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BBeneHue: OTKpbITUE KOCMUYECKUX JIyYeH.

YTO MBI 3HaEM OT KOCMUYECKHUX JIy4aX CBEPXBBICOKUX
SHEPTUN.

[ITupokue aTMOCcepHBIE TUBHA —OTKPBITUE U METO/IbI
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KocMuueckue Jiyuu NpeieabHO BBICOKUX SHEPTHU.
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IlepBbin PUINYECKUN IKCIIEPUMEHT
B KOCMoOce (HosI0pb, 1957)

Scientists from Moscow State University
provided the first space physics experiment in space
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Kocmuueckue ayun ( V.Hess, 1912)

Cosmic rays — proton and u nuclear with spectrum
up to ~ 10°°>B

Flux: ~10*m>2 sec! at E~10° eV
20 mopsaaKoB !

~ 102 km> year! at E~10? eV

Astrophysics: In what sources accelerated and how propagated in

in space ( origin and propagation)

High energy physics : Study of interaction at UHE and search

for new particles
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Diff. flux at 1 TeV [(m® sr s TeV)]
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PoxxaeHue JIerkux sijiep ¥ BpemMs KU3HU
KOCMHMYECKHUX JydyeH B ['amakTuke

Jlerkue sigpa — L (L1, Be, B) , Cpennue saapa — M ( Z — 6-9)
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HanpaBieHus uccienoBanuu

1,2. "'anakTHYECKME KOCMUYECKUE JIYUH.

Kakune ncroununku? J{eCTBUTENBHO JIM 3TO OCTATKM CBEPXHOBEIX? J[0
KaKHX SHEPTUM MOT'YT YCKOPATHCS KOCMHUYECKHE JIYYH B 3THUX
ncroyHukax? Kako BKaaa oT Apyrux UCTOUYHUKOB?ECTh i On3Kue
JTOKAJILHBIC UCTOYHUKHA? B 4eM npuydmnHa CymecTBOBaHUS “‘KOJICHA
B criekTpe? Ilpm kKakoM sHEpruy HAaYMHAKOT JOMHUHHUPOBATh
METaraJJakTH4€CKNE KOCMAYECKUE JTyIH ?

3. MeTraramakTH4ecKkue KOCMUYECKHUE JTYYH.

Kakne ncrounnku? EcTh 11 00pe3aHue CIIEKTpa Ha PEIIMKTOBOM
n3nyuenun? HysxHa nu HoBas ¢u3uka ( HapyumieHue JlopeHir-
-MHBAPUAHTHOCTH, CBEPXTSKEIIBIC YACTUIIBI, TOTIOJIOTUYCCKHUE
ne(EeKThI) 119 O0BSICHECHMS YKCIIEPUMEHTAILHBIX JaHHBIX




TpeOoBaHus K HICTOYHMKAM KOCMHUYECKHUX JIydei

1. B03MOXHOCTb YCKOPEHUE KOCMUYECKHUX JIYUYEH 10 BBICOKUX
SHEPTUU
E.x~ Z*H+* L (npasuno Xuinoca)
(Z —3apsin, H — marauTtHOE 1ioJie, L- pasMep HCTOYHMKA)

2. OO0ecneuynTh SKCIEPUMEHTAIBHO HAOJIOIAEMY0 MHTEHCUBHOCTD
KOCMHYECKUX JIYUEH:
IUIOTHOCTE SHepruu ~ 1 3B/cm? ( B [NanakTuke)
~5.10% spr/cek

TEMII TeHepaIlUH E2 (1019 ~10215B) ~ 10% _Pr
Miick3 o



Candidates for UHE C.R.
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Yckopenue KJI yrapHeiMu BoJtHaMu

3amMeyaresibHast 0CO0EHHOCTh-cTeneHHOM  Kpbimcekuin 1977;
CIIEKTP YCKOpeHHBbIX yacTull y=(c+2)/(c- Bell 1978

1), rie o creneHb CxKATUSA YIAPHOU
BOJIHBI, IJI51 CHJIBHBIX YAAPHBIX BOJIH 6=4 CnexTp B HCTOTHAKE:

=2
e P(E) ~ E -

MaxkcumaiabHada 3Heprusa E_ :

E =7 10" eV B Ry, Ug :
10uG A\ 3pc )\ 3000 km s~

CR T.e. HE0OOX0AUMO YCUTIEHME MATHUTHOIO IOJIS
particle g yekopenus g0 1015 5B

forward shock

MexanusMm bena — ycuinenre MaroHuTHOrO moJist
KOCMHUYECKHMH JTydaMu




CIIEKTp KOCMHUYECKUX JY4YEH Y 3EMJIIH

M
PE) ~ Q(E) T(E)wE? o7 —pa7  Mowem

“JIpIpsiBO1 KOPOOKHK™

Cnektp B
HUCTOYHHUKE
Habnromaembrit
CIIEKTP
r, (cm)=E (eV) /300 Z B (raycc) Kocmuueckue mydu ¢
sHeprueii Boime 108 3B
Jlia E =10 eV 1, ~ 1 knc — cpaBnnma ¢ HE YIep>KUBAIOTCS B

TOJIIIIMHOU TUCKa [ allakTUuKu I'amakTuke
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DKCHEPUMEHT U TCOPUS
YKa3bIBAIOT, YTO B AUAIIA30HE
1017 —10183B moxer
IPOUCXOIUTH IIEPEXO]I OT
raJJaKTUYECKUX K
METaraJlaKTU4CCKAM
KOCMHYECKHUM Jy4aMm




[TTupoxue aTMOCHEpPHBIC JTUBHMU:
OTKPBITHE U METOJIbI PETUCTPALIUH

OTKpBITHE:
IIbep Oxe (1938)
1889 - 1993




Cxema coBmajieHui, okHO T =50 MKC
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P, A

Poct umcia

YACTHUI] < 1

20-30 Kk \_ /i
A . ' > Nmax ~ E
! T
3.5 Hucio [TepBuunas
R EeIman SHEPIHs

[TpuMepHO MOJIOBHMHA YACTHUIL
B Kpyre ¢ paauycom 80 M

X ax — DNIYOMHA MaCKCUMyMa pa3BUTHS

X =A+BLn(E/A)

ATOMHBIN
HOMEP

J1€TEeKTOpPBI YaCTHULL

DHEPIruu 4YaCTHII;

Onekrponsl 30-100 M»sB

MiooHbI > 0.5 I1B

Ocpb JITUBHY
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Perucrpanmsa 4epeHKOBCKOTO CBETa ‘

s E, >25 MbsB

V.>C(C/n  — ckopocTh cBeTa
B BO3IyXe

|

YepeHKOBCKUM CBET
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Y10 MOXKXHO U3MEPHUTH C
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IIOMOLIBIO YEPEHKOBCKOTO llepsutnoe sapo E, , A’

cBeTa? Kmay™ ~ <InA>

DHEPIrUro NepBUYHON yacTUllpl E
(oTHOCHUTENBHAS TOYHOCTH 15%
cucTemMarudeckas norpemHocts < 10%)

['myOuny Mmakcumyma X
(oTHOCUTEIbHAS TOYHOCTE 30 r/cM? cHCTeMaTHYeCcKas
HOrPEIIHOCTh < 7 r/cMm? )

FWHM ~ AX r/cm?

AX = X,/cos0 - X . EiL
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X ~ In(E/A)
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Mertoanl peructpanuu HIAJI

i

Perucrpanus 3apsxeHHbix yactuil [HTAJI
Perucrpaiys 4epeHKOBCKOI'O CBETA
Perucrpaiuys (GIroopeciieHTHOrO CBETa
Perucrpanusa paauonsinyyeHus




Measurement Techniques of Air Showers

energy ? mass 7?7
arrival directions ?

interaction mechanism 7 «—— First interaction (usually several 10 km high)

=» large number of
observables ¥} Air shower evolves (particles are created
= multi-detector /r and most of them later stop or decay)
system -'

Measurement of
Some of the particles fluorescence light
reach the ground
Measurement of
Measurement with radio emission \*

Measurement of Cherenkov
light with telescopes
or wide angle pmts

I_Lﬂ 1

<F|5// \ m./ / scinvyaﬁoncnumis/lﬁ N \\? :\;—a
l |—|/ / —

Measurement of low energy muons
with scintillation or tracking detectors

tracking detectors or calorimeters
Measurement of high energy
e
muons deep underground

Measurement of particles with




DIIFOOPECIICHTHOE U3JTYUYEHUE
3apSKECHHBIX YaCTHIL

03 [
0z L
01 F (\/\
0 ‘
200 250

| /\XM
00 450 500

CnekTp u3ay4yeHus a3ora

HN3nydyeHue wu30TpOIIHOE

4-5 ¢poToHOB/ MeTP,
IPaKTUYECKU HE 3aBUCUT OT
MJIOTHOCTH

My1vHbI 1123
( Flys Eye)

/




COBpPEMEHHBIE YCTAHOBKHU 1A
PETUCTPALIUU KOCMUYECKHUX JIY4YEH
CBEPXBBICOKOM 3HEPIUH

(10> - 10'%5B)




CoBpeMeHHbIE YCTAHOBKH

6 1016 5B - KASCADE-Grande 3aKmbima
AJIA 001aCTH BBIIIC 9 - IceTop/lceCube 70% ready
IJaomaab -~ IKMZ - TyHKa-1 33 e pa6ome
- HEBO-OEKOP e pabome
- Auger (HuU3Kune aHeprun) nyck 6 2011
- SCORE rnpoekm
-LHAASO rnpoekm
= P28
?.3 o HEGRA - SN ARUTSK
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CR from SNR " CR from AGN



Ice Cubel/lce Top

NG IceTop: air shower array
| - : / » 80 Stations / 2 Tanks each
80 pyo Fipy e » 2 DOMs each per tank
| » 125 m grid, 1 km?2 at 690 g/cm?
(T » Ejes ~ 300 TeV for = 4 stations
| ‘i“h » Useful rate up to ~EeV

lceCube
- Drill Hole ToDAQ

4 p— 4 — ]
.:. ..... 25m
-
0.9m i s 4L
lear i Hitaa . 408
.....
Clear ice i @ > Junction box
., .,0‘
-‘.‘

:2 r]1 I — * 10m

Two DOMs: 10 PMT
One high-gain; one lowgain in each tank

diffusely reflecting liner

-+
+




1]: KASCADE-Grande
= KArlsruhe Shower Core and Array DEtector + Grande

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

April, 30 2005 — Aspen, Colorado Ardreas Haungs — KASCADE-Grande Collaboration "Physics from the Knee to the Ankle’



Coordinate-{racking

delechor DECOR o f: 10" |7 110" av .f 1 :l.l- o b
1 r 1 L]

R, 1 0 marm )
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Charankoy waled
detecior NEWVOD Ll T 7 it
(2000 m3) Dm

Side SM: 8.4 m* each

= O~ 1 ey O

» large water cherenkov detector, Russia
» position detector

= Muon bundles {under large zenith angles)
= Sensitivity to energy and composition

« gXtension plans: array around
mE Petruhkin, KASCADE Symposaium 2003

Pt




LHAASO ( China, Tibet)

Three major components

« 1km? complex array foryrays and CRs >30TeV
—1 km? scintillation detector array
— 40k m? pdetector array
— 28 C-telescopes
— 1k m? burst detector

e 90k m? water Cerenkov detector for
v>100GeV

 Two Magic-type telescopes



LHAASO PrOjeCt yastronomy and orlgln of CR
19 5 o G S LY

Large High Altitude Air Shower Obser\ratnry = ED: 5137, imximx2cm

15m ‘'spacing

Yangbajing, 4300m a.s.l. ﬁﬂﬁg.ﬁ:m . B MD: 1161, 6m=6m=2cm
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IIpoekt SCORE — mupoKOyTroiabHbIN
ramma-reaeckon miomaabo 100 kM2

¢ moporom - 30 T>B
(M.Tluczykont et al , ArXiv: 0909.0445)

10 km
[IporoTun ycTaHOBKU
< > 'T miomaaeio 0.1 -0.2 xkm?
O O O O B TyHKeE.
200 Ml
O O O ®
O o) ® =_= -




Tunka-133 — 1 km? “dense” EAS
Cherenkov light array

Energy threshold ~ 10" eV
Statistics for one winter (400 hours):

>3-101°eV - 5-10% events
> 1017 eV — ~ 300 events

Accuracy: core location ~6 m
energy resolution ~ 15%
O X o < 25 g-cm?

SQ (Tunka-133) = 30 eSQ (Tunka-25)

5T 48" 35
103° 04' 02" E
675m a.s.l.




Tunka-25 (2000 -2005 )

B - QUASAR-370 QO = Thern—EMI DEGS

PMT QUASAR-370
( 37 cm photocathode
Diameter)




Tunka-133: 19 clusters,
[ detectors in each cluster

DAQ
J Cluster AT
center ] Optical detector
. Electronic
Y | bo

EMI 9350
@ 20 cm




=t trigger

request

= external clk

|1 chennel.
inteill;nal ] c:k” : -:
T |
T
|| e | %
,4 e 12 : é
| ____________ >
1. ADC AD9430, 12 bit, 200 MHz
2. FPGA XILINX Spartan-3 2
10 |
@50cm 1 M,
0 Fla:;lglass . i
- -l window with -
a/ «” heating
E 2% iin i 10 |
tep — A 20|
Controller :
. //I.,f !
Preamplifier :
HV supply ] L a0 |
- Anod signal o
Dinod signal %400
(1130 of

Anod signal)

4 channel
FADC

Cherenkov light
pulses

at two detectors of
the cluster at core
distance~ 700 m

-
TN

Wi

420

440 460 480 500 520 540

t ( x 5 ns)
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Pa3BepThIBaHUE YCTAHOBKH

Onrnyeckue xadeau




400

200

—-200

—400

Example of event

Energy: 2.0-10'7 eV
zenith angle : 12.6 °

125 detectors

Core position:

o

[ 1 LDF -method
[ 1 WDF -method

[
R~lg (I light)




Ig{Q/phat. cm™ eVv™")

¥.=12.6°

Eo = 2+107 eV

X = D78

g/cm?

1812 No 1

~

Noomie=125

3
Thershold \
& \
\
200 400 600 800 1000
Core distance (Idf), m
A

IgFWHM

.A— Fitting experimental points with LDF
B — Fitting of t( R) with Width — Distance Function.

2.4

2

1.8
1.6

1.4

1.2

Lgt(R)
Eo.=2%10" eV
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1812 No — 17 p N
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Nyt 112 "éisf‘.l WDF
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200 400 500 800

B

1000
Core distance (Idf), m



Co0ObITHE ¢ caMoii 00J1bII0N YHepruei — oxoso 10 1 3B
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Pe3ynbTarsl MOCIEIHUX JIET

KASKADE-Grande
Tynka-133

I'AMMA




Intensity dI/dE x E>° [mZsecsr'!eV2]
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AGASA
HiRes |
HiRes Il

AUGER 2009 (ICRC)

Yakutsk Cherenkow (2002)

v EASTOP

{:} KASCADE (QGSJET 01)
A TIBET-Il (2008)

] GAMMA (2008)
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KASKADE -Grande

s L
= 04— N,-N, method
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' ~10% systematic uncertainty in flux (energy independent)
.uj:" QGSJET Il hadronic interaction model
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Energy spectrum

1.0000

E__= 1.1 Z10%(E 51)n®® (M ej) 2?eV

41 F(p)p4c lE

0.1000 ~

0.0100 +

0.0010 ~

E 51 —energy of explosion & 10°! erg
M _ej —mass of remnant 8 Mg

SN llb

Ia -30%
I[P - 44%
Ib/c —22%
IIb - 4%

00001 T T T T T T T | I
102 10" 100 10" 107 103 10t 105 108 107

JaE2 75 {mE s sr‘ll-!Gevl ]

E, GeV/particle

e s 1o Normalization at 1 TeV

Ptuskin,
Zirakashvili

arXiv:
0912.5172

108 107 100

E, GeV/particle
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HoBpi¢ SKCIIepMEHTAIIBHEIC JAHHBIC YKA3hIBAIOT

Ha 00Jiee CII0KHYIO 3aBUCUMOCTbh HHTCHCUBHOCTH
KOCMHMYECKHX OT dHEpruu B amamasone 101° - 1018 3B,
4eM paHbIIIe TyMaJlH.

OTKPBLUIN 11 MBI YK€ IIEPEX0] OT raJakKTHYCCKUX
KOCMHYECKHUX JIYy4EH K METaraJJakTH4eCKUM WA BUJIUM
HOBBIC TAJIAKTUYECKHE UCTOUYHUKHU ?

Hy»XHO AeTalibHOE 3HAHUE 3aBUCUMOCTH MacCOBOI'0O
COCTaBa OT DHEPIUM.




NP =

[E—

2.

IIpenenpHO BEICOKME SHEPTUA
( Bee 1018 3B)

HaszemHbIe
SIkyTckast ycranoBka ( 12 km?) - B pabote
AGASA ( Snonus, 100 km?) — 3akpeita 2003 romy
Auger-South ( Apreatuna, 3000 km? )
Telescope Array ( USA, 750 km?)
Auger —Nord ( USA, 20000 km? ) - IpOEKT

Perucrpanusi co cmyrauka ( 10 % BpemeHu HaOIIOACHUI)
TYC ( Poccus) — 10000 km? 3amyck B 2011 roay
EUSO ( Espomna-Smnonus) — 100000 xm?




Cut-off on relic photons

Greizen, Zatsepin and Kuzmin (GZK) 1966

P+y >5A—>n+mn

Cross section ~ 5.1028 cm?
g

Energy threshold ~ 6.8 +10% ( ﬁ%ﬁ 3B

E=E,exp(-1/L) L= 15Mrmc



Auger observatory

1600 6akoB, 3amonHeHHbIX Bogoi ( 10 M?) Ha mIomagu
3000 xm?.

Auger (S) — Aprenatuna , Auger (N) — CILHA
CrpoutensctBo Auger (S) 3akoHueHO B 2008 T

I1. Oxe ( Auger) — pu3HMK, OTKPBIBIIUN IUPOKHUE aTMOC(HEPHBIC JIMBHU



Two techniques:

» detect shower particles
on the ground

e detect air fluorescence
produced by shower
particles

Shower plane

RN
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Fly's Eye with
activated phototubes
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The Surface Array




FIuorescence telescopes:
Number of telescopes: 24
Mirrors: 3.6 m x 3.6 m with field
of view 30° x 30°, each
telescope is equipped with 440
photomultipliers.
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OO0peIB B criekTpe npu 5-10'° 5B obHapyKeH.

Ho I' 3K 1u1 310 ?
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B Utanuu pa3MecTuTh OOJIBIIYIO YCTAHOBKY CIIOKHO,
a B Poccun?

Cracu00 3a BHUMAaHHE.
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