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IceCube Upgrade Aya Ishihara

1. What’s the IceCube Upgrade?

The IceCube Neutrino Observatory was completed at the South Pole in 2011. IceCube has
led to many new findings in high-energy astrophysics, including the discovery of an astrophysical
neutrino flux and the temporal and directional correlation of neutrinos with a flaring blazar [1].
It has defined a number of upper-limits on various models of the sources of ultra-high energy
cosmic rays, as well as measurements on the fundamental high-energy particle interactions, such
as neutrino cross sections in the TeV region [2].

IceCube uses glacial ice as a Cherenkov medium for the detection of secondary charged par-
ticles produced by neutrino interactions with the Earth. The distribution of Cherenkov light mea-
sured with a 1 km3 array of 5160 optical sensors determines the energy, direction, and flavor of
incoming neutrinos. Although the South Pole is considered one of the world’s most harsh envi-
ronments, the glacial ice ⇠2 km below the surface is a dark and solid environment with stable
temperature/pressure profiles ideal for noise sensitive optical sensors. IceCube has recorded de-
tector uptime of more than 98% in the last several years. While it has been 15 years since the
first installation of the sensors, an extremely low failure rate of the optical modules has also been
observed, demonstrating that the South Pole is a suitable location for neutrino observations.

The IceCube Upgrade will consist of seven new columns of approximately 700 optical sensors,
called strings, embedded near the bottom center of the existing IceCube Neutrino Observatory. As
illustrated in Fig. 1, the "Upgrade" consists of a 20 m (horizontal) ⇥ 3 m (vertical) grid of photon

Figure 1: The Upgrade array geometry. Red marks on the left panel shows the layout of the 7 IceCube
Upgrade strings with the IceCube high-energy array and its sub-array DeepCore. The right panel shows
the depth of sensors/devices for the IceCube Upgrade array (physics region). The different colors represent
different optical modules and calibration devices. The Upgrade array extends to shallower and deeper ice
regions filled with veto sensors and calibration devices (special calibration regions).
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IceCube-Upgrade

Upgrade array

100 m • 2025/26 Construction  
• Delay due to COVID-19… :(  
• As a first step of IceCube-Gen2 

• Enhance the sensitivity of GeV-Scale 
neutrino physics   

• Precise calibration of the ice properties  
• Contribute to reduce the uncertainty 

related to photon propagation in ice

IceCube

1000 m

Ryo Nagai (Chiba U.)

f 3種併用の検出器群 (複雑……)
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New Detectors for the Upgrade  

PDOM D-Egg mDOM

f 現行 DOM をベース
(同じ構成要素を使用)

f エレキだけアップデー
ト (終了品とか)

f 8”PMT x 2
f 現行DOMと似たような
デザインでシンプル

f 3”PMTを多数並べて
effective area を稼ぐ

f 細分化されるので方向
の情報も
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• Developed by Chiba group, the 
production was completed last 
year (2021)  

•  detection allows us to 
improve the detection efficiency  

• ~300 D-Eggs will be deployed  

4π
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D-Egg : Main Detector of IC-Upgrade

Mainboard 
(Front-End DAQ)

HV board

8” PMT  
(upward)

8” PMT  
(downward)

LED Flasher
Camera

Penetrator  
Cable

Glass vessel 
(Good UV transparency)

Silicone gel 
(Optical coupled)
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LED Flasher Calibration System

Kapustinsky pulser 

λ = 405 nm

8 horizontal

4 vertical 

Detect #photons of  
next to D-Eggs / DOMs 

Measure the ice property

– In Ice –

Requirement:  Brightness Range
• Requirement: 5 x 106 – 5 x 109 photons/pulse
• Actual Performance:  <5 x 106 – 1.2 x 109 photons/pulse

*Changing max brightness 
requirement to 1 x 109

photons/pulse already supported 
by Dima and Dawn
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• MCU can control the LED intensity & masks  
• ICM FPGA publishes the flashing triggers, but no feed-backs 

How do we know if it works or not in ice?  
5

LED Flasher System 

Intensity, masks
MCU 
STM32

ICM 
Spartan-7

Flasher LED Board

Command for triggers

Mainboard

Cal Trigger
LED Flashing

Mainboard

• Comms module called “ICM” 
works as a trigger generator 

Feed-back missing
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• I modified firmware to work ICM  FPGA GPIO as a PMT trigger line 
• Can verify LEDs by looking signals from low-gain D-Egg PMT with the 

synchronized triggers 

↔
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Self Calibration of the LED Flasher! 

Intensity, masks
MCU 
STM32

ICM 
Spartan-7

Flasher LED Board

Command for triggers

Mainboard

Cal Trigger

LED Flashing

Feed-back missing

FPGA 
 Cyclone V

GPIO Line as Trigger
Trigger

Waveform 
Charge info

D-Egg PMT
at the same time
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Test Setup 

Communication Hub 
(Lab version of South-Pole DAQ)

Dark box (storing box)

A D-Egg inside

USBWire pair

 case∼ 60 PEClear SPE distribution! 
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Check intensity of each LED

Inside a storing cardboard box

Gain tuned: 107

~ 1–10 PE

Vertical LEDs (so bright)

∼ 5.6 V

scattered somewhere
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• To cover such wide range, have to divide into 3 regions with different PMT gains  
• Could see the luminosity trend, but seems saturated at the high intensity regions
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Bias Voltage Scan 

V: 400 V, H: 500 V

600 V

V: 1.2 kV 
H: 1.5 kV

∼ 5 V

15 V
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• Could not reach the maximum range ( ) by this work 
• Difficult to know the absolute luminosities from the data, but we 

can see the relative ones precisely in short time 

109 PE
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Comparison to stand-alone calibration  

Stand-alone calibration

D-Egg

Stand-alone
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• Chiba group developed the new detector “D-Egg” for the 
IceCube-Upgrade 

• Recently, we developed the self calibration system by improving 
our firmware 

• Now it’s possible to detect LED signals with synchronized triggers  

• Measurement of the absolute luminosity seems difficult (have to 
consider the location, direction, and so on…)  

• At least, we can know the relative luminosity for each LED  

• The calibration will be included into the tests before shipping to 
South-Pole, see the detector-to-detector variation 

11

Summary 
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Back up

12
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• LED1 with 0x5800 bias, charge-stamp  
• Fit them and each gain is evaluated from the 

parameters  and A B
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Gain calibration 

 
 

g = A ⋅ (V [kV])B

A = 6.127 × 105

B = 7.445
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• [-10, +15] window, need to check waveform 
14

Raw observed charge 

V: 400 V, H: 500 V

600 V

V: 1.2 kV 
H: 1.5 kV
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• Can see clear difference among the LEDs 
• Charge stamp makes possible to scan them by LED intensity 

settings in short time (~10 sec each)
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LED variation 

Downward facing 
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• Though takes much time, we also use the waveform stream, 
we can know the signal shape and timing information  

• All waveforms are triggered by the periodical Cal Trig 
shown in the right figure 
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LED variation (waveform stream) 
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• Peak timing in the waveform sampling window  
• Width of 2 or 3 sampling-bin is observed for all 

LEDs (no difference) 
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LED variation (timing)
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• gain~1.3, charge-stamp scan  
• 50k events each, 0x200 interval, took only 30 min for the scan 

• Mean is calculated by simple numpy.mean, so accurate for small values  
• should be Poisson, and difficult to separate from electronics noise  

• Looks saturated in higher region 
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Scanned result 
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• Lower PE region (PE < 1) is not reliable 
• For the full range scan, need to control the PMT gain  

— LED is so bright, the PMT gain should start from 
very low gain 
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Scanned result (low gain case)



Ryo Nagai (Chiba Univ.) Neutrino Workshop @ Chiba 8 March 2022

• Can reach some higher intensities, but not all  
• Divide horizontal / vertical LEDs and full-range 

scanning with very low gain (~500 V)
20

Very low gain result (Example, not enough)



Ryo Nagai (Chiba Univ.) Neutrino Workshop @ Chiba 8 March 2022

• Mainboard: 4.1-007 
• LED brightness is much different from previous… 
→ Need further study 
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Another sample: D-Egg2020-1-008  



Ryo Nagai (Chiba Univ.) Neutrino Workshop @ Chiba 8 March 2022

• Mainboard: 4.1-007 
• Tried full range with lower gain. Still observed 

saturation region 
22

Another sample: D-Egg2020-1-008  
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• Mainboard: 4.1-007 
• Tried full range with lower gain. Still observed 

saturation region 
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Another sample: D-Egg2020-1-008  


