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Detector plans for the South Pole
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IceCube Upgrade  
(7 strings, ~900 modules)

possible configuration 
(120 strings, 80 DOMs/
string, 300 m spacing)

WOMGen2 DOM D-Egg mDOM

PROJECT DESCRIPTION

1 Introduction: IceCube Gen2-Phase 1
The IceCube Neutrino Observatory at the South Pole Station is one of the two dozen major research fa-
cilities operated by the US National Science Foundation (NSF). The IceCube detector (Fig. 1) comprises
86 strings of 60 deep-ice Digital Optical Modules (DOMs) deployed between 1450 m and 2450 m depth,
and 81 surface stations each containing four DOMs frozen in shallow ice tanks. The deep array detects
the faint Cherenkov light of neutrino-induced muons and electromagnetic and hadronic particle showers.
It encompasses 1 Gton of optically transparent glacial ice which serves simultaneously as a massive target
for neutrinos of atmospheric and astrophysical origin and a Cherenkov radiator medium. The surface array
complements the deep detectors by providing sensitivity to cosmic ray air showers; composition above the
knee and vetoing down-going cosmic ray activity above 1 PeV in the deep ice are among its contributions
to IceCube science.

Figure 1: Top and partial side views of the 7 additional strings
for the Phase 1 array, with neighboring IceCube and DeepCore
strings shown for reference. The area of each circular marker
is proportional to the PMT density on the corresponding string
in the region below 2100 m. The side view shows the relative
vertical spacings.

IceCube was designed to detect high en-
ergy neutrinos (E⌫ > 1 TeV) from astrophys-
ical sources and atmospheric neutrinos, and to
search for dark matter. Its physics potential
at energies as low as E⌫ ' 10 GeV is made
possible by its DeepCore sub-array compris-
ing the seven innermost IceCube strings and
augmented by eight additional strings in the
clearest ice below 2100 m [1]. DeepCore pro-
vides a densely instrumented region of the
detector with higher sensitivity to dimmer,
lower energy, events, while the outer IceCube
strings provide an extremely effective active
veto against the down-going cosmic ray muon
background. This has opened up a range of ex-
citing, high-impact physics studies in this en-
ergy realm. This proposal will enable us to
measure additional physics that no other de-
tector, including DeepCore itself, can reach,
while at the same time magnifying the high-
quality physics that DeepCore will continue
to deliver. Neutrino oscillations have been
well measured by particle astrophysics exper-
iments such as Super-K [2, 3], SNO [4], and KamLAND [5, 6], and although dedicated accelerator-based
neutrino oscillation experiments, such as MINOS [7], T2K [8], NO⌫A [9, 10] and OPERA [11] have nu-
merous proven experimental advantages, particle astrophysics experiments continue to make important con-
tributions to the field. DeepCore follows in this tradition [12], bringing several enticing new features to the
table. Its sheer size provides a neutrino data set of enormous statistical power: with a fiducial volume of
10 Mton at 10 GeV, DeepCore collects more than 130,000 atmospheric neutrino events per year.

IceCube was constructed under NSF’s Major Research Equipment and Facilities Construction (MREFC)
program (PLR-0236449) at a cost of $239M. In addition, foreign contributions of equipment and labor
equivalent to $40M were delivered by collaborating institutions in Germany, Sweden, and Belgium. Con-
struction began in 2002 and ended in 2012. Deployment of strings took place during the polar seasons
2004-2005 to 2010-2011 with the first science run of the fully operational detector beginning in May 2011.
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IceCube-Gen2  
(120 strings, ~10,000 modules)
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• Have to withstand up to 700 bar pressure during freeze-in 

• Have to operate at –40°C 

• Tight space constraints inside module  
(outer diameter limited to < 14” by max. bore hole diameter) 

• Tight power constraints (< 3—4 W per module) 

• Limited data bandwidth (copper cables for data transfer) 

• High reliability over >10 years (no repairs possible)
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Challenges for optical modules at the South Pole



Alexander Kappes, NEPTUNE Workshop, Naples, 20.07.2018

mDOM overview
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PMTs

mainboard and 
auxiliary boards

PMT base

penetrator

pressure vessel

main board carrier

optical gel

PMT support 
structure

reflectors

O-rings

harness

36.6 cm 

41.1 cm

mDOM baseline option for IceCube-Upgrade 

Advantages of multi-PMT optical modules 
• increased photocathode are 

• uniform solid angle coverage 

• local coincidences, e.g. for 
background suppression 

• information on photon  
arrival direction 

• improved photon  
counting
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• Two spherical half vessels with 14” diameter and 27.5mm cylindrical  
extension at equator  
- Glass type: borosilicate glass (total weight 13 kg) 
- Glass thickness: 14 mm 

• Developed and manufactured by Nautilus

Pressure vessel
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© Nautilus
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Pressure vessel — pressure tests
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(preliminary)

700 bar run
change in  
pressure gradient

V 20

• Deformation is reversible and follows external 
pressure linearly 

• Maximal deformation agrees well with calculations 
using Lamé formula at 700 bar  

- spherical vessel: 2.0 mm on diameter expected 
→ 2.5 mm measured 

- cylindrical vessel: 4.6 mm on diameter expected 
→ 3.2 mm measured

H 10

needs to be multiplied 
by 2 as opposite sensor 
is also compressed

no opposite 
sensor in vertical 
direction
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PMT support structure (I)

Currently 3d printed from polyamide via laser sintering 
• Advantages 

- allows realization of complex structures 
- modifications possible on short timescales 

• Disadvantages 
- expensive in mass production (~400 EUR per half) 
- long production time (~2 days including cooling)  
→ production capacity sufficient?  

 
Alternative: Injection molding 

• Disadvantages 
- half-sphere structure and PMT cups have to be  

produced separately and assembled afterwards 
- price for tools high (~70 kEUR) 

• Advantages 
- Low price for large quantities 
- Much higher production capacity
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PMT support structure (II)

• Weight of upper PMTs pulls on PMT support structure 
→ spring mechanisms to counteract gel detachment 

• Hole for penetrator needs to be sealed against optical gel  
→ O-ring on support structure surface (needs to be tested)
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Optical gel

• Fills gap between PMT support structure / PMTs 
and pressure vessel 

• Transmission properties vary significantly 
between brands
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Glass cut-o↵ • Initially Wacker SilGel 612 → crystallizes at  
–45°C into a hard and opaque state  

• Switched to QGel 900 from QSI  
(gel used in IceCube DOMs)
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Optical gel — detachment tests

• Upper half of PMT support structure pulls with about 1.5 kg (PMTs + bases) at gel  
(part of force will be compensated by springs between vessel halves) 
- pulling with 2 kg at test support structure over several days shows  

no indication of detachment 
- tests with closed vessel under pressure will follow
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test structure
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Photomultiplier

Plan to operate with negative HV at photocathode 

For prototype development: Hamamatsu 12199-02 HA MOD 
• Modified version which is 5 mm shorter and has HA coating 

• HA coating puts glass outside photocathode area on HV thereby  
reducing dark-noise rate due to electrons hitting glas from inside 

• PMT characteristics 
- diameter 80 mm (cathode >72 mm) 
- length 93mm 
- gain ~3×106 @ ~900 V 
- TTS (FWHM) = ~3.5 ns 
- typical quantum efficiency curve 

(25% @ 400 nm) 

• Alternative (3.5”) PMTs under  
consideration (HZC, ETEL)
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Hamamatsu R12199-02 HA

cathode  
potential

insulation

improves dark count 
for cathode @ −HV
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Reflectors

• Reflector increases photon-collection area and directionality 

• Laser-cut from coated aluminum sheet (Almeco V95) 

• Bent by simple hand-held device
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Stückliste
MaterialBezeichnungBauteilnummerAnz.Pos.

TeflonRolle11-09-2014-02.00131
MessingHalter 1 unten11-09-2014-02.00212
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MessingHalter 2 oben11-09-2014-02.00515
TeflonScheibe11-09-2014-02.00636
StahlZylinderkopfschraubeDIN 912 - M4 x 4537
StahlZylinderkopfschraubeDIN 912 - M4 x 3048
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Bending tool

Bended reflectorReflector with PMT in 
test support structure

9 Passive optical components 171

Figure 9.16: ETEL 9320KFL: Relative an-
gular acceptance of the bare PMT (blue),
a PMT inserted in the mounting structure
(green), as well as a reflector-equipped PMT
(red). Values are normalized to the accep-
tance of the bare PMT for vertical photon in-
cidence. Statistical uncertainties were mea-
sured to be smaller than data markers.

Figure 9.17: ETEL 9320KFL: Relative angular acceptance in different configurations
(for nomenclature see figure 9.16) shown as a function of the absolute valuesa of the photon
incidence angle ✓ (left) as well as its cosine (right).

aThe observable acceptance discrepancy between the positive and the negative version of the same
incidence angle is treated in the text in the wake of a discussion of setup uncertainties.

Figure 9.18: Hamamatsu R12199-02:
Relative angular acceptance of the bare
PMT compared to the tube equipped
with different reflector models (see text
for details). For the sake of clarity, se-
tups featuring the respective reflector
mounts only (see e.g. figure 9.16) are
omitted. Acceptances are normalized to
the bare-PMT value for vertical photon
incidence. Statistical uncertainties were
measured to be smaller than data mark-
ers.

bare PMT

PMT in support 
structure

PMT in support  
structure w/ reflector
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Reflector-angle optimization

• Optimal directional sensitivity for reflector angle of 51° from GEANT4 simulation 
(currently using 45° to increase spacing between reflectors)

current angle
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GEANT4 simulation

198 10.4 Simulation studies

Figure 10.20: Relative effective area for
frontal illumination of a R12199-02 PMT,
shown for selected wavelengths. Peaking of
the distribution at 51

� exhibits no depen-
dence on the photon wavelength. Errorbars
indicate statistical

p
N uncertainties. Data

sets were normalized by their respective max-
ima.

112.8 mm 

51° 

82 mm 

reflector 

Hamamatsu 
R12199-02 

Figure 10.21: Reflector dimensions for both three-inch PMT models available in the
mDOM simulation. The depicted opening angles were used as default values.

similar results were obtained for the 9320KFL tube, with an optimum beaming occurring
around 52

�. The usage of different reflector materials did not alter the overall picture.

Based on this study the opening angle of the first mDOM prototype constructed from
R12199-02 PMTs will be 51� 1. A potential later 9320KFL-equipped version would feature
45

� based on the initial limit. The respective angles were used as defaults in the subsequent
angular acceptance study of the complete module (see figure 10.21).

The above-presented study includes optical and geometrical effects. A profound, final
decision will in addition take into account PMT performance, namely the transit-time-
spread. As discussed in more detail in sections 3.2 and 5.2.3, signal transit time is a
function of the radial position of photon incidence. Consequently, if mounted to maximize
effective area, the innermost part of the reflector will project photons onto regions with
longer transit time, increasing, and thus deteriorating, the TTS. Improvement can be
achieved by moving the reflector further out along the PMT’s axis of symmetry, albeit
also resulting in a loss of effective area. The corresponding trade-off (aperture vs. reflector

the considered wavelength region.
4Namely the position of maximum quantum efficiency (390 nm), the standard reference wavelength

of KM3NeT (470 nm), and 350 nm. The latter was chosen to show the effect of a wavelength affected by
absorption in the vessel glass.

1An integer value was chosen for practical production reasons.
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Harness design

Based on proven IceCube design 
• Major differences 

- 4 cables instead of 3 
- narrower waistband (45 mm vs. 64 mm) 

• Prototype available for initial tests
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• Sampling of also complex (not scaled single pe) PMT waveforms 

• Low power consumption (total ≲ 60 mW per channel (PMT)) 

• Low sensitivity to interference signals (cross talk) 

• Low footprint if placed on PMT base 

• High reliability 

Remark:  modular design of common electronics components (communication,  
 timing calibration etc.) with well-defined interfaces  
 

 → used in all module designs together with module-specific components
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General requirements /constraints for readout and HV

~
4 

cm



Alexander Kappes, NEPTUNE Workshop, Naples, 20.07.2018

Generation of HV on PMT base via Cockcroft-Walton circuitry  
(based on design by Nikhef for KM3NeT, low power consumption) 

Design specifications 
• Power consumption < 4mW 
• Output linearity up to 200 p.e.  

Tests reveal 
• Ringing (150-200 MHz ) at edges of  

capacitor reload signal 
• Worse at low temperatures 
• Cannot filter without significant  

distortion of real photon signal

HV generation — Cockcroft-Walton base
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prototype

LTE University Erlangen-Nürnberg
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HV generation — alternative design

• Central generation on mainboard 
• Adjustable and switchable for each PMT individually 
• Resistive voltage divider on PMT base 
• Prototype power consumption: 1140 mW per module, 

plan to reduce to 740 mW / module

!18

A. Kretzschmann (DESY)
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Linearity 

Dipl. Ing. Axel Kretzschmann, DESY        Centralized HV-Facility for mDOM - Status Jan 2018 
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Front-end — 4-comparator (ToT) readout 
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ADC  
200 MHz, 

14 bit
∑

Features 
• 24 channels 
• 4 programmable thresholds 

per PMT, sampled with 1200 
(600) MS/s  

• analog sum of all PMT 
signals sampled with  
200 MS/s ADC  

• no deadtime during readout 
• double pulse resolution 

around 10..12 ns  
• power consumption around  

5 W per mDOM 

Tradeoff between power  
and bandwidth
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Front-end — ToT readout with multi-comparator ASIC

Provides large number of comparators while  
remaining low in power consumption 

High-level ASIC specification 
• 8 bit (256) equally spaced reference resistor chain  
→ dynamic range ~64 pe if lowest level at 0.25 pe 

• 6 bit (63) comparators (can be freely assigned to  
resistor levels prior to production) 

• Internal reference frequency up to 500 MHz 
• Power consumption < 40 mW 

Status 
• First prototypes available  

(5 bit comparators + 6 bit resistor chain) 
• Currently under testing
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Chip	Foto
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picture first of prototype

© LTE Erlangen
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Alternative readout designs under investigation

ToT readout (in particular 4-ToT version) might not deliver sufficient resolution for double pulses and/
or complex waveforms (depends also on bandwidth of pre-amplifier and power constraints) 

Slow ADC combined with precise leading edge time 
• Pro 

- individual waveforms for each PMT 
- good charge and leading edge resolution 

• Con 
- limited double pulse resolution (depends on ADC sampling speed) 

Fast waveform sampling with DRS4 
• Pro 

- High-resolution waveforms 
- Reasonable power consumption 
- Full waveforms for each PMT 

• Con 
- Deadtime 
- Groups of eight PMTs tied to simultaneous readout
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Xilinx Spartan 7 FPGA

HV Control

PMT

wfm processing

comm 
rapcal

microblaze CPU 
(softcore, C++)

trigger fabric
Preamp  
Comparator 
DRS4 
ADC, 14 bit

24 x

shaping

compDAC  
adjustable thresholds

TDC

P. Sandstrom, B. Ty, Ch. Wendt (UW Madison)

FPGA

P. Sandstrom, B. Ty, Ch. Wendt (UW Madison)

ADC e.g. 
40 (60) MHz, 

14 bit

K. Sulanke (DESY)

PMT



• A multi-PMT optical module is being developed for deployment in the deep ice  
at the South Pole for future IceCube extensions 

• Harsh environmental conditions and available infrastructure pose stringent limits  
on module parameters like size, power consumption and reliability 

• Mechanical design well advanced → optimizations towards final design 

• Several options for readout under evaluation → find best compromise between power 
consumption and precision of PMT waveform sampling in view of physics case
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Summary and outlook

Rough timeline 
‣ end of 2018: demonstrator 
‣ end of 2019: final design 

‣ 2020—2021: production 
‣ 2022/23: deployment 


