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1 Introduction

This is a comprehensive manual for the production of Hyper Kamiokande mPMTs. It will
present the quality control tests and procedures for components from their point of manufacture
to their inclusion in an mPMT detector. The procedures for mPMT assembly and testing will
be covered in detail. LED-FEB specific points will be coloured blue.

Checklists are provided for procedures at the assembly sites.

2 Organization

The FD2 effort consists of several institutes and many students, postdocs, and researchers. There
are four primary production facilities in Canada, Italy, Mexico, and Poland. The FD2 Project
Leaders are G. De Rosa, R. Gornea, and A. Rychter. The full set of responsibilities assigned to
FD2 personnel are provided in Figure

During the final pre-production phase period, one overall weekly summary/discussion meet-
ing is organized to discuss and review the current state of preparations for construction. This
meeting will continue once production has started to provide a forum for discussion of produc-
tion progress and to identify and mitigate challenges that might arise during production. In
addition, several sub-group meetings are held either weekly or on an ad hoc basis during the
pre-production phase. Some of these sub-group meetings will be unneeded once production
starts while others will continue to assist with ongoing matters relevant to mPMT production
and deployment.

3 General Procedures and Safety

It is important that all sites and personnel follow standard operating and safety procedures.
While such practices will already be in place and laboratory safety guidelines are typically the
purview of the local institute, it is none-the-less a useful reminder to include a summary of
standard procedures and safety habits in a manual such as this. This section should be reviewed
by all sites to ensure no aspects are omitted.

3.1 Procedures

e mPMT components should only be handled while wearing clean lab gloves
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Figure 1: Organizational structure and responsibilities for FD2.

mPMT components should be stored in clean, dry, room temperature storage areas
personnel should wear clean lab clothing
lab areas should be kept clean and uncluttered

care should be taken to not inadvertently damage mPMT components and, in particular,
the acrylic domes, component sealing surfaces, electronics boards and cables etc

care should be taken to avoid contaminating the interior of the mPMT pressure vessel

tools and tooling should be kept clean and in excellent condition. When not in use, all
tools should be properly stored. Damaged or defective tools should be removed from the
lab and decommissioned.

personnel using equipment for the first time should receive training from an expert

Safety

in general, personnel should not work alone and, if required to do so, should be periodically
checked to ensure no unforeseen accident has occurred

handling of heavy components requires the use of approved lifting devices certified for the
loads being lifted. This includes the lifting of crated mPMT components, the backplates,
assembled mPMTs, and mPMTs crated for shipping. A minimum of 2 persons should
be present when lifting significant loads and all such persons should wear appropriate



protective equipment including reinforced safety shoes. Care should be taken to avoid
crushing hazards, e.g. when connecting cables under the gelled mPMT

e smaller loads that do not require a lifting device can none-the-less cause injury and proper
lifting techniques should be utilized

e when appropriate, safety goggles, lab coats, and related safety gear must be used. For
example, even for relatively safe chemicals such as the components of the optical gel, eye
protection and lab coats should be worn when mixing and pouring the components. Other
chemicals being used can pose a greater hazard, even when used in smaller quantities, since
their toxicity can be significantly higher

e all chemical containers should be clearly labeled and, if required, stored in an appropriate
chemical storage cabinet when not in use. Empty containers should be disposed of promptly
in accordance with local rules guidelines

e MSDS or equivalent safety data sheets should be located in chemical storage areas and in
chemical use areas for all present chemicals. An eye wash station should available near
areas where potentially hazardous chemicals are being used.

e 1no food should be kept or consumed in mPMT lab production areas

e at all times, work should be conducted in a safe and professional manner

4 Component QC before assembly

This section will cover the QC tests on every mPMT component before they are used in mPMT
assembly. This will include early batch testing before the bulk of production occurs, component
tests at assembly sites immediately before assembly, and everything in between. Note that
any dimensional criteria that are different than the drawing specification is strictly for the
component pass or fail check for FD2; it is not a revision of the manufacturer required tolerances.
Any component that fails the check should be set aside and only used if needed to complete
production of the spare mPMTs. Temporary labels with a serial number should be affixed to
components without a fixed serial number during QC checks, to track those components until
permanently incorporated into an mPMT. These serial numbers will follow a scheme with a
leading letter indicating the assembly site, followed by numerals, i.e., C1-210 for Canada, 11-315
for Italy, P1-315 for Poland, and M1-4 for Mexico.

4.1 Vessel components

This subsection covers the components involved in the mechanical structure of the mPMT.

4.1.1 Domes

The acrylic domes are supplied by LIRAS for all of FD2. They will be inspected at point of
manufacture so that they meet the specifications in the mPMT technical note.



At the assembly site, the domes must be visually inspected for scratches, hazy spots, and
spots of high stress, and they will be deemed GOOD or NOT GOOD following the FD1 con-
vention for PMT glass. The domes should be free of large scratches, crazing, large bubbles, etc;
any imperfection larger than 2 mm is cause for rejection (NOT GOOD). Sub-mm level bubbles
are acceptable if alone (OK), but those domes should be used last and only if needed once the
supply of GOOD domes is exhausted. Domes should be picked up and moved for a changing
point of view and light source to find defects.

Crack-like scratch, NG Bubble crashed. Small Large babble (2mm level)
enough and K crashed. NG

Figure 2: Visual inspection guidelines for acrylic domes, showing features that may deem a dome
NOT GOOD, or OK. OK domes may be used if needed to finish mass production.

The domes should be inspected with polarized light to look for regions of high stress. An
acceptable amount will be specified following tests in the pressurized water tank in Prague.

The dimensions of the dome must be measured in the QC device, checking the diameter of
the dome 485 + 0.5 — 0.00 mm and its inner height 97 4+ 0.0 — 1.0 mm. The diameter of the
dome is to be measured in 4 places. In addition, the thickness of the lip 8 0.10 mm must be
measured at four equidistant points using calipers. Note that the dome must easily fit into the
cylinder. If it does not, pair it with a cylinder that better matches this particular dome. A
temporary label should be adhered to the dome for tracking purposes.

(] Inspect dome for defects: bubbles, crazing, etc.
L] Measure dome diameter, height, lip thickness

[J Log measurements to database

4.1.2 Cylinders

The POM-C cylinders are supplied by LIRAS for all of FD2. They will be inspected at the point
of manufacture so that they meet the specifications in the mPMT technical note.

At the assembly site, the cylinders must be checked with the QC templates, which confirm the
correct position of the helicoils and the dimensions of the rims. Additionally, the o-ring groove
on the top must be measured to confirm the correct depth 2.6 +0.15 mm, width 4.440.15—0.10
mm, and inner diameter 472.4+0.9 mm, measured at four points using a depth gauge or calipers.
The outer height 150 4+ 0.3 mm, dome lip 7.5 4+ 0.15 mm, outer diameter 514.2 + 0.8 — 0.4 mm,
and bottom inner diameter 450.425 + 0.35 mm of each cylinder will be measured at four places.
A temporary label should be adhered for tracking purposes.
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Figure 1: Dome QC setup.

Figure 3: Model of the device to measure the dimensions of the domes. This is the WCTE
version.

[J Top and bottom shape checked by templates
[0 Measure o-ring groove depth, width, and inner diameter at four points

[J Measure cylinder outer height, dome lip, outer diameter, and bottom inner diameter at
four points

[J Log measurements to database

4.1.3 Backplates

The stainless steel backplates will be made by a manufacturer chosen by each assembly site.
The backplates will be checked at the point of production to ensure that they conform to the
specifications in the mPMT technical note. Each backplate must be labelled in a permanent
fashion with its full UPL, or at least its serial, e.g. “1.3.1.1.4/FD/1.C210” or “C210”.
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A radioassay of the steel to be used in their fabrication must be performed prior to mass
production.

At the assembly site, the backplate must be checked with the QC templates, which confirm
the correct position of the screw holes and the dimensions of the prominent features. The o-ring
groove on the inside surface must be measured to confirm the correct 2.6+0.05—0.00 mm, width
4.6 + 0.05 mm, and inner diameter 472 £ 0.3 mm, measured in 4 places, with a depth gauge or
calipers. The thickness of the plate 10.0 + 0.15 mm is measured at 4 of the screw holes, spaced
around the circumference.

[J Checked by template

[ Measure o-ring groove depth, width, dome-diameter, and bottom-inner diameter at four
points

[J Measure thickness at four screw holes

[J Log measurements to database

4.1.4 Clamping rings

The stainless steel clamping rings will be made by a manufacturer chosen by each assembly
site. The clamping rings will be checked at the point of production that they conform to the
specifications in the mPMT technical note.

A radioassay of the steel to be used in their fabrication must be performed prior to mass
production.

At the assembly site, the clamping ring must be checked with the QC template, which
confirms the correct position of the screw holes and the cylinder clearance inner diameter must
be 515+ 0.2 — 0.0 mm. A temporary label should be adhered for tracking purposes.

[0 Checked by template for hole position
[ Measure ID dome clearance

[J Log measurement to database

4.1.5 Support matrices

The nylon support matrices are supplied by 3DNA (Canada, Italy) and CubicInch (Poland).
They will be inspected at point of manufacture that the segments align, are free of gaps, and
any warping is minimal.

At the assembly site, the diameter and screw hole positions are checked with the template.
The height of the matrix will be measured at the rim of the center PMT or LED-FEB socket
while it is in the template. A visual inspection will be performed looking for significant gaps
between segments and other misalignments. The hole positions and PMT cup size will be checked
using the QC template (Fig. , ensuring that the PMT cup size will accept a PMT.

Tolerances have to respect the ISO2768-mL standard, namely:

e Ranges of nominal lengths = 0-30 mm, tolerances = + 0.2 mm,;

e Ranges of nominal lengths =30-100 mm, tolerances = £ 0.3 mm;
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Figure 4: 3D printed QC device to verify the hole positions of the support matrix. A second
piece is used to check the PMT cups.

e Ranges of nominal lengths > 100 mm, tolerances = =+ 0.3% of the dimension;

[J Inspect matrix for gaps and misalignments
[J Check diameter, hole position and PMT cups with template
[J Measure matrix height

[J Log measurements to database

4.1.6 Passivation of fasteners

All stainless steel fasteners that will be in contact with the ultrapure water (screws, washers)
should be passivated prior to being used in an mPMT. Passivation is accomplished using a
solution of 300 mL |https://alconox.com /product/citranox/[and 1 L water. The parts should be
cleaned, free of debris and grease, and then immersed in the solution for 20 minutes (21 - 49
°C), flipping halfway so all sides are exposed. Remove the parts from the solution and rinse in a
distilled water batch, to stop the passivation. Optionally, a second distilled water rinse can be
used.

After passivation, the parts should be immersed into a 5% by weight salt solution for 2 hours
and then removed from the solution. Non-stainless steel parts will corrode a few days after
exposure and must be discarded. This ensures that all fasteners are an appropriate stainless
steel for use in the ultrapure water.

[J Clean parts, ensuring free of debris and grease

O Prepare Citranox solution: 300 mL Citranox 1000 mL water
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[J Immerse parts in solution for 20 minutes, flipping halfway
[1 Rinse parts in distilled water bath

[J Rinse parts a second time

01133643@pw.edu.pl

4.2 Electronics components

This section covers the electrical systems of the mPMT.

4.2.1 PMTs

The PMTs are all provided by Hamamatsu. Hamamatsu will conduct measurements such as the
transit time spread and dark current, ensuring only good PMTs are delivered to the subassembly
sites. No further measurements are conducted until the PMTs are soldered to their boards.

4.2.2 Mainboards

All mainboards will be tested by the manufacturer using a three-step testing procedure:
1. Power supply continuity test
2. Firmware flashing
3. Channel connections and protection test

The first test requires a technician with a multimeter, a POE power supply, and a PC. The
MCCV1 can be used for this task. The PC controls the MCCV1 and runs the automatic
tester program. The technician’s job is to check the voltage delivered at specific points on the
mainboard: first, the 5V after the first stage of step-down conversion, and then the smaller
voltages. These values are measured on open solder bridges that must be closed with solder to
allow a connection from the power supply to the rest of the board. Each value measured with
the multimeter must be entered into the prompts in the tester program.

The second step is fully automatic. At this stage, the SAMA and ZYNQ are flashed with the
most recent firmware and software automatically. This takes about 10 minutes. All necessary
files are supplied by TFTP and HTTP servers. In this case, the MCCV1 can also be configured
to function as both servers.

The third step involves testing the 5V and 3.3 V protection chips and ensuring the connectors
are soldered correctly for each channel. Dummy HV boards called TestMainFEBs have been
designed for this purpose (see Fig. . These dummy boards must be connected to regular FEBs
running modified firmware. The boards can short the 5V and 3.3V power lines to ground,
which triggers the protections. They can also generate PMT-like pulses and send them to the
mainboard through the FEBs and flat cables. The mainboard will perform a short acquisition
and test the functions of each channel, as well as the correct soldering of the connectors. The
mainboard is also equipped with an RFID that generates a unique code for each board.

Finally, at the assembly site, the DCDC shield will be soldered to the mainboard. Then, the
board will be ready to mount on a backplate.



Figure 5: Mainboard with 19 TestmainFEB board attached for the automatic test. The boards
are assembled in a 3D printed case for easy handling.

4.2.3 HVB 4+ FEB + Flat Cables

Each HVB, FEB and flat cable will be tested by external companies. Each of the three is tested
using automatic testing station that will be now described in details. The testing station are in

Fig. [0]

mPMT FE tester

-

Figure 6: FEB (left), HVB (center) and cable (right) testers.

The HVB testing station executes the following tests in 1.5 minutes:

Read RFID chip

e Measure resistance value between analog and digital ground

Check presence of R, C and diode on the signal path injecting a sinusoidal signal and
acquiring the corresponding filtered and clamped waveform

Check voltages for each dynode and cathode when the nominal 1500 V are supplied



The

Measure voltage and current absorption of the board to be within expectation
Check the injected noise on the signal by measuring the peak to peak value of the signal

Check the waveform of the switching signal by taking a sample and calculating its param-
eters, like the tau

Check the RC discharge of the ten dynodes and cathode when the board is switched off.
Measurements are taken at 0.2s, 2s, 5s and 10s

FEB testing station executes the following tests in 1 minute:
Microcontroller programming

Read reference voltage

Measure bias on DAC output

Measure bias on TP1 (after integrator) and TP2 (after fast amplifier)
Check trigger LVDS switching

Check Voo

Check bias at PMT anode

Check bias of Q1 and Q2 transistors

Check waveforms after integrator and fast amplifier with a PMT-like signal

Simulate a small acquisition testing the ADC pedestal and the rest of the board

The flat cable testing station executes a complete test in 5seconds. It sends a pulse through
each of the 12 pins individually and checks if they arrive correctly on the other side.

For Canada, the flat cable manufacturer will check the integrity of the cables before soldering
using a flying probe, looking for shorts and opens, and measuring the impedance. After soldering
on connectors, they will inspect the cables visually for defects.

Initially, each cable will be tested upon reception in the INFN flat cable tester.

Any cable that fails the tester will be more closely inspected to identify what caused the
failure. If it is possible, e.g. by re-soldering a connector, the cable will be repaired. If it is not
possible to repair, the cable can not be used.

4.2.4 mPMT-MCC cable

This section in progress.
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4.2.5 LED-FEBs

LED-FEBs consist of a PCB, upon which the LEDs are mounted, an optical plate with four
collimators and a diffuser, and the 3D printed nylon cup with an SUVT acrylic window. The
LED-FEB PCB manufacturer will test each bare PCB via flying probe and do a post-production
inspection of each board, including x-ray inspection, to catch any poorly soldered or missing
parts. The pre-production run had zero failures, and so this is deemed sufficient. Each LED-
FEB board will be validated on the LED-FEB testing unit at the University of Victoria, to verify
functionality of all features of the LED-FEBs.The optics will be tested using a high intensity DC
LED source, with the same form factors as a LED-FEB PCB, to verify the construction before
being sent to the LED-FEB assembly site. The boards and optical plates will be assembled at
the LED-FEB assembly site at the University of Regina, where testing and characterization will
take place with the results being uploaded to the database.

The University of Regina will assemble and test the LED-FEB units that will later be
integrated into the LED-mPMT calibration system. The FEB boards — provided by UVic and
already populated with the electronics, LEDs, collimators, and lens assemblies — arrive ready
for optical-source completion. At Regina, each light source will be completed by installing the
PTFE diffuser barrel, optical-PTFE diffuser disk, and masking rings, and then mounting this
diffuser assembly onto the FEB. The LED—diffuser unit is then placed inside the LED-mPMT
plastic cup, sealed with an O-ring and an SUVT acrylic window, and secured with a retaining
ring. Once the LED-FEB assemblies are fully built, they undergo a structured QC program in
Regina. The fully assembled LED-mPMTs will be tested for functionality later at Carleton, but
the optical and mechanical quality of each LED-FEB is validated in Regina before shipment.

Three complementary QC systems ensure that every LED-FEB meets the required perfor-
mance specifications.

1. LED, collimator, and lens QC: The FEB and a CCD camera are mounted on a rail fac-
ing a projection screen at a distance of 3-5 m. The emitted light pattern is imaged to
check collimator and lens alignment, detect mechanical defects, and evaluate LED stabil-
ity. All image capture and analysis are automated with Python routines that flag blurring,
asymmetry, or intensity fluctuations.

2. Diffuser uniformity QC: Each diffuser is characterized on a photodiode-based test stand
that scans multiple polar angles #. A picoammeter records the photocurrent at each angle,
allowing comparison to the expected Lambertian distribution. Diffusers showing significant
departures are set aside for further examination.

3. Water-vessel QC of the integrated LED-FEB + diffuser: The FEB with diffuser is mounted
on one side of a demineralized-water PVC vessel (17 cm long, 30 cm diameter, sealed with
SUVT windows). The projected pattern on a screen on the opposite side is recorded with
a CCD camera positioned roughly 0.4 m away. A Python QC algorithm compares these
images across all FEBs to ensure diffuser-to-diffuser consistency; units deviating by more
than 2-3% from reference patterns are flagged. Together, these tests allow Regina to certify
the LED-FEB assemblies before they are passed on for final LED-mPMT integration and
testing at Carleton.

The test results will be analyzed to determine the acceptance of that LED-FEB. The results
will be collected into a single pdf or zip file and uploaded to the database.
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5 PMT Subassembly and QC

PMT subassemblies will be assembled by manufacturers. The procedure is composed of many
steps, showed in Fig. [7]

Test HVB

Potting

» PMT + HVB + FEB Sticker removal +
soldering RFID pairing

+
Coating

Test FEB

Figure 7: PMT subassembly steps

A PMT subassembly is formed by PMT+FEB+HVB and is showed in Fig.

Figure 8: PMT subassembly. [old photo without potting]

The first steps are the FEB and HVB testing. These will be done automatically using the
automatic INFN testers (Fig. [6). An HVB test lasts for 1:30 minutes, a FEB 1 minute.

With boards already tested the HVB will be soldered to the PMTs’ dynodes at X cm, the
rest will be trimmed after the soldering. Then the FEB will be then soldered to the HVB 8 pins.

The next step is the pairing and DB upload. Each PMT has a SN printed on a sticker
that needs to be removed before coating, it will be paired with the HVB RFID and the FEB
microcontroller ID to have a complete and unique identifier of a subassembly. These value will
be uploaded automatically to the HK database.

After an initial testing of the whole subassembly will be performed. This test is needed to
ensure no damage has occurred to the electronic boards during soldering, also because in this
moment the assembly is still easily recoverable and repairable if broken. The test will be done
in the PMT testers, it will last ~15 minutes and will comprehend:

1. HV rampup
2. I/V stability check
3. Short acquisition

These tests are more qualitative than qualitative since the subassemblies are without potting so
PMT discharges will occur during the testing.

The subassemblies that pass the test can be potted and coated. The potting is needed to
avoid HV discharge that can break the electronics components, while coating is crucial, and
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recommended also by Hamamatsu, to avoid discharge, especially since the HV supplied to the
PMT is negative.

The lower part of the PMT will be coated, using automatic brushing stations, to stabilize
darkrates and avoid discharges during operations.

After the coating, the HV board will be potted up to the PMT bulb using STYCAST 2850F T
with CAT 24LV. The potting process is currently under R&D. A procedure using a silicone resin
mold has proven very successful for this step.

After potting and coating the PMT subassemblies will be sent to the construction sites.

6 mPMT assembly and QC

This section will go through the production of mPMTs at the assembly sites. The procedures
to follow and QC tests required will be covered in detail.

6.1 Assembly Facilities
6.1.1 Canada

Dr Rob Collister is responsible for the day-to-day production.

mPMT assembly in Canada occurs at Carleton University in Ottawa. This assembly site has
a clean room, testing room, and component storage room. Inventory and personnel management
is the responsibility of the production coordinator.

The clean room is for assembly of the mPMTs and is depicted in Figure [0} There are three
large, level granite tables where component QC will be performed and mPMTs will be built and
gelled. There is a floor crane for lifting backplates and mPMTs once they are too heavy for a
human to lift safely and easily. There are a limited number of shelving units for components to
be staged for assembly following QC tests.

The testing room is next door to the clean room. This room has the infrastructure for the
post-assembly mPMT tests, such as the workstation, MCC modules for communication, and
dark enclosures. Half of this room is empty and reserved for the packaging and storage of
completed mPMT modules as they await shipping. There is enough space for approximately 90
mPMTs.

Component storage is in a third room, with floor space and shelving sufficient for mPMTs
components to be stored as they arrive before they are needed for assembly.

Carleton has two full-time technicians dedicated to the assembly of mPMTs, one specializing
in electronics, and each step of the workflow can be done by one individual. The assembly
schedule that meets the installation deadlines has been prepared using these two workers. There
is also a M.Sc. student and several other personnel who can contribute some of their time to
accelerate the production rate as they are available, or act as substitutes during, e.g., vacation
time.

6.1.2 Poland

Dr Bartosz Piotrowski is responsible for the day-to-day production.
The assembly of mPMT modules in Poland will be carried out in Warsaw at the Warsaw
University of Technology. Our laboratory facilities consist of three main areas: a testing room,
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Figure 9: The clean room for assembly of mPMTs at Carleton University, Canada. Labels
indicate where the component QC, vessel assembly and gelling, and backplate assembly occur.

a small storage room, and a main production room where the primary mPMT assembly process
will take place.

The internal storage room allows for the storage of components sufficient for approximately
30 mPMT modules. However, the main storage of production components will be handled by
an external warehouse, with which we plan to sign a contract. This warehouse is located on
the outskirts of Warsaw. The logistics workflow is designed such that deliveries of the required
components from the external warehouse are coordinated in advance with the assembly team.
After assembling approximately 20 mPMT modules, the logistics company delivers components
for the next batch, while the completed modules are collected and stored at the warehouse.

The main assembly room is equipped with an overhead crane for lifting modules during
assembly, two scissor lift tables used for transporting and positioning the modules, and a pallet
jack for moving completed modules. Dedicated fixtures are available to support the modules
during gel curing. This room is also equipped with the infrastructure required to test the mPMT
modules prior to gel potting.

The testing room is dedicated to testing the modules after their complete assembly. The
assembly site layout is provided in Figure

6.1.3 Italy

Dr Benedetto De Fazio is responsible for the day-to-day production.

mPMT assembly in Italy occurs at Universita Federico II in Naples. This assembly site has
a storage room, an assembly room and a darkroom.

The storage room is a large storage space for storing all the large mechanical components
and is near the main assembly room, a scheme of the laboratory layout is in Fig. [I[1} Part of the
components, including all of the smaller ones, are also stored in a dedicated area in the main
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Figure 10: mPMT assembly lab in Warsaw, Poland.

assembly room.
The assembly room where the mPMTs are assembled, it is divided in:

1. vesssel assembly zone: 5 tables will be equipped with 3D-printed bases that hold vessels
upside down

2. gelling zone: a restricted area where the gelling procedure will occur. It is equipped with
gel mixers, 4-liter bottles, pouring equipment, a portable air compressor, and 5 tables that
can hold mPMTs upside down. To enter this zone, lab coats, gloves, shoe covers, and
possibly hairnets must be worn
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Figure 11: mPMT assembly lab at INFN Naples.

3. backplate assembly zone: 5 moving tables designed to hold mPMTs are in this area. Here,
backplates are prepared with underwater cables and mainboards. The final mPMTs are
also assembled here

The lab has been equipped with custom lifts and tables to lift, carry, and rotate the mPMTs
during assembly (see Fig. . Safety shoes are mandatory to access the area.

Equipment is ready for 5 mPMT assembly at the same time but it will be increased to 8 to
be compliant with the delivery schedule.

The darkroom is an enclosed area with separate red lights that is used for storing and testing
assembled mPMTs over long periods of time. It can be accessed from the main room. It is
equipped with storage shelves, a dark box that can contain up to two mPMTs, and a tub to test
mPMTs in water if needed.

6.1.4 Mexico

Dr Saul Cuen Rochin is responsible for the day-to-day production.

mPMT assembly in Mexico will be carried out at Tecnologico de Monterrey, Campus Chi-
huahua. The available infrastructure includes an electronics laboratory for mPMT prototyping
and electronics testing (Fig. and a dedicated assembly site with an adjacent darkroom for
module integration and final verification (Fig. .

The electronics laboratory is equipped with standard instrumentation, including power sup-
plies, oscilloscopes, signal generators, and diagnostic tools required for prototyping, electronics
checkout, and intermediate testing of mPMT subsystems before integration.
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Figure 12: (Left) INFN lifters to move Backplates and vessels. (Right) Moving tables to assembly
backplates and full mPMTs at INFN.

The assembly site is organized around a workstation zone with enough space for three to four
assembly tables, allowing parallel steps such as component preparation, mechanical integration,
and intermediate inspection. The site also includes an office area, a storage room for components
and tools, and an adjacent darkroom for optical and functional tests of assembled modules.

The darkroom provides controlled conditions for measurements such as dark rate character-
ization, PMT response checks, LED-FEB validation, and automated two-dimensional scans of
the mPMT response using a laser and robotic positioning system.

The Mexican site will assemble a total of four mPMT modules as part of the FD2 production
program. The available infrastructure is sufficient to support prototyping, assembly, subsystem
testing, and final verification prior to shipment.
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Figure 14: Layout of the assembly area at Tecnoldgico de Monterrey, Campus Chihuahua,
including the workstation zone, office, storage room, and adjacent darkroom for optical testing

and automated scans of assembled mPMT modules. Layout units in meters.
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6.2 Testing before gelling

Before gelling is the time for an initial test of all of the electronics, as it is impractical to make
any replacements or repairs once gelled. This testing can be done at any stage of assembly
before the mPMT is gelled. For practical reasons, it is easiest to do before the support matrix is
installed on the cylinder, and the test can be done with mounted PMTs, LED-FEBs, installed
flat cables, and a mainboard. If a channel fails the communication test, first replace the flat
cable. If this does not resolve the issue, replace the PMT sub-assembly. If the PMT fails to
ramp the HV, has too high of a dark rate, or has an out of range threshold, that PMT must
be replaced with another subassembly. After the test is completed, all of these component UPI
must be logged so that they are kept together for a singular mPMT.

The DAQ computer must be configured to communicate with this particular mainboards
MAC address, obtained from the mainboard test uploaded to the database. The assembly is
placed in a dark box the channel mapping cap placed on top, aligned with the PMTs. The
mainboard is connected to an MCC, through which the test is run. From the DAC computer,
the testing script is initialized to check that all of the channels are responsive. The full test
will take many hours and will be automated to not require user input once engaged. After
completion, ensure that the PMTs are all turned off before opening the dark box. Open the
dark box and disconnect the assembly from the feedthroughs, disconnect the ribbon cables from
the main board, and, assuming all of the electronics are good and nothing needs replacement,
move the assembly space and continue assembling the mPMT.

e Intermediate testing
PMTs in support matrix and any further assembly desired, flat cables, mainboard, dark
enclosure
0 DAQ computer configuration
Communication test
Full HV ramp
Channel mapping
Settled dark rate
Threshold scan
LED-FEB single pulse and PMT response
Log UPIs

O0O00gogaod

For LED-mPMTs, the LED-FEB addresses are assigned at this stage.

6.3 Vessel assembly

Parts needed: POM-C Cylinder (1), Acrylic Dome (1), Support Matrix (1), Steel clamping ring
(1), 472 mm O-ring (1), PMT assemblies including PMT Cups (19/14), Reflectors (19/14), PMT
ribbon cables (14),LED-FEB assemblies including LED-FEB Cups, acrylic windows, retaining
rings, and flat O-rings (5), flat cables (19), M5x0.8-20 mm screws (42)

Tools needed: 4 mm Allen key, Torque wrench with 4 mm bit, LED-FEB window tightening
tool, cable connector rail (3)
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Figure 15: PMT ordering seen from top. (NB: for Canada the PMT numbers are different)

Prior to any additional cleaning, the threads in the inserts and on the matrix should be
checked for any debris that might prevent a proper tightening. Good practice is to blow out the
threaded inserts in the POM-C cylinder with compressed air. The support matrix can be wiped
with deionized water; it must never be wiped with isopropanol as that will mark the acrylic clear
coat. Afterwards, all of the other mechanical assembly parts must be wiped with a lint-free wipe
and isopropanol prior to installation, to remove dust and other particulate. For this stage, this
includes the cylinder, LED-FEB windows, cups, flat O-rings, and retaining rings. The matrix
should be wiped with de-ionized water, as isopropyl alcohol risks damaging the acrylic clear
coat.

The 3D printed matrix holds the PMTs and LED-FEBs at a set distance from the inner
surface of the acrylic dome. The matrix has a set orientation, where the numbered PMTs will
sit with respect to the rest of the mechanical assembly. PMTs are to be seated as in the Fig.

To check this, the cylinder and the backplate have a dowel hole that must be aligned during
assembly. This hole is not present on the top part of the cylinder, clamping ring or PMT matrix.
The hole must be aligned with the PMT number 10, as seen in Fig. (NB: for Canada the
PMT numbers are different).

PMT socket 2 should be roughly aligned with the dowel pin in the top of the cylinder.
Alternatively, the dowel pin should be 25°clockwise from PMT socket 1. Ensure that it is
oriented correctly before fastening it to the cylinder. There are five LED-FEBs to be installed in
each matrix. Their orientation is set by the threading of their cups and sockets, so there should
only be one correct way to install them. Tightening them until they stop should roughly align
them correctly, and a small twist to better align should not cause too much gel leakage. The
central LED-FEB cup, for socket 19, has an extra ridge to prevent gel leakage.

Begin by screwing in the PMTs and five LED-FEBs in their cups. As the cups are self-
aligning, by bottoming out the cup threads, the PMTs and LED-FEBs will be in their only
possible orientation. Ensure the cups do bottom out, and have not stopped early by, e.g., debris
in the threads. Fully tighten the windows of the LED-FEB using the tightening tool on the
retaining rings. Once the PMTs are installed, turn them so that all of the FEB connectors are
aligned. This will simplify the connection process with ribbon cables. The alignment should be
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Figure 16: mPMT drawing with the hole highlighted: (left) complete mPMT; (center) exploded
view; (right) view from top.
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Figure 17: Support matrix, showing empty PMT and LED-FEB cups.

parallel to the line from PMT 1 to PMT 7. You can turn the PMT once in the cup; however,
be very careful during this procedure.

Next, carefully install the aluminium reflectors by clicking them into each PMT socket, so
that the three clips in each socket are holding the reflector in position. The tolerances in the 3D
printed matrix mean that some reflectors are more loosely held than others. Take care in future
steps to not sharply move the matrix, as that may dislodge reflectors. Dislodged reflectors can
be reinserted by removing PMTs and cups for access, but this is a frustrating endeavour that
can be avoided with care. Next, install the matrix onto the cylinder. Orient it correctly and
secure using six Mb5x20 screws, without washers.

Turn the assembly right side up to finish this stage by installing the acrylic dome. First,
grease the o-ring and place it in the cylinder groove. If the O-ring does not fit easily into position,
discard it and get a new one. Place the dome over the cylinder and centre it as best as possible.
If there are any scratches, bubbles, or other defects in the dome, position those features as far
away from a PMT as possible. Check to make sure the o-ring is properly seated before fully
inserting the dome, as if the o-ring has moved, it may be cut when the dome is clamped in place.
The dome may not immediately slide into the cylinder, but it should be easily pushed in using
the clamping ring to apply force evenly around the circumference. Install the clamping ring,
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Figure 18: PMTs and LED-FEBs installed into the support matrix, which has been installed
onto a clyinder.

being careful to align the holes in the ring and cylinder using the dowel pin. Secure the ring
using thirty-six M5x20 screws and washers.

Now, the unit can be inverted to install the flat cables. Insert one end of each flat cable
into the FEB and the other into the connector rail. This rail keeps the cables in order for easy
insertion into the mainboard. Note that this may be done sooner as part of the pre-gelling test,
in which case the cables must be kept in the rail at all times to preserve the channel mapping
check.

When attaching flat cables to the FEBs, apply a small amount of hot glue to the connector
side. Make sure there is enough glue to make contact with both the FEB and the flat cable (see
Fig. . This is done to keep them in place during shipment when the mPMT experiences a
lot of vibrations.

Figure 19: Hot glue drop on FEBs and flat cables to hold them during shipping.
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6.3.1 Checklists

e Install mPMT matrix onto cylinder
mPMT matrix, POM-C cylinder, 6 M5x20 screws, 14 PMT assemblies, 14 reflector rings,
5 LED-FEB assemblies, torque wrench with 4 mm bit
[ Screw LED-FEB cups into matrix
0 Screw mPMT cups into matrix, starting on inner ring

[0 Align mPMT matrix through holes with screw holes in cylinder, aligning socket 2
with cylinder dowel pin

[0 Align the FEB connectors rotating PMTs
(] Install reflector rings

0 Insert 6 M5x20 mm screws and tighten

e Install acrylic dome
Acrylic dome, clamping ring, large o-ring, (o-ring grease), cylinder with matrix installed,
36 Mb5x20 screws, 4 mm allen key, torque wrench with 4 mm bit
O (Grease o-ring and place it into o-ring groove on cylinder)
[] Place dome centred on cylinder, avoiding defects in front of PMTs

[1 Place clamping ring, aligned with dowel, on dome lip, press down evenly to seat dome
on cylinder

(] Insert M5x20 mm screws and tighten to 2 Nm

6.4 Gelling

Parts needed: Wacker 612 Part A (1920 g), Wacker 612 Part B (1280 g), 4L Mixing bottle
(1), Transfer bottles (2)

Tools needed: Scale with tare, Mixer, Outgasser, Pouring spouts, Funnel, Pouring stand,
Level, Pressurization equipment

Before beginning to prepare the optical gel, the PMT assembly should be inverted in the
gelling stand and have the pouring hardware, i.e. the spouts and funnel, in place.

The Wacker SilGel 612 optical gel comes in an A and B component and are combined in a 3:2
ratio. The pot life is 2.5 hours, meaning there is about 30 minutes from mixing until gel viscosity
prevents any more pouring. In that time, the gel must be mixed using the mixer, outgassed to
eliminate and bubbles, and then poured into the mPMT to completely fill the volume between
the inner dome and matrix. It is strongly recommended to be pouring the gel into the matrix
by 16 minutes after initial combination of parts A and B.

Approximately 3100 g of gel is needed to fill the space, and so 3200 g of gel should be prepared
for each fill. A new mixing bottle is used for each pour. Place a new mixing bottle on the scale
and tare, so that it reads 0.0 g. Fill the transfer bottle of part A from a pail to the fill line, being
sure to properly reseal the pail. Fill the mixing bottle from the transfer bottle until the scale
reads 1920 g, record the exact value to account for any deviation from nominal and account for
this when pouring B. Tare the scale. Next, fill the transfer bottle of part B from a pail to the
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Figure 20: Photo of assembled mPMT, ready for gelling.

fill line, being sure to properly reseal the pail. Start a timer, this begins the 16 minutes until
pouring into the matrix should start. Add part B to the mixing bottle until it reads 1280 g, or
what is needed if the part A pour was not exactly 1980 g. Put the lid on the bottle and move
it to the mixing station.

Load the bottle of combined A and B into the mixer, ensuring it is well centred to be able
to see if the bottle is shifting during agitation and may slip out of the mixer. Tighten it in
place and lock it in. Prepare a timer for 2 minutes and engage the mixer. While mixing, the
mixer must be watched to see that the locking bar is not turning loose or the bottle slipping
out of its hold. If this is observed, stop the mixer and reset the positions before resuming. DO
NOT ADJUST THE BOTTLE OR LOCKING BAR WHILE THE MIXER IS IN
OPERATION. Once 2 minutes has elapsed, turn off the mixer and remove the bottle.

Bring the bottle to the outgassing setup. Remove the bottle’s lid and place it in the outgasser
chamber. Turn on the pump and watch the level of bubbles in the bottle. If the bubbles look like
they will over flow, carefully vent some air into the chamber; this will pop many of the bubbles
on the surface. The chamber may be rocked to help the bubbles drift to the surface, where
controlled venting quickly pops them. Once no more bubbles are observed, the gel is ready to
be removed from the outgasser. If the time is approaching 15 minutes, a couple small bubbles is
acceptable when beginning to pour. Waiting longer risks the gel thickening too much before it
is full poured into the matrix. After outgassing is finished, replace the bottle’s lid and transport
it to the mPMT for pouring.

The PMT should already be inverted in its gelling stand. One worker will hold the funnel,
to prevent spilling, and another will pour the gel. Take care to pour at a constant rate, keeping
the funnel half-full. Air bubbles are introduced if the flow of gel coming out of the funnel starts
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Figure 21: (Left) Photo of scale, mixing bottle, and transfer bottle. The scale has been tared
for the mixing bottle. (Right) Photo of the mixer.

Figure 22: Photo of outgassing setup. The bottle goes in the chamber, then the pump is turned
on. Venting is through the valve on the right, to pop bubbles and prevent overflow.
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and stops, and this is avoided by keeping enough gel in the funnel until the very end. Also, the
gel poured from the mixing bottle should hit the side of the funnel and not the gel already in
the funnel, to prevent air bubbles from being introduced; as if pouring a beer to prevent too
much foam. Continue pouring gel until it starts to backup the spouts and do not overfill.
Gel requires roughly 48 hours to fully cure, during which time the assembly sits inverted in its
gelling stand. After the curing time, turn the assembly upright and inspect for any air bubbles,
paying especially close attention to areas in front of PMTs and LED-FEBs.

The vessel is pressurized as the gel cures in order to prevent delamination by the lower
temperature once operating in Hyper-K. Pressurizing the vessel causes the dome to expand,
the gel cures into this larger volume, and then once vented the dome relaxes applying a slight
compression of the gel. This compression has proven sufficient to prevent delamination follow-
ing the thermal contraction of the gel by the 10 degree temperature change going from room
temperature during assembly to the water temperature in the tank. After the gel is poured,
the vessel is sealed using an aluminium blank plate fixed with a gas manifold (pressuization
plate). The manifold must have a fitting to connect to the backplate, a valve, a pressure gauge,
pressure relief valve, and a connection to a gas bottle or compressed air source. The vessel is
sealed immediately after the gel pour is finished and the vessel is pressurized to 200 mbar gauge.
The pressure is maintained for the entire duration of the cure. The screws used to seal the
pressurization plate to the cylinder should only be torqued to 1.5 Nm, to preserve the helicoils
for the backplate installation.

Gel must only be mixed after all equipment is present and accounted at the assembly space.
Any delay after the gel is mixed will cause it to be too polymerized to finish the gelling and
pressurization. A delay between pouring and mixing can cause the gel no longer be pourable,
and the level of gel in the mPMT will be too low. A delay between pouring and pressurization
will prevent the gel from settling into the new volume, and voids can be introduced in front of
optical elements. Be sure that everything is at hand before mixing commences.

e Gelling the mPMT

ENSURE ALL EQUIPMENT IS READY BEFORE MIXING THE GEL. DELAYS SEARCH-

ING FOR MISSING APPARATUS WILL NEGATIVELY IMPACT THE POUR.

[0 Complete setup for pouring and pressurization

[J Invert and level vessel

[J Prepare gel, mixing SilGel 612 in 3A:2B ratio, and outgas

[J Begin pouring gel within 10 minutes and finish pouring gel within 20 minutes
[J Install pressurization plate and affix screws

[ Torque screws to 1.5 Nm to seal vessel and pressurize to 200 mbar

6.5 Backplate preparation

Parts needed: Stainless steel backplate (1), Mainboard (1), mPMT-MCC cable (1), DCDC
shield (1), heat spreader plate (1), 2 mm thick thermal pad (1), 1.5 mm thick thermal pad (1),
M3x10 mm screws (10), M3x16 mm screws (5), 1 mm nylon washers (15), standoffs (15)
Tools needed: 2.5 mm Allen key, large torque wrench, crow’s foot attachment
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The first step to prepare the backplate is to install the mPMT-MCC cable. First, grease the
o-ring at the penetrator, then insert the penetrator through the backplate hole, and tighten the
nut using the torque wrench with crow’s foot attachment. The required tightening torque is 20
Nm, to ensure a good seal.

The cable needs to have the Ampmod connector installed. The pins will be crimped onto the
numbered twisted pair wires and inserted into the connector according to the connection map
in Figure [23] and [24]

Then, test the cable using the cable tester in 25] The current underwater cable tester is
compatible only with a custom-made cable that connects the MCC plug to an RJ45 interface.
A standard M12 connector pinout cannot be used, because the MCC employs a custom M12
wiring configuration.

Install a lug onto the grounding sheathe wire.

Ampmod connector

Figure 23: Connection map for the ampmod connector to the mainboard. The pins crimped to
the wires coming from the underwater cable go into this connector in numbered order.

Prepare the mainboard by first soldering on the DCDC shield (this could have been done
previously). Then prepare the thermal pads; the 2 mm pad goes between the mainboard and
backplate (90 mm x 170 mm) and the 1.5 mm pad goes between the mainboard and thermal
plate (30 mm x 50 mm) as it seen on figure 26| Affix the mainboard to the backplate using
the M3 screws with 2 mm standoffs between the mainboard and backplate. The five longer
M3 screws go on the heat spreader, with the 3 nylon washers between the heat spreader and
mainboard. Plug the ampmod connector and grounding lug into the mainboard.

e Backplate assembly

[ Install MCC-mPMT cable, greasing the o-ring

(] Prepare mainboard with heat spreader, thermal pads, inspecting DCDC shield
O Install mainboard

0 Crimp underwater cable pigtails to Ampmod connector

(] Test connection with cable testers

O Make cable connection to mainboard and test communication

6.6 Final assembly
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Signal Signal |Underwater
M12(1) [M12(2) |(Mainboard)| (MCC) |Cable Ampmod
4 CLK_P SYNC_P 1 1
CLK_N SYNC_N 2 9
2|TRG_P TRIG_P 3 6
1|TRG_N TRIG_N 4 14
5 TD1_N MDI1_N 5 11
6 TD1_P MDI1_P 6 3
1 TRG_N TRIG_N 7 10
2 TRG_P TRIG_P 8 2
7 TDO_N TRG_N 9 12
8 TDO_P MDIO_P 10 4
4| CLK_P SYNC_P 11 5
3| CLK_N SYNC_N 12 13
6/TD1_P MDI1_P 13 7
5/ TD1_N MDI1_N 14 15
7| TDO_N MDIO_N 15 16
8/ TDO_P MDIO_P 16 8

Figure 24: Underwater cable mapping

Figure 25: Photo of underwater cable tester. After putting the connector on the underwater
cable, this tester will ensure it has been wired correctly.
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Figure 26: Thermalpad position (orange 1,5mm, blue 2mm)

Parts needed: Gelled mPMT vessel (1), flat cables (19), Prepared backplate (1), 472 mm
o-ring (1), Molykote High Vacuum Grease, M5x0.8-25 mm screws (36)

Tools needed: 4 mm Allen key, Torque wrench with 4 mm bit, Assembly stand, cable connector
rails

The mPMT vessel must have the gel fully cured and the flat cables should be in the three
connector rails. The backplate must have the cable potted and communication verified with
the installed mainboard. Then the mPMT is ready to be closed and prepared for final testing,
storage, and shipping.

Install the bottom 472 nm o-ring by greasing it with the Molykote high vacuum grease and
placing it into the groove on the backplate. The o-ring should easily fit and stay in the groove
with minimal manipulation. It should stay flat in the groove, without a tendency to roll up the
side and out of the groove. If it is trying to roll out of the groove, it has been twisted and this
should be corrected.

The vessel, with its lifting hardware, will be moved into position over the backplate in the
assembly stand. Lower the vessel until the lifting ring feet rest on the backplate, ensuring it
can not fall and posses no crushing hazard during cable connecting. The cable connector rails
should have the cables laid out for easy ordering in connecting the flat cable to the backplate,
and this should be done now. Being careful not to pull out the flat cables, lift the vessel enough
to remove the lifting ring feet, and then lower the vessel onto the backplate, being sure to align
the dowel pin. Insert the M5 screws and tighen to 2 Nm using the torque wrench.

e Install vessel onto backplate
Gelled vessel, assembled backplate, o-ring, Molykote grease, 36 M5x25 screws, 4 mm allen
key, torque wrench with 4 mm bit

O Grease o-ring and place it into o-ring groove on backplate
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[] Place vessel onto backplate
0 Connect flat cables to mainboard

[ Insert M5x25 mm screws and tighten to 2 Nm

6.7 Final mPMT testing

This section covers tests to be performed on all mPMTs.

The fully assembled will undergo a final series of tests in the dark box before it is packaged for
shipment. This is the last opportunity to detect any issues before the unit is shipped to Japan.
These tests will check communication, to ensure all PMT's are responsive, conduct an HV ramp,
and measure the dark rate at the operating voltage after it has settled. The LED-FEBs will also
be verified to emit light, detected by the nearby PMTs.

At this stage, the only practical repairs are replacement of easily removed electronics, namely
the flat cables or potentially a mainboard. If any PMT fails these tests, they must be identified
and logged as defective. That mPMT should be sequestered and reserved for use outside of the
Hyper-K tank, if there are sufficient fully functional units to meet the installation demand.

e Final mPMT testing in dark box
Fully assembled mPMT in dark box

0 Communication test
(0 Full HV ramp
O Dark rate

[0 Check LED-FEB emission
[J Log test report to database

A test for the seals is under development. It involves monitoring the pressure and temperature
inside the mPMT vessel using the mainboard’s environment sensor chip while the temperature
inside the vessel rises. As the temperature rises, so does the pressure, causing an outflow of
gas if the seals are not good. By calculating the density of the gas inside the vessel using the
pressure and temperature, the observed trend will indicate the integrity of the seals. Initial tests
positively identified leaks, and more work is ongoing to determine sensitivity and developing a
well-defined procedure. The data from this test will be uploaded to the database for reference
with the same test to be done at the NX warehouse. This will check if the seals are still intact
following shipping.

7 Post-production Batch Check

This section covers the tests to be performed on a limited number of mPMTs, to validate batches
and catch any problems that may arise over time during production.

Delamination of the optical gel from the acrylic dome is a concern following the experience of
WCTE. The FD2 mitigation strategy is to apply pressure during the gel curing, expanding the
dome so that the gel solidifies into a larger space, and then when the overpressure is removed
the dome relaxes and the gel is compressed between the PMTs and support matrix, and the
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dome. In tests, this compression has been sufficient to eliminate all delamination, even under
extreme temperature changes four times larger than would be experienced in Hyper-K. Batch
testing of gelled mPMTSs should also be done to check that the mPMTs remain robust against
delamination. Therefore, each month, one gelled vessel, not including the backplate, will be put
in the refrigerator for 2 days at 4 Celsius. Then, the vessel will be removed from the cold and
inspected for delamination. If any delamination is observed, that month’s mPMTs must also
be tested in the cold. If no delamination is observed, then that month’s batch is confirmed to
be good against delamination at the 14 Celsius of HyperK. Following a test, the result must be
logged in the database that that particular mPMT was tested.

Another concern is that the mPMTs remain sealed after transport from the assembly sites.
A test is under development to monitor the gas density inside the vessel during the testing at the
NX warehouse. The mPMTs will be warmed up by moving from the cooler warehouse into the
room temperature testing office, or by applying a heater around the pallet. Then, by monitoring
the pressure and temperature inside the vessel using the onboard environment sensor, the density
will remain relatively constant if the vessel seals are intact. A warmer vessel interior will have
a higher air pressure, and so if there is a leak, the density will fall over time. Initial tests show
a leaking seal can be identified in as little as 10 minutes.

8 Production Rates

8.1 Canada

Canada’s production of LED-mPMTs begins at the end of April, 2026 and runs for 44 weeks
with a baseline rate of 5 mPMT /week. Initially, before underwater cables are received, more
than 5 vessels per week will be prepared, and once the cables arrive, dedication to backplate
preparation expects 10 backplates per week until caught up. Four shipments are expected to
meet the requirement than an mPMT is present in Japan 3 months before it is installed in the
Hyper-K tank.

8.2 Italy

Italy’s production of mPMTs begins in June 2026 and runs for around 30 weeks with an initial
baseline of 5 mPMTs per week, then increasing to 8. As in the Canadian plan before underwater
cables are received, more than 5 vessels per week will be prepared, and once the cables arrive,
dedication to backplate preparation expects 10 backplates per week until caught up. Four
shipments are expected to meet the requirement than an mPMT is present in Japan 3 months
before it is installed in the Hyper-K tank. In Fig[2§| the assembly map for Italy is shown.

8.3 Poland

Poland’s production of mPMTs is planned to begin with an initial stabilization phase, followed
by full-scale production. During the first four weeks, a production rate of 8 mPMTs per week
is assumed, allowing for process validation, operator training, and stabilization of the assembly
workflow while already maintaining a relatively high throughput.

After this initial phase, the production rate increases to 10 mPMTs per week. This rate
is maintained until a total of 300 mPMTs are completed. As in the Canadian and Italian
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Figure 27: Projected assembly map for Carleton’s LED-mPMTs, showing when vessels are
prepared, backplates are prepared, shipments to Japan, and an expectation of what quantities
of LED-mPMTs should be in Toyama 3 months prior to their installation in Hyper-K.
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Figure 28: Projected assembly map for Italy’s mPMTs. It shows the date of arrival of every
major component, the assembly of the vessels, and the shipment to Japan. It also shows the
expected quantities of mPMTs in Toyama three months prior to their installation in Hyper-K.
(A lot of dates are preliminary and will need to be confirmed: matrix for gel contamination,
electronics and PMTs after contract signings in Poland, cables after manufacturer decision)

production models, an initial surplus of vessel preparation is expected before the delivery of
underwater cables. Once cables are available, efforts will shift toward backplate preparation and
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Figure 29: Projected assembly map for Polish mPMTs.

final assembly, with the goal of maintaining a balanced workflow and avoiding bottlenecks.

8.4 Mexico

Mexico’s production of mPMTs is planned for September 2026, with the assembly campaign
focused on the construction of 4 mPMTs. Given the limited number of units and the dedicated
assembly effort, production is expected to be completed within approximately one month.

The Mexican production model differs from the larger-scale campaigns in Canada, Italy, and
Poland, as it is conceived as a small-batch assembly focused on the timely completion and vali-
dation of a limited number of modules. The production period will include vessel preparation,
backplate integration, electronics installation, PMT mounting, gel filling, sealing, and final test-
ing. Since only 4 mPMTs are foreseen, the workflow is expected to remain manageable within
the available infrastructure and personnel, while still allowing sufficient time for quality control
and troubleshooting during assembly.

As in the other production sites, the schedule must ensure that the completed mPMTs are
shipped to Japan with sufficient margin prior to their installation in the Hyper-K tank. The
Mexican production plan therefore emphasizes coordinated logistics, component readiness, and
efficient assembly execution to complete the 4 mPMTs during the September 2026 production
window.

9 Shipping

This section will cover shipping procedures to pack and deliver mPMTs from the assembly sites
to the NX warehouse in Toyama.
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9.1 mPMT packing

This will cover the boxes and other packing materials for mPMTs.

9.2 Shipping

This will cover shipping requirements, as well as how to liaise with the FD logistics office.

The FD logisitics office requires all shipments to the Hyper-Kamiokande Far Detector be
approved by them prior to dispatch. They must review all of the required documents 2 weeks
prior to shipment, if the items are not being donated to ICRR, or 5 weeks prior to shipment, if
the items are being donated to ICRR.

We should not forget that we should sent our own FD2 liaison to recieve the shipments and
handle their dispatch to the cavern during the installation.

9.3 Plans to Ship the Assembled mPMTs

At the present planning stage, the shipment of assembled mPMTs to Japan is foreseen at a rate
of approximately 100 units per quarter from each production site. This shipment cadence is
consistent with the currently planned storage capacity at the Kamioka site and represents the
baseline scenario adopted for logistics evaluations. In this context, careful shipping planning
and adherence to established technical constraints are essential in order to ensure a reliable and
sustainable transport scheme.

For international transport, standard shipping containers are considered. In particular, 20 ft
and 40 ft ISO containers are the most commonly used solutions worldwide. The 20 ft standard
container, which can accommodate up to ten standard pallets or eleven Euro pallets on its
floor base, is currently identified as the reference option for mPMT shipments to Japan. This
configuration is under active discussion with shipping companies and is used as a basis for
estimating transport capacity, costs, and delivery times.

At the package level, the reference box dimensions for the shipment of individual mPMTs
are 815 mm x 640 mm x 471 mm. The cardboard box is specified with a 61 Edge Crush
Test (ECT) rating, providing adequate mechanical strength for international transportation.
Dedicated studies on the optimization and qualification of the box design for photomultiplier
tube transport are ongoing within the Mexican group and are reported in Section 15.

In parallel, a packaging solution is being evaluated to allow basic functionality testing of the
mPMTs without opening the shipping box. This approach foresees the possibility of routing the
mPMT-MCC connector outside the box, enabling electrical checks while preserving the integrity
of the packaging throughout transport and handling.

A dedicated FD2 task force is being organized to prepare and consolidate transportation
plans. Preliminary outcomes from the task force indicate that fumigated white pine pallets,
available for purchase from the freight forwarder, are suitable for both air and sea transport,
thanks to their mechanical robustness and resistance to environmental conditions. For air ship-
ments, a maximum pallet height of 1.56 m is considered at the planning stage in order to ensure
compatibility with standard aircraft cargo holds.

Based on input collected from European shipping providers and reported in previous internal
studies, preliminary cost and time estimates for shipments from Europe to Japan have been
derived for logistics planning purposes. For a 20 ft standard container, indicative flat-rate costs
of the order of EUR 4,000 are assumed for sea transport, with associated transit times currently
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estimated at approximately 70-80 days, subject to revision due to the global shipping situation.
For air transport of an equivalent palletized cargo, indicative costs of the order of EUR 7,000 are
considered, corresponding to an expected door-to-door transit time of approximately 4-5 days.
In relative terms, the average cost ratio for pallet shipping by air compared to sea is assumed
to be of the order of 5:1 at this stage.

These cost and time figures are intended solely as order-of-magnitude estimates to support
logistics planning and comparisons among transport scenarios. The actual shipping modalities,
prices, and schedules will be defined only upon completion of the procurement process and the
award of the shipping tender to a selected logistics company.

Environmental conditions during transport are considered as part of the planning activities.
According to the protocol used for mPMT vessel integrity tests, optimal environmental condi-
tions for a full pallet correspond to temperatures in the range of 15-25°C and relative humidity
between 30% and 50%. It is noted, however, that mPMT prototypes have previously been stored
at CERN in experimental halls without active temperature control and no damage was observed.
Nevertheless, temperatures exceeding 35 °C may potentially degrade photocathode performance
or increase the dark rate.

For vessel integrity tests, environmental conditions reaching temperatures of up to 38 °C and
relative humidity levels of about 85% have been experienced without mechanical failure. With
respect to pressure conditions, discussions within the FD2 task force have confirmed that no
critical issues are expected under the typical pressure variations encountered during standard
air or sea transport.

To mitigate humidity and moisture risks, it is recommended that relative humidity remains
below 85% during transportation. The use of crates with waterproof protective layers and
the inclusion of desiccant materials inside the packaging are foreseen as effective measures to
control moisture and protect the mPMTs throughout the shipment. In addition, each mPMT is
foreseen to be enclosed in a protective plastic bag inside the shipping box. This solution prevents
contamination from dust or cardboard residues generated during transport and handling and
provides an additional level of protection against ambient light exposure.

9.4 Planning of Shipment Administrative Procedures

The administrative procedures described in the following are implemented in accordance with the
procedures established by the Far Detector Logistics Group and follow the operational practices
already adopted for previous shipments to Japan.

When a lot of mPMT's is declared ready for shipment at the production site, the administra-
tive procedures previously adopted for shipments to Japan are activated. The process starts with
the collection of the essential information required for logistics and customs clearance, rather
than with a formal internal pre-approval phase.

At this stage, only the data actually needed for shipment are consolidated. These include
the number of units, the serial numbers, the gross and net weight, the package dimensions,
and the confirmation that the mPMTs are properly packed to prevent mechanical damage and
electrostatic discharge. In parallel, the acceptable temperature range for storage and transport
is confirmed, as this information has proven to be necessary during past interactions with the
logistics operators and the Japanese counterparts.

As soon as the shipment readiness is confirmed, the Japanese counterparts are informed
with an advance notice of approximately two weeks before the planned shipment date. This
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early notification allows the Japanese side to initiate internal coordination and to prepare the
customs clearance process. The communication includes a preliminary shipment window, a short
description of the material, and the expected handling constraints.

Once the batch information is available, the commercial invoice and the packing list are pre-
pared. The description of the material follows the wording already used in previous shipments
and accepted by customs, namely scientific photodetectors or scientific instrumentation for re-
search purposes. Declared values, weights, and package counts are carefully cross-checked to
avoid inconsistencies, as these have been identified as a potential source of customs clarification
requests. During the booking and preparation phase, clarification requests may arise, typically
concerning the total weight, handling conditions, temperature limits, or the declared value of
the goods. No special export license is requested, since the mPMTs are not classified as dual-use
or military items.

The documentation is then transmitted to the company awarded the shipping tender, which
handles the booking of the shipment and the export customs declaration. In parallel, the customs
procedures and inspections in Japan are coordinated with a local Japanese import and shipping
agency, preferably one already working with or in direct contact with the Kamioka Observatory,
and in close coordination with the Far Detector Logistics Group. The Japanese import agency,
together with the Far Detector Logistics Group, supports the import customs clearance and
identifies the most appropriate landing point for the shipment.

Travel insurance is considered essential for the shipment. Based on previous experience,
the typical cost of the insurance amounts to approximately 0.80% of the declared value of the
transported goods. The detailed shipping costs are still under investigation, and contacts with
shipment companies are ongoing at the time of shipment planning.

Once the shipment departs, the Air Waybill number and the estimated time of arrival are
communicated to the Far Detector Logistics Group, to the local Japanese import agency, and to
the receiving logistics contacts in Japan. Copies of the commercial invoice and the packing list
are shared to support the import customs clearance. During transit and upon arrival in Japan,
any customs requests, typically related to confirmation of the material description, weight, or
intended use, are handled through direct exchanges between the Far Detector Logistics Group,
the import agency, the company awarded the shipping tender, and the sender.

After customs clearance in Japan, the shipment is delivered to the final destination. Upon
receipt, the integrity of the packaging is checked and the delivered units are verified against the
shipping documentation. Once the delivery is confirmed, the shipment is considered adminis-
tratively closed and all documentation is archived for reference in subsequent shipments.

10 Storage and transport to Hyper-K

The Nippon Express (NX) company will be contracted for the storage space for mPMT com-
ponents and the testing office space. The contract includes, among other things, the insurance
of the components stored in the warehouse. The mPMTs arrive at the NX Shinjo warehouse in
Toyama. They are stored on the 2nd floor of the warehouse, which is temperature controlled.
Temperature and humidity are monitored at the corners of the warehouse. We would like to
ask NX company to share the measured values with the FD2 liaison daily. If the temperature
is out of the desired range, especially towards low temperatures during cold months, we would
like to negotiate that the power of the heaters will be increased to compensate for it. However,
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the NX company cannot guaranty that the power is high enough to always maintain a temper-
ature above 10°C. We may consider asking to install additional, possibly our own temperature
monitors directly on the mPMT boxes.

The mPMTs are received by the NX warehouse workers under the supervision of the FD2
liaison. FD2 liaison, a function created based on the Far Detector logistics office request for each
working group, is an FD2 person stationed in Japan and responsible for receiving deliveries and
overseeing their transportation to the cavern.

Depending on the packaging, the mPMTs will be stored in nestainer racks or on the floor
with possible stacking. The exact layout and occupied space depends on the variant mentioned
above. For the racks, any mPMT is accessible at any time due to aisles between the racks. For
stacking on the floor, the layout of mPMTs palettes would be without aisles, forming only three
main groups: untested mPMTs, tested LED mPMTs, and tested normal mPMTs. There will
also be up to three small groups: pre-calibrated normal mPMTs, pre-calibrated LED mPMTs,
and failed mPMTs.

The mPMTs are tested before being sent to the cavern for basic functions. The tests are
conducted in the office in the building across from the warehouse. This office is a common space
for FD2 and FD4 tests. Testing is carried out in several few-days long campaigns. Those will be
coordinated with FD4 since the testing is done simultaneously unless hellium leak check is used
for the electronics vessel. At that point, an alternative plan would be devised. Under default
conditions, we expect to test 48 mPMTs a day (12 palettes) if no failures occur. The NX worker
brings an mPMT palette to the office, where cable cutouts are opened, mPMTs connected to
the test station, and an automatic test procedure is executed. After the result, the cutouts are
closed and sealed, the mPMT boxes are marked as tested, and the palette is returned by the
NX worker to the warehouse.

The concrete test plan, the testing campaign schedule, and a shifts will be prepared when
more inputs are finalized. At this moment, we plan to test basic functionality with a testing
station similar/same to those used at the assembly sites. We will conduct the seals test concur-
rent to the functionality test. The campaign schedule depends on the exact mPMT shipment
schedule, which will be precisely known about when the production begins. At that point, a
concrete testing campaign schedule can be made. The working space layout, procedures and
co-existence with FD4 is being discussed with them. When this is finalized, the work will be
reviewed by the FD Safety Committee. Given that there are many unknowns and given that this
will be reviewed later, we think that the NX warehouse testing schedule and detailed procedures
are not subject of this round of review.

Transportation from the Toymama warehouse to the cavern is organized by the contractor,
Kumagai-gumi. Trucks deliver mPMT's to the cavern during the detector instrumentation period.
The current plan assumes the dispatch of one truck every day. The cargo area of the 10 t truck
is shared between FD2, FD3 and FD4. There is a space of 2.4x4.2 m? reserved for FD2, which
corresponds to approximately 6 palettes. The barrel mPMT installation schedule assumes in
average 8 mPMTs (2 palettes) installed per day, adding one palette for jigs and occasionally one
with MCC vessels and one with vessel jigs; the FD2 cargo area is never fully used. Moreover, the
installation speed is about two times slower for top/bottom. Hence we may foresee a possible
reduction, e.g. dispatching truck once in two days.

The exact amount of mPMT components (normal mPMTs, LED mPMTs, pre-calibrated
mPMTs, jigs, MCC vessels, vessel jigs) shipped to the cavern is supervised by the FD2 liaison,
who should ensure that there are always enough components of each kind ready for installation
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in the cavern. The presence of FD2 liaison at the NX warehouse may be needed at least for
some loadings.
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