
The real voyage is not to travel to new landscapes,The real voyage is not to travel to new landscapes,
                          but to see with new eyes. . .                          but to see with new eyes. . .

                                   Marcel Proust                                   Marcel Proust
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neutrinos from the cosmosneutrinos from the cosmos

 neutrino astronomy neutrino astronomy
 the extreme universe the extreme universe
     cosmic rays and  cosmic rays and TeVTeV photons photons
     also neutrinos also neutrinos
 kilometer-scale detectors kilometer-scale detectors
     AMANDA AMANDA
     IceCube IceCube
 also particle physics also particle physics



neutrinos ?

Crab supernova remnant
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1 TeV



 γ + γCMB       e+ + e-

with 10with 103 3 TeVTeV energy, photons do not energy, photons do not
reach us from the edge of our galaxy reach us from the edge of our galaxy 

because of their small mean free pathbecause of their small mean free path
in the microwave backgroundin the microwave background
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TeV sources!
cosmic
   rays

/////////////////
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neutrinos from GZK interactions



cosmic rays interact with the
microwave background

! 

p + " # n + $ +

! 

"int = {ncmb#$ + p}
%1
~ 10Mpc



cosmic rays interact with the
microwave background

! 

p + " # n + $ +

cosmic rays disappear, neutrinos appear
!µ" +#

! 

" # µ +$µ #{e +$µ +$
e
}+$µ

~ 1 event per kilometer squared per year



neutrinos
from
GZK

interactions

galactic

extragalactic



• ~ 1 event per year
in IceCube

• radio/acoustic
domain

• measure the
neutrino cross

section

Livingston plot :
energy versus year



     

Telescope  User date Intended Use Actual use 

Optical Galileo 1608 Navigation Moons of Jupiter 

Optical Hubble 1929 Nebulae 
Expanding  

Universe 

Radio  Jansky 1932 Noise Radio galaxies 

Micro-wave 
Penzias, 

Wilson 
1965 Radio-galaxies, noise 

3K cosmic 

background  

X-ray Giacconi … 1965 Sun, moon  
 neutron stars 

accreting binaries 

Radio  
Hewish, 

Bell 
1967 Ionosphere Pulsars 

!-rays  military 1960? 
Thermonuclear 

explosions 

 Gamma ray 

bursts 
 

 

 new window on the Universe ?
        expect surprises



cosmic neutrinos: how ?



 shielded and optically transparent medium shielded and optically transparent medium

Cherenkov
radiation

array of optical sensorsarray of optical sensors



Photomultiplier Tube



µ

detection

• photon counts reflect energy of the muon
  that loses energy catastrophically (bremsstrahlung,…)

•   nanosecond timing allows
     likelihood reconstruction of the
     track with degree accuracy

ν



ν

µ

detection

unfortunately, detecting a neutrino is difficult !



neutrino cross-section at 1018 eV ?

better than
factor 2 at

1016 eV

order
of

magnitude
at 1020 eV

flux itself is ambiguous because 
of spectrum and evolution of the unknown sources



ANTARES Layout
• 12 lines
• 25 storeys / line
• 3 PMT / storey

~60-75 m

350 m

100 m

14.5 m

Junction
box

Readout cables

40 km to
shore

from DUMAND to ANTARES ( via lake Baikal )



how big a detector ?
the highest energy particles



        protons  > 108

TeV
     photons > 102

TeV
 neutrinos > 102 TeV

Nature’s Accelerators ?



how big a detector (ctd) ?
extragalactic cosmic rays



LHC

~E-2.7

~E-2.7

~E-3

ankle
1 part km-2

yr-1

knee 
1 part m-2 yr-1

NatureNature
acceleratesaccelerates

particles 10particles 10 7 7

times thetimes the
energy of LHC !energy of LHC !

where?where?

how?how?

*do not point at*do not point at
their sourcestheir sources

cosmic rays*



shock acceleration : solar flares to black holes

coronal
m ass
ejection


1 0  GeV
particles



           ~102 Joules
       ~ 0.01 MGUT

dense regions with exceptional
gravitational force creating relativistic
flows of charged particles, e.g.

• dense cores of exploding stars
• supermassive black holes
• merging galaxies

acceleration to 1021 eV ?



supermassive 
black hole

active galaxy

accretion disk

jet



collapse of massive
star produces a

gamma ray
burst

highest energy
   particles

spinning black hole



galactic and extragalactic
cosmic rays

Knee

Ankle
extragalactic
cosmic rays

1 event
km -2 yr-1



total flux = velocity x density :
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Spitzer AGN
Treister et al.06

EGRET resolved

ROSAT/XMM/
Chandra
(Worsley et al.)

▲ RXTE
(Revnivtsev et al.)

Sy2 SED
(Sturm et al. 06)



>>> energy in extra-galactic cosmic
rays :
                 ~ 3x10-19 erg/cm3 or
    ~ 1044 erg/yr per (Mpc)3 for 1010 years

 

 3x1039 erg/s per galaxy
 3x1044 erg/s per active galaxy
 2x1052 erg per gamma ray burst

 energy in cosmic rays ~ equal to
             the energy in light !

1 TeV = 1.6 erg 



Cosmic Rays & GRBs

Extragalactic

Gamma-Ray Bursts:
ρGRBs~ 1051 ergs x 300/yr/Gpc3

        ~ 1044 ergs/yr/Mpc3

GRBs could provide
environment

and energy to explain the
highest

energy cosmic rays!

energy density of extragalactic CR:
ρCR ~ 1044 ergs/yr/Mpc3



Radiation
Enveloping
Black Hole

Black Hole

                -> p + π0

~ cosmic ray + gamma

NEUTRINO BEAMS: HEAVEN & EARTH
Neutrino Beams: Heaven & Earth

p + γ -> n + π+

~ cosmic ray + neutrino



 energy in extra-galactic cosmic rays:
               ~ 3x10-19 erg/cm3 or
   ~ 1044 erg/yr per (Mpc)3 for 1010 years

 

 3x1039 erg/s per galaxy
 3x1044 erg/s per active galaxy
 2x1052 erg per gamma ray burst

 energy in
         cosmic rays ~ photons ~
neutrinos
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ankle  one 1019 eV particle
per km squared per year per sr

flux of extra-galactic 
cosmic rays



John
Bahcall

cosmic sources 

cosmic rays ~ photons ~ neutrinos

ag rees w ith
observations !

1 0 ̃ 1 0 0 0  neutrinos
per kilom eter square

year
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• events per km2 year:



MPR
bound

HBL blazars

Full IceCube, 1 year

Diffuse muon neutrino flux

100 - 500 events
per km2 year

WB



active galaxy

 radiation field: radiation field:
 ask astronomers ask astronomers

• energy in protons ~
   energy in electrons
• photon target observed
   in lines
>> neutrino flux calculable



- 10 seconds

fireball protons
interact with remnant

of the star

0 seconds

fireball protons and

photons interact

afterwards

afterglow protons
interact with inter-

stellar medium

TeV

PeV

EeV



what’s the problem ?



Hillas formula
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Cosmic Accelerators

E ~ BR2/T

energyenergy
magneticmagnetic
fieldfield

periodperiod

E ~ q vBR

R ~ GM/c2
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pulsarpulsar



   E (eV) = B (Tesla) R2 (m)
2π__
 T

ms-pulsar Fermilab
R 10 km few km
B 108 T few T
T-1 103 105 (#revs-1)

E 107 TeV ~1012 eV
= 1 TeV !



Georges LemaitreGeorges Lemaitre
believed that cosmicbelieved that cosmic

rays where primordialrays where primordial
radiation from the Bigradiation from the Big

BangBang



how big a detector (ctd) ?
galactic cosmic rays and supernovae



Cas A supernova remnant in X-rays

Shock fronts

Fermi acceleration when
particles cross
high B-fields



key issue:
magnetic field



HESS: RX J1713 SpectrumHESS: RX J1713 Spectrum

18 h 2003 data

1 ~ 10
neutrinos

per
km2 year

KM3NeT



supernova
beam
dump

RX J1713-3946



TeV photons trace the density of the molecular clouds

 the accelerator



galactic plane

Southern
Hemisphere
Sky

S
tandard D

eviations

30°

210°

90° 65°



cygnus region : Milagro and Tibet

Milagro

contours are pion model
with no sources

crosses are EGRET
unidentified sources

TeV/matter correlation
good

chance noncorrelation
 1.5x10-6

2~4 neutrinos in IceCube per source



γ, ν  flux of galactic cosmic rays
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e.g. RX J1713.7-3946 

a SNR at d = 1 kpc transfers W = 1050 erg
to cosmic rays interacting with molecular clouds

with density n = 1 cm-3

2 SN per century supply the observed
density of galactic cosmic rays



1000 models … same ν-rate

milagro
egret



ν   µ+ ν    µ-

µ+

π+ π-

e+ ν

e+    e-

e+

γ

π0

γ

γ e-

e+ γ

ν

neutral pions

are observed as

gamma rays

charged pions

are observed as

neutrinos

ννµµ ~  ~ γ γ / / 22



cygnus region : Milagro and Tibet

Milagro

contours are pion model
with no sources

crosses are EGRET
unidentified sources

TeV/matter correlation
good

chance noncorrelation
 1.5x10-6

2~4 neutrinos in IceCube per source



SkyplotSkyplot AMANDA and Baikal AMANDA and Baikal

AMANDA:2000-2003, Baikal: 1998-2002
galactic coordinates

νµ + N → µ + X



a one billion ton neutrino detector ?





requires
kilometer-
scale
neutrino
detectors



SuperKamiokandeSuperKamiokande in the Japanese alps in the Japanese alps



µ

• photon counts reflect energy of the muon
  that loses energy catastrophically (bremsstrahlung,…)

•   nanosecond timing allows
     likelihood reconstruction of the
     track with degree accuracy

ν



first generation detectors:
AMANDA and Antares



northern hemisphere detectors

Nestor

March 29, 2003
1 of 12 floors deployed
4000 m deep
completion: 2006

Antares

March 17, 2003
2 strings connected
2400 m deep
completion: start 2006

Baikal NT200

1100 m deep
data taking since 1998
new: 3  distant strings



ANTARES

7 strings
completed 07



antares
antares



Amundsen-Scott South Pole stationAmundsen-Scott South Pole station

South Pole
Dome

1500 m

2000 m
[not to scale]

AMANDA





Drilling Holes
with Hot Water

The Optical Module

Building   AMANDA



                       optical sensor



 String cable 2500 m   Weight ~6 tons



 



ν telescope : AMANDA event

energy deposited in OM

time recorded on OM



ννµµ + N  + N →→  µµ + + XX

muonmuon neutrino neutrino
interactioninteraction  →→  track  track

AMANDA Event 
Signatures:

Muons



1555 Events1555 Events
AMANDA  II  2000



AMANDA: proof of concept



cosmic rays

atmospheric neutrinos (up)

atmospheric muon (down)



atmospheric muons and neutrinos

cosmic ray

≈15 Km

π+

 µ+
e+

νe
νµ

νµ



the challenge



challenge :
•   1 0 0  Hz detector rate
•   < <  one reconstruction m istake in one m illion tracks
•   understand ice as Cherenkov medium



Ice quality



•  atm ospheric νµ   spectrum

inverted analysis: use atmospheric
muons to benchmark MC

1 0 0  TeV

calibration on cosmic ray neutrinos and muons



Effective Atmospheric Temperature Over
The South Pole



antaresantares zenith angle distribution zenith angle distribution

cos θ

nu
m

be
r o

f e
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nt
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Downward going cosmic ray muons

Upward going neutrinos



AMANDA science



1555 Events1555 Events
AMANDA  II  2000



Preliminary

3369 events

below horizon

AMANDA skyplot 2000-2003 



search for clusters of events in the Northern sky

0.214.502SS433

1.255.3610Crab Nebula
0.405.214Cygnus X-1
0.775.046Cygnus X-3

0.383.7151ES1959+650
0.685.586Markarian 421

Flux Upper Limit
Φ90%(Eν>10 GeV)

[10-8cm-2s-1]

Expected
backgr.

(4 years)

Nr. of ν
events

(4 years)

Source

… out of 33 sources

Crab Nebula: MC
probability to

obtain an entry
with at least this

excess significance
is 64%

Sensitivity Φν/Φγ

~2
for 200 days of
“high-state” and
spectral results
from HEGRA



other methods yield increased sensitivity

GRBGRB



Year2000 2001 2002 2003

May June July

Flux of
TeV photons 
(arb. units)

0

1

2

3

νν

gamma-rays detected by
TeV gamma telescopes

Arrival time of the neutrinos
from the direction of
ES1959+650 detected by
AMANDA

need a larger
detector



icecube



IceCube/IceTop

electrom
agnetic

m
uo

ns
IceTop:
• 80 Stations à 2 Ice-Č-Tanks

→ Last year: 16 stations
• 2830 m altitude
• 125 m spacing
• 3 · 1014 < E < 1018 eV
• Atot ~ 1 km2

→ Last year ~ 0.13 km²

IceCube Strings:
• 4800 DOMs
• Muon bundle detector
• Emuon > TeV

1450 m

2450 m





IceCube
February

2006



IceCube/IceTop
coincident event

first IceCube
neutrino

sample of events



22 strings
1320 digital modules
52 surface detectors



IceCube/Amanda
~ 2000 modules



IceCube 
event 

22 strings



      AMANDA     vs.      IceCube

IceCube is both larger and technologically superior

Instrumented Volume ̃  1
km 3

Instrumented Volume .0 1 5
km 3

String  Spacing
Vert ical:  1 7  m

Horizontal:  1 2 5  m

String  spacing
Vert ical:  1 0 -2 0  m

Horizontal:  5 5 -7 5  m

Depth 1 4 5 0 -2 4 5 0  mDepth ̃  1 5 0 0 -2 0 0 0m

Software Trig g erHardware Trig g er

No deadtim e1  m s deadtim e

Larg er dynam ic rang eSaturat ion for m ult ip le p .e.
sig nals

Full W aveform  record ingADC/TDC

In-ice sig nal d ig it izat ionAnalog  sig nals to surface

4 .8  m eg awatt drilling2  m eg awatt drilling



•• 1 million pounds of cargo 1 million pounds of cargo
•• C-130 planes: > 50 flights C-130 planes: > 50 flights

IceCube construction 



one of 21 drill modules arrive in antarctica



IceCube Site



Digital  Optical Module

Photomultiplier Tube



mainmain
boardboard

LEDLED
flasherflasher
boardboard

HV boardHV board

Digital Optical ModuleDigital Optical Module



The Digital Optical Module (DOM)

• Onboard capture of PMT waveforms
– 300 MHz for ~400 ns with custom chip
– 40 MHz for 6.4 µsec with comm. fast ADC

• Absolute timing resolution < 2 ns (RMS)
• Dynamic range ~1000 p.e./10 ns
• Deadtime < 1%
• Noise rate ~700 Hz (260 Hz w/ artif.

deadtime)
• Failure rate < 1%

Digitized Waveform



DOM MB Block diagram
FPGA      

CPU

CPLD
Flash Flash

PMT Power

SDRAM

SDRAM

ATWD

ATWD

fADC

DAC

Monitor
& Control

LPF

LC

x16

x2

x0.25

Flasher
Board

Pulser

DACs & ADCs

Corning Frequency Ctl
(was Toyocom)

4Mb    4Mb

16Mb

16Mb

+/-5V, 3.3V,
  2.5V, 1.8V

64 Bytes

Trigger (2)
ADC

Oscillator

20 MHz

40 MHz
MUX

(n+1)
(n–1)

DOR

OB-LED

x 2.6 x 9

10b

10b

10b

10b

8b

32b

16b

8b

8b, 10b, 12b

DP
Ram

1 megabaud

DC-DC

Configuration
Device

8Mbit

Delay

R7081-02
25 cm



particle physics



IceCube

45 m

25 m

• in the next 10 years IceCube will observe

~ 106 neutrinos with energies 0.1—1,000 TeV
~ 10  neutrinos with energy  > 106 TeV

made in the interactions of cosmic rays with
the Earth’s atmosphere and microwave photons.

• with m~0.01 eV and E~100 TeV
the gamma factor of the neutrino is

16
10

m

E
!=

"

"#



Track-like muons
νμ  (or VHE μτ) in CC interaction with nucleus will produce
outgoing μ or τ which radiates Cherenkov photons in
conical wavefront expanding outward from linear track.
Typically the interaction vertex lies outside the fiducial
detector volume (through-going event) and only track is
seen. However, hadronic cascade from recoiling target
inside contained volume is also possible.

“Double-bang”
VHE ντ interacting inside the detector produces the primary
recoil cascade and a τ which radiates as muon tracks until it
decays and produces a secondary cascade – leaving a very
distinct event signature.

neutrino flavor
Point-like cascades
νe CC or νX NC nuclear interactions produce either EM or
hadronic cascades.  These cascades can produce enormous
amounts of Cherenkov photons (108 photons per TeV)
which are radiated over 4π.  The extent of the particle
cascade is small; the expanding, approximately spherical
wavefront appears to come from a point.

Eµ=10 TeV

~ 300m for 
     > PeV ντ 



E = 375 TeV

νe + N→ e- +X 

E = 6000 TeV

τ-

ντ + N→ τ- +X 

ντ

τ decays

νe and ντ detection in IceCube
 identify ν flavor



GZK event: cosmic ray + cmb photon 
  10 EeV neutrino



IceCube : particle physics with
one million atmospheric neutrinos

• Astronomy: new window on the Universe: new window on the Universe
                        
• Physics:
• measurement of the high-energy neutrino cross section measurement of the high-energy neutrino cross section 
••                 TeVTeV-scale gravity, quantum -scale gravity, quantum decoherencedecoherence
•• physics beyond 3-flavor oscillationsphysics beyond 3-flavor oscillations
•• test special and general relativity with new precisiontest special and general relativity with new precision
•• search for magnetic monopolessearch for magnetic monopoles
•• search for search for neutralinoneutralino (or other) dark matter (or other) dark matter
•• search for topological defects and cosmological remnantssearch for topological defects and cosmological remnants
•• search for non-standard model neutrino interactionssearch for non-standard model neutrino interactions
••                 ……



quantized space: like traveling through a crystal 



quantized space: like traveling through a crystal 

ν



violation of Lorentz invariance may be a tool to study
Planck scale physics

 interaction with Planck mass particles distort
    spacetime

 Planck scale vacuum fluctuations probed by 
high energy neutrinos

modification to dispersion relation leads to an energy
dependent speed of light.

...)(2222
±±+=
n

PlanckM

E
EmpE



Lorentz violation: ΔE vs Δt

violation of Lorentz invariance because of Planck scale
physics can be detected through time delays of high
energy neutrinos relative to low energy photons

 from a source at a distance d; for instance a GRB.

PlanckM
t

E

c

d
scaleenergy !

"

"
!



Lorentz violation: ΔE vs Δt

violation of Lorentz invariance because of Planck scale
physics can be detected through time delays of high
energy neutrinos relative to low energy photons

 from a source at a distance d; for instance a GRB.
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χ

WIMP capture in the sun
       and annihilation in

neutrinos

DETECTOR

n
νµ

 χ + χ  W + W  ν + ...



limits on limits on muonmuon flux from sun flux from sun    

wimp search
PRELIM

IN
ARY

1km3 (IceCube)

AMANDA 200 d

Antares 3 years
SK

••  so lar neutrino f lux ̃ solar neutrino f lux ̃
w im p cross sectionw im p cross section

••  AMANDA ( 6  year)  competit ive AMANDA ( 6  year)  competit ive
w ith CDMSw ith CDMS

••  sensit ive to sp in dependent sensit ive to sp in dependent
interactionsinteractions



IceCube: the contained event detector

2007 detector: 22 IceCube strings + AMANDA
Can be divided in veto and fiducial volume



AMANDA/IceCube as MeV ν detector
…first proposed by Halzen, Jacobsen & Zas, astro-ph/9512080

 ice uniformly illuminated
 detect correlated rate increase 
      on top of PMT noise



Simulation based on a numerical Livermore model, normalized
To SN1987A at 10 kpc

Totani, Sato, Dalhed & Wilson, ApJ 496 (1998) 216
See also: Dighe, Keil & Raffelt, hep-ph/0303210

Disadvantage:
 no pointing
 intrinsic noise

Advantage:

 high statistics
     (0.25% stat. error)

Good for fine time 
structures (noise low)! 

AMANDA/IceCube as MeV ν detector



Neutronization Burst, a Standard Candle?
Kachelriess,Tomàs, Buras,Janka, Marek & Rampp,astro-ph/0412082

Peak rather independent of
• mass of star
• neutrino transport
• nuclear equation of state

Peak strongly dependent on 
MSW effect in supernova
θ13
neutrino mass hierarchy

Else, if neutrino mixing matrix known:
excellent method to measure 
distance with <10% accuracy

Can IceCube see it?

11m

25m



2005, 2006, 2007 deployments
AMANDA

IceCube string and
IceTop station

deployed 12/05 –
01/06

IceTop station only
2006

•604 DOMs deployed
to date

•Want to achieve
steady state of 14
strings / season.

IceCube string and
IceTop station
deployed 01/05

IceCube string and
IceTop station to

be deployed 12/06 –
01/07

a km squared year
data by 2008

Data from completed Antares detector KM3NET



accumulated exposure at 100 TeV

Antares construction

KM3Net TDR

IceCube



effective telescope area at 100 TeV

•AMANDA ~ ANTARES ~ (1- 5) m2

•IceCube 22 strings (now) ~ 30 m2

•IceCube 80 strings (final) ~ 100 m2



IceCube Collaboration
Bartol Research Inst, Univ of Delaware, USA
Pennsylvania State University, USA
University of Wisconsin-Madison, USA
University of Wisconsin-River Falls, USA
LBNL, Berkeley, USA
UC Berkeley, USA
UC Irvine, USA

Univ. of Alabama, USA
Clark-Atlanta University, USA
Univ. of Maryland, USA
University of Kansas, USA
Southern Univ. and A&M College,

Baton Rouge, LA, USA
Institute for Advanced Study,

 Princeton, NJ, USA
University of Alaska, Anchorage

Université Libre de Bruxelles,
Belgium
Vrije Universiteit Brussel, Belgium
Université de Mons-Hainaut,
Belgium
Universiteit Gent, Belgium
Universität Mainz, Germany
DESY Zeuthen, Germany
Universität Wuppertal, Germany
Universität Dortmund, Germany

Humboldt Universität, Germany
Universität Dortmund, Germany
MPI, Heidelberg
Uppsala Universitet, Sweden
Stockholm Universitet, Sweden
Kalmar Universitet, Sweden
Imperial College, London, UK
University of Oxford, UK
Utrecht University, Netherlands

Chiba University,
Japan

University of Canterbury,
Christchurch, New
Zealand



overflow





7.10.2006 Astroteilchenphysik-Schule
Schwarze Löcher: Kap 2

M87 / Virgo A



32 selected sources



MeV neutrinos at collapse

TeV neutrinos from inside the star
[Meszaros & Waxman, 2001]
[Razzaque et al. 2003]

PeV neutrinos from internal shock

PeV-EeV neutrinos from flares
[Murase & Nagataki 2006]

EeV neutrinos from external 
shocks []

GRBs as sources of high-energy
neutrinos

Fireball model for long GRBs:



GRB search with AMANDA

AMANDA (4 yr)

diffuse neutrino flux

GRBs
IceCube (3yr)

Besides T90 search 

„Rolling search“ for excess 
     events on short time scales.

 Individual bursts (e.g. GRB
030329).

 Search for νe , ντ  (4π -
sensitivity!).

 Search for isotropic flux from
the
    cumulative signal of ALL GRBs.



Optimized 2002 analysis

zenith distributionzenith distribution

10 events10 events
per day:per day:

••improvedimproved
recoreco

••no cutsno cuts

10,000 in 00-10,000 in 00-
0505





100 m

absorption



         Glaciology with Light



volcanic ash layer



We were lucky!

• Light travels more than
100 meters in the ultra-
pure, sterile ice

• Scattering of the light is
manageable

• We use the existing
infrastructure of the
National Science
Foundation’s South Pole
Research Station

• Makes the  construction of
the ultimate kilometer-
scale neutrino observatory
possible



time calibration < 3 ns

for 76 DOMs

Time

automatic, every few seconds

   In-ice DOMs

  IceTop



Atmospheric neutrinos

E2Φνμ(E) <  2.6·10–7

              GeV cm-2 s-1 sr-1

Limit on diffuse E-2 νμ flux 
(100-300 TeV):

Includes 33% systematic uncertainty



Digital Optical Module Mainboard
CPU+FPGA
20 MHz osc

2 ATWDs

Fast ADC:
waveform
and COMM

Mainboard design, fabrication and testing by
Lawrence Berkeley National Laboratory



 DOM Assemb ly

1. PMT prepared by gluing plastic collar to hold board
stack – HV base soldered onto leads

2. Bottom hemisphere holds magnetic shield and RTV
gel – mechanical interface to PMT

3. PMT potted in gel – held to precision location by
potting jig

4. Board stack mounted onto PMT collar

5. Top hemisphere / penetrator cable soldered onto
mainboard.

6. Sphere brought down to 0.5 atm and taped.900
701
270

# DOMsYear

2006
2005
2004

DOMs Shipped to Pole



45 m

25 m

• in the next 10 years IceCube will observe

~ 106 neutrinos with energies 0.1—1,000 TeV
~ 10  neutrinos with energy  > 106 TeV

made in the interactions of cosmic rays with
the Earth’s atmosphere and microwave

photons.

• with m~0.01 eV and E~100 TeV
the gamma factor of the neutrino is
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DOM Noise

correlated
noise

correlated noise due to
radioactive decays producing

fluorescence in glass

suppress with artificial
deadtime O(200μs)

very low dark noise at low temperature

AMANDA

Poissonian
expectation

rate [kHz]

9 IceCube strings

mean ~ 260 Hz
width  ~   30 Hz


