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Cosmic Rays around the knee(s) = galactic origin of CR
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What is the orlgln of the (flrst) knee?

Equivalent cm.energy N5 (GeV)
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Diffusion Interaction
" o AR Development of cosmic-ray air showers
New interaction . Primary particle
mechanisms ?? (&g iron nncleus)
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Reach of maximum Unknown effects of

Escape from our

Galaxy by diffusion energy at the interactions at the air-
E(knee) ~ Z acceleration shower development
E(knee) ~ Z E(knee) ~ A
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Motivation for KASCADE-Grande
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e.g. Berezinsky et al
Nucl.Phys.B(Proc.Suppl.)151(2006)497
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various theories on
energy range 1017-10%eV:

e.g. de Rujula
Nucl.Phys.B(Proc.Suppl.)151(2006)23
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Cannonball modell:
Fe-knee ~2 1017 eV

gal-eg transition ~10eV A qjis galactic

= ankle

(knee= elastic scattering)
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Measurement Techniques of Air Showers

energy ? mass ?

arrival directions ?

interaction mechanism ?

= large number of
observables

= multi-detector
system

«—— First interaction (usually several 10 km high)

Air shower evolves (particles are created
and most of them later stop or decay)

Measurement of
Some of the particles fluorescence light
reach the ground l

Measurement of ~

\ Measurement with radio emission
/ scintillation counters l \ ~ >

& e | L\ RN
.

Measurement of low energy muons
with scintillation or tracking detectors

Measurement of Cherenkov
light with telescopes
or wide angle pmts

Measurement of particles with

tracking detectors or calorimeters
i

Measurement of high energy
muons deep underground




KASCADE-Grande
= KArisruhe Shower Core and Array DEtector + Grande and LOPES

Measurements of air showers in the energy range E, =100 TeV - 1 EeV
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nucleus-nucleus
interactions

KASCADE - methodics

Particle -Particle
Collisions
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simulations
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Multi-parameter analyses
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KASCADE :
multi-parameter measurements

- energy range 100 TeV - 80 PeV
- since 1995: ~8-107 EAS triggers
- large number of observables:

=> electrons

= MuUons (@ 4 threshold energies)

= hadrons

Zeuthen, February 2010
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KASCADE set-up

Multi-Detector-Setup !
Aim: measure as much as possible
observables of the air-shower!

Muon Tracking Detector Central Detector
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KASCADE event display
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KASCADE : energy spectra of single mass groups
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E and A of the Cosmic Ray Particles

N. and N, for each single event
=» solve the inverse problem

dJ

pa(lg Ne, g N, | 1gE) dlgE

- kernel function obtained by
Monte Carlo simulations (CORSIKA)

- contains: shower fluctuations,
efficiencies, reconstruction resolution

KASCADE collaboration, Astroparticle Physics 24 (2005) 1-25, astro-ph/0505413
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KASCADE results

- same unfolding but based on different hadronic interaction models
embedded in CORSIKA
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- all-particle spectrum similar
- general structure similar: knee by light component
- relative abundances very different for different high-energy hadronic interaction models

KASCADE collaboration, Astrop.Phys. 24 (2005) 1, Astrop.Phys. 31 (2009) 86
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KASCADE : sensitivity to hadronic interaction models

vani proton QGSJet vo1
111 proton SIBYLL v2.1
=== proton EPOS v1.61

7.5
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N nm jron QGSJet
snnt jron SIBYLL
mmm jron EPOS
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hadrons in air shower cores

Unaccompanied hadron

E, = 6.6 TeV . - -

\

fonisation Chambers  — Top Cluster

— Trigger Layer — Lead Shielding
fron  —

spatial resolution: angular resolution: energy resolution:
c ~10-12cm G, ~ 1°-3°
G 250
x ° @[%] -
E VE/GeV
E, ~ 6 PeV

Number of reconstructed hadrons N, = 143

Streamer Tubes

J. Engler et al., Nucl. Instr. Meth. A 427 (1999) 528 T, MayTh2002945
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KASCADE : sensitivity to hadronic interaction models

= New models are welcome for cross-tests with KASCADE data

—— lonisation chambers — Top cluster Iron
—— Trigger plane Lead shia.ldo‘og—i
= |

.
.
o

o
...
.

e QGSJIET 01
-etffpemememipee SIBYLL 2.1
—A—a— DPMJET 2.55

s T a5 5 Example:
number of muons Ig(N,) hadrons vs. muons

hadronic energy sum ZE, [GeV]

correlation of observables:
no hadronic interaction model describes data consistently !
=> tests and tuning of hadronic interaction models !

=>» close co-operation with theoreticians (CORSIKA including interaction models)

= e.g.: *EPOS 1.6 is not compatible with KASCADE measurements
*QGSJET 01and SIBYLL 2.1still most compatible models

KASCADE collaboration, J Phys G (3 papers: 25(1999)2161; 34(2007)2581; (2009)0352;{ |'|'
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Model independent: analysis of basic observable

- Total muon number and electron number = mass estimator
- high-energy local muon density = energy estimator

g

=

- -:,Rc:» =455m & Tall” EAS
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KASCADE : Astroparticle Physics 16 373 2002

- KNEE CAUSED BY DECREASING FLUX OF LIGHT ELEMENTS
* Do we need hadronic interaction models?
= yes, for normalization of absolute energy and mass scale!!
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KASCADE Summary
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-) knee caused by light primaries = composition gets heavier across knee
-) positions of knee vary with primary elemental group

-) relative abundancies depend strongly on high energy interaction model
-) no (interaction) model can describe the data consistently

-) all-particle spectra agree inside uncertainties (EPos1.6 a bit lower)

-) proton spectra agree with direct measurements (not for EPOS1.6)
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Motivation for measurements 100 — 1000 PeV
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KASCADE-Grande : extension to higher energies
where is the end of galactic cosmic rays?

S e

KASCADE + Grande
=»energy range:

100 TeV -1 EeV
=>larger area: 0.5 km?
= Grande: 37x10 m? scintillators
=>Piccolo: trigger array

Zeuthen, February 2010 Andreas Haungs 20 ﬂ(IT






Efficiency

« Common events (all detector components) measure since December 2003
 Trigger: 7of 7 stations at one of 18 hexagons
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Reconstruction

1) core position and angle-of-incidence

from Grande array data E 1o “’“‘SC"‘D;“
2a) shower size (charged particles) 3“’]; I
from Grande array data i "ue*piccolo Cluster
2b) local density S5, (charged particles) o
from Grande array data ‘“’]é . s stations
2c) muon number = £ "
from KASCADE muon detectors - . e
> 70506500 400 500 200 160 0 100"

x coordinate [m]

3) electron number
from Grande by subtraction of muon content
>
4a) two dimensional size spectrum
for the composition analyses
4b) high-energy muons / muon tracking
for hadronic interaction tests
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Grande 2-Dimensional Size Distribution :
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Implications
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A.M.Hillas, J. Phys. G: Nucl. Part. Phys. 31 (2005) R95 V.Berezinsky, astro-ph/0403477

Left: mixed composition at 1016-1013eV
Right: pure iron at 10'7eV and pure proton at 10'8eV

Different question: what could component B be?
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Hardening around 10PeV?
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- Ptsukin, ICRC2009
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Hardening around 10PeV?

VOGS < Ly oA

*%+%f i i

Flux < E*®(m? s sr) (GeVIn)'?

1 IIIIIII 1 IIIIIIII 1 IIIIIII| 1 IIIIIIII 1 1 IIIIII| L1 IIIIII| 1 IIIIII|j
10 102 10° 10* 10° 10° 107
Energy (GeV/n)

(a) Preliminary CREAM-III proton and helmm spectra

- CREAM, ICRC2009
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FEIMARY EMERGY SPECTREUM FROM & EAS ARRAYS
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A_.Erlykin, ICRC2009; astro-ph/0906.3949.
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30 March 2009 - official closure ceremony
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30 March 2009 - official closure ceremony
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AT  The KASCADE-Grande
EAS facility
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The facility KASCADE-Grande: TAUWER

TAUWER: Tau Neutrino shower d
detection ‘ i

Goal: Muon/Electron
separation
sensitivity

Partners: Univ Roma La
Sapienza

Deliverable: trigger from Cluster 12
shower parameters
particle densities at detector locations

We get: common publication, if any
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The facility KASCADE-Grande: HiSPARC

HiSPARC: School project for cosmic
ray air shower detection

Goal: Energy calibration of small
EAS
Partners: NIKHEF Nijmegen/Amsterdam

Deliverable: trigger from Cluster 12
shower parameters
particle densities at locations

We get: common publication, if any
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The facility KASCADE-Grande: Lightning
mapping

lightning: Lightning mapping array

Goal: - correlation lightning-EAS
- lightning data for LOPES

Partners: Paul Krehbiel, US

Deliverable: trigger time from KASCADE
trigger from LOPES

We get: E-field data
lightning data
common publication, if any
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The facility KASCADE-Grande:
AMIGA ?

- Idea:
Auger AMIGA muon detector calibration@KASCADE-Grande
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KASCADE-Grande

10"
= o Akeno (J.Phys G18(1992)423) v EAS-TOP (Astrop Phys 10{1909)1)
. L ditactaa o AGASA (ICRC 2008) O  KASCADE (Astrop Phys24(2005)1)  —
=N 0'8 — A ﬂlges: |((F)PF;LJP@O[E(22000088);165111051};. A TIBET-II (ApJB78(2008)1165) —
— L Imes =
1_(IJ = ¢ AUGER (ICRC 2009) & GAMMA (J Phys G35(2008)115201) =
. — A Yakutsk (Newd Phys11(2008)065008)
1_0‘3 101? | N, A KASCADE-Grande (QGSJET 1) Neh-Ny |
' = Ak =
o — L =
@ — =
W — —
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E  10° —
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L — energy uncertainty of 207 ]
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Yakutsk
Yakutsk EAS array 10 km? (18 km? in 1973-1990)

Kapra pacnonoxenus
Aryreroii yeranoskn LHAJI

Yenopusie 0boznavennn:

m wocce

rpaHvua AONWHBL PEeKW K|
neca (nepenaa 100-150

E\S ropopa, nocenku

leorpadmueckne Koopanuars:
YCTAHOBKH:

A=61.7°"N L=1294"E

4
Macurrad: o ? I ..5 8 1_0
(kM)

Axyrckas
yCTAHOBKA
LITAJTI

MI Pravdin, Tunka workshop 2009

Zeuthen, February 2010 Andreas Haungs 41

AT



Yakutsk

, - 0 1 2 X,km 3
[ | ]. i ‘ |
Area - 12 km? -
£ = i
18 km2 in 1973-1 .
(18 973-1990) 'z f = 8 A2 A = @ 5
49 detector stations nr g AR,
S e=2X2 m?; of* @ = 8 Ap A 4F = @
_ m un A N2 B u
9 detector stations 2 . Fa a2 . @
S4e=2 M2 in center; N
Y,
31 detectors of Cerenkov «m u v 4
I|g ht * ; ------- g ---------------------- ’ Surface detectors S = 2 x 2 m’
' f 5 ® - operate from 1973
; ©“ - operated from 1973 to 1990
Distance between - He . M -operateirom 1591
A fle ? Q ® - Detectors of Cerenkov light
deteCtorS — 500 m @ ® . ® - Muon detectors =20 m?

® - Surface detectors S=2 m’
® - Large muon detector S=180 m?

.................................
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Yakutsk scintillator array Y akutsk

Cerenkov light
detector

Sinchr. reciv.‘

o

» to Centrer

Scintillation
detector 2 m2
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Yakutsk
Yakutsk EAS array Small Cherenkov Light Trigger

300

200 +

100 @

—100—- @
< T

T I T I T I T T I T I T I
-400 -300 -200 -100 0 100 200 300
X, m

-200

m - Scintilator detectors 2*2 m’

m - Scintilator detectors 2 m

@ - Cherenkov Light detectors

@ - Diff. Cherenkov Light detectors
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Yakutsk

Yakutsk EAS array ~ Muon detectors
BN ‘r\.& B (e
1000 -
[ | [ | |
500 - Fm = U
[ |
= B
[
£ 0 - [ | B [@= Hes = [ | H |
> ]
@ @
[ |
-500 - u - "
H
O -~ O
-1000 -
T T T T T T T T T
-1000 -500 0 500 1000
X, m
] B - Surface detectors
2] - Muon detectors S ot 20 m’?
] - Muon detector S det=180 m’

S4et=20.25 m?(2 det.) or S ;=20 m?(3 det.), E;, = 1/ cos(0) GeV
Muon detector large area - S, =180 m?, E;, = 0.5/ cos(6) GeV
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Yakutsk
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Yakutsk

Composition The average logarithm of mass number
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Prosin, Tunka workshop 2009

4l oo o00000000
cooo0pO0OgoO0O00OQO
Q00000000 O0O0
000000000000
doopoOooOo000O0O
Q00000000000

000000008000
0000 O00O0O0O0QO
0o 0o00d0QgoOO000

G5dic b 0000000

o oo o—0-000

ooo c 0

51" 48" 35
103" 04' 02" E
675m a.s.l.

TUNKA
Tunka-133 — 1 km? “dense” EAS
e Cherenkov light array
lT.unka-l33h|
D Energy threshold ~ 10 eV

Statistics for one winter (400 hours):

>3.10%eV - 5.10°events

>107eV - ~300events
Accuracy: core location ~6 m

energy ~ 15%
Xiax < 25 g-cm-2

Zeuthen, February 2010
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Primary nucleus E,, , A?

TUNKA
XKppax™ ~ <InA>
Approach to the mass
composition
X

X 2 Measurement:
(model independent)

2. FWHM ~ AX g/cm?

AX =X,/cos0 - X =
1. LDF steepness

H .=a—bP
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TUNKA
All particle spectrum
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Tunka-133: 19 clusters, 7 detectors
In each cluster
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170m

B DAQ center
1 Cluster electronics boxes .- C{ November
@ Installed optical rary 2008

detector
In operation:

84 optical

"
"
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.

Optical Q P
cable ® OB detectors
§£-6 ¢ o  and2antennas
Y 8 [
5
P 8 O
: N4 )
B - Radio-antenna O8O
, | g O
‘ 16 [ ]
Water Cherenkov I R=530m
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S=0.88 K7
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170m

B Data acquisition house
1 Cluster box
® Optical 2010-2011
detector
38 muon
detectors
p| + net of radio
{| antennas
Scintillator
8-10 m? | , / Accuracy of N,
O ileg 6 © Reconstruction
Water tank k T NS 210%
S=0.88 x\?
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GAMMA experiment:
present status, recent results and near future

Romen Martirosov
on behalf of the GAMMA collaboration

e A e e
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GAMMA

s = : . A R o] s W = - L , - T i Som
gow 12 5 s ——— Gt - = P R R
= e R L 3 = - I’." o el _‘ s s 2 o
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—— Pt i) ;- el b L

ARAGATS smentlflc statlon (Iate autumn)
Hill sides of the Mt. Aragats, Armenia, 65 km from Yerevan

Elevation: 3200 m a.s.l. (700 g/cm? of atmospheric depth)

Geographical coordinates: Latitude =40.470 N, Longitude =44.180 E
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GAMMA

Energy estimator
Ln(E,) = Ln(E;) = f(N,,N ,,5,c050)

where N, N,, s, cos 8 — experimentally measured parameters

The best energy estimations as a result of y2_. (E,,E,) were
achieved for the 7-parametric fit:

LnE, =a,x+a,vVs/c+a,c+a,+a;/(x—a,y)+a,ye’

where x =LnN_,, y =LnN , (R<50m), c = cos(0)
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r:;' 107 Inverse approach
e W - — - GAMMADBE
All-Particle & o e
7 I . A KASCADE-G
Energy Spectrum - Pl r
E |
L
e
L_E Event-by-event
o ® GAMMAOD7
L O GAMMADS
10 4| & Akeno
GAMMADO5: R <25m; Q <300 " A Fly'sEyeSt
GAMMAO7: R <50m; Q <450 - ¥ HResMIA
- ¥ HRes-2 |
6 7 8
10 10 10

Primary energy E (GeV)

All-particle energy spectrum in comparison with the results of EAS inverse approach
(GAMMA-06, KASCADE, KASCADE-Grande), our preliminary data and results of
other experiments
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GAMMA

Possible origin of irregularities

Rigidity-dependent primary-energy spectra cannot describe the
phenomenon of ageing of EAS at energies (5-10) x 105 eV which
was observed in mountain-altitude experiments.

It is reasonable to assume that an additional flux of heavy nuclei (Fe-
like) is responsible for the bump at these energies. Besides, the
sharpness of the bump points out the local origin of this flux from compact
object.

We carried out the test of this hypothesis using the inverse
approach on the base of GAMMA data and the hypothesis of two-
component origin of cosmic ray flux:

so-called Galactic component is the power-law energy spectra with
rigidity-dependent knees at energies E,=Ex-Z and power indices y = v,
and y=1v, for E < E, and E > E, respectively;

so-called pulsar component is an additional power-law energy spectrum
with cut-off energies E_ . and indices y,=y, ,and y,=1v,, for E <E_, and
E > E_ (. respectively.
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GRAPES

The GRAPES-3 Experiment, An Overview
Sunil K. Gupta

Dr. Homi J. Bhabha Centenary
3'" Workshop on Astroparticle Physics, Ooty
18 December 2008
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GRAPES
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GRAPES

Air Shower Experiments

GRAPES-3 KASCADE Tibet AS
Obs. Height 2200m 100m 4300m
Density of Particle 1 det/ 55m2 1 det/ 167m? 1 det/ 56m?
Detector 1.8% 1.3% 0.9% . s
Other 560m?2 Muon Det. 800m? Muon Array 80m? Burst Det. e s e,
Observations 300m? Hadron Det. LAA LA AL Ll d s
128m2 MTT etc, 2 A A 4 A A A& A & A 4 A A A A A 4
Features Larger Statistics Larger Statistics Lower E Threshold S
Lower E Threshold f‘\'\
ﬁ'**“ A A A4 A A & A 4 a

”,
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i F

A A 4 oa i & &

A

i 4 P L L P

4 & L 4 A A A & & A s A
- A A A A & A A 4 A -

I (&?

i

GRAPES-3 has both of a dense
array and a large area muon L
detector at the high altitude.
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(a) Shower Size "N’ 10*4-10*
(b) Shower Size °N ’ 10°°-10°
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GRAPES

Future Expansion Plans

* Expansion to an area of 1 km?using widely
spaced detectors with in-situ signal digitization

* |ncrease of muon detector area from 560 to
1120 m?

* Installation of a multi-element, wide-angle,
steerable Cerenkov telescope

e |nstallation of neutron monitors for solar studies

* Installation of low frequency dipole array for
detection of radio emission from showers
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KASCADE-Grande
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