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Abstract: The IceCube Neutrino Observatory, instrumenting about 1 km3 of deep, glacial ice at the

geographic South Pole, is due to be enhanced with the IceCube Upgrade. The IceCube Upgrade, to be

deployed during the 2025/26 Antarctic summer season, will consist of seven new strings of photosensors,

densely embedded near the bottom center of the existing array. Aside from a world-leading sensitivity

to neutrino oscillations, a primary goal is the improvement of the calibration of the optical properties of

the instrumented ice. This calibration will be applied to the entire archive of IceCube data, improving

the angular and energy resolution of the detected neutrino events. For this purpose, the Upgrade

strings include a host of new calibration devices. Aside from dedicated calibration modules, several

thousand LED flashers have been incorporated into the photosensor modules. We describe the design,

production, and testing of these LED flashers before their integration into the sensor modules as well

as the use of the LED flashers during lab testing of assembled sensor modules.
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1 Introduction

The IceCube Neutrino Observatory [1] is a Cherenkov telescope that instruments a cubic kilometer of

deep, glacial ice at the geographic South Pole. The original IceCube detector, referred to as Gen1

throughout this paper, consists of 86 cables called “strings”, each instrumented with 60 optical sensors

called Digital Optical Modules (DOMs). Each DOM consists of a 10-inch photomultiplier tube

(PMT) and all the required readout electronics contained in a spherical glass pressure housing [2, 3].

Detector construction was completed in 2011.

As a highlight among its diverse scientific topics, IceCube has since discovered a flux of

astrophysical neutrinos [4–7] and started to associate sources with this flux [8–10]. Through the study

of atmospheric neutrinos with the more densely instrumented DeepCore subarray, IceCube further

achieves competitive measurements of neutrino oscillation parameters [11, 12]. As the experiment

continues to accumulate lifetime, systematic uncertainties in the properties of the detector, both ice

and instrumentation, begin to dominate over the statistical uncertainty for many analyses.

Understanding the optical properties of the instrumented glacier is particularly challenging as it

can only be studied in situ. For this purpose, the Gen1 DOMs are each equipped with 12 calibration

LEDs. These can inject light with known intensity, wavelength, and timing profiles into the ice, to be
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Like the IceCube Gen1 DOM, the Upgrade mDOMs and D-Eggs feature calibration LEDs that

will provide data for future improvements to the ice optical modeling. To ensure a homogeneous

dataset, the LED systems for both module types have been developed in tandem and have been tested

to the same specifications with equivalent setups. Here, we describe the design, production, and

testing of this LED calibration system.

2 Design of the LED calibration system

2.1 Design requirements

The IceCube Gen1 DOMs use 405 nm LEDs in order to approximate the typical wavelength of

detected Cherenkov photons from particle interactions in ice [27]. The LEDs in the Gen1 DOMs are

driven by high-speed MOSFET drivers with variable width and amplitude settings. This allows for

intensities between 106 and 1.4 · 1011 photons per pulse. In the Gen1 design, the highest intensity

is only obtainable at the longest pulse width, which equates to a rectangular pulse of 70 ns FWHM.

The lower intensities allow for shorter pulses, with the fastest configuration resulting in a nearly

Gaussian pulse of 6 ns FWHM.

For the LED flashers in the mDOM and D-Egg modules of the IceCube Upgrade, the same

wavelength has been chosen, with light sources in special devices, such as the POCAM, providing

data at additional wavelengths. Due to the reduced distance between emitters and receivers in the

Upgrade compared to the Gen1 array, the requirement for maximum intensity has been relaxed for the

Upgrade. To resolve small changes in the received arrival time distributions resulting from effects

such as changes to the assumed scattering function, the Upgrade requires shorter LED pulse durations.

Following simulation studies, the desired intensity range has been set from 5 · 106 to 109 photons per

pulse, while the pulse width should not exceed 10 ns FWHM, even at maximum brightness.

In 2013 it was discovered that light propagation in the glacial ice features strong anisotropies [28].

Satisfactory calibration of this effect [13] requires flashing each LED in the detector individually while

knowing the emission axis of each LED. In the IceCube Gen1 DOMs the LED orientations were

provided by simply bending the LED leads through the use of a jig, resulting in an unknown orientation

precision. For the LEDs in the Upgrade modules, we require well-defined mechanical solutions that

guarantee that each LED axis points to within a 5-degree solid angle of its nominal design direction.

The IceCube DOM offers LEDs pointing out horizontally and at an inclination angle of 48◦. The

D-Eggs also feature horizontal LEDs. While primarily driven by mechanical design constraints, the

mDOM adds LEDs at 29◦ elevation angle, which will add information in particular for anisotropy

studies. Both mDOMs and D-Eggs also feature vertical LEDs, which will be of particular importance

for hole ice investigations.

Due to fluctuations in LED and pulse driver performance, as well as temperature dependencies,

the light output for a given intensity configuration will differ between LEDs. The temperature of

the instrumented ice in particular features a depth gradient, where the temperature increases from

−40◦C at 1600 m depth to −20◦C at 2400 m depth [29]. To enable predictable in situ operation

for all devices, resulting in sufficient photon statistics while avoiding saturation of the receivers,

we require that the intensity of each LED can be configured to within ±50% of any target value

across the full dynamic range based only on prior lab calibration. Aside from guaranteeing a usable

illumination scenario, the absolute LED intensities are almost inconsequential as the established ice
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Table 1. Selected design requirements for the LED calibration system.

Requirement Description

Operational temperature Meet specifications between -30◦C

(accounting for module self-heating) and +27◦C.

Brightness range 5 · 106 to 109 photons per pulse.

Emission spectrum Central value of 405 ± 10 nm with a FWHM below 30 nm.

Angular distribution Approximately Gaussian in each degree of freedom with standard

deviations not exceeding 15 degrees.

Time profile FWHM ≤ 7 ns for dim settings and ≤10 ns at maximum brightness.

Accuracy of emission axis Each LED axis shall be aligned within ±5 degrees of its nominal

design direction.

Controllability of brightness The LED intensity shall be configurable to within ±50% of any target

value in its dynamic range.

Consistency of brightness The per pulse output of each LED shall be consistent to within

10% standard deviation for a typical data collection duration of 30

minutes.

analyses rely on the relative detected intensities at the different receiver DOMs and their photon

arrival time distributions. The absolute LED intensities do not directly enter the analysis and are

instead treated as nuisance parameters [27].

A summary, including further requirements on the operational temperature range, the angular

emission profile, and the long-term consistency of brightness, can be found in table 1.

2.2 Common schematic and parts selection

The pulse driver for each LED is based on a design by Kapustinsky in 1985 [30]. It has been chosen

for its robustness and ease of miniaturization and is also used by other devices in the field, such as the

POCAM [24] and the KM3NeT nanobeacons [31]. The design is based on the triggered discharge of a

small capacitor through a pair of RF transistors that form a thyristor-like element (see the schematic

in figure 2(a)). An optional inductor parallel to the LED cuts off the trailing edge of the light pulse.

The intensity can be adjusted by varying the bias voltage into the discharge capacitor.

To meet the requirements listed in table 1, several LED types in combination with different

discharge capacitances, inductances, and maximum bias voltages were tested. The chosen design

employs a Roithner XRL-400-5O 5 mm LED,1 a 1 nF discharge capacitor, a 56 nH inductance and

a maximum bias voltage of 15 V. All control and trigger signals are provided by the module’s

mainboard. The bias voltage is regulated via a 16-bit digital-to-analog converter, offering ample

resolution for fine-tuning.

To minimize the number of interfaces to operate multiple LEDs per module, as required given the

space constraints and cable routing limitations in the mDOM, several LED elements are bundled into a

1http://www.roithner-laser.com/datasheets/led_div/xrl-400-5o.pdf.
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sensor spacing of the Upgrade compared to IceCube, the LED flashers for the IceCube Upgrade

sensor modules are dimmer but feature significantly narrower timing profiles. Both systems have

been developed in tandem and have been tested to the same specifications with equivalent setups.

Production and testing of all flasher LEDs as required for the IceCube Upgrade instrumentation have

been completed. These are now being integrated into the modules to be deployed during the 2025/26

austral summer season. The performance exceeds the design requirements and is comparable for both

module types. Several devices remain in storage and will remain available for long-term testing. This

will in particular entail mapping temperature characteristics and their reproducibility between devices.
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