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Research PurposeResearch Purpose

1. 3TeV~100TeV cosmic J rays
2. 100TeV ～100 PeV primary cosmic rays

->  Origin, acceleration of cosmic rays

3. The Sun’s shadow in cosmic rays
（Shielding effect on cosmic rays by the Sun)
->  Global structure of solar  and interplanetary 

magnetic fields

Complementary to Air  Cherenkov Telescopes
WideWide--fieldfield--ofof--viewview（（~~２２srsr）） highhigh--duty cycle CR telescopeduty cycle CR telescope



Tibet-I to Tibet-II/HD

Number of detector
I    :   45
II   : 185
HD: 109

Mode Energy
I    : 10 TeV
II   : 10 TeV
HD:   3 TeV

Area
I    :  7 ,650 m2

II   : 37,000 m2

HD:   5,200 m2



Tibet III (22000mTibet III (22000m22))

Yangbajing (4300a.s.l.=606g/cm2), Tibet, China, as of 1999



Tibet III (22000m2)

Total 545 detectors
Modal Energy

~ 3 TeV
Angular Resolution

~ 0.9 deg@3TeV
Trigger Rate

~680 Hz
Data size

~20GB/day

Operation 
1999 October-
2002 September



Tibet III (37000m2)

Yangbajing (4,300m a.s.l.=606g/cm2),
Tibet, China, as of 2003

Total 789 detectors
Modal Energy 

~3 TeV
Angular Resolution

~0.9 deg @3TeV
Trigger Rate

~1700 Hz

Tibet Airshower Array



Detection Pr incipleDetection Pr inciple

Cosmic raysCosmic rays

Air  showerAir  shower
Scintillation lightScintillation light



Event Schematics Event Schematics 

# # of par ticles (charge)of par ticles (charge) Relative timing (time)Relative timing (time)



Moon’s Shadow
and

Geomagnetic Field

North-south 
deviation

Westward shiftObserved 
Moon’s shadow



J from Crab
5.5V Tibet-HD (5200m2)   
(1996 Nov-1999 May  502days)

ApJ 525, L93-L96, (1999)



Crab  J unpulsed 



Flare J from Mrk501 (1997)
3.7V(Feb-Aug)~4.7V(Apr-Jun)                   

Tibet-HD (5200m2)

ApJ 532, 302-307, (2000)



Flare J from Mrk421 (2000-2001)
5.1V Tibet-III (22000m2)  457days



Mrk421 long-term correlation between 
X-ray and  TeV γ-ray data 

ApJ ５９８ （２００３） ２４２－２４９



Upper limits on galactic diffuse γ rays
Inner  galaxy Inner  galaxy 
(20<l<55deg(20<l<55deg
))

Outer galaxyOuter galaxy
(140<l<225)(140<l<225)

Red:99%CL, Blue:90%CL

ApJ, 580, 887-895,2002 T-II 551days, T-III 517days



Northern Sky TeV J-ray Source Search

ApJ, 633, 1005-1012, (2005)

Crab

No new steady 
bright point source  
(like Crab) found

0.3 to 0.6 Crab 

Flux upper limit

@90% CL

Tibet-HD (5200m2)  556 days + 
Tibet-III(22000m2)  457 days)



Search for PeV signal from Monogem Ring

ApJ, 635, L53-L56, (2005)

MAKET-ANI

6 V signal from Monogem

3Ox3O bin,    1997-2003

However,

Tibet ~ x 100 statistics

x  10 sensitivity

No significant signal

<4.0x10-12/cm2/sec/sr

above 1PeV @99%



TIBET Hybrid ExperimentTIBET Hybrid Experiment



Longitudinal development of AS



How to obtain proton spectrum?

EC(γfamily) : (x,y)

BD(burst) : (x,y)   time               Burst Size (below EC)

AS array:                    time ),( I-

),( I- ΣEγ

EC-Xray film image Scanner family detection

AS+family matching event  ANN Proton 
Identification
~100 eV/699 days

Ne
(Simulation)

E0

Hybrid system

(GUI Software)

1st trigger

(Correlations)

TAG



Artificial Neural Network
JETNET 3.5

Parameters for training:    Nγ, ΣEγ, ＜Rγ＞, ＜ERγ＞, Ne , θ



Primary  proton spectrum

Preliminary

(KASCADE data:  astro-ph/0312295)

All

Proton
KASCADE (P)

Present Results

(a) ( by  QGSJET model) (b) ( by SIBYLL model )



Primary  helium spectrum

(a) (by QGSJET model) (b) (by SIBYLL 
model)

p+helium selection: purity=93%,  efficiency=70%



Primary Cosmic Ray Energy Spectrum
CORSIKA_SIBYLLCORSIKA_QGSJET

Proton

Small model 
dependence

(30 %)

All – (p+He)

All

PL B632 
(2006) 58-64



The anisotropy at the solar time frame

•• Compton Compton -- Getting effectGetting effect
(Compton, A. H., Getting, I. A. 1935, Phys. 

Rev. Let. 47, 817-821)
Apparent anisotropy due to 
terrestrial orbital motion 
around the Sun

– Energy independent effect
– Afftected by solar acitivities below 

TeV energies
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CG effect (Nov1999 – Nov2003)

~3x1010 EV in Total

Integral 

Differential

Some other effects at low energies?

CG expected:    ---

PRL 93，
061101,(2004)

Data-CG



Cosmic Ray Anisotropy at Sidereal 
Time  (ApJ, 626 (2005) L29-L32)

1999Nov-
2003Nov 918 live 
days

~3x1010 ev

Differential

Integral=

(Physical

Quantity)



Sidereal Time Anisotropy

FFourier First Harmonics Declination Dependence of 
Amplitude

All 
Dec

Dec 
Dep



Multi-TeV Cosmic Ray Anisotropy 

at Sidereal Time 

(ICRC2005, vol 2, 49-52), to be published 
in Science on Oct 20, 2006

Relative

Intensity

(%) to CR

Excess(V
)

Cygnus 
region

Loss-coneTail-in



Milagro Paper

4.5σ

Three calendar years data starting July 2000



The Sun’s shadow 
in cosmic rays



Monthly Sunspots 1990-2003
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Cycle
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Observation – Sun Shadow
Anti-correlation between Sun shadow and sun spot # @ 10 TeV
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Potential Field Source Sur face Model

60 120 180 240 3000 360 60 120 180 240 3000 360
Car r ington Longitude (deg) Car r ington Longitude (deg)
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RR1.01.0

Solar  MinimumSolar  Minimum
CR1925 / Jul.CR1925 / Jul.--Aug. 1997Aug. 1997

Solar  MaximumSolar  Maximum
CR1965 / Jul.CR1965 / Jul.--Aug. 2000Aug. 2000

Synoptic Char t for  Radial 
component (n 30)

• Radial Field model by Hakamada, Chubu U.
• scalar potential in the coronal magnetic field

– expansion by spherical harmonics（order: n）

• Assumption
– No coronal current (no influence on magnetic field)
– Scalar potential( ＠R2.5 )＝0 (to prevent troidal magnetic field)
– Only radial component at the solar surface

AwayAway

TowardToward
AwayAway

TowardToward

RR1.01.0

RR2.52.5 RR2.52.5

d

Tesla
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Year ly Var iation of Deficit within 3o

around the apparent sun’s direction @ 10 TeV

Sun spot#

Sun 
shadow

χ2 = 17.71
d.o.f. = 8

(2.0σ)

Year

ObservationObservation
SimulationSimulation

Deficit expected by 
geometr ical Size of sun
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Gnevyshev gap 
in 2001



2001(Tibet-III)2000(Tibet-III)

2004(Tibet-III)

2003(Tibet-III)2002(Tibet-III)

2005(Tibet-III)

Yearly change of Sun shadow （1996−2005）, 3TeV

Gnevyshev gap

in 2001



What we have found out:
Crab, Mrk501 , Mrk421 observed, but
No new steady bright TeV J-ray point source found
Possible diffuse J-ray signal from Cygnus region?

P, He, all-particle E-spectrum (Galactic cosmic rays 
accelerated to the knee region ~1015 eV)

What we should do next:
1. 100 TeV (10 – 1000 TeV) region J-ray astronomy 

Where do galactic cosmic rays under knee come from?
2. E-spectrum of heavy component around ‘ knee’

All-particle knee = CNO?  Fe knee? 



1. 100 TeV J-ray astronomy

Let’s see  100 TeV-region gamma rays  by

Tibet-III  (AS) + a large underground 

muon detector  ar ray (MD)

(8640m2 in total)!
Origin of cosmic rays and acceleration

mechanism and limit at SNRs.

Diffuse gamma rays could be detected.



~~ MuonMuon detector ~detector ~

2.5m underground2.5m underground
((500500g/cmg/cm22: ~19 Xo): ~19 Xo)
waterproof concrete poolwaterproof concrete pool
6m x 6 m, 1.5m deep6m x 6 m, 1.5m deep
20 20 II PMT @ 1 detectorPMT @ 1 detector

Inside is painted with  white Inside is painted with  white 
epoxy paint epoxy paint to waterproof and to waterproof and 
to efficiently gather  to efficiently gather  catoptriccatoptric
waterwater CherenkovCherenkov lightslights
by a downward facing PMTby a downward facing PMT

240 240 detectors  Total:  8640mdetectors  Total:  8640m22

Design 43

One ideaOne idea

180m

Tibet III Tibet III 

Tibet MDTibet MD



44Image

8,640 m2

4,300m a.s.l. (90.50E,30.10N)



Advantages of the Cherenkov type muon detector are

• High cost performance 
• High sensitivity to muons rather than electromagnetic 

component caused by the environmental background 
radioactivity and the air shower cascade, 
because it is easy to design its pool depth (=path length of 
a muon) deeper, compared with a scintillation detector.

>10TeV gamma-ray observation device 45

20 inch in diameter PMT
(HAMAMASTU R3600)



Example of existent Cherenkov detector design

0.54%0.52%0.4%Photo-
sensitive 
coverage

20 inch PMT8-inch PMT8-inch PMTPMT

240 PMTs1885 PMTsTop: D=1.4m, 450 PMTs
Bot.: D=6.0m, 273 PMTs

Number of 
PMTs

1 PMT@ 36m22 PMT@6m2 

2.8m x 2.8mGrid or
1 Unit

80m x 60m, D=8m
(Top 4800m2/

Bottom 2000m2)

Milagro

ex.) 8640m2Detector 
Size

Tibet MDSuper-K (anti-D)

46

Tibet MD detector will be expected enough response for muon detector.



47Distribution of 6NPE
as a function of  6U

0

20%

50%

80%

10TeV 100TeV 1000TeVEJ:

0

(10TeV)

0

(100TeV)

Tibet III

Tibet
MD BG 

Gamma



0

20%

50%

80%

10TeV 100TeV 1000TeVEJ:

Gamma

100TeV:
6NPE=~300
BG:       >~99% rejection
Gamma:   ~5% rejection

~95% survival

100TeV:
6NPE=~300
BG:       >~99% rejection
Gamma:   ~5% rejection

~95% survival
Sensitivity:

~10 times better!!

10TeV:
6NPE=~30
BG:         ~97% rejection
Gamma: ~35% rejection

~65% survival

10TeV:
6NPE=~30
BG:         ~97% rejection
Gamma: ~35% rejection

~65% survival
Sensitivity:

~4 times better!

0

(100TeV)

0

(10TeV)

48
Hadron / Gamma Separation

Tibet III

BG 

Tibet
MD



49
10TeV:
6NPE =~30
BG:         ~97% rejection
Gamma: ~35% rejection

~65% survival
Sensitivity:

~4 times better!

100TeV:
6NPE=~300
BG:       >~99% rejection
Gamma:   ~5% rejection

~95% survival
Sensitivity:

~10 times better!!

1000TeV: (need more data)
6NPE=~3000
BG:       > ~99.9% rejection
Gamma:   ~1% rejection

~99% survival

Background 
FREE!!!

Survival efficiency after the cut  

10TeV 100TeV 1000TeVEJ:



MAGIC

VERITAS

HESS

Tibet AS

Tibet AS+MD

Sensitivity (Tibet AS + MD)

Tibet-III Scintillation Counters 
37,000m2

+
Underground 

Water Cherenkov Detector 
8,640m2

Crab orbit

Flat region (> 200TeV)
Background << 1 event
15 photon sensitivity
(Poisson 5σ)

Milagro (1y)miniHAWC (1y)



~1% RXJ1713
(50 hours 5σ)

~5% RXJ1713
(3 year 5σ)

Sensitivity
(RX J1713 Unit 
Index = –2.19)

~0.1°~0.2°
Angular
Resolution

~10%~90%Duty cycle

~20?
Detected
Sources

~20%~40%
Energy
Resolution

~0.02 sr~1.5 srF.O.V.

~99%

30N-90E

Tibet AS+MD
~100 TeV

23S-16ELocation

~99%
Background
Rejection

H.E.S.S.
~200 GeV

Comparison between Tibet AS + MD and HESS



Object Class Culmination Zenith
Name at Tibet (deg.)
--------------------------------------------------------------------------------------------------------------
Crab Nebula PWN 8
Cas A SNR 29
TeV J2032+4130 SNR?  (vicinity of Cyg X-3) 11
Milagro Region Diffuse γ 10
HESS J1837-069 SNR? (G25.5+0.0?, AX J1838-0655?) 37
HESS J1834-089 SNR? (G23.3-0.3 / W41?) 39
LS I +61 303 XRB 31

M87 AGN (z=0.00436) 18
Mrk 421 AGN (z=0.031) 8
Mrk 501 AGN (z=0.034) 10
1ES 1959+650 AGN (z=0.047) 35
H 1426+428 AGN (z=0.129) 13

TeV Source Catalog in the Northern Sky

Tibet AS+MD can detect in the 100 TeV region?



Diffuse gamma rays from Milagro IG region

Atkins et al, Phys. Rev. Let., 95, 251103 (2005)

Milagro

Tibet AS+MD
(Preliminary)



Cas A
Brightest shell-type SNR in radio
Distance  ~3.4 kpc
Age 1680 years
HEGRA live time ~232 hours
Flux ~3.3% Crabs
IC+bremsstrahlung? π0 decay?

TeV J2032+4130
Unidentified TeV source
Located near Cyg X-3 in Cyg OB2
HEGRA live time ~158 hours
Extended source ~6.2′
π0 decay?

Aharonian et al, A&A, 370, 112 (2001)
Aharonian et al, A&A, 431, 197 (2005)

VERITAS

Tibet AS+MD

VERITAS

Tibet AS+MD



Lang et al. Astrophys.&Space Sci.,  297, 345 
(2005)

Aharonian et al, A&A, 370, 112 (2001)



HESS J1834-087
Counterpart  G23.3-0.3
Shell-type SNR
Distance  ~4.8 kpc

Zenith at Tibet ~39°

HESS J1837-069
Counterpart AX J1838 ? (UID)

G25.5+0.0? (SNR)

Zenith at Tibet ~ 37°
Aharonian et al, ApJ, 636, 777 (2006) Aharonian et al, ApJ, 636, 777 (2006)

VERITAS

Tibet AS+MD

VERITAS

Tibet AS+MD



VERITAS

Tibet AS+MD

LS I +61 303
High Mass XRB
Orbital period 26.5 days
Distance  ~2 kpc
π0 decay?

Zenith at Tibet ~31°
Albert et al, Science, 312, 1771 (2006)

μQSR
B0 Ve star



Large Zenith Angle - Efficiency
(Normalized to Dec 20 deg Efficiency) 

HESS source



Mrk421 Mrk501
Averaged spectrum for a few month
AGN (BL Lac)
z=0.031 (Mrk 421)
z=0.034 (Mrk 501)
SSC or ERC or PIC model

M87
AGN (FR-I) 
z=0.00436 ~16 Mpc
l = 122.4, b = -50.5

Zenith at Tibet ~18°
Aharonian et al, A&A, 349, 11 (1999) Beilicke et al, New Astro. Rev., 48, 407 (2004)

VERITAS

Tibet AS+MD

VERITAS

Tibet AS+MD

3 months

3 years

3 months

3 years



Other sources in the Northern sky?
HEGRA survey gave upper limits 0.1-several Crabs

Not as sensitive as HESS survey
Aharonian et al, A&A, 395, 803 (2002)

The HEGRA survey of the Galactic plane



Angular Resolution
HESS Æ ~0.1°(>100GeV)
Tibet   Æ ~0.2°(>100TeV)

The H.E.S.S. survey of the Inner Galaxy

|l | < ~30°
|b| < ~2°
~2% Crabs survey

17 sources were found
(14 new sources)

Aharonian et al, ApJ, 636, 777 (2006)



Source        Flux   Index  Size     Counterpart / other names
(HESS J) (C.U.)      (E-Γ) (arcmin)

1614-518    25%    2.46 12 --
1616-508    19%    2.35 8         PSR J1617-5055 ? (PWN)
1632-478    12%    2.12 8         IGR J16320-4751, AX J163252-4746 ? (XRB/UID)
1634-472    6%      2.38 7         G337.2+0.1 ?,IGR J16358-4726 (SNR/XRB)
1640-465    9%      2.42 2         G338.3-0.0 ? 3EG J1639-4702 ? (SNR/UID)
1702-420    7%      2.31   5               --
1708-410    4%      2.34   3               --
1713-381    2%      2.27   4         G348.7+0.3 ? (SNR)
1713-397    66%    2.19   15       RX J1713.7-3946, G347.3-0.5 (SNR)
1745-290    5%      2.20   <3 Sgr A* / Sgr A East ? (SNR/BH)
1745-303    5%      1.82   9         3EG J1744-3011 ? (UID)
1747-281    2%      2.40   <1.3    G0.9+0.1 (PWN)
1804-216    25%    2.72   12       G8.7-0.1, PSR J1803-2137 ? (SNR/PWN)
1813-178    6%      2.09    2        G12.82-0.02, AX J1813-178 ? (SNR)
1825-137    17%    2.46   10       PSR J1826-1334 / 3EG J1826-1302 ? (PWN/UID)
1834-087    8%      2.45   5         G23.3-0.3 / W41 ? (SNR)
1837-069    13%    2.27   5         G25.5+0.0 ?, AX J1838-0655 ? (SNR/UID)

SNR ~8 PWN ~3    XRB ~2    UID ~1    Unknown ~3

The H.E.S.S. survey of the Inner Galaxy Aharonian et al, ApJ, 636, 777 (2006)



Energy Spectrum of HESS sources

Indices are harder 

Aharonian et al, ApJ, 636, 777 (2006)

(If it constructed
in the southern hemisphere,)
Most of HESS sources 
detectable by Tibet AS+MD!

Extrapolation

Consistent with
power low 



Green, arXiv:astro-ph/0411083
http://www.mrao.cam.ac.uk/surveys/snrs/index.html

Green’s SNR catalog

HESS survey region
82 SNRs

Tibet F.O.V. region
86 SNRs

detected 14 new sources
in TeV region (faint in X-ray, etc)

Expected >10 new sources!?
in 100 TeV region

Expectation of the Number of SNRs in the Northern Sky

Aharonian et al, ApJ, 636, 777 (2006)



CMB

Seyfert?

SNR?
Blazar?DM?

HEGRA AS Array U.L.

Giommi et al, A&A, 445, 843 (2006)

Extragalactic Background Radiation (EBR) 

The et al, ApJ, 403, 32 (1993)

Wagner Mem. Soc. Astron. Ital., 73, 76 (2002) 

Aharonian et al, Astro. Phys., 17, 459 (2002)

Ando & Komatsu Phys. Rev. D 73, 023521 
(2006) 

Cosmic Ray

Need B.G. rejection ～10-3

EBRs  ~105 events
CRs    ~108 events

/ 3 years /  1 sr  (>100TeV)

Cascade photons by X-particle?



Name Coma Cluster (Abell 1656)

R.A. 13h 00m (Rough position)

Dec. +28° (Rough position)

Apparent Size ~120'

Red Shift 0.0232

Galaxy Cluster 

Inoue, Aharonian & Sugiyama, ApJ, 628, L9 (2005)



Summary      (Tibet AS + MD)
10-1000 TeV candidates in the northern sky:

Promising sources:  Crab, TeV J2032+4130, 
Diffuse γ from Milagro region
HESS J1837-069, Mrk 421

Interesting: Cas A, M87, HESS J1834-089, Mrk 501
LS I +61 303

Expected # of new sources from HESS data: >~10 !? 

+Some others?



2.  Next phase of 
Tibet hybrid exp.  YAC

Yangbajing Air shower Core detector

•Measure the energy spectrum of the main component at the knee.
•Detector：Low threshold BD grid ＋AS array。
•Observe energy flow of AS core within several x 10m from the axis.



Tibet III: Energy and direction  of air  shower

Cosmic ray(P,He,Fe…)

Particle density & spread

Separation of particles 

YAC array



Pb 7cu

Iron

Scint.

Box

Design of YAC
40cm x 50cm, 20x20 channels

S=5000m2

3.75m spacing 400ch
Nb>100, any 5
(>30GeV)

Wave length shifting fiber
+ 2 PMTs 
(Low gain & High gain)
102<Nb<106



MC Event Map

Proton Fe



Separation of Fe by YAC（use ANN）
Iron and others



Detection efficiency of YAC



Expected results by YAC


