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The D-Egg, a dual PMT optical sensor, is one of the new optical modules designed for the coming
IceCube Upgrade at the South Pole. With two 8-inch high-quantum efficiency photomultiplier
tubes (PMTs) per module and improvements in overall design, D-Eggs offer an increased effective
photodetection sensitivity that is 2.8 times larger than that of the current IceCube optical sensors.
Mass production of over 300 D-Eggs has been completed, with all modules now undergoing
Final Acceptance Testing (FAT) before deployment in the Antarctic ice. This involves detailed
characterisation of each module at cold temperatures to collect valuable calibration data, as well
as detect possible hardware related failures. While FAT is still on-going, current results indicate
we will exceed the required 277 modules for deployment.
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IceCube Upgrade: D-Egg

1. IceCube & the IceCube Upgrade

The IceCube Neutrino Observatory is at the geographic South Pole and has been fully operational
since 2011 [1]. The instrumented volume encompasses roughly 1 km? of highly transparent glacial
ice, which is sparsely filled with chains of digital optical modules (DOMs) extending down to
depths of 2450 m from the surface. Resulting particles from neutrino interactions in the ice create
Cherenkov radiation as they propagate. This Cherenkov radiation is detected by the photo-multiplier
tubes (PMTs) inside the glass housings of the optical modules and is transmitted to IceCube facilities
located on the ice surface, before being transmitted via satellite to the northern hemisphere for offline
analysis.

Following over 10 years of consistent operation and discoveries [2—7], a new set of modules will
be deployed into the Antarctic ice as part of the IceCube Upgrade. As part of the IceCube Upgrade
a mixture of calibration and physics devices will further populate the densely-instrumented inner
detector area, as seen in Figure 1. Each "string", the chain of modules inserted into the hole, will be
primarily instrumented with a combination of two modules specifically designed as successors to
the successful first generation DOM design, the "mDOM" and the "D-Egg". The following sections
will focus primarily on the design and performance of the D-Egg [8], including a significant increase
in tested modules since our publication in April 2023. Please see other proceedings for more details
on the mDOM [9].
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Figure 1: Layout of deployed IceCube Genl string locations (left) and proposed layout of IceCube Upgrade
string locations (right) [10]. The more densely populated inner detector region will further enhance MeV &
GeV-scale sensitivitiy.

2. From DOM to D-Egg

IceCube Genl DOMs are composed of a single downward-facing 10-inch diameter PMT and readout
electronics located inside an evacuated glass vessel [1]. The D-Egg (Figure 2) further develops
the simple, but robust, Genl DOM design in key areas such as calibration versatility [11], cost
effectiveness, and photo-detection efficiency. One of the key features are the replacement of the
single 10-inch downward-facing PMT (HPK R7081-02) with a pair of opposite-facing 8-inch high
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quantum efficiency PMTs (HPK R5912-100-70). Improvements in the glass and optical coupling
gel transparency to sub-400 nm Cherenkov light combined with the high quantum efficiency PMTs
leads to factor 2.8 improvement in effective area compared to the Genl DOMs. Comparisons of the
D-Egg to Genl DOM effective area at 320 nm, 400 nm, and averaged over the Cherenkov spectrum
are shown in Figure 3 [8] For more specifics regarding component improvements see [8].
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Figure 2: (Left) An assembled D-Egg. (Right) Exploded D-Egg showing the glass housing, mainboard,
calibration devices (cameras and LED flashers), PMTs, optical coupling silicone (gel), and magnetic shielding
(FINEMET®) [8].

3. Laboratory Testing & Performance

As part of the expanded IceCube Upgrade array, 277 of the 310 constructed D-Eggs are planned for
deployment. In order to verify the performance of each module prior to shipping to the South Pole,
each module undergoes a series of calibration and characterisation tests inside our Final Acceptance
Testing (FAT) freezer. Limited by the capacity of the freezer, D-Eggs are tested in batches of 16
over a 3 week duration. A module spends around 80% of its time below zero, reaching a minimum
temperature of —40 °C. This meets the expected coldest temperature a module will operate at
once deployed in the ice. Since publication of [8], over 100 additional modules have been tested
providing a wider scope of the D-Egg bulk behaviour. Modules have been sampled randomly from
the production, to detect possible defects related to when the module was assembled. Quantities
particularly important to in-ice operations are the per PMT dark rate, and the per PMT single
photo-electron timing resolution.

3.1 Testing Procedure

Each D-Egg is continuously operated during the FAT period, during which integrated several hours
of low-threshold triggers per PMT are collected in order to perform calibration of the PMT gain,
as well as investigate the dark rate. When operating during a period of constant temperature, the
PMT high voltage is held constant in order to evaluate the stability of a module. Tests which require
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Figure 3: Comparison between the D-Egg and the Genl DOM as a function of the cosine of the zenith angle
of the incident photons. Improvements in the detection uniformity are largely driven by moving from a single
to multiple PMTs. The effective area is calculated at 320 nm (left), 400 nm (center), and the Cherenkov-
averaged sensitivity ratio (right), with the downward-facing direction defined as 6 = 0 (cos 6 = 1).

external light injection are performed simultaneously for each PMT with light delivered via optical
fibres from a primary 400 nm picosecond laser !.

The stability, dark rate, and timing resolution, among other quantities are evaluated on a per
module basis to determine if a D-Egg is suitable for deployment. FAT testing is still in-progress,
with a total of 143 modules, corresponding to 286 PMTs, having finished testing as of June 2023.
Results below report the current status as of this point. Testing of all 310 modules should finish by
Spring of 2024, well-ahead of the Upgrade deployment season (2025/2026).

3.2 Dark Rate

The per PMT dark rate is a critical quantity for controlling the in-ice false trigger rate, as the
current Genl IceCube trigger relies heavily on inter-module coincidence signals. The decay of
40K in the borosilicate glass pressure vessel enclosing the D-Egg as well as the PMT thermionic
emissions (which are a function of temperature) are the primary contributions to the dark rate. More
complex trigger schema including intra-module coincidence triggers are also being considered for
the IceCube Upgrade. This makes particularly the mean dark rate per module an important quantity
to compare between the Genl DOM and D-Egg.

The dark rate is collected per PMT by requiring the average of two consecutive waveform bins
to exceed a threshold of 0.25 PE, where 1 PE is the peak height of the average SPE pulse. An
artificial dead time of 100 ns is applied to prevent recording multiple triggers from the same pulse.
As D-Eggs during FAT testing operate in air (not ice), an experimentally determined dark rate

Thttps://www.hamamatsu.com/resources/pdf/sys/SOCS0003E_PLP-10.pdf
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correction factor of 2.37, due to differences in the glass:air & glass:ice refractive index, is applied
to results shown here [8, 12].

The collective per PMT dark rate as well as the per D-Egg dark rate are shown in Figure 4, with
an average dark rate of 917 + 100 Hz per PMT and 1835 + 155 Hz per module. On average the Gen1
DOM has a dark rate of 870 Hz, which can be compared to the D-Egg dark rate by normalising by
the ratio of the Cherenkov-averaged effective areas, resulting in 655 Hz. In order to compare results
consistently between D-Eggs tested in different FAT runs, the values are quoted with each module
operating at nominal gain and during the same period during each FAT cycle with the freezer set to
—-40 °C.

100 504

807 40 1

60 -

Entries
Entries

40 20 1

204 101

]

T T T y T T T T T T T T
600 800 1000 1200 1400 1600 1800 2000 1500 2000 2500 3000
Dark Rate per (D-Egg) Hemisphere [Hz] Dark Rate per D-Egg [Hz]

Figure 4: Dark rate per PMT (left), and dark rate per D-Egg (right), at —40 °C ambient temperature.

3.3 Timing Resolution

Typical number of photons observed by individual optical modules in IceCube is on the order of
only a few for all but the highest energy events. In this case, the timing resolution for identifying a
single photo-electron is extremely important. For each D-Egg, both the top and bottom PMTs are
illuminated with a 1 kHz pulsed laser calibrated to a single photo-electron light level. The sync-out
signal published by the laser is digitised and used to determine the emission time. Triggers in
the PMT which are temporally consistent with the sync-out populate the transit time distribution,
from which the single photon timing resolution (SPTR) is extracted. Figure 5 shows the per PMT
resolution and the boundary for the acceptance criteria in yellow. The average per PMT SPTR of
2.84 + 0.11 ns indicates that D-Eggs should be able to competently resolve SPE-level interactions
at distances only a few 10s of metres away from any given module [8].
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Figure S: Per PMT single photon timing resolution (SPTR) determined at —40 °C ambient temperature. The
yellow line indicates the upper-bound for acceptable timing resolutions to sufficiently resolve characteristic
interactions in IceCube at distances around 30 m [8].

3.4 Long-term Stability Performance

As a part of the on-going FAT testing, a well-tested D-Egg has remained inside the freezer for all 9
runs (21 weeks) included in these proceedings. The PMTs of this module were verified prior to FAT
testing to have behaviour consistent with modules which pass the acceptance testing. While various
parameters are monitored throughout one FAT cycle, distributions of the stability corresponding to
the distributions discussed in Sections 3.2 and 3.3 are included as Figures 6 and 7.

The dark rate results in Figure 6 were collected at —40 °C ambient temperature, in the same
manner as described in Figure 4. For the channel 0 PMT, the mean dark rate is 892 + 13 Hz and
959 + 10 Hz for the channel 1 PMT. These results are consistent with the results observed for the
range of modules tested so-far. Additionally, no trends in the dark rate have been observed which
may indicate systematic bias in the testing apparatus or hardware failure.

Examining the stability of the SPTR provides additional context for the stability of the light
injection system as a part of the FAT setup. No long term trends have been observed in the
SPTR for either channel (Figure 7) with mean SPTR for the channel 0 PMT at 2.84 + 0.08 ns
and 2.88 + 0.08 ns for the channel 1 PMT. Fluctuations in the cycle-by-cycle resolution reveal the
precision of the system, as the PMT timing resolution during continuous operation are expected to
be constant.

Considering the results for the dark rate and SPTR, the reference module has operated stably
for over 9 months and has continuous performance which is representative of the broader D-Egg
PMT bulk behaviour. This module is additionally a practical demonstration that the design of the
D-Egg is robust with respect to long-term operations and temperature variations far more extreme
than that experienced in the South Pole ice.
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Figure 6: Dark rate per (D-Egg) hemisphere at —40 °C ambient temperature for the two PMTs in the reference
D-Egg module versus FAT cycle number. Lack of drift in dark rates towards either higher or lower values

indicates stability of the D-Egg hardware as well as the FAT setup.
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Figure 7: Single photon timing resolution (SPTR) determined at —40 °C ambient temperature for the
reference D-Egg PMTs. Variations in the resolution of either PMT are driven by the precision of the
measurement.

4. Outlook

To enhance IceCube’s current physics goals and provide an opportunity for in-field testing of new
novel devices, the IceCube Upgrade will see a number of new detectors deployed into the South
Pole ice during the 2025/2026 season [13]. One of these new devices, the D-Egg, has finished
production of 310 modules and is currently in the mass-testing phase prior to deployment in the
Antarctic ice. Improvements in design and careful selection of components have resulted in a net
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increase in effective area per module of 2.8 times over the first generation IceCube DOMs.

Final Acceptance Testing for the D-Eggs is planned to finish in Spring 2024, having charac-
terised over 600 PMTs with a broad suite of measurements. Tests highlighted here, the PMT dark
rate and single photon timing resolution, are two key quantities which determine whether a module
is suitable for deployment. Measurements by the reference D-Egg indicate stability across FAT
cycles and at this stage, the majority of modules satisfy the requirements discussed here. Current
performance projects satisfying the required number of D-Eggs for IceCube Upgrade deployment.
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