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IceCubeIceCube 
the cubic kilometer neutrino telescope 

at the South Pole
The technology built on the 

Amanda detector concept & experience

Klaus Helbing October 2004
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Outline
● Physics motivation: Astronomy, Cosmology

– Origin of cosmic rays (→ K. Mannheim)
● High energy neutrino detection techniques
● Neutrino telescopes using Cerenkov light
● Amanda, IceCube: Particle detector

– Layout
– Expected performance
– Technology
– Waveform applications

● Time synchronization with waveforms
● PMT waveform compression
● PMT waveform analysis

– Single string reconstruction

● Life(?) at the South Pole (→ Ch. Spiering)
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Objects of investigation
● Origin and acceleration 

of cosmic rays
● Discovery of new cosmic 

objects
● Neutrino properties
● Dark matter 

(WIMP annihilation) 
● Search for big bang relics
● Test of relativity
● Effects of extra 

dimensions
● .....

Promise of sheer size: Discovery of unexpected phenomena
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Origin of Cosmic rays

     Galactic

CR Accelerators?

Extragalactic
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Acceleration to 1020 eV (100 EeV)?

   Single potential or 
single interaction 
hardly conceivable! 
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Fermi acceleration
● 2nd order:

– Need 2 clouds for net 
effect

– ΔE/E ≈ Δv2/E (name)
● 1st order:

– 2 shock fronts
– ΔE/E ≈ 2Δv/v

V1 ≈ 20000 km/s

V2 ≈ 200 km/s

Supernova
remnant:
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Source candidates: AGNs
Accretion flow into black hole of 108 M☼ with jets pointing outward

Acceleration in accretion disks and jets?

106 LJ
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Sources: Gamma Ray Bursters

● Intense bursts of keV-MeV photons
– Duration: up to 100 s
– Variability: 1ms

● At cosmological distances

● Fireball model:
– Diameter: ~100,000 km
– Expansion: highly relativistic Γ ~ 100
– Within model proton energies of 1020 eV attainable
– Progenitors: Supernovae, Hypernova (?)
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Other sources: galactic
● Supernova Remnants:

– Blast waves into interstellar 
medium by core collapse

– Leading candidate for galactic 
CRs (< 1015 eV)

● Microquasars: galactic x-ray 
binaries
– Accreting black holes, pulsars 

 

● Magnetars: pulsars with 
extreme magnetic fields
– Accel.: B field and rotation

Crab nebula

SS433

1 LJ

star

pulsar

matter flow
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Why look for neutrinos?

● No electric charge
→ point back to source

● Escape dense objects
→ “look” at accel. site

● “No” absorption or 
scattering by 
interstellar matter

● High energies:
– γ + γ

CMB
→ e+ + e- (>1PeV)

– σ
νN

~ E, μ range ~ E

Detector

ν
ν

µ

Charged
cosmic
rays
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Why should there be neutrinos?
● Interactions of CRs with 

interstellar matter or 
intra-cluster gas: 
– Guaranteed to exist
– intensity known within 

factor 2, E < 1017 eV
– Doesn't point back to origin 

of CR, acceleration
● Meson photoproduction 

via Δ-resonance on site:
– at acceleration site (points back!)

– UHCR with CMB:
– γN→Δ→Nπ-→Nμ- νμ

→Ne- νeνμνμ  (Eν≈ 5% EN)

-interstellar dust
-CMB γ
-plasma of accelerator
  synchrotron radiation
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Detection of HE ν: Cerenkov light
Cerenkov light in ice or water:

νμ+N→μ+X, μ range: kilometers
Dumand, Baikal, Amanda, Nestor, Antares, Nemo,

IceCube

PMT
μ

with
scattering, absorption

200m

Cherenkov
cone
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Detection of HE ν: Cerenkov radio
Cerenkov radio (showers) in ice, atmosphere, Moon:
Rice, Glue, Forte, Anita
 

e± cascade, positrons annihilate 
⇒ ~20% e- excess
for wavelength >> cascade size: 
coherent Cerenkov radio emission

F
ro

m
: 

G
or

h
am

 e
t 

al
.



K. Helbing, LBNL/Erlangen, 10/200414

Detection of HE ν: fluorescence

Extensive showers in air 
→Nitrogen fluorescence

Fly’s Eye, Auger Observatory, 
EUSO, AGASA
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Neutrino ID:
horizontal showers,
shower starts lower in
athmosphere 
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Detection of HE ν: acoustic

● Revived after 25 years
● Advantages:

─ Potentially >> km3 effective volumes
─ Well developed sonar technology

● Disadvantages:
─ Deep ocean and ice impulsive backgrounds still not yet well known
─ Ice and Salt properties not yet known (soon?)
─ Small Signals, Threshold >> PeV

● Prospects:
─ Modest activity under way
─ Few years from dedicated experiment
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Reach of detection techniques

AGN cores

AGN jets

limit

TeV PeV EeV

Cerenkov light
Air shower

Radio Cerenkov

Acoustic?
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Cerenkov light neutrino telescopes
Antares

France

Nemo
Italy

Nestor
Greece

Lake Baikal
Russia

Amanda
IceCube

USA 
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South Pole ice

Cleaner than man made ice!

Range of interest

South Pole
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Complemetary sky coverage

Mediterranean (sea)
 Antares, Nestor, km3net ...

dots: distribution of gamma ray bursts (GRBs)

South Pole (ice)
Amanda, IceCube

Galactic center

Approximation for E < 100 TeV

Remark: IceCube will cover galactic center for E > 100 TeV
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Complementary deployment 
environments  ☺

● Accessible year round
● Reachable within few hours
   of travel

● No distraction due to beach beauties
● No sea sickness
→  Unobscured work flow
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Amanda: Point Source Search

NO statistically significant clustering found so far
→ Events consistent with atmospheric neutrinos
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Amanda results, general

● Supernovae: Astropart.Phys.16:345-359, 2002
● Point Sources:Astrophys.J.583:1040-1057, 2003, 

Phys.Rev.Lett.92:071102,2004
● Diffuse Cascades:Phys.Rev.D67:012003, 2003
● Atmospheric Neutrinos:Phys.Rev.D66:012005, 2002 
● WIMPS: Phys.Rev.D66:032006, 2002 

Neutrino physics is largely an art of learning a great deal
by observing nothing.

Haim Harari 

So far no statistically significant excess of any neutrino flux
Limits constrain models 
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Size perspective

50 m
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Amanda → IceCube

● 19 Strings → 80 Strings
● 677 OMs → 4800 OMs
● Instrumented volume: 0.02 km3 →1 km3, 1 Gton

● Analog optical modules → digital modules
– Signal (waveform) digitization down in the ice
– Digital data transfer to surface
– Trigger logic in software
– Time calibration and synchronization: 

automatically scheduled task every ~ 10s
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IceCube Sensitivity

Diffuse fluxes

After 3 years

Amanda 97

Amanda II

– Background is 
dramatically reduced by 
time and direction 
coincidence with satellite 
γ  ray burst observation.

– Could get 5σ signal after 
200 bursts 
(500/yr/hemisphere)

– IceCube sensitive to 
GRB ν flux of 1/5 the 
Fireball model

– If ν’s not seen, can rule 
out model after 100 
bursts

GRBs
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Size: Improved energy resolution
Small detectors: Muon energy is difficult to measure because of fluctuations in dE/dx 

IceCube: Integrating sampling and scattering of light reduces the fluctuations.  

→ Requires large dynamic range in amplitude. 

Eµ=10 TeV ≈ 90 hits

A
m

an
d a
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Goal: Flavor separation
O(km) long muon tracks 

direction determination 
by Cerenkov light timing

Electromg and hadronic cascades

→ Requires time resolved charge determination.   



K. Helbing, LBNL/Erlangen, 10/200429

“Double bangs”

τ (300 m)

ντ

τ decay

hadron
shower

 Flavor oscillation: ντ expected; Signature: two cascades
 Requires full pulse shape (waveform) capture, high dynamic range
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Requirements and functionality
of Digital Optical Modules (DOMs)

● High optical sensitivity
● Time resolution: 7 ns
● Dynamic range: 200 p.e/15 

nsec
● Waveform capture up to 

4 µsec
– 300 MHz up to 300 nsec
– 40 MHz up to 4 µsec

● Compatibility with 
deployment in ice. 

● Operate PMT and set HV.
● Trigger, capture and digitize all 

PMT pulses.
● Attach a time stamp derived from 

the local clock. 
● Synchronize local clock to system 

masterclock (GPS linked).
● Store several minutes of data (8MB).
● Upon request send data to surface 

via 3 km copper cables.
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Digital Optical Module (schematic)

• DOM asynchronously records hits – buffers until 
surface readout requests data (8 MB acquisition 
memory)

• Hits time stamped with local oscillator.  This must 
be trans-formed at surface to UT /w/ overall time 
res. of < 5 ns!

• DOM-to-surface communication bandwidth 
approximately 1 Mbit

• IceCube detector contains 4800 InIce and 360 
IceTop modules.

• Each DOM is autonomous DAQ platform
• In situ digitization of PMT pulses for increased 

S/N and better dynamic range: 200 pe 
instantaneous, 104 pe integrated
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Digital Optical Module

HV Base

Flasher Board

PMT

DOM MainboardDelay Board

Pressure Sphere (bottom hemisphere)

Low-temperature Silicone Gel

Mu-metal Magnetic Shield
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Pressure Sphere
● Vendor – many decades of 

experience with deep sea 
applications + AMANDA OMs

● 13” O.D., 0.5” thick 
borosilicate glass hemispheres 
joined under negative pressure

● Single 5/8” penetrator brings in 
power, signals.

● Low noise (require < 300 Hz 
induced spe rate in PMT)

● UV transparency: T50 ~ 350 nm 
or less and residual sensitivity 
down to 315 nm: λ-2 
Cherenkov γ .
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IceCube PMTs

● Large area (10” dia.) bi-alkali 
photocathode deposited on 
borosilicate glass envelope.

● 10 dynode stages in box-and-
line configuration

● Fast pulse (6.5 ns width; < 3 ns 
risetime; < 3 ns FWHM TTS)

● Very low noise (250 cps typ. @ 
-40 ºC and ¼ pe counting 
threshold)!

● High gain: 108 @ 1500 V typ.
● IceCube operating range ~ 107 

with modified bleeder

Hamamatsu R7081-02
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DOM waveform capture
● Altera Excalibur ARM922t µP+ 400k gate FPGA 

on a single chip

● CPU runs data acquisition, testing facility, and 
diagnostic utilities

● FPGA controls communications interface, time 
critical control of DAQ hardware, fast feature 
extraction of waveforms

● 2× ATWD – each with 4 channels capable of 
digitizing 128 samples at rates from 0.25 – 1.0 
GHz.  2 of them for ‘ping-pong’ mode.

● 3 gain channels in ATWD for complete coverage 
of PMT linear region

● 10-bit, 40 MHz FADC for capture of extended 
photon showers in the ice.

High Gain

Medium Gain

Low Gain
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DOM Mainboard

2x ATWD

Analog Front End

ExcaliburPower + Signal

Flasher Board Interface

HV Board Interface

Memories

CPLD
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RAPCal

Relating the local DOM
oscillator to GPS time.

Golden Rule of Time 
Calibration:

One-way time =
1/2 round trip time

ONLY IF

Symmetry in pulse 
generation, processing 

and transmission at 
both ends
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RAPCal waveforms

cable

cable

DOM

DOMCOM
/ DOR card

Leading
edge

Cross over

7.5 µs

30ns/sample
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Temperature dependence of 
leading edge vs cross over

Leading edge ok with temperature but 
has about 10 times higher RMS (~10ns) than cross over!

Run number 1 hour
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● Δt spreads out with rising temperature.
● Effect is the same for down going and up going 

RAPCal pulses.
● Differences between individual DOMs show up 

symmetrically on both ends.

Use of cross over ok → Benefit from 1 ns RMS

Sytematics of LE vs CO

Δt

7.5 µs
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Timing accuracy
Comparison of LED flasher hit times converted to global times of 2 DOMs
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PMT waveforms: 
Examples from ATWD

200 ns

1.6 ns/sample
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PMT waveforms:
Busy example from fADC

60 ns/sample

7.8 µs
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Too much data for available bandwidth
Too few resources to do standard compression like gzip
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Problem: Noise shows correlation!
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Amplitude analysis of 
individual PMT pulses

→ superposition of initial Cerenkov light
     and luminescence
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70 %

100 %

100 %

0.02

1.50

10.00
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Excitation spectrum of Cerium doped 
glass vs pressure sphere glass
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Down-going muon analysis:
Coincidences between DOMs

DOM separation: 36m
Times shifted wrt hypothesis of down going muons
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All DOM coincidences piled up

Asymmetry due to angular distribution of muons

 Distribution is consistent with down going muon hypothesis



K. Helbing, LBNL/Erlangen, 10/200462

DOM combinations vs separation

! Clearly down going muons !
Independent cross check of Amanda geometry calibration

M
u ltiplici ty => 8
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Muon reconstruction with a single string

t=t0
1
c
[ z−z0cosn2−1d 2 z−z0

2sin2]

Hyperbola:

Special case of hyperbola:
section is parallel to symmetry axis:

z⇒t−t0c− z−z0cos

z=1
a
d 2 y2 , a=1/n2−1

y⇒ z−z0sin 
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The effective speed of light in ice

c/n

Replace n = 1.32 with n = 3.16 to mimic mean progress
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Applied to String-18 data
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Effect of multipliciy
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IceCube status

● Large-scale production and testing of digital 
optical modules under way

● Drill equipment built and shipped
● First deployment DAQ system under construction 
● First 4 strings will be deployed 2004/05 season
● 1 km2·yr will be achieved in 2007
● Construction scheduled to be completed in 2010.


