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In the 2025/26 South Pole field season, hundreds of new optical modules will be deployed in the
deep central region of the IceCube array, as part of the IceCube Upgrade. 402 of these sensors are
multi-PMT Digital Optical Modules (mDOMs), consisting of 24 3.1 inch photomultiplier tubes
arranged inside a pressure vessel. mDOMs are currently being built and tested to ensure they
satisfy the optical and environmental requirements to detect the Cherenkov radiation produced in
interactions of high energy neutrinos in the deep glacial ice. We present results from the extensive
acceptance testing each module undergoes. The verification program includes the characterisation
of the detector’s week-long response in a dark and cold (sub-zero temperatures) environment, as
well as the determination of essential optical performance parameters, using a pulsed external
light source for linearity and transit time spread PMT measurements.
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1. IceCube and IceCube Upgrade

Since the beginning of its full operation in 2011, the IceCube Neutrino Observatory [1] has
pioneered many discoveries in neutrino astronomy [2–4]. 5160 optical sensors spaced across 86
strings, instrumenting a volume of ice of 1 km3 in the South Pole glacier. IceCube’s energy range,
from TeV to PeV, was extended by the 8 densely instrumented DeepCore strings [5], enabling
competitive measurements of atmospheric neutrino oscillations [6]. The planned extension of the
current detector, the IceCube Upgrade [7], will push IceCube’s energy threshold to the few GeV
level, as well as enhancing the understanding of the detector systematics by improving the knowledge
of the optical properties of the ice. The Upgrade consists of 7 new strings, with ∼ 700 new optical
modules, primarily the multi-PMT Digital Optical Modules (mDOMs, 402 sensors) and D-Eggs
(277 sensors) [8]. The mDOMs are mass-produced and tested before shipment across two sites: at
DESY, in Zeuthen, where production is already underway, and at Michigan State University. This
proceeding presents the Final Acceptance Testing (FAT) program at DESY that is starting in the
summer 2023.

2. mDOM design and verification

2.1 Design

The left panel of Fig. 1 shows a picture of a production mDOM, hanging from steel wires
attached to its harness, as it will in the ice. An expanded representation of the device with all of
its components is given in the right panel of Fig. 1: 24 three-inch Hamamatsu R15458-02 photo-
multiplier tubes (PMT), each equipped with their own active base generating a high voltage, are
connected to a mainboard, which acts as the central DAQ. Signals from the PMTs are digitized and
processed in a Xilinx Spartan-6 FPGA and sent to the surface via the ICM (Ice Communication
Module), the communication interface common to all devices in the ice. A 3D-printed support
structure fixes the PMTs and the LID (light in detector, also called calibration) subdevices: these
are 10 flasher LEDs (in 2 daisy chains) and 4 cameras with their dedicated illumination LEDs. A
silicone-based gel, poured between the support structure and the pressure vessel optically couples
the PMTs to the glass. During testing, the mini-fieldhub (MFH) serves as the communication
interface between devices and the lab computer. A detailed description of the mDOM design and
read-out electronics is found in [9].

2.2 Design verification

Before moving into the production, 10 design verification modules (called “DVT”) were built
to verify that all physical and environmental requirement of all subsystems are met. Vibrational and
shock tests, mimicking land and air transport conditions, as well as thermal shock and pressure tests,
verifying that the modules can withstand the very high pressure (∼8000 psi) and thermal stress they
will encounter during in-ice installation, have all been performed. An non-exhaustive list of physics
characterisations like single photon-electron (SPE) detection, reporting of the per-PMT trigger rate,
the system’s overall dynamic range (0.2 to 150 PE) that have been checked. Fig. 2 shows the
verification of two important requirements, namely, the ability to calibrate the gain of each PMT
to its nominal operational value (5 × 106) in-situ (top right panel), as well as the calibration of the
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Figure 1: mDOM overview. Left: Hanging production mDOM during a load test (Photo credit: S.
Niedworok/DESY.) Right: Exploded view schematic with all main components.

analogue front-end (AFE) discriminator threshold to 0.2 PE (bottom). The LED flashers are first
calibrated to an SPE level (top left panel), and then used as a low-level light sources to perform the
gain and discriminator calibrations.

3. mDOM acceptance testing

Each production mDOM undergoes an extensive acceptance testing, called FAT (Final Accep-
tance Testing) before being qualified to be shipped. By varying the temperature inside the Dark
Freezer Lab (DFL) from +20 °C to -40 °C multiple times, this three week-long continuous testing
program simulates the cold and dark environmental conditions of shipping, storage, and installation.
The great majority of the tests focuses on the PMT responses at different temperatures, including
the dark rate monitoring, gain calibration, linearity and timing resolution. These last two tests
require a dedicated set-up, described in Sec. 3.3. In addition to the focus on the optical response of
the modules, the FAT also assesses the functionality of the calibration devices namely, the 10 LED
lights, and the 3 wide FOV cameras, checking their communications, background noise level, and
their ability to distinguish patterns. The full FAT run is described from production to shipment in
the flowchart in Fig. 3. This proceeding only concerns itself with the areas emphasised with dotted
lines, the DFL and optical FAT.

3.1 Testing facilities at DESY

3.2 Dark Freezer Laboratory testing

The DFL, pictured on the left panel of Fig. 4, is equipped with 4 “wire pairs” — power and
communication cables routed to DAQ hubs outside of the freezer — capable of connecting up to
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Figure 2: In-situ calibration sequence. Top left: calibration of the LED flasher chain digital-analog-converter
(DAC) counts to SPE level occupancy (10% trigger efficiency). Top right: single PMT gain calibration,
using the LED flasher as a light source: the HV is stepped up and the gain extracted from a fit to the charge
spectrum. Bottom: discriminator threshold trigger calibration.

Figure 3: Flowchart of the Final Acceptance Testing (FAT) sequence, from production to shipment.

8 modules each (32 in total). However, due to communication and logistical considerations, only
24 modules will be tested at once during the “cold FAT”. The mDOMs are kept inside a dark
plastic bag, inside their shipping cardboard box to isolate them optically from one another and the
non-negligible external light-leakage inside the freezer container. Three temperature, humidity and
pressure sensors continuously monitor the environment inside of the DFL.
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Figure 4: FAT facility at DESY. Left: DFL loaded with 24 mDOMs inside their boxes. Right: Optical FAT
setup, with 24 optical fibers routed through a support structure.

Figure 5: mDOM dark noise study. Left: log10Δt of a single PMT at room temperature. The blue line
represents the fit to a logarithmic Poisson function, giving an average uncorrelated noise of 288 Hz. The
deviation from the Poissonian expectation at high Δt is not well understood yet. Right: Average dark noise
contributions as a function of temperature for a taped and untaped mDOM (all channels).

3.2.1 Dark noise measurements

An important part of the FAT is monitoring and characterising the dark noise of all PMTs: we
call dark noise any background signal that does not originate from an external photon arriving at the
detector. Sources of noise include radioactive processes, thermionic cathode emissions, electronic
noise, and scintillation within the pressure vessel and PMT glass. The dark noise distribution can
be divided into a correlated and an uncorrelated component: the correlated noise is characterised
by short time intervals (10−4s), and comes from the decay of 40K in the borosilicate glass pressure
vessel, while the uncorrelated noise hits, with a larger time difference, are described by a Poisson
distribution. We can distinguish different noise sources by studying log10Δt: the left panel of Fig.
5 shows a typical distribution for an mDOM PMT.
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The total dark noise measured in the lab is overall higher than it will be once deployed in the
South Pole: that is because the refractive index of the ice matches that of the pressure vessel’s
glass closer than the refractive index of air. To measure the air-to-ice scaling factor, a few modules
are taped in black electric tape and their dark rates measured: the ratio is about ∼ 1.4. The right
panel of Fig. 5 shows the total, correlated and uncorrelated dark noise rates for a taped and an
untaped module1. The total dark noise is seen to rise with lower temperatures, a trend due to the
temperature-dependent behaviour of the correlated component: the background rate of radioactive
decays grows with lower temperature, as a result of the scintillation yield in the glass [10].

3.2.2 Cold soak

During one of the cold phases at -40 °C of the FAT cycle, the power to all modules is turned off
for 24-48 hours, and then turned back on: this is called the “cold soak”. Its aim is to simulate the
storage condition the modules will experience at the South Pole for multiple months before being
deployed into the string hole.

3.3 Optical testing

Due to the infeasibility of routing 24 x 24 optical fibers inside the freezer container, a separate
set-up is required for the optical portion of the FAT. The light source is provided by a picoseconds
diode driver PDL 800-D going into a 375 nm laser head. A pulse generator is connected to the
external trigger of the laser diode, pulsing at 1 kHz frequency. Inside a dark box sits an optical
bench with the laser head, a servo motor controlled filter wheel — which serves as the intensity
dial — a collimator, and a 32-fibers bundle. The latter gets routed outside of the laser box and into
the dark box where the mDOM sits inside a machine-milled support structure (Fig. 4, right). The
top part of the structure is attached to a motor, allowing it to be brought up and down: in the “up”
configuration shown in the picture, the FOV of the two equatorial cameras is unobstructed to take
long exposure images of the pattern sheets visible on the sides, as part of the camera testing during
FAT. A third sheet is also placed at the bottom pole, where a disk-shaped has been milled to allow
the polar camera verification. In its “laser mode”, the top structure is brought down for the 12 PMTs
fibers to be placed at the center of each respective top hemisphere PMT.

3.3.1 Linearity measurement

An essential part of the energy reconstruction in a neutrino telescope is the calibration of the
PMT charge response to a given light source: the design requirement indicates that the convolved
response of the PMT and the analogue front-end electronics should be linear to the number of
photoelectrons within 10 % up to 100 photoelectrons, for a 10 ns wide pulse (the linearity of the
total charge is dependent on the input pulse width). The linearity is tested by measuring the charges
of all PMTs for 10 attenuation positions of the filter wheel, ranging from 1 to ∼ 150 PE. Noise
triggers, originating from atmospheric muons, are removed by selecting timestamps corresponding
to the known, fixed frequency of the laser pulses.

The left panel of Fig. 6 shows the linear response for a single mDOM PMT. The black dashed
line shows a fit in the lower charge region, the linearity regime (bounded by the gray, vertical dotted

1We note that the PMTs used for the test module, shown in Fig. 5, are from a different batch than the ones for the
mDOMs that will be deployed, which have a have a higher noise level due to production changes.
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Figure 6: Optical FAT measurements. Left: Linearity measurements, verifying that read-out charge at 100
PE is linear to within 10% to the injected charge. Right: Transit time measurement for a SPE level light
source.

lines) and emphasises the departure from it at higher charges. An empirical function (blue), defined
in Eq. 4.1 in [8], is fitted to the data. The ratio of these two fits is taken at a 100 PE to verify that it
indeed lies within 10 % of the linearity regime: in this example, this AFE channel deviates by 2%
only.

3.3.2 Transit time measurement

Similarly, the system timing resolution is directly related to the event reconstruction quality
in IceCube. The time taken by a single photon from the photocathode to the anode of a PMT is
called the transit time (TT), and its variance, the transit time spread (TTS). The design requirement
demands that the overall system time resolution for a single PE event must be below 5 ns.

For this measurement, a tabletop mDOM mainboard receives the synchronization output from
the pulsed laser diode, as input to one of its AFE channels. The mDOM and mDOM mainboard
internal timestamps are then translated to UTC using “RAPCal”, a method that connects the in-
ice ICM and MFH ICM clock domains. This procedure was developed for the IceCube Gen-1
experiment, and described in details in [1]. A GPS system gives a 10 MHz clock and IRIG-B time
signals to the MFH to synchronize the MFH clocks to UTC. The UTC converted timestamps of the
PMTs and the mainboard are then matched, and the Δt (ie, the transit time) is calculated. The right
panel of Fig. 6 shows the transit time measured for a single PMT. The TT and TTS are then given
by the 𝜇 and 𝜎 respectively from the gaussian function fit to the data. In the example shown, the
TTS is 1.62 ns, well within the 5 ns time resolution requirement, and close to the quoted ∼ 1.9 ns
TTS from the Hamamatsu specification sheet 2.

4. Conclusion

At the time of writing, over 60 mDOMs have been produced at DESY, ready to undergo the
first full FAT cycle. Preliminary FAT runs on the first 20 modules in the winter/spring 2023 have

2https://www.hamamatsu.com/content/dam/hamamatsu-photonics/sites/documents/99_SALES_

LIBRARY/etd/High_energy_PMT_TPMZ0003E.pdf
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benchmarked both the production and testing processes. By the end of the summer in 2024, all 225
mDOMs produced at DESY will be ready for shipment, at a testing rate of 24 mDOMs/3 weeks
in the DFL FAT, and ∼ 3 mDOMs/day in the optical FAT. By the early 2025, MSU will also have
produced and tested 205 mDOMs. The installation of all IceCube Upgrade modules in the ice is
planned for the Antarctic summer season of 2025/26.
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