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Baby-K



The Hyper-Kamiokande Detector
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71 m

68 m

Physics Program:
• Neutrino oscillation parameters.
• Astrophysical neutrinos
• CP Violation in the leptonic sector
• Proton decay

Construction:
• 71 m x 68 m 
• 188 ktons fiducial volume (8x Super-K)
• 650 m rock overburden. 

SUPER-K

𝝂𝝁

Hybrid Inner Detector Design:
• Ring-imaging Cherenkov light.
• Box&Line 20’’ PMTs

• 2x quantum efficiency
• 1/2 TTS (1 ns) 

• mPMT’s housing 19 3’’ PMTs. 
• 20% photocathode coverage.

Compared to 
Super-K PMTs

?

HYPER-K

Tokai -> Kamioka (295 km)

𝝂𝝁
𝝂𝝁



Outer Detector Veto System
OD Design:
• PMT support structure separates ID and OD.
• 2 m endcaps/ 1 m barrel water thickness.
• 7.2 – 8.6 k 3-inch PMTs 
• 30 x 30 cm Wavelength Shifting Plates.
• Lining with 90% reflective Tyvek.

1 m OD Barrel

ID Barrel

Trigger on PMT hit 
clusters above a 
threshold defined by 
PMT dark rate.

Performance Requirements:
• 45 Hz cosmic ray muon flux –

miss fewer than 1 in 10! muons.
• Passive shielding
• Event selection
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Evaluate candidate WLS plates to design OD photosensor 
with an economical cost per detected photon.

Wavelength Shifting Plates

• Polymer base (PVT or PMMA).
• n = 1.49 – 1.57
• Doped with fluorescent compound.
• Absorbs UV light maximally.
• Re-emission at In VIS blue.
• Trapped via Total Internal Reflection.
• Direct + WLS light detected at PMT.

WLS Candidates:
• Eljen EJ286 
• Kuraray UVOK WLS, WLSA, 

WLSB, B2 
• LabLogic
• V.A Kagrin POPOP mixed 

concentrations

KURARAY-B2

30.0 cm (11.8 ") 

INR: POPOP-100

40.0 cm (15.76 ") 

40
.0

 cm
 (1

5.
76

 ")
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Optical Measurements
WLS Requirements:
• Maximal absorption 300 – 400 nm.
• Peak emission spectra above 400 nm.
• Bulk material uniformity and optical clarity.
• High light collection efficiency.

UV-VIS 
Spectrophotometry 
to measure optical 
properties in-air 

• Transmittance: 𝐓 = 𝐈
𝐈𝟎

• Absorbance:                𝐀 = − 𝐥𝐧 𝐓

• Attenuation length: 𝛌𝐞𝐟𝐟=
&𝐝

𝐥𝐧 𝐓(𝛌)

• Beer-Lambert Law: 𝑷 𝝀 = 𝒆!
𝒅
𝛌𝐞𝐟𝐟

Good Separation
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Precision Optical Laser Setup
450 – 800 nm 

VIS laser

350 – 480 nm 
UV laser

XY plane of WLS plate is 
perpendicular to beam.

Thorlabs 
Optical Power 

Meter

Many thanks to 
Prof. Robert Taylor!
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Beam aperture



Precision Optical Laser Setup
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Beam aperture



Mie Scattering Effect
Candidate: 

KURARAY-B2

Test Piece: 
LABLOGIC

460 nm

Imperfections/impurities introduced 
into the injection moulding process 
deviates light.

Light diffusion from 
Mie Scattering

Dust grains and un-polymerized 
fluor molecules act a scattering 
centres that diverges the beam.

Impurity/fluor molecule

Forward Scattering 

𝜆
10

< 𝑅 < 𝜆

460 nm
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Scattering Projections on the Back Screen
460 nm

480 nm

600 nm

500 nm
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SimulationMeasurement



Measurements of WLS Candidates

• The net effect of Active, Passive and Mie Scattering.
• Active absorption 350 – 400 nm.
• O (2 m) above 400 nm at the peak emission wavelength.
• Scattering is highly dependent on plate microstructures, and cannot 

be modelled precisely in MC.
• Further WLS qualification -> precise water-based measurements.

Active Passive
Attenuation Length Absorption Probability
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Old measurements 
(spectrophotometer)

Absorbance



WLS Performance Setup in Air and Water 

Hamamatsu R14374 
3-inch PMT

Tyvek sheet

UV LED @ 

380 nm

Irradiate WLS at various radial distances 
from the PMT - > Measure the Light Yield

Setup operates in air and 
submerged in water 1 cm 
above the plate surface

40 cm

20 cm

Setup by Yuri Kudenko and Oleg Mineev’s group at INR 
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Attenuation Length in Air and Water

𝐘 = 𝑨𝟎𝒆
&𝒙&𝟒𝑳 +

𝑨𝟎
𝒌
𝒆 &𝒙&𝟑𝟔𝑳

Direct re-emitted 
light at PMT

Reflected re-
emitted light

𝐀𝟎: Initial light amplitude
𝐤:  Fraction of re-mitted light 
reflected from plate edge

𝑳𝑨𝑰𝑹 = 𝟐𝟏 𝒄𝒎

AIR

WATER
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Measurement by Yuri 
Kudenko and Oleg 
Mineev’s group at INR 

𝑳𝑾𝑨𝑻𝑬𝑹 = 𝟕 − 𝟗 𝒄𝒎

Light Attenuation at 
380 nm:

Need water-based 
measurements over 
entire Cherenkov 
spectrum



Baby-K: Water Based WLS Test Facility 

Evaluate light 
collection efficiency 
of all WLS candidates 
in response to 
cosmic muons
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PMT

WLS

Brackets

Hardware Trigger

SiPM Power 
Supply

SiPM

Scintillator

Distilled 
water
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Baby-K: R&D Program



Baby-K: Calibration

Custom 
PicoDAQ 
Software

Hardware Trigger System Amplifier Threshold Study 

Amplifier Gain Study PMT Characterization

Soniya Samani | Precision Measurements of Photosensor Components for the Hyper-K Outer Detector 1509/07/2022



Baby-K: Calibration

Custom 
PicoDAQ 
Software

Hardware Trigger System Amplifier Threshold Study 

Amplifier Gain Study PMT Characterization
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Data Taking Commences!



• Optical Setup: 
• Absorbance and Attenuation Length evaluated in air.
• Prominent Mie Effect.
• Cannot rely on MC simulations to guide WLS selection.

• INR: 
• L456 = 21 cm, L74896 = 7 − 9 cm
• Ongoing studies on optimisation of mechanical assembly, 

plate thickness (backup).

Conclusion
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Evaluate candidate WLS plates to design OD photosensor 
with an economical cost per detected photon.

• Baby-K: 
• Water Cherenkov detector to evaluate 

WLS candidates using muons. 
Measurements coming soon!
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Hyper-Kamiokande Collaboration
Thank you!
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BACKUP SLIDES



Hyper-Kamiokande Physics

CP Violation
High statistics over 10 
years increases 
sensitivity to δ().

Potential 5σ discovery 
for sin(δ()) ≠ 0.

Up to 8σ exclusion at 
δ() = - 90°

DSNB
Large FV improves 
statistics.

Enhanced neutron 
tagging capability - > 
Gd doped.

Proton Decay
Sensitivity to 10+, years 
for 𝑝 → 𝑒-𝜋. mode.

Excludes many GUT 
theories and parameter 
space.

Competitive sensitivity 
with DUNE.
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Mie Effect MC Studies



Mie Scattering Geometry

Backward 
scattering

Forward 
scattering

/
0.

< Particle Size < λ
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Scattering Spectrum
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Henyey-Greenstein Approximation

• Full Mie Theory:Computationally expensive and time-consuming.

• HG Approximation mimics the angular dependence of light 
scattering from small particles:

𝐩 𝛉 =
𝟏
𝟒𝛑

𝟏− 𝐠𝟐

𝟏 + 𝐠𝟐 −𝟐𝐠𝐜𝐨𝐬 𝛉
𝟑
𝟐

• As a function of µ = cosθ:

𝐩 𝛍 =
𝟏
𝟐

𝟏 − 𝐠𝟐

𝟏 + 𝐠𝟐 −𝟐𝐠𝛍
𝟑
𝟐

• Asymmetry parameter g controls distribution of scattered light.

• Vary in MC: Scattering attenuation length, Forward 
propagation, Backward propagation and Forward-backward 
angle ratio.

g > 0: forward scatter dominant
g < 0: backward scatter dominant
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Mie Theory
• Gustav Mie  developed analytical 

solution of the scattering problem.

• Solutions are based on series 
expansion of plane waves in spherical 
coordinates.

• For a sphere 𝑆+ = 𝑆1 = 0 

𝐸2 = (𝐸23, 𝐸24, 0)

𝐸2 = (𝐸||2𝒆||2 + 𝐸62𝒆62)𝑒278 92:;

𝐸||2 = cos𝜑𝐸23 + sin 𝜑𝐸24

𝐸62 = sin𝜑𝐸23 - cos 𝜑𝐸24

:||%
:&%

= ;'((*+,)

&<=>
𝑆? 𝑆@
𝑆A 𝑆B

:||'
:&'
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Mie Scatter MC Study

𝑧

𝑦

𝑥

• Optical photons over 3 x 3 mm plane along x-axis
• 350 – 800 nm
• Kuraray WLS plate
• Record hits on the back wall.
• Mie Scattering lengths:  1 cm, 10 cm, 100 cm
• Mie Forward Propagation: 0.5, 0.7, 0.9 

𝑵𝑻 𝑵𝑰
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2D Projection: Mie Scatter 1cm, 0.9FP
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Absorbance with Mie Scattering

𝑨 = − 𝐥𝐧
𝑵𝑻
𝑵𝑰

50% Forward Propagation 70% Forward Propagation

90% Forward Propagation
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Mechanical Assembly MC Studies



Photosensor Mechanical Tolerance MC

𝝁𝒅𝒆𝒕: 𝑵𝜸 ≥ 𝟐

Time Distribution 

Trigger 
paddles (45°)

• CRY Muon Generator: 10 cm$

trigger paddles.
• 100,000 muons per run.
• HZC photocathode specifications.
• 7 cm dia. Hemispherical.
• WLS: Kuraray-B-2 (30 x 30 x 1.3 

cm).
• Tolerance/Gap: 1mm water and air.

Gap

PMT
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Time Distribution 
Hemispherical PMT + Kuraray WLS + Water Gap + 

Air Gap 

𝐍𝛄

0.93 𝐍𝛄

0.68	𝐍𝛄
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• Optical Photons: 30cm square plane, 
below WLS plate.

• 3.34 – 3.36 eV, random polarisation 
(Mahdi’s LED spectrum).

• 1 million photons per run.
• HZC photocathode specifications.
• 7cm dia. Flat faced and Hemispherical.
• WLS: Eljen-286, Kuraray, 

LabLogic(Feb2020), LabLogic(Eljen 
Absorption), SKOD.

• Tolerance: 1mm only water.
• Cladding CR: none - 100%

Photon 
Direction

Reflective cladding 
around plate edge

Photosensor Mechanical Tolerance MC
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2D Photon Distributions: No Cladding

KURARAY ELJEN-EJ286 SKOD

LABLOGIC (Feb2020) LABLOGIC (EJ286-ABS)

• Bare WLS Plates – No 
Reflective Cladding 
(CR = 0%). 

• Hemispherical PMT + 
WLS Plate in perfect 
optical contact.
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2D Photon Distributions: With Cladding

KURARAY ELJEN-EJ286 SKOD

LABLOGIC (Feb2020) LABLOGIC (EJ286-ABS)

• WLS Plates – With 
Reflective Cladding 
(CR = 90%). 

• Hemispherical PMT + 
WLS Plate in perfect 
optical contact.
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Photon Detection Efficiency
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INR: Mechanical Assembly Optimisation
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INR: Plate Thickness Optimisation
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