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MICOSMICOS

• VS-CTT CCD-

10

:
1360 x 1024 

•

: 30 /

:
X = 800 , Y = 400 ,
Z = 200 

: 0.5 
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•

-11
•

Carl Zeiss
:

X = 120 , Y = 100 ,
Z = 10

:
0.25

• CMOS-
Mikrotron MC-1310

10
:

1280 x 1024 
500

•

Matrox Odyssey XPro
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1280 x 1024 
500

•

Matrox Odyssey XPro



-

EMU-15.



EMU-15 2 -50.
,

( ), 35 5 100
. 0,7 . ( ):
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174-43/153 90-39 12 10 12.2 0.4 10.2 0.3

174-43/174 80-48 5 4.9 0.3

174-43/180 67-52 12 12.2 0.4 10.2 0.3

174-43/88 44-55 12 6 12.2 0.4 6.6 0.5

174-43/169 75-48 10 9.7 0.6 4.2 0.9

174-43/129 48-39 10 6 9.3 0.6 5.9 0.4

174-43/59 08-68 14 13 14 0.5 13.3 0.5
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• : CHOOZ, Palo-Verde, KamLand, 
BOREXINO

• : LSND, KARMEN
• : CHORUS, NOMAD, DONUT
• : Homestake, GALEX, 

Kamiokande, Super-Kamiokande, GNO, SNO
• : NUSEX, Soudan-2, IMB, 

Kamiokande, Super-Kamiokande, BOREXINO, 
UNO, MACRO

• : K2K, MINOS, OPERA



MINOS
(13 June 2008)

KamLAND
(1 November 2004)

best-fit of KamLAND data

best-fit of KamLAND + solar data



OPERA μ

μ
-

- .

12 , 33 (5 )

OPERA
Oscillation Project with Emulsion-tRacking Apparatus –

.



Belgium
IIHE-ULB Brussels

Croatia
IRB Zagreb

France
LAPP Annecy
IPNL Lyon
IPHC Strasbourg

Germany
Hamburg
Münster
Rostock

Italy
Bari
Bologna
LNF Frascati
L’Aquila,
LNGS
Naples
Padova
Rome
Salerno

Japan
Aichi
Toho
Kobe
Nagoya
Utsunomiya

Israel
Technion Haifa Korea

Jinju

Russia
INR RAS Moscow
LPI RAS Moscow
ITEP Moscow
SINP MSU Moscow
JINR Dubna

Switzerland
Bern
ETH Zurich

Turkey
METU Ankara

http://operaweb.web.cern.ch/operaweb/index.shtml

The OPERA Collaboration
180 physicists, 33 institutions in 12 countries

Tunisia
CNSTN Tunis
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CNGS-пучокνμотускорителяв CERN
нацеленна LNGS (730 km)

< E >< E > 17 GeV17 GeV

LL 730 km730 km

(( ee ++ ee) / ) / (CC)(CC) 0.87%0.87%

// (CC)(CC) 2.1%2.1%

negligiblenegligible

L = 730 km
CERN

LNGS

Tflight = 2.44 ms

22.5x1019 pot:
~ 23600 CC + NC
~ 160 e + e CC
~115 CC ( m2 = 2.5 x 10-3 eV2)

OPERA. -
.



e- 2%,                - 1% 

,

Gran Sasso 4.49 * 
10-9 -2 1 (~1017

), –
800 , ~ 17
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LNGS ( INFN), крупнейшаявмире
подземнаялаборатория :

~180’000 m3 . ., ~3’100 m.w.e. , ~1 cosmic / m2 x ,
, .,

CERN.

48

OPERA

CNGS
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Pb

emulsion layers

1 mm

interface films (CS)

ECC brick

•
•

• -
•

: ECC + 



10.2
cm

12.5 cm
7.5 cm
10 X0

neutrino

150’000 ECC 

105’000 m2

111’000 m2

(~ 8.9 106 )
: 1.25 103

57 OPERA films, 56 lead plates

1mm
.3mm

Lead
plate

Гибридная
структура
Гибридная
структура

(CS)

50

:
ECC

(CS)

0



Мише
нь

Мюонный
спектром

етр

SM1 SM2SM1 SM2
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CNGS

20062006 0.076x100.076x101919 potpot .. --

20072007 0.082x100.082x101919 potpot 3838 ..

2008 1.78x1019 pot 1698соб. First physics run
2009 3.52x1019 pot 3693соб. Physics  run

2010 1,52x1019 pot 1614соб. Physics  run

2010

2009

2008

7043
5 2010 ( 1

)

CNGS (97% 2008-
2009)

2010: ;

:
2011

2012 .

Days





NagoyaLNGS

European Scanning System Super-UltraTrack Selector 
(Japan)

55

CHANGEABLE SHEET  SCANNING STATIONS

High speed automatic 
microscopes:

~ 200 cm2 emulsion film 
surface/hour/facility

Based on state of the art 
technologies:

precision mechanics, 
stepping motors,  CCD 
readout, pattern recognition, 
image analysis,…





57

FILM DEVELOPMENT FACILITY

• 6
• : 150 /
• CS: max 300 CS/







АНАЛИ
З

1212

To Japan

Padov
a

To
RUSSIA

LNGS To Ankara

Bern

Bologna

Roma
LNF

Napoli
Salern
o

Bari
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:

OPERA .
- 2.9 ·10-13 . :

17.8%,          17.7% ,           49.5%.

:



-

Decay “kink”

-

~1 mm

oscillation

-
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Статистика
событий

: 60%

: 1617

,
: 1088 (187 NC)

~35% 2008-
2009 1.85 x 1019 pot

m2
23 = 2.5 x10-3 eV2

, OPERA :
~ 0.5



. -
OpRelease, FLUKA, FEDRA.

,

~20 ..

( ) ( )

/MN-12

) )



, OPERA
2007-2009, ,

.
20

.



Charm candidate event (dimuon)

4 mm

flight length: 1330 microns
kink angle: 209 mrad
IP of daughter: 262 microns
daughter muon: 2.2 GeV/c
decay Pt: 0.46 GeV/c

kink

x-view

1ry
vertex

1.3 mm

1ry muon

daughter muon
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Charm candidate event (4-prong)
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D0 hypothesis: F.L.: 313.1 m, : 173.20, invariant mass: 1.7 GeV
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!!!
( ) 9234119599,  22.08.2009, 19:27

( )



CS
predictions

Scan-back
in ECC

CS
predictions

a kink is detected

-
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(1)
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(2)

Zoom
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(1)

6

3

5

1
7

2

8
daughter

Beam view
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(2)

Side view

2

1

3 2

7

5
1

6

8
daughter

4
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1

1mm lead

PL19 PL20 PL21PL17 PL18

kink  point

6

2

84

3

5
1 7

Primary vertex 

/
:

“ ”
“evaporation” .
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TRACKTRACK
NUMBERNUMBER PIDPID ProbabilityProbability MEASUREMENT 1MEASUREMENT 1 MEASUREMENT 2MEASUREMENT 2

tan tan XX tan tan YY P (GeV/c)P (GeV/c) tan tan XX tan tan YY P (GeV/c)P (GeV/c)

11

HADRONHADRON
range in  range in  

Pb/emul=4.1/1.2 Pb/emul=4.1/1.2 
cmcm

Prob(Prob( )) 1010--33 0.1770.177 0.3680.368 0.770.77
[0.66,0.93][0.66,0.93] 0.1750.175 0.3570.357 0.800.80

[0.65,1.05][0.65,1.05]

22 PROTONPROTON
range, range, 

scattering scattering 
and dE/dxand dE/dx

--0.6460.646 --0.0010.001 0.600.60
[0.55,0.65][0.55,0.65] --0.6530.653 0.0010.001

33 HADRONHADRON interactioninteraction
seenseen 0.1050.105 0.1130.113 2.162.16

[1.80,2.69][1.80,2.69] 0.1100.110 0.1130.113 1.711.71
[1.42,2.15][1.42,2.15]

4 (PARENT)4 (PARENT) --0.0230.023 0.0260.026 --0.0300.030 0.0180.018

55

HADRON:HADRON:
range in range in 

Pb/emul=9.5/2.8 Pb/emul=9.5/2.8 
cmcm

Prob(Prob( )) 1010--33 0.1650.165 0.2750.275 1.331.33
[1.13,1.61][1.13,1.61] 0.1490.149 0.2590.259 1.231.23

[0.98,1.64][0.98,1.64]

66

HADRON:HADRON:
range in range in 

Pb/emul=1.6/0.5 Pb/emul=1.6/0.5 
cmcm

Prob(Prob( )) 1010--33 0.3340.334 --0.5840.584 0.360.36
[0.27,0.54][0.27,0.54]

77 From a prompt From a prompt 
neutral particleneutral particle 0.4300.430 0.4190.419 0.340.34

[0.22,0.69][0.22,0.69] 0.4450.445 0.4190.419 0.580.58
[0.39,1.16][0.39,1.16]

88
((DAUGHTERDAUGHTER)) HADRONHADRON interactioninteraction

seenseen --0.0040.004 --0.0080.008 12 [9,18]12 [9,18] --0.0090.009 --0.0200.020

( )
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OPERA
- :

• kink 2- ,

• kink angle 20 mrad

• « » > 2 GeV/c

• « » Pt > 600 MeV/c, 300 MeV/c , 
1 -

• Pt 1 GeV/c

•
«parent» > /2 rad



• : 6.5 X0

• -

•

Distance from Distance from 
2ry vertex (mm)2ry vertex (mm)

Energy (GeV)Energy (GeV)

11stst 2.22.2 5.65.6 ±± 1.01.0 ±± 1.71.7

22ndnd 12.612.6 1.21.2 ±± 0.40.4 ±± 0.40.4

2

1

8
daughter
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DistanceDistance
from 2ry from 2ry 
vertex (mm)vertex (mm)

IP to 1ry IP to 1ry 
vertex (vertex ( m)m)
<resolution><resolution>

IP to 2ry IP to 2ry 
vertex (vertex ( m)m)
<resolution><resolution>

Prob. of Prob. of 
attach. to attach. to 
1ry vtx* 1ry vtx* 

Prob. of Prob. of 
attach. to attach. to 
2ry vtx*2ry vtx*

Attachment Attachment 
hypothesis hypothesis 

11stst 2.22.2 45.0 <11>45.0 <11> 7.57.5 <7><7> <10<10--33 0.320.32 2ry vertex2ry vertex

22ndnd 12.612.6 85.6 <56>85.6 <56> 2222 <50><50> 0.100.10 0.820.82 2ry vertex2ry vertex (favored)(favored)

«« »» --

1ry vertex
2ry vertex

Pointing resolution (1 ) for a given gamma: 
function of scattering and distance

A. Ereditato - CERN - 4 June 2010

* probability to find an IP larger than the observed one

80
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VARIABLEVARIABLE AVERAGEAVERAGE

kink (mrad)kink (mrad) 4141 ±± 22

decay length (decay length ( m)m) 13351335 ±± 3535

P daughter (GeV/c)P daughter (GeV/c) 1212 +6+6
--33

Pt daughter (MeV/c)Pt daughter (MeV/c) 470470 +230+230
--120120

missing Pt (MeV/c)missing Pt (MeV/c) 570570 +320+320
--170170

(deg)(deg) 173173 ±± 22

Pt - < 50 MeV 

•

• . :
1 2 2
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oo massmass massmass

120120 ±± 2020 ±± 35  MeV35  MeV 640640 +125+125
--8080

+100+100
--9090 MeVMeV

• «cuts», - ,
,

«1-prong hadron decay mode».

•
( . ).

• ( . )
(770). 25% : .
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•Прямые
~ 10-7/CC

•Распадчармированныхчастиц,
возникающихв eвзаимодействиях ~
10-6/CC

•Двойноеобразованиечарма ~ 10-6/CC

•Распадчармированныхчастиц,
возникающихв взаимодействиях ~
10-5/CC

•Повторныевзаимодействияадронов
~ 10-5/CC
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- .
(~ 50%

):
0.011 (reinteractions)
0.007 ( )

0.018 ± 0.007 (syst) 1-prong 
: 1-prong , 3-prongs + 1-prong + 1-prong e:
0.045 ± 0.020 (syst) total BG.

«1-prong» ,

1.8%,
2.36 .

- ,

4.5%. 2.01 .
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1869 . – 63 , 2009 - 114

- Pu-239.

U-235 – 0.7% ( U-238).
1 U-238 1.6 Pu-

239, , U-235.

.



, Z=110, A=294 100
. , 2-3

( 1%), 10 .
Pb-208 (Z=82, N=126), . Pb

127 3.3 .



. . , . . , .- . ,
, 2009, . 72, 6, . 1070.





.C. , . . , . . " "



. . , . . , .



Z>86
, (Binns et al.,

HEAO 3; Fowler et al., Ariel 6; Shirk et al., Skylab)) - ~ 1-2 
nucl./m2/year

:
.

. . : 1
. 1-2

1 .

(Z~26) 1964 .
(Maurette et al.).

1967 . (Fleischer et al.)

- 1980 . ( .)
. . : Z>110,

10 -3





( , 1 1902 .).

~ 30 . ~ 45 . 185 .
.



Eagle Station ( 1880 .).

~ 25 . ~ 38 .
300 .
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Cf-252,
10 10**5

Cf-252,
10 10**5





Fe56
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(69 6 ) 



,
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V ( / )
RR

( ) 83-92

.
,

(L) 
V,

,

.



,
.



Z’
100 .

(Marjalahti). (Eaglestation).

1868 . 848



, Z 5

( 26Fe=106).
: o – Ariel 6, - HEAO 3. 







(
).

,

.

. Xe, U, Au
11.4 /

.

.
.

2716
Z>55 Marjalahti Eaglestation.





№ Перех
од

Изотопн
ая

распрос
тран. %

Разн
ость
масс
,кэВ1 46Ca 46Ti 0,0033 985+5

2 48Ca 48Ti 0,185 4271+5
3 70Zn 70Ge 0,62 1001+5
4 76Ge 76Se 7,67 2038+1
5 80Se 80Kr 49,82 135+15
6 82Se 82Kr 9,19 3005+15
7 86Kr 86Sr 17,37 1249+8
8 94Zr 94Mo 2,80 1148+7
9 96Zr 96Mo 17,40 3350+6
10 98Mo 98Ru 23,75 110+8
11 100Mo 100Ru 9,62 3032+9
12 104Ru 104Pd 18,50 1301+9

"...

...
" ".

,
.

".
. . , . . ,

1981 .







(Nano Imaging Tracker:NIT)
OPERA NIT

200nm

NIT:AgBr crystal size ~40nmOPERA:AgBr crystal size ~200nm
11 AgBr/ m2.3 AgBr/ m

5 times resolution for OPERA!



200 nm600 nm

Kr3+ 1200km/s (600keV) Kr+ 680km/s (200keV)

NIT no 
development

Tracking test by low velocity Kr

Supposition Br recoilSEM image
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