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The IceCube Observatory
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Configurations for different energies
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“Limits on Neutrino Emission from GRB 221009A from MeV to PeV Using the 
IceCube Neutrino Observatory”, IceCube Collaboration, ApJL 946 L26(2023)

High energy array separation: 
• 125m in horizontal
• 17m in vertical

DeepCore array separation: 
• 40-70m in horizontal
• 7m in vertical

GRECO:
DeepCore array-

based event selection

(ELOWEN: No directional reconstruction)

𝛿𝛿 ≈ +19.8° (near horizontal)

GFU: 
High energy array-

based event selection



The IceCube Upgrade
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The IceCube Upgrade array 
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Physics
subarray

Upgrade Strings

Shallow
subarray

Deep
subarray

The Upgrade array will feature a unique configuration of 
• seven new strings, each equipped with ~110 sensors 

and calibration devices
• enabling both precision calibration and low-energy 

physics studies
Three distinct sensor array configurations:

• Physics subarray

• Shallow subarray

• Deep subarray

Construction is planned for the upcoming 2025/2026 South 
Pole season, starting next month, to be completed within a  
season
• Most of the equipment has already departed from its home institutions 

and is en route to the South Pole 
• A large portion has already been at the South Pole since last year



Physics subarray 
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Physics
subarray

Upgrade Strings

Shallow
subarray

Deep
subarray

Detection of GeV neutrinos with 
>10 times more effective 

photocathode area per volume 
compared to DeepCore

For O(10) GeV neutrinos
• 3 times better angular 

resolution
• 2 times better energy 

reconstruction

mDOM 24 x 3’’ PMTsD-Egg 2 x 8’’ HighQE PMTs

+

36cm30cm

Physics subarray separation: 
• ~20m in horizontal
• 3m in vertical

Each string with ~90 optical sensors
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Where are GeV neutrinos from？
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Atmospheric Neutrinos
cosmic-ray up to knee (~3PeV) : ν from π and K decay

around and above knee: ν from charmed meson decay

ENERGY [eV]

1 GeV

Cosmic Neutrinos
Cosmic neutrinos are predicted in GeV 
region, hindered by the dominant flux of 
atmospheric neutrinos in this energy range



1111
“Prospects for GeV Neutrino Transient Searches with the IceCube Upgrade” 
(Yukiho Kobayashi, PoS-ICRC2025-1076, https://arxiv.org/abs/2507.16050)

Physics subarray performance

GRECO:
DeepCore array-

based event selection

Upgrade array-based 
event selection

IceCube Preliminary



Measurements of neutrino oscillation parameters
• Access to the matrix which describes how neutrino flavor states (𝝂𝝂𝒆𝒆,𝝂𝝂𝝁𝝁,𝝂𝝂𝝉𝝉) mix into mass 

eigenstates 𝝂𝝂𝟏𝟏,𝝂𝝂𝟐𝟐,𝝂𝝂𝟑𝟑
• Sensitivity to the neutrino mass ordering—i.e., identifying which mass eigenstate is the heaviest 
• Pimary signatures: the disappearance of muon neutrinos and the appearance of tau neutrinos
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vertical

horizontal vertical

horizontal

Core-mantle 
boundary

𝑈𝑈𝜇𝜇𝜇 = 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃23 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃13

Probability of a muon neutrino oscillating to each flavor

5GeV 5GeV



Expected sensitivity to oscillation parameters
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Sensitivity of the IceCube Upgrade to Atmospheric Neutrino Oscillations                                              
(P. Eller, K. L. DeHolton, J. Weldert, R. Ørsøe, PoS-ICRC2023-1036, https://arxiv.org/abs/2307.15295)  

IceCube Preliminary

https://arxiv.org/abs/2307.15295


Expected sensitivity to GeV neutrino transients
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Prospects for GeV Neutrino Transient Searches with the IceCube Upgrade 
(Yukiho Kobayashi, PoS-ICRC2025-1076, https://arxiv.org/abs/2507.16050)

models-A (gray) different initial 
spin period 𝑃𝑃: core-collapse SN 
at 10kpc with strongly 
magnetized PNS from Carpio et 
al. PRD 110, 083012 (2024)

models-B (black) different 
Lorenz factor Γ: low-luminosity 
GRB at 10Mpc from Murase et 
al. PRL 111, 131102 (2013)

model A

model-B
Γ = 10 Γ = 30

P = 1ms

P = 3ms

P = 5ms

https://arxiv.org/abs/2507.16050


Shallow subarray
• Re-calibration of the existing detector to improve understanding and inform better design choices for IceCube-Gen2
• Cross-calibration of IceCube optical modules with advanced electronics
• Testbed for IceCube-Gen2 optical module designs
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ここに数式を入力します。

Investigation of ice 
above IceCube array

Investigation of ice in the 
IceCube array depth

Re-calibration includes detailed study of
• optical anisotropy of ice
• depth dependence of tilt
using various artificial light sources

1375m 2050m

The Cryosphere, 18, 75–102, 2024



Well-calibrated directed and diffuse light sources

1611 to be deployed in ice

receiver optical 
sensor

Pencil Beam
• Beams in any direction with 0.1° resolution
• Self-monitoring of beam brightness
• Study ice anisotropy and scattering properties

LED beam
• Collimated (1° FWHM divergence)
• Pulsed (2 – 10 ns FWHM)
• 8 wavelengths (range 355nm – 590nm)
Laser Beam
• Collimated, Pulsed, 405nm

POCAM

A self-monitoring precision calibration light source 
for large-volume neutrino telescopes
(F. Henningsen et al 2020 JINST 15 P07031)

• Absolutely-calibrated, self-monitoring, isotropic, 
nanosecond, high-intensity pulses, 5 wavelengths

• Study bulk and local ice properties
• Perform PMT efficiency studies

Optical PTFE Sphere

22 to be deployed in ice



Cross-calibration of optical modules
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• Uses the same PMT, vessel, magnetic 
shield, and silicone gel, but with upgraded 
electronics

• New calibration devices include camera 
systems, acoustic receiver and muon 
tagger

• Cross-calibration with co-deployed 
artificial light sources and new optical 
modules

P-DOM: based on the existing IceCube 
DOMs with improved electronics



Deep subarray
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ここに数式を入力します。

Investigation of 
ice below the 
IceCube array

The Cryosphere, 18, 75–102, 2024

2600m2442m
In addition, unique opportunities with:

• Extending instrumentation into the deepest ice layers, enabling 
full-depth scanning from the surface to the deepest part of the 
array. Equipped with optical-sensor-based and camera-based 
logger systems for detailed ice studies

• Including seismometers at the closest position to the bedrock

• Shares the main objectives of the Shallow subarray (including investigation of the deepest ice and testbeds 
in regions deeper than the IceCube depth)



Shallow to the deepest survey
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A co-deployed dust-logging instrument for the IceCube 
Upgrade and IceCube-Gen2, A. Eimer and M. Rongen, PoS-
ICRC2025-1034, arXiv:2507.08430

Key components of the “Dust-logging” system
• A standard optical module acts as the detector
• A dedicated light source (modified POCAM), ~2 m 

away on the same string, acts as the emitter
• Baffles in between prevent light contamination from 

light traveling inside the water column

What the dust logger does?:
• Emits a horizontal laser beam into the surrounding ice
• As the light travels, it scatters off dust and impurities within the ice layer
• A small fraction of the scattered light returns to the instrument and is 

detected by onboard sensors
• Measurements are taken during string deployment
• This provides a depth-resolved map of optical scattering and multiple 

holes provides ice tilt models

Enabling full-depth scanning from the surface to the deepest part of the array



Camera systems

Sweden Camera 2.0
• Deployed in targeted locations
• Steerable cameras with ~18× optical zoom
• Adjustable focus (from glass housing surface to infinity)
• Low-light sensitivity with high resolution
• Steerable illumination (lasers and LEDs)
Provides detailed images with a longe range in great depth
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Snapshot of ice in 2011. Central 
bubble column discovered by the 
Sweden Camera 1.0

W. Kang, Phys. Sci. Forum 2023, 8(1), 49

Upgrade Camera System
• Each of optical sensors (mDOM, D-Egg, 

pDOM) is equipped with three or four 
camera-LED pairs 

• Survey the surrounding ice and refrozen drill 
holes

• Determining sensor positions and 
orientations

https://www.mdpi.com/2673-9984/8/1/49


The deepest modules: Seismometers

• A key location for global 
coverage: Although many seismic 
stations exist worldwide, Antarctica 
remains one of the least instrumented 
regions for seismic coverage

• Exceptionally quiet environment: 
The South Pole has virtually no human-
made vibrations or urban noise, making 
it one of the quietest places on Earth

• Probing Earth’s deep interior: 
Seismometers record not only 
earthquakes but also Earth’s free 
oscillations—studying these signals 
provides insight into the structure and 
properties of Earth’s core and mantle
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T360: A core sensing unit, designed to operate reliably in 
extreme polar conditions
• A mass–spring–sensor mechanism to convert ground 

motion into electrical signals with very high sensitivity

2 devices will be deployed at the depth of 2608m



Testbeds for IceCube-Gen2 prototype modules
See the next talk by Vivian O'Dell on the IceCube-Gen2
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Optical Sensors for Upgrade Two variants of optical sensor designs for IceCube-Gen2 are to 
be installed in Upgrade array

Currently merging two designs to create the best module design!



New ideas for cost-efficient designs: WOMs and FOMs
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The Wavelength-Shifting Optical Module 
Sensors 2022, 22(4), 1385

Optical modules with new ideas are also to be installed in the Upgrade array

Fiber Optical Module (FOM)Wavelength-Shifting Optical Module (WOM) 



Acoustic modules for Gen2 calibration
• Proof of principle for Gen2

• Demonstration of technology 
readiness

• Evaluation of acoustic media 
properties: attenuation, anisotropy, 
speed of sound over long ranges

• 3D-geometry calibration hybrid 
with optical devices

• Trilateration of positions of acoustic 
modules by acoustic transit times to 
30 cm resolution

• Glaciology
• Crystal orientation via acoustic wave 

propagation speed
• Temperature gradients, layering and 

ice flow
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• Transmission & reception of 
acoustic signals (5 - 40kHz)

• Receivers are also in P-DOMs



Summary
• The IceCube Upgrade 

• Construction planned for upcoming 2025/2026 South Pole season, starting next month
• Adds 7 new strings with ~110 sensors and devices per string
• Three subarrays: Physics, Shallow, Deep — each optimized for distinct calibration and 

physics goals

• Physics Goals & Performance
• Enhanced sensitivity to GeV-scale neutrinos
• At least 3× better angular resolution, 2× better energy reconstruction can be expected
• Improved measurements of neutrino oscillation parameters and transient neutrino sources

• Calibration & Ice Studies
• Testbeds for the new optical sensors and the new calibration techniques
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Deployment is just around the corner — stay tuned for exciting updates in 
physics and calibration from the IceCube Upgrade!
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Shallow region
• Above the dust layer
• 18 sensors max/string
• Spacing is 75 to 25 m
• Load is transferred at 

each sensor
• Similar to IceCube

8/19/25 FS3 ICU Installation training 27



Physics region
• Most of the string
• quad 6 to 20, 90 

devices/string
• Spacing is 3 m
• Load is never transferred 

within the region, just at 
the bottom and top of the 
region 

8/19/25 FS3 ICU Installation training 28

.                      .                      .          
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Deep region of short strings
• MCA ends at 2444 m
• Bottom sensor at 2457 m
• Eye wires used to extend 

to the bottom instrument
• Load is not transferred 

(MCA not present)

8/19/25 FS3 ICU Installation training 29

tbd



Deep region of long strings
• MCA ends at 2444m
• Bottom sensor at 2604m
• Dyneema rope chain 

used 
to extend to bottom

• Load is not transferred 
(MCA not present)

8/19/25 FS3 ICU Installation training 30
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