14 The detection efficiency incorporates the combined trigger and reconstruction
efficiency (which bases on the true shower sizes) with the probability that an air
shower contributes to the shower size plane that is serving as basis for our analysis
(i.e. that it passes the cut log10ðN
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l ÞP 5:0, which bases on the

reconstructed shower sizes).
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mated in case of real data. Hence, the only possibility will be to de-
mand a sufficiently large detection probability, which is realized if
the energy is larger than log10ðE=GeVÞ # 7:0 for the lighter mass
groups, and larger than log10ðE=GeVÞ # 7:2 for silicon and for iron.
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the depictions completely, though they are considered mathemati-
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measured shower size spectrum.

6. Results

In Fig. 7, the energy spectra for elemental groups of cosmic
rays, determined by applying Gold’s unfolding algorithm [18] to
the two-dimensional shower size distribution measured with
KASCADE-Grande and shown in Fig. 1, are presented. For a better
distinguishability, the spectra of lighter mass groups, represented
by protons as well as helium and carbon nuclei, and those of hea-
vier mass groups, represented by silicon and iron nuclei, are de-
picted separately. The error bars represent the statistical
uncertainties due to the limited measurement time. The error
bands, representing the maximal range of systematic uncertain-
ties, include the bias induced by Gold’s algorithm, as well as
the uncertainties caused by the uncertainties in the response ma-
trix due to the limited simulation statistics. Possible uncertainties
of the interaction models used, i.e. of QGSJET-II-02 and FLUKA
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data set generated based on these test spectra (filled symbols): on the left panel, in case of the lighter mass groups, and, on the right panel, for the heavier ones. The sum
spectrum, which is the sum of all five unfolded elemental spectra, is also depicted. The error bars are the statistical uncertainties due to the limited measurement time, the
error bands represent the systematic bias induced by Gold’s unfolding algorithm. The bands are only shown for energy ranges, where the estimation of the systematic
uncertainties works reliably.

14 The detection efficiency incorporates the combined trigger and reconstruction
efficiency (which bases on the true shower sizes) with the probability that an air
shower contributes to the shower size plane that is serving as basis for our analysis
(i.e. that it passes the cut log10ðN
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observed. This is the consequence of the energy shift
assigned on an event-by-event basis previously discussed.
Looking at the residual plot (Fig. 6), one observes in gen-
eral an almost constant !25% increase in the flux of SIB-
YLL compared to QGSjet and a reduction of !10% of
EPOS with respect to QGSjet at the lowest energies and
slightly increasing to higher energies as expected from

Fig. 3. This result gives an estimation on the systematic
uncertainty on the experimental flux due to the hadronic
interaction model used to interpret the data, and it is essen-
tially independent of the technique used to derive the flux,
namely averaging the fluxes obtained in different angular
bins. The shift in the assigned energy to the data is also vis-
ible in the hardening around !2" 1016 eV and in the steep-
ening around 1017 eV which look shifted among the models
in general agreement with the energy shift. This result indi-
cates that the features seen in the spectrum are not an arte-
fact of the hadronic interaction model used to interpret the
data but they are in the measured data. In the overlapping
region, KASCADE-Grande data are compatible inside the
systematic uncertainties with KASCADE data interpreted
with the same model. However, the offset in flux among
the models in KASCADE-Grande data is larger compared
to the KASCADE ones. As the systematic uncertainties
unrelated to the model are essentially common to all the
three energy spectra, it is not straightforward to imagine
that the offset of KASCADE-Grande with respect to KAS-
CADE could be corrected commonly for the three models.
As an example, the SIBYLL spectrum of KASCADE-
Grande is already in excellent agreement with KASCADE,
while QGSjet and EPOS produce a slight and more pro-

Table 1
Estimated uncertainties (%) of the cosmic ray flux for different energies, where only absolute values are given in case of symmetric uncertainties.

Source of uncertainty SIBYLL EPOS

1016 eV 1017 eV 1018 eV 1016 eV 10 17 eV 1018 eV

Intensity in different angular bins #0/+17.6 13.2 25.5 #0/+10.8 13.0 21.6
Energy calibration & composition 5.6 7.9 18.4 5.1 10.5 19.7
Slope of the primary spectrum 0.3 0.2 0.2 0.1 0.2 0.3
Reconstruction (core, Nch & Nl) 1.0 0.3 5.3 0.4 0.8 5.5
Total #5.7/+18.5 15.4 31.9 #5.1/+12.0 16.7 29.7
Statistical error 0.6 2.3 14.3 0.7 2.9 19.4
Energy resolution (mixed compos.) 27.8 18.6 14.5 25.2 17.1 15.1
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in this figure caption, the reader is referred to the web version of this article.)

Fig. 6. The residual flux after multiplying the spectrum with a factor of
E3:1 where A is the normalization factor for QGSjet. Blue dots refer to
SIBYLL, black to QGSjet and red to EPOS. (For interpretation of the
references to colour in this figure caption, the reader is referred to the web
version of this article.)
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Fig. 7 All-particle, electron-poor, and electron-rich energy spectra
from KASCADE-Grande [16]

The application of this methodical approach to shower selec-
tion and separation in various mass groups were performed
and cross-checked in different ways, where Fig. 7 shows the
main results. In a first step we separated the Grande data in
two mass groups only, i.e., in groups of heavy and light pri-
mary masses according to the electron-muon ratio in the air
showers.

The reconstructed spectrum of the electron-poor events,
i.e. the spectrum of heavy primaries, shows a distinct knee-
like feature at about 8·1016 eV [2]. The selection of heavy pri-
maries enhances the knee-like feature that is already present
in the all-particle spectrum. Despite the fact, that the rel-
ative abundance of the heavy particles varies significantly
depending on the model in use, the spectral feature of this
‘heavy’ knee is visible in all the electron-poor spectra. In
addition, an ankle-like feature was observed in the spectrum
of the electron-rich events, i.e. light elements of the primary
cosmic rays, at an energy of 1017.08±0.08 eV, hinting to an
occurrence of a component of cosmic rays which have their
origin in the extra-galactic space.

The composition sensitivity allowed us also to search
for primary gamma rays over a large energy range, where
recently new limits for the flux were published [5].

2.2.3 Hadronic interaction models

Historically, a great achievement of KASCADE was the
invention of the air-shower simulation tool CORSIKA (COs-
mic Ray SImulation for KAscade), which meanwhile is used
by all major air-shower experiments worldwide [17]. Mainly
data of the hadron calorimeter and additional muon coun-
ters at the central detector and the muon tunnel were used
within KASCADE to iteratively test and improve the var-

ious versions of the hadronic interaction models option-
ally available in CORSIKA (see e.g., [18,19] and refer-
ences therein). Regarding the analysis of KASCADE and
KASCADE-Grande data one has to conclude that all versions
of hadronic interaction models of newest generation provide
a ‘physical’ result in terms of energy and composition of pri-
mary cosmic rays. Physical means here that the mean com-
position lies within the band spanned by primary proton and
iron simulations. However, the absolute energy and, in partic-
ular, the mass scale varies significantly from model to model.
In addition, it varies partly also within the models if different
shower observables taken from the electromagnetic, muonic,
or hadronic components are used. This ambiguity can not be
resolved by looking at one single observable or experiment,
only. This is one reason to preserve and provide the data of
KASCADE-Grande also for future analyses, now via KCDC.

3 KCDC

With KCDC, the KASCADE Cosmic Ray Data Centre [20],
we successfully provide public access to experimental
cosmic-ray data. Via a web portal physicists as well as
non-scientists have easy and convenient access to the high-
quality cosmic-ray data collected by the KASCADE and
KASCADE-Grande experiments. With our last release,
named NABOO [21], we provide more than 433 million
events from the whole measuring time of KASCADE-
Grande. A high quality of the data provided by KCDC
is achieved by regular internal quality tests and 20 years
of collected knowledge and experience gathered by the
KASCADE-Grande collaboration.

Open access as described e.g. by the Berlin Declara-
tion [22] includes free, unlimited access to scientific data
collected with financial aid from public institutions. One
underlying notion behind the term ‘Open Access’ is that for
research paid by public funding the tax payer has the right to
have free access to the data. This also implicitly includes a
permanent nature of this access such that the data source and
access conditions do not vary or change over time. There-
fore, once published, data can not be revoked and have to
remain accessible. KCDC follows this notation as well as
wants to contribute to the development of general principles
in the reuse of scholarly data. We follow the guidelines of the
FAIR Data Principles [23], where FAIR stands for: Findable,
Accessible, Interoperable, Reusable.

Alongside free access, Open Data also demands the pub-
lication of meta information and documentation. This doc-
umentation has to provide interested third parties all infor-
mation to understand, work with and process the data. In the
case of physics data, this includes a thorough and transpar-
ent description of the detector, the detection process and all
physics background the analyses are based on. For an exper-
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Fig. 5 The Grande Array layout as described in Sect. 2.1.3

is transmitted also to KASCADE as a KASCADE-Grande
trigger to start KASCADE-Grande event acquisition. The
Grande data analysis is in a first step performed by an inde-
pendent processor in the reconstruction program.

2.2 The physics of KASCADE-Grande

The main goal of the measurements was the estimation of
energy and mass of the primary particles in a wide energy
range. The analysis is based on the combined investiga-
tion of the charged particle, the electron, and the muon
components measured by the detector arrays of KAS-
CADE and Grande. The excellent timing of the detectors
leads to an angular resolution of about 0.1◦ in shower
direction, which enables us to search also for large-scale
anisotropies as well as for cosmic ray point sources [4,5,
13].

The general idea of the data analyses of the KAS-
CADE and KASCADE-Grande experiments is the deter-
mination of the chemical composition of cosmic rays in
the primary energy range 1014–1018 eV by reconstruct-
ing individual mass group spectra. Structures observed in
these individual spectra provide strong constraints to astro-
physical models of origin and propagation of high-energy
cosmic rays to reach a better understanding of energetic
processes in our Universe. For the interpretation of air-
shower measurements in terms of energy and mass of
the particle or nucleus entering our atmosphere, models
are in use, which describe the interactions at energies
similar and higher than reachable in man-made acceler-
ators. Systematic uncertainties due to these models are
still the greatest obstacle in understanding cosmic radia-
tion.
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Fig. 6 The all-particle energy spectrum [16] obtained with KAS-
CADE and KASCADE-Grande (based on the QGSJet-II model and
unfolded, i.e. corrected for the reconstruction uncertainties). Shown are
the spectra in comparison with results of other experiments. In addi-
tion, the corresponding interaction energy at accelerators are indicated.
The inlet shows the residuals of the all-particle energy spectrum from
KASCADE-Grande with systematic uncertainties

2.2.1 The all-particle energy spectrum

By using the specific hadronic interaction model QGSJet-II
as a baseline, a composition independent all-particle energy
spectrum of cosmic rays was reconstructed in the energy
range from 1016 to 1018 eV from the data of the Grande
extension [14]. The spectrum is in the overlapping region
in agreement with the earlier published spectrum by KAS-
CADE [1] in the range of 1015 to 1017 eV. Significant struc-
tures are observed in the all-particle spectrum (Fig. 6): The
justification of the ‘knee’ at a few times 1015 eV is given
since many years (see Ref. [15] and references therein). In
addition, with KASCADE-Grande, there is now a clear evi-
dence that just above 1016 eV the spectrum shows a signifi-
cant ‘concave’ behavior. A further feature in the spectrum is
a small break, i.e. knee-like feature at around 1017 eV. Found
first by KASCADE-Grande this is meanwhile confirmed by
other experiments. This ‘second knee’ occurs at an energy
where the rigidity dependent, i.e. charge dependent, knee of
the iron component would be expected, if the ‘first knee’ is
caused by light primaries. The concave part of the spectrum
is then a consequence of knee-like features of the spectra of
medium masses.

2.2.2 Elemental composition of cosmic rays

Already in 2005 KASCADE demonstrated [1] that the knee
is caused by a decrease of the light mass group of primary
particles and not by medium and heavy primary particles.
With KASCADE-Grande we investigated such individual
mass group spectra also at higher primary energies [2,3].
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21of electrons, is demonstrated in the upper graph of Figure 2.
The detector array reaches full efficiency on the detection of
showers for electron numbers lg( >)N 4e for air showers
induced by gamma-rays, protons, and iron primary particles,
which approximately corresponds to a primary energy of

´2.5 1014 eV for gamma-rays and ´3.3 1014 eV for charged
cosmic rays.

The trigger and reconstruction efficiency of KASCADE-
Grande as a function of the shower size, i.e., the number of
charged particles, is demonstrated in the lower graph of
Figure 2. Full efficiency is reached at the number of charged
particles of around 106 for air showers induced by protons and
iron primary particles, which corresponds to a primary energy
of about 1016 eV. However, for showers induced by photon
primaries, full efficiency is reached at a higher number of
charged particles due to the missing muon trigger at large
distances. The limit at high energies is due to the restricted area
of the Grande array.

4. Analysis

4.1. Gamma–Hadron Discrimination

Since gamma-ray-induced air showers are notable for their
lack of muons compared to hadronic showers, we select a data

sample enriched in gamma showers by rejecting showers
containing muons. Simulations of hadronic air showers under-
lie large systematic uncertainties due to being above the
interaction energies of accelerators and the unknown elemental
composition. Therefore, our selection concept is based on using
the comparison of the measured events with simulated gamma-
ray-induced showers.
The upper graph of Figure 3 shows the distribution of the

electron versus truncated muon number lg( m )N ,tr − lg(Ne) for
measured showers by KASCADE with simulated gamma-ray-
induced showers. The graph indicates the whole experimental
data set, as well as the distribution of the simulated gamma-ray
events. Here mN ,tr denotes the number of muons in the distance
range of 40–200 m from the shower core. The electron number
Ne is corrected to a zenith angle of 12°.7 using an attenuation
length of L = 158Ne g cm−2 (Antoni et al. 2003). In Figure 3,
showers without any detected muons are plotted with lg

=m( )N 1.5,tr to be visible on the logarithmic axis.21 The

Figure 2. Trigger and reconstruction efficiency as a function of the number of
electrons for KASCADE (top) and the number of charged particles for
KASCADE-Grande (bottom) for air showers induced by photons, protons, and
iron primaries.

Figure 3. Scatter plot of the measured number of muons lg m( )N ,tr. vs. number of
electrons lg( )Ne for KASCADE (top) and for number of muons lg m( )N vs.
number of charged particles lg( )Nch for KASCADE-Grande (bottom). In both
cases simulated gamma-ray showers are superimposed. The lines indicate the
selection criteria for the subset of the muon-poor showers.

21 In KASCADE, it is also possible to detect only one, two, or three muons per
shower. When using these low numbers of measured muons to calculate the
total muon numbers, almost fixed values are obtained, smeared only by the
variation of the core location and the zenith angle of the individual showers
(see Figure 3).
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of systematic uncertainties, like variation of hadronic interaction
models or the unknown chemical composition as well as the
uncertainties in the slope of the all-particle energy spectrum, are
included in these numbers. The error on the efficiency for the
gamma-ray detection is evaluated to be smaller than 20%. Thus,
the resulting uncertainty is less than 25% in the flux limits, except
for the three highest-energy bins of KASCADE, since there the
number of events at 90% C.L. is estimated from zero observed
events.

To determine upper limits to the integral flux of gamma-rays
at fixed gamma-ray energies, we use measurements of the all-
particle primary energy spectra reported in Antoni et al. (2005)
and Apel et al. (2011). The limits on the gamma-ray flux gI are
also listed in Tables 1 and 2. To obtain the integral flux of
gamma-rays, we multiplied the reconstructed all-particle
energy spectrum by the fraction of gamma-rays relative to
cosmic rays g( )I ICR .

Figure 4 displays the measurements on the gamma-ray
fraction as a function of the energy, including this work, for the
energy range from 1014 eV up to 1018 eV. The upper limits of
the fraction of gamma-rays at ´1.5 1015 eV and ´3.7 1015 eV
are obtained to be ´ -1.7 10 5 and ´ -1.1 10 5, respectively.
These are the lowest upper limits to date. In addition, since
around 1017 eV (Figure 4) not many experiments have reported
results, the limits obtained by KASCADE-Grande are of
heightened interest. It should be noted that all values in
Figure 4 are upper limits, except that from MSU (Fomin
et al. 2013, 2014). This positive signal, however, is in conflict
with the limits presented here. Also, a further reanalysis of the
MSU data does not confirm the positive signal (Fomin
et al. 2017).

Figure 5 shows the comparison of integral flux of gamma-
rays with previous experiments (Aglietta et al. 1996; Chantell
et al. 1997). Compared with the earlier obtained limits by
KASCADE in 2003 (Schatz et al. 2003) there are some
differences, in particular at lower energies. This is accounted
for by a more detailed investigation using more parameters
(i.e., the lateral slope and the smoothness of the electro-
magnetic component), which affected mainly the lower
energies. In this work we focused on higher energies by
applying the same method to the KASCADE and KASCADE-
Grande data, where those additional parameters for selecting
muon-poor events are not effective. The MSU collaboration
(Fomin et al. 2014, 2017) recently presented upper limits on the
diffuse gamma-ray flux for primary energies around
10–100 PeV obtained from a reanalysis of their old measure-
ments. They are compatible with the presented KASCADE-
Grande limits.

Figure 5 also compares the exemplary results with theoretical
curves using a specific IceCube neutrino excess model assuming
proton–proton (pp) interactions and cutoff at 6 PeV (Ahlers &
Murase 2014). The lines are the IceCube excess models
originating from different distances of neutrino sources in the
Galaxy, where these neutrinos are also responsible for primary
gamma-rays. The secondary pions from the hadronic interactions
of cosmic rays decay at the source and produce a flux of high-
energy neutrinos as well as gamma-rays. The relative numbers of
neutrinos and gamma-rays depend on the ratio of charged to
neutral pions. The flux limits on the gamma-ray flux gI of this
work at ´1.5 1015 eV and ´3.7 1015 eV are lower than the
theoretical prediction of the IceCube excess model coming from
an 8.5 kpc source distance (dotted black line), which corresponds
to the distance from the Galactic center. Therefore, this
observation is not in contradiction to the statement that the
IceCube excess is associated with extragalactic sources, e.g.,
gamma-ray bursts or active galactic nuclei. Moreover, there are

Table 2
Results of the Search for Diffuse Ultra-high-energy Gamma-Rays at Different Threshold Values of Nch Using KASCADE-Grande Data

lg(Nch) Ntot N90 �g ECR gE gI ICR gI (×10−17)

>6.5 6.19×106 358 0.71 3.21×104 1.38×104 < o ´ -( )1.88 0.44 10 5 <1.19
>7 85537 351 ∼1.0 8.72×104 3.29×104 < o ´ -( )6.79 1.58 10 4 <8.51
>7.5 9640 214 ∼1.0 2.21×105 8.30×104 < o ´ -( )2.08 0.49 10 3 <8.64
>8 1239 122 ∼1.0 5.31×105 1.98×105 < o ´ -( )1.03 0.26 10 2 <8.32
>8.5 165 78 ∼1.0 1.13×105 2.92×105 < o ´ -( )2.48 0.68 10 2 <3.89

Note. The mean cosmic ray energy, ECR, and the mean gamma-ray energy, gE , are given in the unit of TeV. gI ICR is the 90% upper confidence limit on the integral
gamma-ray fraction with systematic uncertainties, and gI is the 90% upper confidence limit on the integral gamma-ray flux in units of photons cm−2 s−1 sr−1.

Figure 4. Measurements of the fraction of gamma-rays relative to cosmic rays
in the energy range from 1013 to 1018 eV. The points with arrows represent
upper limits from the CASA-MIA (90% C.L., Chantell et al. 1997), EAS-TOP
(90% C.L., Aglietta et al. 1996), HEGRA (90% C.L., Karle et al. 1995;
Aharonian et al. 2002), UMC (90% C.L., Matthews et al. 1991), GRAPES3
(90% C.L., Minamino et al. 2009), and IceCube (90% C.L., Aartsen
et al. 2013), except the MSU (95% C.L., Fomin et al. 2013) experimental
value. The red squares and stars represent the results from KASCADE (90% C.
L.) and KASCADE-Grande (90% C.L.), respectively, with systematic
uncertainties. Limits reported by the Tibet array (3–10 TeV, 90% C.L.,
Amenomori et al. 2002) and by Milagro (3.5–15 TeV, 90% C.L., Abdo
et al. 2008) are out of this energy range.
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other scenarios, e.g.,the PeV dark matter decay model in the
Galactic halo, suggested to explain the IceCube excess (Ahlers &
Murase 2014), which can be additionally constrained by the
results of this work, in a similar way as done by Kalashev &
Troitsky (2015).

6. Conclusion and Outlook

Using data sets measured by the KASCADE and KASCADE-
Grande experiment over a period of 14 and 9 years, respectively,
we determined the 90% upper confidence limits to the diffuse
flux of ultra-high-energy gamma-rays for the energy range from
1014 eV to 1018 eV by selecting showers with low muon content.

The upper limit of the fraction of gamma-rays at ´1.5 1015 eV
from the KASCADE measurement is estimated to be ´ -1.7 10 5,
while it is ´ -1.1 10 5 at ´3.7 1015 eV. These are currently the
lowest upper limits, which were used to set constraints on
theoretical predictions, in particular on the distance of sources for
the IceCube neutrino excess model (Ahlers & Murase 2014).

By means of the KASCADE-Grande measurements, the best
upper limit to the fraction of the gamma-ray to the cosmic-ray
flux is obtained: < ´g

-I I 1.88 10CR
5 for 13.8 PeV. The

stringent limits above 100 PeV might constrain a limit to
the background rate of muon-poor showers in the search for the
Galactic disk enhancement of cosmic rays.

The angular resolutions of KASCADE and KASCADE-
Grande are sufficient over the whole energy range to search
also for gamma-ray point sources, where a preliminary result
was presented in Kang et al. (2015b). However, both analyses
will profit from an analysis of combined KASCADE and
KASCADE-Grande data, where a coherent shower reconstruc-
tion is currently under development. By then, also, an advanced
analysis method has to be optimized to give the best results
(see, e.g., discussions in Homola & Risse 2007) for such a wide
energy range in the search for a diffuse gamma-ray flux.
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on the one hand, has a non-zero value of the deriva-
tive at R = 0 (conical shape, typical for Cherenkov
radiation at short distances from the axis) and on
the other hand, has only one shape parameter which
is essential for processing of relatively small show-
ers. To obtain R one needs to know the EAS core
position.

4.3. Core position

Fig. 6. An example of experimental EAS core reconstruction.
The radius of each station circle is proportional to log Qi.
The cross marks the reconstructed position of the shower
core.

The reconstruction of the EAS core position is
performed by fitting the measured amplitudes Ai

with an amplitude distance function (ADF):

A(R) = A(200) · f(R), (2)

The function f(R) is a fit to four different
parametrizations with respect to the distance R to
the shower core (in meters):

Fig. 7. Pulse amplitudes of the event shown in Fig. 6. Upper
curve: fitted with ADF ( expression 3, arbitary units). Lower
curve: fitted with LDF (expression 6).
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(3)

All four variables in equation (3) (R0, Rkn, a and
b2), describing the ADF shape in different ranges of
core distance R are related to a single parameter of
the ADF shape – the steepness bA:

d = bA − 5

D = log10(d),

R0 = 275/d,

Rkn = 145 − 115 · D,

a = 0.89 − 0.29 · D,

b2 =







2.4 + 2 · (D − 0.15), bA ≥ 6.41

2.4, bA < 6.41

(4)

The ADF steepness parameter bA is treated as an
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energy bin width. We selected events with zenith
angles θ ≤ 45◦. Two event samples are considered:
firstly all events with core position within a circle of
450m radius (Rc ≤ 450m) and secondly all events
with Rc ≤ 800m. The experimental differential
spectra for these two samples are shown in Fig. 11
together with the previous spectrum of Tunka-25
[3]. The latter experiment has a much lower energy
threshold and can be used for experimental esti-
mation of the Tunka-133 efficiency. The differential
efficiency evaluated as the ratio of the flux recorded
with Tunka-133 to the flux recorded with Tunka-25
as a function of primary energy is shown in Fig. 12.
It is compared to the simulated efficiency. The sim-
ulation was made assuming the mean apparatus
parameters. The main simulation assumption is
two or more hit clusters, because there is no mea-
surement of Cherenkov light flux at a core distance
200 m, used for the energy evaluation, for a single
cluster event.

Figure 12 shows that a 95% efficiency of EAS reg-
istration is reached for E0 ≥ 6 ·1015 eV for the small
radii. Comparison of the spectra for the two sam-
ples in Fig. 11 shows that the same high efficiency
is reached for an energy somewhat less than E0 =
1017 eV for all events with Rc ≤ 800m. Expanding
the energy range we used only events with small Rc

(Rc ≤ 450 m) to reconstruct the spectrum for E0 <
1017 eV), and all events to reconstruct the spectrum
for E0 ≥ 1017 eV. To estimate the intensity for the
most energetic points of the spectrum we doubled
the bin size from 0.1 to 0.2 in log E0 for energies
larger than 3 · 1017 eV.

The efficiency of shower detection with the core
inside the circle of 450 m radius reaches 95% for en-
ergies E0 ≥ 6 · 1015 eV. This is true for the first 3
years of observation. Unfortunately the mean sensi-
tivity became less during the last years because of
an increasing level of light from artificial sources.
So the threshold of high efficiency increased to 1016

eV for the last 4 years of observation. For the re-
construction of the 2 first points of the differential
spectrum we therefore use data only from the first
3 years of operation.

The number of events with Rc ≤ 800 m and en-
ergy E0 ≥ 1017 eV is 4224.

The resulting differential energy spectrum is
shown in Fig. 13 together with the previous spec-
trum of Tunka-25 [3]. The green contours bracket
the possible systematic errors due to the absolute
normalisation procedure and to the uncertainty of
index g in formula 8. A digital representation of the

Fig. 11. Differential primary cosmic ray energy spectra for
two collecting areas: RC ≤ 450 m and RC ≤ 800 m – before
joining.

Fig. 12. Energy dependence of the EAS registration efficiency
in the threshold energy range. Points are the experimental
estimation from Tunka-25 and Tunka-133 data comparison,
the solid line is a result of simulation, the dotted line is
the efficiency level for the events used for the spectrum
reconstruction.

spectrum is presented in Table 1.
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Fig. 13. Differential primary cosmic ray energy spectrum.
Green contours bracket the possible systematic errors.

Fig. 14. Differential primary cosmic ray energy spectrum
with a fit of a doubly broken power law.

5.2. Features in the energy spectrum

The spectrum of Tunka-133 shows a number of
features, that is deviations from a single power law.
A power law applies only for spectral regions less
than half an order of magnitude. A fit with a doubly
broken power law is shown at Fig. 14. At an energy
of about 2 · 1016 eV, the power law index changes
from γ = 3.28 ± 0.01 to γ = 2.98 ± 0.01. This fea-

Table 1
All- particle energy spectrum.

log(E/eV ) Nevents dI/dE ± stat ± sys(m−2sr−1s−1eV −1)

15.85 70199 (1.219 ± 0.005 ± 0.261) × 10−23

15.95 41904 (5.780 ± 0.028 ± 1.238) × 10−24

16.05 53109 (2.621 ± 0.011 ± 0.579) × 10 − 24

16.15 31788 (1.246 ± 0.070 ± 0.262) × 10−24

16.25 19546 (6.086 ± 0.044 ± 1.289) × 10−25

16.35 12363 (3.058 ± 0.026 ± 0.614) × 10−25

16.45 7879 (1.548 ± 0.017 ± 0.323) × 10−25

16.55 4830 (7.537 ± 0.011 ± 1.762) × 10−26

16.65 3142 (3.894 ± 0.069 ± 0.779) × 10−26

16.75 2004 (1.973 ± 0.044 ± 0.446) × 10−26

16.85 1337 (1.046 ± 0.029 ± 0.216) × 10−26

16.95 806 (5.007 ± 0.176 ± 1.224) × 10−27

17.05 1635 (2.553 ± 0.063 ± 0.682) × 10−27

17.15 1000 (1.240 ± 0.039 ± 0.338) × 10−27

17.25 624 (6.147 ± 0.246 ± 1.616) × 10−28

17.35 369 (2.888 ± 0.150 ± 0.696) × 10−28

17.45 253 (1.573 ± 0.099 ± 0.423) × 10−28

17.60 228 (4.984 ± 0.330 ± 1.639) × 10−29

17.80 79 (1.090 ± 0.122 ± 0.303) × 10−29

18.00 25 (2.175 ± 0.435 ± 1.000) × 10−30

18.20 7 (3.841 ± 0.145 ± 1.647) × 10−31

18.40 4 (1.383 ± 0.693 ± 0.314) × 10−31

ture was first observed by the KASCADE-Grande
experiment [20]. The index can well be used up to
E0 = 3 · 1017 eV. But the statistical probability of a
single power law representation in this energy range
is rather small (about 3%). The main reason of this
is one point at ∼ 7 ·1016 eV, which is higher than the
power law by about 2 standard deviations. This can
be seen better if the y-axis is expanded as in Fig. 15.
A similar feature at the same energy was observed
in the experiment GAMMA [22].

The spectrum becomes much steeper with γ =
3.4 ± 0.11 above 3 · 1017 eV (the second ”knee”).

5.3. Discussion

In Fig. 16 the spectrum is compared to results
from other experiments. The spectra of all the ex-
periments shown in Fig. 16 – KASCADE [23], EAS-
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Offene Fragen und Probleme
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Offene Fragen und Probleme

Gegenwärtig kann experimentell A- 
oder Z-Abhängigkeit nicht 
ausgeschlossen/bestätigt werden

Große systematische Unsicherheit 
durch Abhängigkeit von hadronischen 
Wechselwirkungsmodellen 
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A- oder Z-Abhängigkeit nicht  
ausgeschlossen/bestätigt werden


Große systematische Unsicherheit  
durch Abhängigkeit von  
hadronischen Wechselwirkungsmodellen



LHAASO 

The Large High Altitude Air Shower Observatory
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Figure 1: Layout of the LHAASO experiment. The insets show the details of one pond of the WCDA and of the
KM2A array constituted by two overlapping arrays of electromagnetic particle detectors (ED) and of
muon detectors (MD). The telescopes of the WFCTA, located at the edge of a pond, are also shown.

1. The LHAASO experiment

The first phase of LHAASO will consist of the following major components[62] (see Fig. 1):

• 1 km2 array (LHAASO-KM2A) for electromagnetic particle detectors (ED), 1 m2 each in size,
divided into two parts: a central part including 4901 scintillator detectors (15 m spacing) to cover
a circular area with a radius of 575 m and an outer guard-ring instrumented with 294 EDs (30 m
spacing) up to a radius of 635 m.

• An overlapping 1 km2 array of 1171 underground water Cherenkov tanks 36 m2 each in size, with
30 m spacing, for muon detection (MD, total sensitive area ⇠42,156 m2).

• A close-packed, surface water Cherenkov detector facility with a total area of about 78,000 m2

(LHAASO-WCDA).

• 20 wide field-of-view air Cherenkov telescopes (LHAASO-WFCTA).

LHAASO will be located at high altitude (4410 m a.s.l., 600 g/cm2, 29� 21’ 31” N, 100� 08’15” E)
in the Daochen site, Sichuan province, P.R. China.

4
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According to Cao, the LHAASO project has drawn world attention. Some scientists and international research 
teams have expressed their desire for cooperation and joint observation with the LHAASO.

Cao said foreign peers have been amazed at the speed of LHAASO's construction. It's not only a result of the 
scientists' efforts, but also that of the complete industrial production capacity of China. It's the embodiment of 
China's overall national strength.

Source(s): Xinhua News Agency

https://news.cgtn.com/news/2021-01-08/First-detector-array-built-at-China-s-advanced-cosmic-ray-observatory-WSjGjAjeuY/index.html



Fluoreszenzlicht von Stickstoffmolekülen

31

Lebensdauer des angeregten Zustands ~10-8 s =10ns  
isotrope Emission, hauptsächlich im UV (300 - 400 nm)

Fluoreszenzlicht von Stickstoffmolekülen

N2+

N2
Lebensdauer des angeregten Zustands ~10-8 s
isotrope Emission, hauptsächlich im UV (300 - 400 nm)

Fluoreszenzlicht von Stickstoffmolekülen

N2+

N2
Lebensdauer des angeregten Zustands ~10-8 s
isotrope Emission, hauptsächlich im UV (300 - 400 nm)

3-4 Photonen/m/Teilchen in 10km Höhe 
entspricht einer 30 Watt-Glühbirne 
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Kalorimetrische Energiemessung
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Ionisationsenergieabgabe in Luft



Kalorimetrische Messung der Energie

Extrapolation in nicht direkt  
beobachtete Bereiche erforderlich
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Korrektur der unsichtbaren Energie
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Energiekorrekturfaktor für Fluoreszenzmessungen
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Modellabhängigkeit für rekonstruierte Energie klein

Etot = f · Eem
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• Auger: >400 authors from17 countries


• Southern site: 
Hybrid detector near Malargüe/Argentina


• June 13th 2008 :  1660 tanks deployed 
                         1637 with water 
                         1603 totally equipped


• All 4 fluorescence buildings complete 
each with 6 telescopes since February 2007


• 1st 4-fold on May 20th 2007
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The Pierre Auger Observatory
Argentina

Pampa Amarilla
Province of Mendoza
1400 m a.s.l.
35° South, 69° West
3000 km2

3
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Communications 

Antenna

Electronics

enclosure

Battery Box

3x9“ PMTs Plastic tank

12t of water

Solar panel

GPS antenna
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• 1600 Water Cherenkov tanks 
(1.2 m height, 10 m2 area) 


• 12,000 ltrs of purified Water 


• Three 9“ PMTs 


• 40 MHz FADCs 


• solar powered 


• GPS based timing 


• micro-wave communication 

The surface detector



Wasser-Cherenkovdetektor
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Wasser-Cherenkovdetektor
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SD reconstruction
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Beispiele von sehr schrägen Schauern

Nice events in 2008

• 14.07.2008

• longest event: 65
km, 45 stations

• zenith: 87 degrees

Nice events in 2008

• 17.08.2008

• highest
multiplicity: 54
stations

• zenith: 82 degrees

Beispiele sehr schräger Schauer
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6 Telescope mit je 30x30 Grad Gesichtsfeld



45

Einzelnes Fluoreszenzteleskop

17

Kamera mit 440 Pixeln, aber 10 
Millionen Bilder/Sekunde

3.4 Meter 
segmentierter 
Spiegel

Apertur, UV-
durchlässiger 
Filter und 
Korrekturlinse



Hybrid-Messung

#6399475

~20 EeV 

θ=41°
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Energiekalibration des �
Oberflächendetektors
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