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IceCube-Gen2 is an extension of IceCube Neutrino Observatory at the South Pole to significantly
enhance the neutrino detection sensitivity. We are developing the novel optical module called “DEgg” as a main component of the IceCube-Gen2 detector. A D-Egg contains two photomultiplier
tubes along with the front-end electronics in a glass vessel. Photo-electron signals from two sensors
are digitized with two high-speed ultra-low power analog-to-digital converters and processed in an
FPGA before being sent to the data acquisition system on the surface.
This presentation focuses on the evaluation of the first prototype of the front-end board for D-Egg.
It shows that the design of the current board satisfies the physics requirements except for the analog
noise level. Performances of the prototype board at low temperature are also verified. Results of the
first evaluations, as well as the prospects for D-Egg developments are discussed.
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1.

Introduction

IceCube Neutrino Observatory [1], a cubic-kilometer neutrino detector in Antarctic glacier, is the
largest neutrino detector in the world. IceCube has reported the first detection of the high energy astrophysical neutrinos and been measuring the astrophysical neutrino flux. However, the statistics are
limited to claim the physics for extremely high energy neutrinos in PeV energy range. IceCube-Gen2
is planned as an extension of IceCube to enhance the detection sensitivity for GeV–PeV energy neutrinos. It occupies ∼8 km3 of Antarctic ice, surrounding current IceCube detection area, and consists
of an array of ∼10,000 optical modules to capture Cherenkov photons eﬃciently from the secondary
charged particles produced in the neutrino interactions. Prior to the construction of the full IceCubeGen2 array, an upgrade of IceCube has been approved by NSF in 2022/2023 South Pole seasons. The
IceCube Upgrade array will consist of seven strings of densely instrumented optical modules in the
center of the current IceCube array to enhance IceCube’s GeV-scale neutrino physics capability. Furthermore, re-calibration of the optical properties of glacial ice using the Upgrade sensors is expected
to improve directional reconstruction of neutrino-induced events significantly.

2.

A New Detector “D-Egg”

The novel optical module called “D-Egg” [2, 3], which stands for Dual channel optical sensors
with Ellipsoid Glass for IceCube-Gen2, is being developed as a main component of the IceCubeGen2 detector. The total amounts of 300 D-Eggs are scheduled to be installed in the Upgrade array.
A D-Egg contains two 8-inch high-QE photomultiplier tubes (PMTs) facing up and down inside the
pressure resistant vessel made of UV transparent borosilicate glass along with the front-end electronic
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Fig. 1. Block diagram of the D-Egg readout system. The front-end board receives data from two signal
lines. The board contains a CPLD for booting, an FPGA for processing, and two ADCs for fast and continuous
data-digitizing.

board, whereas a current IceCube optical module (OM) has only one down-facing 10-inch PMT
inside the glass sphere. The glass vessel shapes like an egg, which has been optimized for keeping
both transparency and strength for high pressure during freezing [3].
The location of the detector strictly restricts the power consumption of a module (<4 W). All
components ought to work at low temperature (−40◦ C). Small dead-time (<1%) and wide dynamic
range of 1–300 photo-electrons/10 ns are required for the best physics performance.

3.

First Prototype of the Front-End Board

The first prototype of the D-Egg front-end board was designed based on the current IceCube OM
main-board [4]. A hollow circular disk-shaped board is deployed to fit inside space of the glass vessel.
The board contains two 250 MSPS 14-bit ultra-low power ADCs to digitize photo-electron signals
from two PMTs, and an FPGA to process the digitized data before being sent to the surface DAQ
system, located 1.5–2.5 km above the array of the optical modules. The high-performance ADCs
contribute to reducing dead-time with continuous data-digitizing. An analog delay line is removed
from the IceCube OM main-board because of the robustness of the analog circuit. Signal delay is
controlled by the buﬀer in the front-end board. All signals are stored after the digitization. Only
“triggered” signals are processed by the FPGA and sent to the surface DAQ. There is a CPLD to
configure FPGA, and to communicate with PC at the stage of the stand-alone tests. The block diagram
of the readout system in the module is illustrated in Fig. 1.
The production was completed in February 2018, including fixing failures of the circuit or the
board layout found at the basic tests. Photos of the prototype are shown in Fig. 2. There are 12
layers to install all components for readout and controlling including a fine-BGA FPGA; ALTERA
Cyclone-V E 5CEFA7F23N7 [5].

4.

Performance Tests

A test firmware has been created from scratch for the stand-alone performance tests of the board.
The firmware contributes to store digitized data and send them to the PC via a soft-processor system
2
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Fig. 2. Photos of the prototype D-Egg front-end board; front side (left) and back side (right). The board is in
charge of controlling optical sensors, readout data, and processing data to send to the surface data acquisition
system. The board contains an FPGA, a CPLD, two ADCs, two signal lines, two high-voltage controlling lines,
and four internal and external trigger lines for stand-alone tests.

Fig. 3. Block diagram of a test firmware, which is generated from scratch. FPGA stores data from two lines
and sends to the PC. Initial settings are sent to ADC and DAC from the FPGA, which is controlled by PC.
There is a USB-UART line for test data-taking. Data can be sent to the PC without JTAG protocol.

(Nios-II) [6] built in the FPGA. The block diagram of the test firmware is shown in Fig. 3. The
baseline of each signal line is tuned by adding constant voltage from a 16-bit DAC, which is controlled
by the Nios-II system using SPI protocol. Following items have been tested:
•
•
•
•
•

Simultaneous data-taking from two signal lines,
Their dynamic ranges,
SPE signal measurement and charge distribution,
Noise level,
Operation stability at low temperature.

All tests have been carried out in our lab at Chiba University.
Simultaneous data-taking is tested using pseudo-signal generated by a function generator. The
sine-wave shaped pseudo-signal pulse is put into the two signal lines on the board. Once data are
3
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Fig. 4. Snapshot of the 2ch waveform taken simultaneously with the operation frequency of 125 MHz. Same
sine-wave signal from the function generator is sent to channel 1 (black) and 2 (blue).
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Fig. 5. SPE signal waveform (left) and the charge distribution (right). Because of the high noise rate seen in
the left figure, the peak-to-valley ratio is evaluated ∼1.8, while the peak-to-valley ratio for the PMT R5912-100
is typically ∼2.8 [7]. The decrease of the peak-to-valley ratio is caused by the baseline noise, which can be seen
at the waveform. The root mean square of the baseline noise is evaluated to be ∼4.5 counts (1.2 mV). Note that
an ADC count corresponds to ∼0.26 mV.

digitized, FPGA stores both signals from the two lines on a Nios-II system register, and sends the
data to the PC via Nios-II and the download cable “USB-Blaster” if FPGA receives a send-command
from the PC. Fig. 4 shows a snapshot of the waveform taken simultaneously from two channels. It
shows that the data with the same waveform except the channel baseline were observed.
The dynamic range is determined by ADC width, resistances and input voltages of the amplifier
attached at the analog front-end circuit. The range can be optimized by managing the resistances
and the amplifier power voltages, while the ADC width is fixed to 14-bit. Expanding dynamic range
aﬀects the resolution for the SPE signal (∼8 mV for the 107 PMT gain). In current optimization, the
maximum range of 4 V and ∼30 counts for the SPE signal are achieved, which is confirmed by a
pseudo-signal measurement. The 4 V signal corresponds to the sub-PeV neutrino Cherenkov signal.
Also, enough resolution is kept for measuring the SPE signal. Fig. 5 shows a snapshot of the SPE
signal from PMT measured with the prototype board and the charge distribution of the measurement.
SPE signal peak is observed clearly, while the baseline noise is extremely high. The level of the
baseline noise is evaluated to be 4.5 counts, corresponding to 1.2 mV, by calculating the root mean
square of the fluctuation of the baseline. The high noise level reduces the peak-to-valley ratio from
∼2.8 to 1.8, as shown in the right figure of Fig. 5. The noise is supposed to be induced in the analog
circuit structure, while the origin of the noise is still under investigation. It will be improved during
the next prototype production.
4
■■■

Proceedings of the 5th International Workshop on New Photon-Detectors (PD18)
Downloaded from journals.jps.jp by 34.207.105.200 on 01/09/23

011012-5

ADC count

JPS Conf. Proc. 27, 011012 (2019)

14000
12000
10000
8000

Room
-23deg
-32deg
-38deg-12h
-38deg-24h

6000

-15deg
-28deg
-37deg
-38deg-20h
-38deg-38h

4000
0

100

200

300

400

500

600

700

800

900
1000
Time [ns]

Fig. 6. Response for the pseudo-signal measurement at the room temperature (∼23◦ C), −15◦ C, −23◦ C,
−28◦ C, −32◦ C, −37◦ C, and −38◦ C. After reaching −38◦ C, we left the board at the temperature for 38 hours. All
waveform are almost identical except for the trigger timing. The timing diﬀerence comes from the USB-UART
system, which is not completed in terms of the timing configuration.

The response at various temperature have been measured in a freezer, which can control temperature down to −55◦ C. In this measurement, USB-UART readout system mounted on the board was
utilized instead of Nios-II system, because ALTERA doesn’t guarantee the operation of USB-Blaster
at low temperature less than 0◦ C. Since downloading a boot image from the flash memory is not
reliable at present, the FPGA was configured at the room temperature using USB-Blaster. After the
configuration, the board has operated continuously until finishing the measurement. A single sinewave is sent to the front-end board. The observed waveform under each temperature setting is shown
in Fig. 6. Although the timing information has not been tuned, the waveform under each temperature
is overlapped each other within 10% diﬀerence. This result claims that the board has worked correctly
even at a low temperature.

5.

Shock Resistance

Assembled D-Eggs will be sent from Japan to the South Pole via the U.S. and New Zealand, by
airplane, ship, and truck. The front-end board is mounted around the neck of PMT, supported by four
screws near the inner hole of the board. There is only a few millimeter gaps between the board outer
edge and the glass vessel. It may interference with the glass if the board moves during transportation.
The shock resistance of the board was tested at IMV Tokyo [8] on 16 November 2018. The series of
the test program follows the Military Standard. Following three programs are performed:
(1) Air vibration test (vertical direction only, 40 min.)
(2) Truck vibration test (vertical direction only, 20 min.)
(3) Sudden shock test (X, Y, Z axes, maximum 30 G.)
Two types of the first assembled D-Eggs were deployed as DUTs; one has dummy front-end board
(DUT1), and the other has the prototype of the front-end board (DUT2).
We have visually inspected DUT1 and DUT2, and have performed the electrical test for DUT2.
Each DUT is packed and fixed into a cardboard box. The location of the front-end board was checked
before and after the series of the programs. For both sudden shock and vibration tests, the mechanical
strength of the front-end board were confirmed. Cables didn’t aﬀect any other components. Electrical
checks for DUT2 are performed before and after the tests. No critical problems are found in this test.
The results are summarized in Tab. I.
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Table I. Result table of the shock resistance test for both DUT1 and DUT2. Electrical tests for DUT2 are
performed at our lab at Chiba Univ. The result shows there are no critical problems in the test.

Mechanical Cracks
Recognize JTAG chain
Configure CPLD/FPGA
Analog Circuit
Baseline Setting (SLO DAC1)
HV Controlling (SLO DAC2)

DUT2 before Vib

DUT1 (Vib)

DUT1 (Shock)

DUT2 after Vib

No
Yes
Yes
Yes
Yes
Yes

No
–
–
–
–
–

No
–
–
–
–
–

No
Yes
Yes
Yes
Yes
Yes

6. Future Prospects
A few mechanical or electrical problems have been observed in the performance tests. The main
cables, which are four pairs of the twisted cables come from the surface, penetrate the glass vessel,
and connect to the front-end board. The penetrator hole is placed at the lower side of D-Egg, under
the front-end board. Thus the board should have several cutouts to keep a passage of the cabling.
Besides, some connectors for the in-ice calibration devices are missing in the first prototype. There
are several electrical problems such as FPGA wrong pin-assignments. Currently, we have coped with
them by circuit modifications. They should be resolved in the next revision.

7.

Conclusion

The first prototype of the front-end board for D-Egg has been produced and tested for its performance, e.g., the dynamic range, electrical noise, and the charge distribution. The dynamic range of
5 mV–4.0 V in 4 ns window has been observed. It corresponds to 1–200 photo-electrons with ∼107
gain of PMT. SPE distribution has been observed with the peak-to-valley ratio of ∼1.8. It is much
smaller than that of the PMT itself because of the high noise level of ∼1.2 mV. Performance at the
low temperature varying from the room temperature to −38◦ C are evaluated. The device still works
well even if it is left for ∼38 hours in −38◦ C environment. Also, the resistance against mechanical
shock and transportation vibration are verified in the test performed on November 2018.
Several problems are found in the performance tests. For the practical application, the next revision of the front-end board will be designed based on the results for the first prototype.
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