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The IceCube Neutrino Observatory
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digital optical module (DOM)

science overview: J. Kiryluk plenary

IceCube measures charge vs. time from particle-induced Cherenkov light deposition
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• computing and networking hardware redundancy
• emphasis on DAQ software stability
• automatic failover + winterover paging: uptime > 99.6%



Digital Optical Module
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in-DOM digitization @ 300 MSPS
+ longer 40 MSPS trace (6.4 us)10” Hamamatsu R7081-02[MOD]

98.5% of deployed modules currently operational

arxiv.org/0810.4930

https://arxiv.org/abs/0810.4930


Array Timing
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• Reciprocal pulsing at 1 Hz (RAPCal) allows translation of DOM clocks to UTC
• DOM-to-DOM timing spread measured by flashers: 1.7 ns

arxiv.org/1612.05093

https://arxiv.org/abs/1612.05093


Local Coincidence Data Compression
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LC hits only

All hits

• Physical connection along in-
ice cable

• DOM flags hits that have 
neighbor hits within 1 μs

• Only LC hits “HLC” are used 
in triggering

• Rate (per DOM): reduces 
600 Hz darknoise to 5-15 Hz 
LC
– non-LC hits highly compressed



Realtime Alert System
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DOMs

DAQ PnF

data acquisition
processing &
filtering

I3MS

trigger
~5 sec

filter
~20 sec

Madison, WI

Iridium RUDICS 
2.4 kbps/modem

I3MS

followup
server

satellite
~20 sec

custom 
messaging 
system

from photon at DOM to neutrino alert:
< 1 minute

arxiv.org/1612.06028

https://arxiv.org/abs/1612.06028


Supernova Detection
• Detection principle: global 

DOM noise rate increase 
from many ~10 MeV 
neutrino interactions

• DOM scaler rates 
monitored continuously 
(1.6 ms bins)

• Significant excess in sum 
reported to SNEWS via 
alert system 
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IceCube Collaboration: R. Abbasi et al.: IceCube Sensitivity for Low-Energy Neutrinos from Nearby Supernovae

distinguished. From sets of several thousand test experiments,
we will typically determine limits at the 90% confidence level,
while requiring that the tested scenario is detected in at least
50% of the cases. Note that the ranges obtained should be inter-
preted as optimal as we assume that the model shapes are per-
fectly known and only the overall flux is left to vary; we also
disregard the possibility that multiple effects, such as matter in-
duced neutrino oscillations and neutrino self-interactions, could
co-exist and thus may be hard to disentangle.

6.1. Expected Supernova Signal

Evaluating Eq. 5 one obtains the rate spectra of Fig. 10 for a
supernova at 10 kpc distance. With a maximal signal-over-noise
ratio of ≈ 55 for the Lawrence-Livermore model, the neutrino
burst can clearly be detected with IceCube. Also, the still hy-
pothetical accretion phase lasting from (0 - 0.5) s can be sep-
arated from the subsequent cooling phase with high statistical
precision. The study of the cooling phase is limited by the pho-
tomultiplier noise in particular for the case of the light O-Ne-Mg
model by Hüdepohl et al. (2010).
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Fig. 10. Expected rate distribution at 10 kpc distance for the
Lawrence-Livermore model (dashed line) and O-Ne-Mg model
by Hüdepohl et al. (2010) with the full set of neutrino opacities
(solid line). . The 1σ-band corresponding to measured detector
noise (hatched area) has a width of about ± 330 counts.

The oscillation scenario B for an inverted neutrino mass hi-
erarchy shows the largest signal for the Lawrence-Livermore
and Garching models because energetic ν̄x will oscillate into ν̄e,
harden their spectrum and thus increase the detection probabil-
ity. The scenario without any oscillation is presented as a ref-
erence and leads to the weakest signal. Scenario A (normal hi-
erarchy) and Scenario C (very small θ13 < 0.09◦) are hard to
distinguish due to their very similar effect on neutrino mixing.

Clear differences between the oscillation scenarios in abso-
lute rate and shape appear in Fig. 11. Assuming that the model
shapes are known but not necessarily the overall normalization,
the inverted hierarchy can be distinguished from the null hypoth-
esis of a normal hierarchy up to distances of 16 kpc.

6.2. Significance and Galaxy Coverage

The simulation of an expected signal from a supernova within
the MilkyWay has to take into account the number of likely pro-

genitor stars in the Galaxy as a function of the distance from
Earth. The expected significances of supernova signals accord-
ing to the Lawrence-Livermore model for three oscillation sce-
narios are shown in Fig. 12. For this particular model, the sig-
nificances for the 4 s and 10 s binning turn out to be approx-
imately 20% and 50% lower than for 0.5 s, respectively. For
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Fig. 12. Significance versus distance assuming the Lawrence-
Livermore model. The significances are increased by neutrino
oscillations in the star by typically 15% in case of a normal hi-
erarchy (Scenario A) and 40% in case of an inverted hierarchy
(Scenario B). The Magellanic Clouds as well as center and edge
of the Milky Way are marked. The density of the data points
reflect the star distribution.

the graph, the supernova progenitor distribution predicted by
Bahcall & Piran (1983) was used. For the Magellanic Clouds,
which contain roughly 5% of the stars in the Milky Way, a uni-
form star distribution along the diameters of the galaxies was
assumed for simplicity.

IceCube is able to detect supernovae residing in the Large
Magellanic Cloud (LMC) with an average significance of (5.7 ±
1.5) σ in a 0.5 s binning, assuming the Lawrence-Livermore
model. The uncertainty reflects different oscillation scenarios.
Supernovae in the Small Magellanic Cloud (SMC) can be de-
tected with an average significance of (3.2 ± 1.1) σ and will in
general not trigger sending an alarm to SNEWS, as indicated
by a horizontal line in Fig. 12. IceCube will observe supernovae
in the entire Milky Way with at least a significance of 12 σ at
30 kpc distance.

6.3. Onset of Neutrino Production

The analysis of the deleptonization peak that immediately fol-
lows the collapse is of considerable interest, since its magnitude
and time profile are rather independent of the initial star mass
and of the nuclear equation of state; the variation is estimated
by (Keil et al., 2003) to be around 6%. Thus the electron neu-
trino luminosity may be used as a standard candle to measure
the distance to the supernova.

As the deleptonization peak lasts for only 10ms, the data are
evaluated in the finest available time binning of 2ms, as depicted
in Fig. 11. The deleptonization signal is detected by the elastic
νe + e− → νe + e− reaction with a cross section times the number
of targets ≈ 50 times smaller than for the ν̄e + p → e+ + n in-
teraction. As the ν̄e flux rises rapidly following the collapse, the
deleptonization peak remains almost completely hidden, espe-

13

simulated Galactic SN signal 
(10 kpc distance)

detector noise rate vs. time



Surface Detector Development
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broadband
radio antennas (2)

IceACT
air Cherenkov telescope (1)

scintillator panels (14)

A1 A2

ACT1

scintillator FieldHubs

2018–19 deployment map
prototype hybrid surface array station

65m



IceCube Upgrade
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• seven strings, exact geometry still under optimization
• ~120 modules/string,  2–3m vertical spacing in deep ice
• precision calibration and GeV-scale neutrino physics
• funded, deployment in 2022–23



Upgraded DOMs

• Modernized signal digitization
• Increased photocathode area 

and/or wavelength acceptance
• Segmentation of photosensors
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| IceCube Upgrade and Gen2 | Summer Blot | TeVPA 2018

Dual optical sensor in an Ellipsoid 
Glass for Gen2 

3 

Φ = 300 mm 

The IceCube Upgrade - R&D

5

In-situ testing of new optical modules

Timo Karg  |  mDOM & WOM Prototype Development  |  27 July 2015  |  Page  

Data Acquisition Concept – mDOM
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WOM Concept

>Basic concept 
! Wavelength shifters (WLS) 

! Light concentration 

> Features 
! Better UV sensitivity 

! Large collection area 

! Low noise rate (few Hz) 

! Cost effective

3

see also PoS(ICRC2015)1134
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In-situ testing of new optical modules
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Data Acquisition Concept – mDOM
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WOM Concept

>Basic concept 
! Wavelength shifters (WLS) 

! Light concentration 

> Features 
! Better UV sensitivity 

! Large collection area 

! Low noise rate (few Hz) 

! Cost effective
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see also PoS(ICRC2015)1134
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D-Egg
Following talks will describe 

④ The UV transparent optical coupling elastomer

① Up/Down facing high QE PMTs R5912-100

② HV board with HV generator, divider circuit 
and DC coupling transformer

③ Magnetic Shields

i. Main readout board

iii. Penetrator

④ UV transparent pressure vessel

⑤ Harness

⑤ Internal structure

ii. Calibration board

*numbers indicates the order in the PDR
**colors indicates the readiness for PDR UV-transparent Gel2 x HQE 8’’ PMTs (R5912-100-70)

Read-out board 
(2ch, 14 bit, 250 MHz sampling)

Magnetic shield (FINEMET)

HV divider boards

LED Flasher for ice study

UV-transparent Glass

30 cm

D-Egg Status - Y. Makino, @ VLVnT2018 in Dubna, Russia

D-Egg pDOM

35 cm



pDOM

• Retrofit ~120 spare IceCube DOMs with new electronics
• 250 MSPS continuously-sampling 14-bit ADC
• 2–2.5W power consumption (firmware-dependent)
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Rev1 pDOM mainboard



D-Egg

• Improved glass and gel: better UV efficiency
• Redesigned pDOM mainboard with dual ADCs
• Up/down information improves reconstruction

1 Nov. 2018 J. Kelley, NNN2018 13
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D-Egg v.s. IceCube DOM

Significant improvement of the sensitivity 
 at the UV region is expected

D-Egg Status - Y. Makino, @ VLVnT2018 in Dubna, Russia

8” HQE Hamamatsu 
R5912-100-70



mDOM

• 24 PMTs per module with individual HV, waveform readout
• Slower ADCs (100–125 MSPS) for power savings
• Fast comparator provides ns leading edge time
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Alexander Kappes, IceCube Collaboration Meeting, Stockholm, 24.09.2018

Alternative PMTs: 3.5” PMTs from HZC

• Though mushroom diameter of HZC 3.5”  
is significantly larger, overall length and 
stem diameter are quite similar to Ham 3" 
- Mushroom diameter 

HZC: 87.5 mm HA: 80.5 mm 
- Overall length 

HZC: 94.5 mm HA: 93.0 mm 
- Stem diameter 

HZC: 53.2 mm HA: 52.2 mm 

• Initial CAD drawings suggest that we can 
fit 24 3.5” PMTs into an mDOM

!10
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Calibration Devices
• Precision calibration a 

major goal of upgrade
– ice properties, in situ

module angular 
acceptance

• Both integrated and 
standalone devices
– Precision Optical 

Calibration Module 
(POCAM)

– optical cameras
– acoustic positioning 

sensors

1 Nov. 2018 J. Kelley, NNN2018 15

simulated 1011 photon flashes
from 3 POCAMs

| IceCube Upgrade and Gen2 | Summer Blot | TeVPA 2018

The IceCube Upgrade - Calibration

6

Deployment of new devices at better distances

Integrated devices 

• LED flashers  
• Acoustic sensors 
• Optical cameras 

Stand-alone light sources 

• Precision Optical Calibration Module 
(POCAM) 

• Dust-logger (before deployment) 

Reduce primary systematic 
uncertainties 

• Better calibration of new and existing 
sensors 

• Improved knowledge of glacial ice [1] https://doi.org/10.1051/epjconf/201713506003 
[2] https://doi.org/10.22323/1.301.1040 
[3] https://doi.org/10.22323/1.301.0934

Piezo-module[1]

CCD[2] CMOS[2]

POCAM[3]POCAM



Communications / Timing Changes

• Surface clock fanout replaced 
with White Rabbit
– scalable to larger arrays

• More devices / wire pair
– increasing from two to four

• Elimination of local 
coincidence wiring
– simpler in-ice cable
– single-photon data 

compression required

1 Nov. 2018 J. Kelley, NNN2018 16

±48 VDC power

WR switch (master)

DOMHub 1

power fanout

…
 

2 Mbps/pair+
RAPCal timing

Intermediate 
Distribution 
Facility (IDF)

DOMHub 7
… 

optical fiber
to ICL
GbE + 

WR timing



In-DOM SPE Feature Extraction
• Standard DOM waveform 

processing: unfolding using single 
photoelectron (SPE) template to 
“pulse series”

• Modifications for DOM firmware in 
progress
– single-iteration handles dark noise 

SPEs
– ported to fixed-point math
– complex waveforms handled by other 

methods

• Most hits compressed from full 
waveform to (time, amplitude)

1 Nov. 2018 J. Kelley, NNN2018 17



IceCube-Gen2 Facility
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IceCube-Gen2 Facility

4

Gen2  
High-Energy Array

Gen2 Surface Veto

IceCube

DeepCore

PINGU

Multi-component observatory: 
• Surface air shower detector 
• Gen2 High-Energy Array 
• Sub-surface radio detector  
• PINGU

A wide band neutrino observatory (MeV – EeV) using several detection 
technologies – optical, radio, and surface veto – to maximize the science 

Multi-component MeV to EeV neutrino detection facility

arxiv.org/1412.5106

plenary talk by J. Hignight

https://arxiv.org/abs/1412.5106=
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In-situ testing of new optical modules
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Data Acquisition Concept – mDOM
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WOM Concept

>Basic concept 
! Wavelength shifters (WLS) 

! Light concentration 

> Features 
! Better UV sensitivity 

! Large collection area 

! Low noise rate (few Hz) 

! Cost effective

3

see also PoS(ICRC2015)1134
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Additional Module R&D

1 Nov. 2018 J. Kelley, NNN2018 19
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Data Acquisition Concept – mDOM
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WOM Concept

>Basic concept 
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• increase light collection without increasing PMT area
• narrow profile for faster / cheaper drilling
• wavelength shifter for UV acceptance

FOMWOM LOM
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