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Important notes
• Our requirement for water quality:


• High water transparency


• Less radio impurities


• Requirements in “typical” industries


• For clean environment (such as semi-conductor production): Small impurities


• For food industries: less bacteria that is harmful for human body


• Our requirements are very different from what is required outside of our filed


• The system for Super-K is a result of many try-and-errors by ourself


• Still not have a complete theory that explains what is causing light attenuation in water


• Trials-and-errors would be required to find out required components for WCTE and IWCD
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Ingredients of water purification
• Filtration


• Primary method to remove impurities


• Different strategy need to be taken for Gd-loaded water


• Ion exchange resin


• Special resin developed for Gd-loaded water


• UV sanitization 


• Kill and remove bacteria


• Degassing


• Remove Rn


• Remove O2 to slow bacteria growth 


• Water flow / temperature control


• Efficient water replacement


• Reducing Rn backgrounds (allow Rn to decay before reaching the FV)
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Filteration
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https://www.logisticon.com/en/technologies/membrane-filtration/

Compatible for both pure and Gd-loaded water

Used in the “band-pass” system in EGADS 
to separate Gd3+ ion from other impurities

Conventionally used for pure-water system. 
Cannot be used for Gd-loaded water



Ion exchange resin

• Typically replaces ion impurities to H+ or OH-


• Commonly used for pure-water production


• Developed a special resin for SK-Gd 
(collaboration w/ ORGANO)


• AMBERJET1020(Gd): Replaces positively 
charged ions (cations) impurities with 
Gd3+


• AMBERJET4400(SO4): Replaces 
negatively charged ions (anions) with 
SO42-
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https://www.muro-chem.co.jp/media/knowledge_en/en_Ion-exchange



Degasifier 

• Essential item to remove Rn in water


• Might not be needed for WCTE and IWCD


• Two techniques used for SK/SK-Gd:


• Vacuum degasifier: Use >10m tall 
column to separate water and gas


• Membrane degasifer (MD): use special 
membrane to separate gas and water


• Both require a vacuum pumping 
system
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https://www.separel.com/products/water.html

https://drillingfluid.org/drilling-fluids-handbook-2/vaccum-
degasser-design-solves-mud-gas-separation-problems.html



UV sanitization 

• UV sanitization


• Kill bacteria and catch them in micro filter in later 
stage


• Wavelength: ~250 nm


• UV oxidation


• Decompose organic compounds into gas or ions


• Catch them in ion exchange resin in later stage


• Wavelength: ~180 nm
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Appendix A.2. Pretreatment System

• Prefilter – Nominal pore size: 1 µm; size (one module): 62 mm �
outer, 30 mm � inner, and 750 mm length; material: polypropylene;
number of modules: 6.

• TOC lamp (UV oxidation) – Wavelengths 253.7 nm and 184.9 nm;
power: 0.81 W; Chiyoda Kohan Steritron WOX (lamp: CX1501).

• Cation exchange resin tank – Size: 1600 mm � 1460 H; material:
SUS304; resin volume: 1200 `; resin type: AMBERJET 1020(Gd).

• Anion exchange resin tank – Size: 1600mm � 1460mm H; material:
SUS304; resin volume: 2400 `; resin type: AMBERJET 4400(SO4).

• Middle filter – Nominal pore size: 1 µm; size (one module): 62 mm
� outer, 30 mm � inner, and 750 mm length; material: polypropylene;
number of modules: 6.

• UV sterilizer – Wavelength 253.7 nm; power: 0.3 W; Chiyoda Kohan
Steritron UEX (lamp: CS1001N).

• Postfilter – Nominal pore size: 0.2 µm; size (one module): 62 mm �
outer, 30 mm � inner, and 750 mm length; material: polypropylene;
number of modules: 6.

Appendix A.3. Water Recirculation System

• Return water filter – Nominal pore size: 1 µm; size (one mod-
ule): 62 mm � outer, 30 mm � inner, and 750 mm length; material:
polypropylene; number of modules: 40.

• First bu↵er tank – Tank capacity: 10 m3 (2280 mm �, 2780 mm H);
material: PE; thickness: 12.5 mm.

• Heat exchange unit (HE) after the relay pump – Heat transfer
area: 15.80 m2; plate material: SUS316 (electrolytic polishing finish);
plate gasket: EPDM with PTFE coating.

• TOC lamp (UV oxidation) – Wavelengths: 253.7 nm and 184.9 nm;
power: 4.02 W; Chiyoda Kohan Steritron WOX (lamp: CX1501).
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• Cation exchange resin tank – Size: 2100 mm � 1610 mm H; mate-
rial: SUS304; resin volume: 2400 `; resin type: AMBERJET1020(Gd).

• Anion exchange resin tank – Size: 2100 mm � 1610 mm H; material:
SUS304; resin volume: 4600 `; resin type: AMBERJET4400(SO4).

• Middle filter – Nominal pore size: 1 µm; size (one module): 62 mm
� outer, 30 mm � inner, and 750 mm length; material: polypropylene;
number of modules: 40.

• UV sterilizer – Wavelength: 253.7 nm; power: 0.97 W; Chiyoda
Kohan Steritron UEX (lamp: CS1001N).

• Ultrafiltration modules (UF) – Nitto NTU-3306-K6R; inner/outer
diameter of the capillary membrane: 0.7 mm / 1.3 mm; e↵ective mem-
brane area: 30 m2/module; number of modules in one unit: 12; molec-
ular weight cut-o↵: 6000; processed water TOC:  5 ppb; material:
polysulfone (capillary membrane), polysulfone (housing).

• Second bu↵er tank – Tank capacity: 20 m3 (2710 mm �, 3810 mm
H); material: PE; thickness: 15 mm.

• Heat exchange unit after the supply pump – Heat transfer area:
24.74 m2; plate material: SUS316 (electrolytic polishing finish); plate
gasket: EPDM with PTFE coating.

• Membrane degasifier (MD) – DIC SEPAREL®EF-040P-JO; mod-
ule size: 180 mm � 673 mm H; number of modules: 60; operation pres-
sure: �92 kPa; purge gas: radon-free air [14, 21]; purge gas flow rate:
1 `/min (per module).

• Final Heat exchange unit – Heat transfer area: 21.15 m2, plate
material: SUS316; plate gasket: butyl (isobuthene-isoprene) rubber.

• Pumps – Pumps in the recirculation system:

– Return pump after Super-K tank – Flow rate: 60 m3/h; head:
70 m; power: 36 kW (200 V); speed: 3600 rpm.

– Relay pump after first bu↵er tank – Flow rate: 60 m3/h;
head: 40 m; power: 18 kW (200 V); speed: 3600 rpm.

– Supply pump after second bu↵er tank – Flow rate: 60 m3/h;
head: 62 m; power: 22 kW (200 V); speed 3600 rpm.
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https://arxiv.org/abs/2109.00360

https://www.waterth.com/uv-sterilizer/ozone-destruction/



Super-K pure-water system
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other physical events within 200 nsec can be searched for. For example, a prompt gamma-ray
from the exited oxygen molecule as a pre-activity and a muon decay as a post-activity. For
the SLE trigger, the timing width is set to 1.5 µsec due to the high rate from the background
events. It is required that the data size should be reduced.

On May 1st 2015, the threshold of the SLE trigger was lowered to 31 hits to improve the
sensitivity for low energy solar neutrino events.

Table 3.6: The threshold for each trigger and its event time width.

Trigger Type Threshold for N200 [hit PMTs] Event timing width [µs]
SLE 34 → 31 (After May 2015) 1.5 (−0.5 ∼ +1.0)
LE 47 40 (−5 ∼ +35)
HE 50 40 (−5 ∼ +35)
SHE 70 → 58 (After September 2011) 40(−5 ∼ +35)
OD 22 in OD 40 (−5 ∼ +35)

3.4 Water circulation system

3.4.1 Water purification system

The water filled in the SK tank is one of the most important element in the experiment because
its quality (transparency) affects the propagation of the Cherenkov light traveling in water. It
is required to remove the contaminants as they may be radioactive (for example Radon 222Rn).
The water is originally supplied from the two streams inside the Kamioka mine, which are
sourced by the natural seepage of rain and snow melt through the mountain rock. Before filling
the tank, the water is pumped through a water purification system to remove contaminants and
make it ultra-pure. Figure 3.12 illustrates the schematic view of the water purification system.

Figure 3.12: The schematic view of the water circulation system.
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SK-Gd water system
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Figure 1: Schematic diagram of SK-Gd water system.

To remove positively charged impurities, and radium ions in particular, a
strongly acidic cation exchange resin, AMBERJET™1020 [6] (“C-Ex Resin”
in Fig. 1) is used. For the SK-Gd water system, this resin has been modified
to contain gadolinium as the ion exchange group such that the resin’s cation
exchange action never results in a loss of dissolved Gd content; Gd2(SO4)3 ·
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Water flow in the tank

• In Super-K, inject water from the bottom and extract 
from the top


• Key component to achieve stable vertical flow:


• Precise temperature control: >0.01 temperature 
fluctuation will cause significant convection


• Water injection scheme not to cause significant 
turbulence in vertical direction
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given Z position is equivalent in the ID and OD (right panel of Figure B.16),
which indicates no major water flow between them. Under these conditions,
the temperature gradient along the Z direction, dT/dZ, can be described as

dT

dZ
/ Q

vZ
, (B.1)

where Q is the heat injected to the system and vZ is the vertical speed of the
water flow in the tank. This relationship can be applied to the bulk behavior
of the water, and also to the local behavior at a given location in the tank. In
addition, dT/dZ is approximately a constant across the steady flow region.
Therefore, we can deduce a simple relation that the vertical flow speed at a
given position vZ(X, Y, Z) is proportional to the amount of heat injected to
the same position, Q(X, Y, Z).

This relationship indicates that the water flow speed is not constant across
the detector volume, because the distribution of the heat sources (i.e. the
PMTs and the magnetic field compensation coil) are not uniform. As il-
lustrated in Figure B.18, the flow is expected to be faster near the PMTs
and the detector walls where the coils are mounted, while it becomes much
smaller near the detector center. The slowness of the vertical flow in the
central region was confirmed by injecting Rn-rich water into the SK tank
and tracing its spatial distribution over time.

Figure B.18: A schematic of expected vertical water flow in the steady flow region in the
SK tank. Arrow lengths indicate relative velocities.

This flow configuration works well for reducing Rn backgrounds in the
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Appendix B. Water Flow in the SK Tank

Precise control of the water flow in the Super-Kamiokande tank is im-
portant not only for gadolinium loading, but also for maximizing the physics
performance of the detector. Such precise control plays critical roles in re-
ducing radioactive backgrounds in the detector’s fiducial volume as well as in
improving water transparency. In this section, the operation and modeling
of the water flow in the SK detector are described in more detail.

Appendix B.1. Water Piping

As illustrated in Fig. 4, there are six groups of water inlets/outlets in the
SK tank. The total flow and flow direction for each group can be individually
adjusted by operating a set of valves located on top of the tank. These wa-
ter pipes were upgraded during the refurbishment of the Super-Kamiokande
detector in 2018–2019 to allow more precise control of water flow and also to
permit a higher maximum total flow rate of 120 m3/h (previously 60 m3/h).
In addition, di↵user caps, illustrated in Fig. B.15, were installed at all ID
bottom and OD annular outlets in order to minimize the zones of turbulence
near the water ejection points. It should be kept in mind that the separation
between the ID and OD regions is not watertight and there potentially exists
water flow between them.
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Fig. 23. Water flow near a inlet pipe without a diffuser cap (A) and
with a diffuser cap (B)

Fig. 24. Photo of the drone submarine entering the inner detector
taken by another drone.

travel 295 km to reach the Super-Kamiokande (Super-K) de-
tector in the Gifu prefecture where they can be detected after
oscillations. A complex of near detectors located 280 meters
away from the proton target is used to monitor the neutrino
beam, and constrain systematic uncertainties on the neutrino
fluxes and interactions. T2K was the first long baseline exper-
iment to use the off-axis beam technique [2]: the beam is not

ID OD

℃ ℃

Date in 2020 [mm/dd] Date in 2020 [mm/dd]

Fig. 25. Water temperature profile as a function of time for the inner
detector (left) and the outer detector (right)

aimed directly at Super-K, but in a direction making a 2.5� an-
gle with the far detector direction. This gives increased sensi-
tivity to neutrino oscillations while reducing the backgrounds
by producing a narrow band neutrino beam centered on the
energy corresponding to the first maximum of the �µ ! �e
oscillation probability.

T2K realized the first observation of the appearance of a
flavor of neutrinos through oscillation by detecting electron
neutrinos in a beam of neutrinos produced in the muon fla-
vor [3]. After achieving this milestone, the experiment has
been using its ability to produce a beam of either neutrinos
or anti-neutrinos to compare the oscillations of neutrinos and
their antiparticles. This allows to study the main remaining
open questions in neutrino oscillations (CP symmetry and or-
dering of the neutrino mass states) by looking at the differ-
ences between the oscillations �µ ! �e and �̄µ ! �̄e. At
the same time, T2K’s physics goals include the precise mea-
surement of the neutrino oscillation parameters �23 and �m2
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through a precise study of the pattern of disappearance of the
muon neutrinos in conjunction with the data used to study the
oscillation to the electron flavor. The experiment addition-
ally performs searches for physics beyond the standard model,
such as oscillations due to sterile neutrinos and CPT violation.
Finally, the near detectors are used to perform a wide range of
neutrino and anti-neutrino cross-section measurements.

In J-PARC, protons are accelerated to 30 GeV by a series
of three accelerators, and hit a 1.9 interaction-length graphite
target. The collisions produce hadrons, in particular charged
pions and kaons, which are focused by three electromagnetic
horns. The hadrons then go through a 96m long decay tunnel
where they decay in flight into neutrinos. A beam dump at the
end of the decay tunnel stops the remaining hadrons, while
high energy muons (5 GeV/c or higher) can pass through this
beam dump and are measured to provide a first, indirect moni-
toring of the neutrino beam. The horns can be used either with
a positive current (�-mode), in which case the beam is mainly
made of �µ , or with a negative current (�̄-mode) which gives
a mainly �̄µ beam.

The near detectors are separated into two groups. On the
axis of the beam, the INGRID detector, made of fourteen
identical modules is used to monitor the beam direction and
rate stabilities. Each module is made of an succession of iron
plates to provide large target mass ( 7.1 tons per module) alter-
nating with scintillator planes for detection. Using the num-
ber of events reconstructed in each module, the beam direction
can be measured daily with better than 0.4 mrad accuracy. Lo-
cated in the direction of Super-K, the off-axis detector ND280
is made of several detectors located inside a 0.2T magnet. The
higher precision of those off-axis detectors allow to do more
detailed measurements of the unoscillated neutrino beam. In
neutrino oscillation analyses, the ND280 is used to provide
information on the �µ and �̄µ unoscillated spectra directed at
SK, constrain the dominant backgrounds, and constrain the
combination of flux and interaction cross sections.

The far detector, Super-K, is a 50 kton water Cherenkov
detector, shielded from atmospheric muons by 1000 m of
rock, or 2700 meters-water-equivalent (m.w.e.) mean over-
burden. To select events corresponding to the T2K beam,
Super-K is synchronized via GPS to the J-PARC beamline.

Figure B.15: Illustration of water flow near the ID bottom outlets A) without, and B)
with the di↵user caps installed in February 2020.
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Appendix B.2. Water Flow Model

Typically, water is injected into the bottom region of the tank and ex-
tracted from the top. Once inside the tank, this injected water gradually
becomes warmer due to heat produced by PMTs and the magnetic field com-
pensation coils1; this heating results in a positive water temperature gradient
from the bottom to the top of the detector.

Figure B.16 shows typical temperature profiles along the Z (vertical) co-
ordinate of the detector during the SK-IV (2009-2018) and SK-V (2019-2020)
phases. The region at a roughly constant temperature (Z<⇠ �10 m for SK-
IV) indicates a convection zone, while the regions with constant slope as a
function of z indicate a steady vertical flow. During the SK-V period there
is almost no convection region inside the ID, and the steady flow seems to
be established at Z > �5 m.
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Figure B.16: Typical water temperature distributions in the SK tank during the SK-IV
(left) and SK-V (right) periods. The left figure was taken from Ref. [19].

The picture described above is supported by evaluating low energy back-
ground rates – events with a few MeV – in the detector. The dominant source
of the low energy events at Super-Kamiokande is radon (Rn) emanated from
the detector components. This Rn dissolves into the SK water and is then
carried to various locations by water flow. If there is convection, Rn from the

1There could also be heat transfer from the rock surrounding the detector tank, whose
contribution is unknown. However, it was found that temperature change of water in the
SK detector is consistent with the sum of the expected impacts from the PMTs and the
coil.
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Summary

• Many technologies for pure-water production exists in the market, but how 
we adopt them for our purpose is not trivial.


• Our requirements (such as water transparency and RI) are not common in 
typical industries


• System for SK(-Gd)  developed based on many decades of R&D works


• WCTE will be an important platform to find out components that meets 
requirements for WCTE itself and IWCD
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