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l Neutrino	
  oscilla6on	
  
¡ Atmospheric,	
  solar,	
  	
  
accelerator	
  ν	
  

¡ ν	
  mixing	
  parameters	
  
▶ Leptonic	
  CP,	
  etc.	
  

l Nucleon	
  decay	
  
l Astronomy	
  

¡ Supernova,	
  sun,	
  etc.	
  
l Neutrino	
  geophysics	
  
l Dark	
  maQer	
  (WIMP,	
  ...)	
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29	
  Oct	
  (Thu)16:45	
  “Hyper-­‐K	
  Strategy	
  for	
  Controlling	
  Systema6c	
  Uncertain6es”	
  (Sam	
  SHORT,	
  QMUL)	
  
30	
  Oct	
  (Fri)	
  	
  16:30	
  “Hyper-­‐Kamiokande”	
  	
  (Hidekazu	
  TANAKA,	
  ICRR	
  Univ-­‐Tokyo).	
  

Details	
  of	
  Hyper-­‐K	
  physics	
  and	
  overall	
  will	
  be	
  presented	
  later	
  in	


Multi-purpose detector, Hyper-K
• Total (fiducial) volume is 1 (0.56) million ton
– 25 × Super-K

• Explore full picture of neutrino oscillation 
parameters.
– Discovery of leptonic CP violation (Dirac δ)
– ν mass hierarchy determination(Δm2

32>0 or <0) 

– θ23 octant determination (θ23<π/4 or >π/4)

• Extend nucleon decay search sensitivity
– τproton=1034~1035 years

• Neutrinos from astrophysical objects
– 200 ν’s / day from Sun
• possible time variation, ~3σ day/night asym.

– 250,000 (50) ν’s from Supernova @Galactic-
center (Andromeda)

– ~300 ν’s / 10 years (>20MeV) SN relic ν
– WIMP ν, solar flare ν, etc

Letter of Intent, Hyper-K WG, 
arXiv:1109.3262 [hep-ex]

Proton 
Decays

13

Sun

Supernova

accelerator

Various	
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Based	
  on	
  established	
  
	
  technologies	
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0.56	
  (0.99)	
  Mton	


~0.6GeV !µ"
295km�

x25 Larger ν Target

higher intensity ν by 
upgraded J-PARC

Quest for CP Violation 
in lepton sector

0.0225	
  (0.05)	
  Mton	


Super-­‐Kamiokande	
  
(since	
  1995)	


Hyper-­‐Kamiokande	
  

x	
  25(20)	

Fiducial	
  (Total)	


Large	
  water	
  Cherenkov	
  detector	
  
Planned	
  in	
  Kamioka,	
  Japan	
  

+	
  Improvement	
  	
  
	
  	
  	
  	
  	
  with	
  new	
  technologies	
39.3m	
  φ	
 54

m
	
  

(4
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  w
at
er
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Photo-­‐sensor	
 Super-­‐K	
 Hyper-­‐K	


Inner	
  detector	
  
(for	
  ν	
  detec6on)	


11,129	
  	
  
(50cmΦ)	


99,000	
  	
  
(50cmΦ)	


Outer	
  detector	
  
(for	
  cosmic-­‐ray	
  veto)	


1,885	
  	
  
(20cmΦ)	


25,000	
  	
  
(20cmΦ)	
  	


Photo-­‐coverage	
 40%	
 20%	


Sensor	
  efficiency	
  
(Quantum	
  ×	
  Collec6on	
  Eff.)	


18%	
  
(22%×80%)	


29%	
  
(30%×95%)	


50cmΦ	
  PMTs	
  	
  
inside	
  Super-­‐K	


×9	

Expected	
  in	
  new	
  photo-­‐sensor	
  R&D	


Photosensors	




l  Studying	
  Hyper-­‐K	
  design	
  based	
  on	
  well-­‐established	
  Super-­‐K	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  by	
  8	
  Detector	
  R&D	
  working	
  groups	
  to	
  construct	
  Hyper-­‐K.	
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Various	
  R&D	
  groups	
  are	
  ac0vely	
  working	
  for	
  further	
  improvement.	


Construc6on	
  :	
  Super-­‐K	
  1993	
  –	
  1996	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Hyper-­‐K	
  2018	
  –	
  2023	
  (?)	


Figure 11: Picture of the nickel source which was manufactured by CI Kogyo. The ball was made of 6.5 kg of NiO and
3.5 kg of polyethylene. The Cf source was inserted into the center of the ball and held there by a brass rod.

minimize the e↵ect of dark hits, a similar distribution was made using o↵-time (the timing win-
dow in which we do not expect a signal) data and subtracting it from on-time (timing window
in which we do expect a signal) data. To evaluate the distribution below the usual threshold
of 0.25 photoelectron, data with higher PMT gain and lower discrimination threshold were ob-
tained. The dashed histogram in Fig. 12 shows the data with double the usual PMT gain and half
the usual discrimination threshold. Since it was not possible to obtain data in the region less than
0.3 pC, we used a straight-line extrapolation into this low-charge region. The systematic uncer-
tainty introduced by this assumption below 0.3 pC becomes negligible after considering the true
discrimination threshold and the small amount of charge. The value averaged over the whole pC
region was defined as the conversion factor from pC to single-pe; the value of this conversion
factor was 2.243 pC to single-pe. At the beginning of SK-IV, we repeated this measurement and
found the new conversion factor to be 2.658 pC per photoelectron. This di↵erence comes from a
long-term increase in the PMT gain. No clear reason has been identified for this increase, but it
is accounted for in physics analyses.

The single-pe distribution, as constructed above, is also implemented in MC simulations. The
solid line in Fig. 13 is the same as the one we pieced together in Fig. 12, with the axis con-
verted from pC to photoelectron. For simulations of multiple photons in ID-PMTs, we sum
values drawn from this distribution. The nickel-source data are also used to extract the threshold
behavior for MC simulations. The dashed histogram in Fig. 13 is the experimentally-observed
distribution and has the threshold folded into it. In MC simulations, we use the ratio of the
observed (dashed) and partly observed, partly extrapolated (solid) histograms in Fig. 13 to im-
plement single-hit threshold behavior.

3.1.5. Relative di↵erences in QEs
Values for QE di↵er from PMT to PMT. Here we describe how we determine the relative QE

for each PMT. If the intensity of a light source is low enough, the observed hit probability should
be proportional to the value of QE for the PMT, as can be seen from Eq. (2). While we can
count the number of hits measured by each PMT, we cannot easily determine how many photons
reached it. Therefore, we used MC simulation to predict the number of photons arriving at each
PMT, and took the ratio of the observed number of hits to predicted number of hits.

For this measurement, we use the nickel source used in absolute gain measurements (Sec-
tion 3.1.4). In addition, the uniformity of water quality throughout the tank is quite important,
since any non uniformity in water properties causes the hit probability to depend on the PMT

16

~25	
  yrs	


SK	


SK	


SK	


SK	


SK	


SK	


T2K	

J-­‐PARC,	
  T2K	
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Interna6onal	
  working	
  group	
  was	
  formed	
  since	
  2012,	
  and	
  proto-­‐collabora6on	
  since	
  2015.	


23	
  countries,	
  261	
  people	
  (Oct.2015)	


Hyper-­‐Kamiokande	
  open	
  mee0ng	
  series	
  
(1st)	
  hQp://indico.ipmu.jp/indico/conferenceTimeTable.py?confId=7	
  
(2nd)	
  hQp://indico.ipmu.jp/indico/conferenceTimeTable.py?confId=10	
  
(3rd)	
  hQp://indico.ipmu.jp/indico/conferenceTimeTable.py?confId=23	
  
(4th)	
  hQp://indico.ipmu.jp/indico/conferenceTimeTable.py?confId=29	
  
(5th)	
  hQp://indico.ipmu.jp/indico/conferenceTimeTable.py?confId=34	
  
(6th)	
  hQp://indico.ipmu.jp/indico/conferenceTimeTable.py?confId=52	
  

Hyper-­‐Kamiokande	
  Proto-­‐Colabora0on	
  mee0ng	
  (closed)	
  
(1st)	
  hQp://indico.ipmu.jp/indico/conferenceTimeTable.py?confId=67	
  
	
  
Next	
  mee6ng	
  on	
  1/Jan-­‐2/Feb	
  2016	
  at	
  Kashiwa	
  IPMU,	
  Japan.	
  
(Registra6on	
  is	
  not	
  yet	
  opened,	
  will	
  open	
  only	
  for	
  proto-­‐collaborator)	
  
(2nd)	
  hQp://indico.ipmu.jp/indico/conferenceTimeTable.py?confId=79	
  
	
  

At	
  1st	
  proto-­‐collabora6on	
  mee6ng	
  
(Feb	
  2015)	


Hyper-Kamiokande International Working Group

As of April 14, 2014

12 countries, 67 institutes, 240 people



For	
  further	
  cost	
  reduc6on,	
  	
  
	
  	
  tuning	
  of	
  cavern	
  and	
  tank	
  
	
  	
  	
  	
  is	
  ongoing	
  by	
  	
  
l  Possibility	
  of	
  SK-­‐like	
  tank	
  
l  Thin	
  Outer	
  Detector	
  layer	
  
l  Photocoverage	
  tuning	
  
l  Photosensor	
  op6ons	
  	
  

	
  with	
  beQer	
  performance	
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7

Tunnel      Bore hall core
-300mL (~tank top)
-370mL (tank floor)
-430mL

Overview of the geological survey

Cavern excavation

• geological survey, in-situ 
rock stress tests

• scheduling & costing 
ongoing
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Bore hole core

Geological survey at Tochibora-site
(rock quality, initial stress)

Monday, June 29, 15

Geological	
  survey	
  	
  
	
  at	
  Tochibora	
  candidate	
  site	
 Straight-wall cavern (1)

• Stability analysis for 250m long caverns with vertical straight-
wall (presented in previous meetings)

• Plasticity region depth evaluated:
• Egg-shape (baseline): ~13m

• Straight wall (A): ~15m

• Straight wall (B): ~21m

• Plasticity region for straight-wall cavern at CM-class (~30%) is 
likely beyond the manageable level with existing technology

4
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Egg-shape Straight wall (A) Straight wall (B)

13m

15m 21m

CM-class CM-class CM-class

Plas6city	
  region	
  depth	
  by	
  stability	
  analysis	


J	
  B-­‐class	
  (4.5%	
  volume)	
  
J CH-­‐class	
  	
  	
  	
  	
  	
  	
  	
  K	
  CM-­‐class	
  
(71.3%	
  volume)	
  	
  	
  (24.2%	
  volume)	
  

Rock	
  classifica6on	
Cavern stability

• Plasticity region ~13m at most (CM class) → affordable level  
• Proved in the existing underground facilities (ex. power plants)

• For all rock mass classes (B, CH, CM), Egg-shape caverns can 
be constructed by the existing technologies. 8

CH class (relatively solid rock mass)

12

Affordable cable tension and plasticity region depth 
for B and CH class. 

2 
 

（２）PS アンカー検討解析   
 

ケース CH-900+1200： 許容アンカー力 900kN+1200kN 

  
主応力（kPa) 最大せん断ひずみ 

  
塑性域分布 変位分布(m) 

4m 
3m 

5m 

3 
 

 
ケース CH-900+1200： 許容アンカー力 900kN+1200kN 

  
PS アンカー軸力（kN) 作用軸力の最小～最大値 PS アンカー軸力（kN) 黒色 PS アンカー：許容アンカー力以上作用 

 

  Plasticity region depth~5m PS anchor tension
(black is over tension)

CM class (somewhat soft rock mass)

13

- Affordable cable tension and plasticity region depth even 
for CM class. 
- Need more long anchors than the past elastic analysis.
- Cost and schedule are to be revised in January.

Plasticity region depth~10m
PS anchor tension

(black is over tension)7 
 

①ＰＳアンカー パターン２ 
ケース CM： 許容アンカー力 900-2400kN 

  
主応力（kPa) 最大せん断ひずみ 

  
塑性域分布 変位分布(m) 

 

10m 

9m 

13m 

8 
 

ケース CM： 許容アンカー力 900-2400kN 

  
PS アンカー軸力（kN) 作用軸力の最小～最大値 PS アンカー軸力（kN) 黒色 PS アンカー：許容アンカー力以上作用 

 

 

吹付けコン応力(kPa)  
  

CH-class
(>70% at HK
location)

CM-class
(20~30% at HK
location)

Plasticity region depth PS-anchor tension

5m
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Monday, June 29, 15

Cavern stability

• Plasticity region ~13m at most (CM class) → affordable level  
• Proved in the existing underground facilities (ex. power plants)

• For all rock mass classes (B, CH, CM), Egg-shape caverns can 
be constructed by the existing technologies. 8

CH class (relatively solid rock mass)

12

Affordable cable tension and plasticity region depth 
for B and CH class. 

2 
 

（２）PS アンカー検討解析   
 

ケース CH-900+1200： 許容アンカー力 900kN+1200kN 
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ケース CH-900+1200： 許容アンカー力 900kN+1200kN 

  
PS アンカー軸力（kN) 作用軸力の最小～最大値 PS アンカー軸力（kN) 黒色 PS アンカー：許容アンカー力以上作用 

 

  Plasticity region depth~5m PS anchor tension
(black is over tension)

CM class (somewhat soft rock mass)

13

- Affordable cable tension and plasticity region depth even 
for CM class. 
- Need more long anchors than the past elastic analysis.
- Cost and schedule are to be revised in January.

Plasticity region depth~10m
PS anchor tension

(black is over tension)7 
 

①ＰＳアンカー パターン２ 
ケース CM： 許容アンカー力 900-2400kN 

  
主応力（kPa) 最大せん断ひずみ 

  
塑性域分布 変位分布(m) 
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ケース CM： 許容アンカー力 900-2400kN 

  
PS アンカー軸力（kN) 作用軸力の最小～最大値 PS アンカー軸力（kN) 黒色 PS アンカー：許容アンカー力以上作用 
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CM-class
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location)
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OK	
 OK	
Egg-­‐shape	
  caverns	
  	
  
	
  	
  can	
  be	
  constructed	
  
	
  	
  	
  	
  in	
  all	
  region	
  by	
  the	
  exis6ng	
  technologies	
  (pre-­‐stressed	
  anchors,	
  etc.).	
  	
  

8	
  km	
  far	
  from	
  Super-­‐K	


6

Modeling the rock class

• Establish a model of rock class distribution at 
the HK tank location for the cavern stability 
analyses
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Modeling	


Egg-­‐shape	
  is	
  more	
  stable	
  	
  
	
  	
  than	
  straight	
  walls.	


Wall	
  op6miza6on	
  	
  
	
  in	
  250m	
  long	
  caverns	


Hyper-­‐K	


è	
  Find	
  the	
  best	
  tank	
  design	
  soon	
  with	
  op0mized.	
  	


Boring	
 rock	
  mass/ini6al	
  stress	
  obtained	
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(Case	
  study	
  of	
  long	
  egg-­‐shape	
  tanks)	


Ordering	
  of	
  installa6on	


For	
  23	
  months	
  in	
  this	
  case	


By	
  5	
  segmenta6ons	
  /	
  1	
  tank	


Excava6on	
  step	


Support	
  frame	
  construc6on	

Movable	
  scaffold	
  between	
  compartments	


Side	
Front	


Fast	
  and	
  safe	
  scenario	


Slow	
  	
  
by	
  1	
  tank	


Construc6on	
  procedure	
  
	
  is	
  also	
  considered	
  
	
  to	
  es6mate	
  cost	
  and	
  period	
  
	
  to	
  op6mize	
  the	
  tank	
  design.	


Construc6on	
  of	
  	
  
support	
  frame	
  	
  
by	
  crane	


Water	


By	
  floa6ng	
  boat,	
  	
  
with	
  changing	
  	
  
water	
  level.	


Cavern stability analysis
• Based on the survey results

(rock mass characteristics and 
initial stresses), structural stability 
of caverns has been studied
• Elasto-plastic, static analysis & adopt 

Hoek-Brown yield (failure) criteria

• The excavation-steps taken into 
account in the stability analyses
• Include the cavern supporting 

material: shotcrete, rock-bolt, and 
Pre-Stressed (PS) anchor

7 19 

 

  
The above results were obtained by averaging data measured at three out of four 

points, eliminating outlying data. 
 

 

Table 3.2 Initial Stresses Calibrated to be  
    Equivalent to the ï370 mL Depth (1.08 times)  

Stress 
component 

(MPa) 

Stress component 
compensated to the 

analytical coordinate 
system (MPa) 

ǔx 12.42 8.10 
ǔy 8.10 12.42 
ǔz 16.31 16.31 
Ǖxy ï2.59 2.59 
Ǖyz ï3.67 6.26 
Ǖzx 6.26 3.67 

 

 

Table 3.1 Initial Stress Measurements Taken at ï300 mL  

 

Schmidt Net: Lower Hemisphere Projection 

East-west section (z-x plane) North-south section (y-z plane) Horizontal plane (x-y plane) 

Horizontal plane projection  
Six Stress Components (MPa) 3D principal stress (MPa) 

In-plane principal stress (MPa) 

 
nel axis 

Initial stress

Cavern Analysis Overview
• Elastic, static analysis was conduced and reported at the 

last meeting
- one calculation for the whole cavern. 
- evaluate the plasticity region based on elastic analysis

- Mohr-Coulomb’s criterion as failure criteria, general (mean) 
values for Young’s modulus 

- design PS anchors, rockbolts, and shotcrete to support the 
loosened area.

- elastic limit of the supports themselves not taken into account

11

• Elasto-plastic, static analysis
- step-by-step calculations for each excavation benches.
- perform calculation even after the stress exceeds the elastic limit.

- Hoek-Brown’s criterion as failure criteria, revised Young’s 
modulus

- strain softening calculation
- Designed supports are considered in the calculation 
- elastic limit of the supports also taken into account.

NEW

Cavern Analysis Overview
• Elastic, static analysis was conduced and reported at the 

last meeting
- one calculation for the whole cavern. 
- evaluate the plasticity region based on elastic analysis

- Mohr-Coulomb’s criterion as failure criteria, general (mean) 
values for Young’s modulus 

- design PS anchors, rockbolts, and shotcrete to support the 
loosened area.

- elastic limit of the supports themselves not taken into account

11

• Elasto-plastic, static analysis
- step-by-step calculations for each excavation benches.
- perform calculation even after the stress exceeds the elastic limit.

- Hoek-Brown’s criterion as failure criteria, revised Young’s 
modulus

- strain softening calculation
- Designed supports are considered in the calculation 
- elastic limit of the supports also taken into account.

NEW

Cavern Analysis Overview
• Elastic, static analysis was conduced and reported at the 

last meeting
- one calculation for the whole cavern. 
- evaluate the plasticity region based on elastic analysis

- Mohr-Coulomb’s criterion as failure criteria, general (mean) 
values for Young’s modulus 

- design PS anchors, rockbolts, and shotcrete to support the 
loosened area.

- elastic limit of the supports themselves not taken into account

11

• Elasto-plastic, static analysis
- step-by-step calculations for each excavation benches.
- perform calculation even after the stress exceeds the elastic limit.

- Hoek-Brown’s criterion as failure criteria, revised Young’s 
modulus

- strain softening calculation
- Designed supports are considered in the calculation 
- elastic limit of the supports also taken into account.

NEW

• elasto-plastic analysis and adopt Hoek-Brown failure criteria
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Cross-Section View 

Fig. 3.2 Size and Shape of Tank Caverns 
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Planar View 

Longitudinal Sectional View 

Cross-Section View 

Fig. 3.2 Size and Shape of Tank Caverns 
 

 24 

 
 (5) Analytical Model (tank caverns) 

We segmented the walls of the tank caverns into the elements indicated in Fig. 
3.9, with reference to the distribution of rock mass classes of the tank caverns (Fig. 
2.3). The cavern ends are finely segmented considering the stress concentration. 

 

 

Fig. 3.9 Segmented Wall Surfaces of Caverns 
 

 

 

(6) Method for Locating Loose Areas  
In this analysis, we defined loose areas as areas where the local safety factor 

(Fs) is 1.0 or less, according to Mohr-Coulomb’s failure criterion which is based on 
the method for determining loose areas of large-scale underground caverns in 
Japan, e.g., Practice of Numerical Analysis in Geotechnical Engineering, published 
by the Japanese Society of Soil Mechanics and Foundation Engineering. 

 

 

 

 

 

Cavern shape

 
 

58 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.3 Division of a Tunnel Face of an Excavated Side-Wall Section of a Tank 
Cavern 

 
 
 
 
6.2 Construction Process 

The process of constructing the tank cavern was evaluated based on references to 
the process estimation standards in Japan. The results are shown in Table 6.1. It 
will take a little over two years to excavate the new and additional sections, 
approach tunnels, belt conveyor tunnels, etc. After constructing these tunnels, a 
little less than three years will be required to excavate the tank cavern. Thus, the 
total process is expected to be completed in just less than five years. 

As described in Section 3.4, displacements and loosened zones can change, 
depending on the results of the further detailed analyses. Although anchors and 
other supports could control such changes, the cost and excavation process will have 
to be modified depending on actual site conditions. 

 

1st Bench 

2nd Bench 

3rd Bench 

5th Bench 

6th Bench 

7th Bench 

8th Bench 

9th Bench 

4th Bench 

 A
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h 
se
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n  
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e 

W
al

l S
ec
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on

 

 Side Wall Section 

Bench section 
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Stability	
  analysis	
  	
  
by	
  each	
  excava6on	
  step	


Photodetector	
  maintenance	


Gondola	


Boat	


Difficult	


(Long	
  egg-­‐shape	
  tanks	
  have	
  	
  
	
  	
  difficulty	
  in	
  construc6on	
  	
  
	
  	
  	
  	
  compared	
  with	
  SK-­‐like	
  tank.)	


çPre-­‐Stressed	
  anchor,	
  
	
  	
  	
  	
  	
  	
  as	
  well	
  as	
  shotcrete,	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  rock-­‐bolt,	
  ..	


To	
  install	
  photodetectors	
  
	
  	
  	
  	
  	
  	
  by	
  each	
  segmenta6on.	
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l  2	
  types	
  of	
  new	
  50	
  cm	
  Φ	
  photodetectors	
  are	
  developed.	
  
By	
  Hamamatsu	
  Photonics	
  K.K.	


Vene6an	
  
blind	
  dynode	


Model	
 R3600	
  (Established)	
 R12860	
 R12850	

Amplifica6on	
 Vene6an	
  blind	
  dynode	
 Box	
  and	
  line	
  dynode	
 20mmΦ	
  Avalanche	
  diode	

Q.E.	
 ~22%	
  (or	
  ~30%	
  in	
  HQE)	
 ~30%	
 ~30%	

C.E.	
  Φ46	
  (Φ50)	
 67%	
  (61%)	
 95%	
  (85%)†	
 93%	
  (76%)	
  w/	
  5ch	
  AD†	


T.T.S.	
  (FWHM)	
 5.5	
  ns	
 2.7	
  ns	
 0.75ns	
  (w/o	
  Preamp.)	

Bias	
  voltage	
 2	
  kV	
  bias	
 2	
  kV	
  bias	
 8	
  kV	
  bias	
  +	
  AD	
  bias	
  (<1kV)	

Proof	
  test	
 2	
  yrs	
  for	
  HQE	
  (19yrs	
  in	
  SK)	
 1	
  yrs	
  now	
  from	
  Sep.2014	
 >	
  0.5	
  yrs	
  expected	


Mounted	
  in	
  
Super-­‐K	


Avalanche	
  
diode	


50
.8
	
  c
m
	
  φ
	


New	


High	
  QE!	

Box	
  and	
  

line	
  dynode	


New	


High	
  QE!	

†	
  sPll	
  in	
  R&D	


C.E.	
  =	
  Collec6on	
  efficiency	
  of	
  1	
  photoelectron,	
  T.T.S.	
  =	
  Transit	
  Time	
  Spread,	
  by	
  calcula6on	
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Time (ns)
-20 -15 -10 -5 0 5 10 15 20 250

0.2

0.4

0.6

0.8

1
20-inch high-QE HPD (5mm dia. AD) w/ preamp.

20-inch high-QE box&line PMT

20-inch normal-QE Super-K PMT

Photoelectron
-1 0 1 2 30

0.2

0.4

0.6

0.8

1

1.2

1.4
20-inch high-QE HPD(5mm dia. AD) w/ preamp.

20-inch high-QE box&line PMT

20-inch normal-QE Super-K PMT

Photoelectron	
 Time	
  [ns]	


3.4	
  (0.75)	
  ns	

4.1	
  (2.7)	
  ns	

7.3	
  (5.5)	
  ns	
  

FWHM	
Measured	
  	
  
(Calculated)	


HPD	
  16%	

BL	
  	
  	
  	
  	
  35%	

SK	
  	
  	
  	
  	
  53%	
  

[σ	
  /	
  peak]	


1	
  PE↓	
Pedestal	
  →	


	
  Charge	
  
	
  σ	
  /	
  peak	


Time	

σ	
  (leX)	
 FWHM	


Super-­‐K	
  PMT	
 53%	
 2.1	
  ns	
 7.3	
  ns	


Box&Line	
  PMT	
 35%	
 1.1	
  ns	
 4.1	
  ns	


HPD	
  (w/5mmΦ	
  AD†)	
 16%	
 1.4	
  ns	
 3.4	
  ns	

(20cmΦ	
  HPD)	
 (12%)	
 (1.1	
  ns)	
 (3.3	
  ns)	


HPD	
 B&L	
  PMT	
  
(50cm	
  Φ)	


SK	
  PMT	
  
(50cm	
  Φ)	
(50cm	
  Φ)	
 (20cm	
  Φ)	


Resolu6on	
  in	
  σ	
  [ns]	
 1.4	
  ns	
 1.1	
  ns	
 1.1	
  ns	
 2.1	
  ns	


FWHM	
  [ns]	
 3.4	
  ns	
 3.3	
  ns	
 4.1	
  ns	
 7.3	
  ns	

(Calcula6on)	
 (0.75	
  ns)	
 (0.62	
  ns)	
 (2.7	
  ns)	
 (5.5	
  ns)	


w/	
  preamplifier	
  	
  
(intrinsic	
  resolu6on	
  is	
  	
  
beQer,	
  less	
  than	
  1ns)	
  

Single	
  p.e.	
  charge	
  and	
  6me	
  resolu6ons	
  are	
  beQer	
  for	
  both	
  new	
  photodetectors.	


†	
  20mmΦ	
  Avalanche	
  Diode	
  	
  
	
  	
  in	
  final	
  design	
  	
  
	
  	
  	
  	
  with	
  full	
  efficiency	


Mul6-­‐PE	


Results	
  shown	
  in	
  NNN14	


More	
  details	
  will	
  be	
  	
  
reported	
  by	
  D.Fukuda	
  	
  
in	
  poster	
  presenta6on.	
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SimulaPon	
  
(Hamamatsu)	
 R3600	
  SK	
  PMT	
   HQE	
  Box&Line	
  PMT	
  

Gain	
  ×	
  CE	
  uniformity	


Dynode	
  Along	
  (X)	
 Dynode	
  Cross	
  (Y)	
 Dynode	
  Along	
  (X)	
 Dynode	
  Cross	
  (Y)	


Collec6on	
  efficiency	
Rela6ve	
  QE	
  uniformity	

Measurement	
  (Hamamatsu)	


←90%	


↑	
  Y	


→	
  X	


Diameter	


Total	
  detec6on	
  efficiency	
  
	
  was	
  measured	
  	
  
	
  	
  at	
  single	
  photoelectron.	
  
	
  
Detec6on	
  efficiency	
  is	
  doubled	
  	
  
	
  	
  in	
  HQE	
  Box&Line	
  PMT	
  	
  
	
  	
  	
  	
  compared	
  with	
  Super-­‐K	
  PMT.	




2013	
 2014	
 2015	
 2016	
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EGADS	
  200t	
  tank	


~ 7	
  m	


High-­‐QE	
  photocathode	
  is	
  applied	
  
	
  	
  on	
  Super-­‐K	
  PMT	
  

Con6nue	
  long-­‐run	
  test	
  for	
  a	
  few	
  years	


	
  +	
  5	
  HQE	
  Super-­‐K	
  PMT	
  
	
  +	
  8	
  HPD	
  (20cmΦ)	
  	
  	
  	
  	
  	
  	
  	
  	
  +	
  2	
  HPD	
  (replaced)	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  +	
  3	
  HQE	
  Box&Line	
  PMT	
  (50cm	
  Φ)	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (+	
  50cm	
  HQE	
  HPD)	
  	


SK	
  PMT	
  
(R3600,	
  HPK)	


High-­‐QE	


22%→30%	


2013.8	


In	
  total,	
  240	
  photodetectors	
  

è	
  Focused	
  on	
  newly	
  installed	
  
	
  	
  	
  	
  	
  	
  	
  	
  High-­‐QE	
  Box&Line	
  PMT	
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3	
  Box&Line	
  
	
  PMTs	


HQE	
  Box&Line	
  PMT	
  
HQE	
  Super-­‐K	
  PMT	
  

Super-­‐K	
  PMT	
  
20cm	
  HPD	


3	
  Box&Line	
  	
  
PMTs	
  

HQE	
  Box&Line	
  PMT	
  
HQE	
  Super-­‐K	
  PMT	
  

Super-­‐K	
  PMT	
  
20cm	
  HPD	


Charge	
  resolu6on	
  at	
  1	
  p.e.	
Time	
  resolu6on	
  at	
  1	
  p.e.	


20cm	
  HPD	


HQE	
  SK	
  PMT	
 HQE	
  Box&Line	
  PMT	

Transit	
  Time	
  Distribu6on	




  [%]σCharge resolution in 
30 40 50 60 70 80 90 210

N
um

be
r o

f P
ho

to
de

te
ct

or
s

1

10
Super-K PMT

High-QE Super-K PMT

High-QE Box&Line PMT

20cm HPD
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HQE	
  	
  
SK	
  PMT	


HQE	
  	
  
B&L	
  	
  
PMT	


Entries  12818
Mean     10.8
RMS     5.979

 / ndf 
2

χ  448.8 / 164
1st Peak Scale  4.3±   305 
1st Mean  0.075± 7.489 
1st Sigma  0.031± 2.502 
2nd Peak Scale  3.7± 135.1 
3rd Peak Scale  1.71± 30.72 
2nd Sigma  0.081± 2.293 
3rd Sigma  0.200± 3.617 
Peak offset  0.0894± 0.2949 

Charge [pC]
0 10 20 30 40 50

N
um

be
r o

f e
ve

nt
s

0

50

100

150

200

250

300

350

400 Entries  12818
Mean     10.8
RMS     5.979

 / ndf 
2

χ  448.8 / 164
1st Peak Scale  4.3±   305 
1st Mean  0.075± 7.489 
1st Sigma  0.031± 2.502 
2nd Peak Scale  3.7± 135.1 
3rd Peak Scale  1.71± 30.72 
2nd Sigma  0.081± 2.293 
3rd Sigma  0.200± 3.617 
Peak offset  0.0894± 0.2949 

HPD 158 Ch4 (EHD0078)

HPD	
1PE	


2PE	


3PE	


HQE	
  	
  
B&L	
  PMT	
  

HQE	
  Box&Line	
  PMT	
  
HQE	
  Super-­‐K	
  PMT	
  

Super-­‐K	
  PMT	
  
20cm	
  HPD	


(Low	
  resolu6on	
  of	
  HPD/PMT	
  is	
  due	
  to	
  low	
  gain	
  set)	


w/	
  4mV	
  	
  
hit	
  threshold	


HQE	
  	
  
B&L	
  PMTs	
  

High-­‐QE	
  Box&Line	
  PMTs	
  	
  
clearly	
  showed	
  beQer	
  6me	
  and	
  charge	
  	
  
resolu6ons	
  in	
  water.	


Charge	
  resolu6on	
  at	
  1	
  p.e.	
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RMS	
  1.0	
  -­‐	
  1.6%	


RMS	
  0.4	
  -­‐	
  0.9%	


Monitoring	
  1	
  Hz	
  pulse	
  light	
  from	
  Xe	
  light	
  source	
  around	
  a	
  few	
  tens	
  PEs.	

Rela6ve	
  peaks	
  transi6on	
  referring	
  average	
  of	
  Super-­‐K	
  PMT	
  peaks	


Five	
  High-­‐QE	
  
Super-­‐K	
  PMTs	


Three	
  High-­‐QE	
  
Box&Line	
  PMTs	


For	
  10	
  months	


Similar	
  gradual	
  change	
  was	
  also	
  seen	
  in	
  Super-­‐K,	
  but	
  it’s	
  no	
  problem	
  by	
  correc6ng	
  it	
  with	
  the	
  monitor.	




l  Dark	
  rate	
  was	
  reduced	
  	
  
from	
  those	
  in	
  water	
  tank,	
  	
  
as	
  well	
  as	
  a�er	
  pulses,	
  
	
  in	
  latest	
  version	
  of	
  	
  
HQE	
  Box&Line	
  PMT.	
  
¡  Now	
  comparable	
  level	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  with	
  HQE	
  SK	
  PMT	
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Properties of New 50 cm Photodetectors in an Environment for Hyper-Kamiokande Daisuke Fukuda

4. Temperature dependence of dark rate

The dark rate of the B&L PMT is currently around ten kilo hertz. Figure 11 illustrates the
temperature dependency of dark rate. As higher HVs are applied, the dark rate is found to increase,
with the temperature dependences varying with the HV as well. The dark rate was found to decrease
approximately 30% from room temperature (22 ◦C) to the water temperature (13 ◦C) at 2,000 V,
with an approximately 20% reduction seen at 1,800V.

Figure 11: Temperature dependency of dark rate, 1705 V date is detail measurement tp continuously varied
the temperature, which is typical HV gain.

5. Afterpulse

An "afterpulse" occasionally accompanies a primary pulse signal [2]. When the primary pulse
is amplified in the dynode, residual gases are ionized via interactions with electrons. Subsequently,
the residual gas ions backtrack and ultimately emit electrons on the photocathode. These after-
pulses are usually generated within approximately 50 µs after a primary pulse generation. They
can be a result of the Hyper-K’s inherent physics, which are coincident signal events associated
with decay electrons via muon decay. Virtually all PMTs face difficulties associated with the af-
terpulse events. However, afterpulses with B&L dynodes can be particularly serious because of
their large first dynode structures; thus, improvement in this regard was achieved by optimizing the
dynode structure itself, as well as enhancing the manufacturing process, dividing voltage rates, and
so on. Afterpulse measurements were accordingly performed to confirm such sought-after reduced
levels.

5.1 Results

Figure 12 shows the result of the expected ratio of the afterpulse per 500 ns to the primary
pulse, as a function of timing. Moreover, Table 1 shows the summary of afterpulse ratios for
several B&L PMT models. The original (“old”) B&L PMT has a large afterpulse rate, which is

6
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Performance in a 50cm HPD

2015/7/3

noise signal P/V 1p.e. resolution
w/ trans 0.31pC 1.63pC 4.90 26.9%

0.92mV 3.54mV 11.31 29.5%
w/o trans 0.55pC 2.62pC 1.38 49.1%

0.69mV 4.47mV 2.59 64.1%

(Pulse Height)

(Pulse Height)

(Charge)

(Charge)

HV: 11kV
LV: 415V
BW: 20MHz
AD:15mmΦ

To reduce the high 
frequency noise level

Photo Det 2015 @ Moscow

Charge Distribution Pulse Height Distribution

w/o trans

w/ trans

20ns
5mV

The 1 p.e. response of the HPD w/o
trans cannot be seen @8kV 

Decoupling transformer can improve the performance
• Faster response and better 1p.e. resolution

21

1	
  PE	


2	
  PE	

w/trans	


Waterproof	
  HPD	
  with	
  finalizing	
  design	
  of	
  preamplifier	
  with	
  combining	
  two	
  will	
  be	
  ready	
  by	
  the	
  end	
  of	
  2015.	
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  avalanche	
  diode	
  (AD)	


Noise	
  level	
  by	
  capacitance	


AD	
  bias	
  [V]	


5mm	
  Φ	
  was	
  used	
  in	
  20	
  cm	
  HPD	
  
	
  and	
  ini6al	
  50	
  cm	
  HPD	
  evalua6on.	
  	
  
20mmΦ	
  is	
  required	
  for	
  50cm	
  HPD.	
  

The development and performance evaluation of an HPD for Hyper-K Miao JIANG

efficiency (CE). According to the result provided by Hamamatsu, a f20 mm AD can make the CE
reach to about 93% while the CE of a f5 mm AD is less than 10%. However, with the increasing
area of AD, the junction capacitance also becomes larger: about 800 pF for f20 mm AD, while
about 60 pF for f5 mm AD. A larger junction capacitance leads to a higher noise level, a longer
time constant of the readout circuit, therefore to worse energy and time resolution.

Two countermeasures, the application of segmented AD and the transformer coupling, were
tried to reduce the noise level.

4.1 Application of segmented AD

A prototype of segmented 5-ch f20 mm AD (Fig. 7) was developed. Each channel is amplified
by an isolated trans-impedance preamplifier and all the signal are summed to the output (Fig. 8).
The lower input capacitance makes it easier to develop a high speed preamplifier with low noise
level.

5-ch AD in HPD

20 mm

Ch 1
Ch 2
Ch 3Ch 4

Ch 5

Figure 7: 5-ch f20 mm AD.

filter

filter

I-V inverted amplifier

Sum amp

（+8kV）

（+8kV - VAD）

5-ch AD*

HV Power

50V/mA
protection

I-V

I-V

Signal out

Ch1

Ch2

Ch3
I-V

Ch4
I-V

Ch5
I-V

Figure 8: The HPD system with multi-ch AD.

Comparing with the 50 cm HPD with f5 mm AD, the 50 cm HPD with 5-ch f20 mm AD has
a slightly slower response and a worse 1 p.e. resolution (Tab. 2), which is caused by the large AD
junction capacitance. In fact, even though the capacitance in each channel is reduced to 1/5 (i.e.
160 pF), it is still larger than that of f5 mm AD (60 pF). Nevertheless, the AD with more channels
are not developed because of the difficulty in the pin arrangement and the smaller effective area
due to more isolate trench between each channel. Currently, the 1 p.e. resolution of the 50 cm HPD
with 5-ch f20 mm AD is better than that of Super-K PMT, although its response is still slower than
that of Super-K PMT (Tab. 2).

4.2 Application of coupling transformer

Coupling transformer can be used to suppress the noise gain of the preamplifier by reducing
the capacitance seen by the amplifier [5]. The performance of coupling transformer is tested on a
prototype of the 50 cm HPD with 1-ch f14.7 mm AD at first.

We compared the pulse shape (Fig. 10), the integral charge distribution (Tab. 3) of the 50 cm
HPD signal with and without the coupling transformer with a bombardment voltage (HV) of 11

5
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5ch	
  20mmΦ	


5-ch 20mm AD of HPD
• The performance of 5-ch AD is tested in a 

50cm HPD

• For the readout electronics, a sum amp is 
used to combine the output signal of each 
channel

2015/7/3

HV: 8.4kV AD Bias: 415V
BW: 20MHz

50ns
5mV

To reduce the high 
frequency noise level

Photo Det 2015 @ Moscow
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1/5ch	
  output	


Two	
  solu6ons	
  were	
  tried	
  to	
  suppress	
  noise.	

A.	
  5	
  segmented	
  area	


B.	
  transformer	
  coupling	


800	
  pF	
  →	
  160	
  pF/ch	


The development and performance evaluation of an HPD for Hyper-K Miao JIANG

50 cm HPD w/ 50 cm HPD w/ Super-K PMT[1]
5-ch f20 mm AD f5 mm AD[1]

Rise time (ns) 20.3⇤ 7.4 10.6
Fall time (ns) 21.1⇤ 11.5 13.1
Pulse width (FWHM) (ns) 32.3⇤ 17.1 18.5
1 p.e. resolution (s/µ) 28% 16% 53%
Peak / valley ratio 3.1 3.9 2.2

Table 2: Comparison of the single photoelectron response of 50 cm HPD with 5-ch f20 mm AD and other
detectors. The HPD with 5-ch f20 mm AD is measured with a 20 MHz bandwidth filter at 415 V of AD bias
and 8 kV of HV. The result of the HPD with 1-ch f20 mm AD is not shown because the single photoelectron
pulse can not be seen at 8 kV of HV.
⇤: The value of the pulse shape after low pass filter.

kV. Obviously, the coupling transformer brings a faster response and a better 1 p.e. resolution to
the 50 cm HPD.

filter

filter

（+8kV）

（+8kV - VAD）

AD

HV Power
50V/mA

protection

I-V Signal out

10nF

Coupling transformer

Coupling capacitor

amp

Figure 9: Circuit of the 50 cm HPD with f20 mm AD (CAD=800
pF) using coupling transformer.

Figure 10: Signal of HPD with and
without transformer.

w/ trans w/o trans
Rise time (ns) 13.9 19.3
Fall time (ns) 16.7 23.9
Pulse width

28.8 42.2
(FWHM) (ns)
1 p.e. resolution (s/µ) 26.9% 49.1%
Peak / valley ratio 4.9 1.4

Table 3: Effect of coupling transformer on the
multi photoelectron response of 50 cm HPD w/
f14.7 mm AD. Measured at 8 kV with 415 V of
AD bias and 20 MHz of bandwidth.

Charge / p.e.
-2 0 2 4 6 8

0

0.2

0.4

0.6

0.8

1

1.2

Integral Charge Distribution

HV : 11 kV

HV : 8 kV

Figure 11: Integral charge distribution of the sig-
nal of the HPD with coupling transformer. Mea-
sured with a 20 MHz bandwidth filter at 415 V of
AD bias.

However, for the signal response at a HV of 8 kV (Fig. 11), a ratio of peak to valley of 1.1
does not satisfy the requirement of Hyper-K, although the single p.e. charge resolution is about
51.7%, which is the same level as Super-K PMT. Considering the safety, a lower HV (e.g. 8 kV)
is preferred although the signal response at a higher HV (e.g. 11 kV) is better. The combined use
of the multi-channel AD and the transformer coupling is expected to give a better performance and
will be tested in the future.
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1:n	
  →	
  1/n2	
  suppression	
  	


Performance in a 50cm HPD

2015/7/3

noise signal P/V 1p.e. resolution
w/ trans 0.31pC 1.63pC 4.90 26.9%

0.92mV 3.54mV 11.31 29.5%
w/o trans 0.55pC 2.62pC 1.38 49.1%

0.69mV 4.47mV 2.59 64.1%

(Pulse Height)

(Pulse Height)

(Charge)

(Charge)

HV: 11kV
LV: 415V
BW: 20MHz
AD:15mmΦ

To reduce the high 
frequency noise level

Photo Det 2015 @ Moscow

Charge Distribution Pulse Height Distribution

w/o trans

w/ trans

20ns
5mV

The 1 p.e. response of the HPD w/o
trans cannot be seen @8kV 

Decoupling transformer can improve the performance
• Faster response and better 1p.e. resolution
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→	
  Amplifier	
  design	
  becomes	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  difficult	
  in	
  50cm	
  HPD.	




l Mul6-­‐channel	
  op6cal	
  module	
  	
  
¡ Explore	
  possibility	
  of	
  cost	
  reduc6on,	
  	
  
beQer	
  high-­‐pressure	
  resistance,	
  	
  
direc6onal	
  sensi6vity,	
  …	
  

¡  Implemented	
  in	
  simula6on	
  	
  
to	
  study	
  HK	
  performance	
  

l New	
  HQE	
  11”	
  PMTs	
  from	
  ET	
  Enterprises	
  
¡ Compe66on	
  with	
  Hamamatsu	
  small	
  PMTs	
  (8-­‐12	
  inches)	
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From single large PMT to multiple small PMTs:
multi-PMT

Developed by the KM3Net collaboration for the Mediterranean km3 neutrino telescope.

Under investigation by the IceCube-Gen2 collaboration for neutrino telescope in ice.

20” PMTs not very pressure resistant, although lots of R&D (see talk Y.Nishimura).
mPMTs are encased in pressure vessel.

Natural solution for in-water electronics.

T. Feusels (UBC) mPMT R&D 27/10/2015 2 / 10

F Photosensors 113

FIG. 77. Multi-PMT conceptual drawing with 33 7.7 cm

PMTs as ID detectors and one 20 cm PMT in the OD half.

While each small ID PMT has a reflector cone, many light

enhancement options are possible for the OD PMT. A 16

mm thick acrylic vessel is used as pressure vessel. The ID

PMT orientation is chosen such that shadowing from nearby

modules is limited.

FIG. 78. A Hamamatsu R12199-02

7.7 cm PMT that is currently used in

KM3Net and considered for IceCube-

Gen2 modules. As this passed the Hyper-

K PMT requirements, it is also a good

candidate for a Hyper-K mPMT.

However, a pressure vessel in either glass or acrylic would protect the PMTs from any external1

water pressure. The lower pressure requirements also do not restrict the vessel to either 33.3 cm2

or 43.5 cm diameter glass spheres. The baseline design of a Hyper-K mPMT would replace each3

50 cm PMT by 33 7.7 cm PMTs in a half sphere with a radius of about 26 cm in order to fit them4

mechanically as illustrated by Fig. 77. When reflector cones are added to each 7.7 cm PMT to5

increase the e↵ective photocathode area by about 30%, we get the same e↵ective photocathode6

area as a single 50 cm PMT. The 7.7 cm PMTs will be supported by a 3D printed foam structure7

and optically and mechanically coupled by Silicon Gel to a 16 mm thick acrylic pressure sphere.8

The angle of the first circle of 7.7 cm PMTs with respect to the base plane of the hemisphere is9

chosen such that their main viewing angle is above the neighboring mPMTs to minimize shadowing10

e↵ects. According to the design of the OD, explained in Section III F 3, OD PMTs can now be11

encased in the opposite hemisphere and use the same electronics as the 33 ID PMTs. In between12

both hemispheres a 40 mm cylinder exists for OD PMT base and the electronics. The penetrator,13

which connects the signal and power cable to the module, would be connected to the cylindrical14

Based	
  on	
  
KM3NET	
  	
  
op6cal	
  module	


33	
  7.7cm	
  PMTs	
  

Single PE Characterization: Charge

⌅ PMTs in large scale water or
scintillator detectors often detect
no more than a couple of
photons per event

⌅ Fast (⇠250ps FWHM) ‘trigger’
PMT optically coupled to acrylic
cube embedded with a Sr90 beta
source

⌅ Coincidence rate between the
trigger and ‘measurement’ PMT
kept below 5% in order to reduce
multi-PE contamination

⌅ High voltage set so that the gain
is 107 corresponding to charge
peak of 1.6pC

⌅ Measurements taken in darkbox
with magnetic shielding

11'' ETL PMT 116
Operating Voltage  1275 V
Entries  1991404
Electronics Noise Width  0.019 pC
Charge Peak  1.578 pC
Charge FWHM  1.323 pC
Peak-to-valley  2.636
High Charge Tail  4.748%
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Single PE Characterization: Timing

⌅ Timing spectrum characterized
by:

I spread in the transit time
I late pulsing
I double pulsing
I pre-pulsing
I dark noise

⌅ Transit time spread found by
fitting a Gaussian to the peak

⌅ Late pulsing, caused by
scattering of photoelectron of the
first dynode, characterized as
percent of the coincidence
pulses

⌅ Dark noise rate for R11780 is ⇠4
kHz, yet to carefully characterize
ET PMT dark noise rate

11'' ETL PMT 116
Operating Voltage  1275 V
Hits above noise  129501
Prompt Sigma  1.802 ns
Prompt FWHM  4.244 ns
Prompt Coincidence Rate  5.795%
Dark Rate  18418 Hits/s
Late Ratio 3.002%
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20cm	
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  OD	
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  peak	
  	
  
and	
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  spectra	


Quantum Efficiency: ET PMT

30%→	




l  Hyper-­‐K	
  with	
  WCSim	
  
(The	
  Water	
  Cherenkov	
  Simulator,	
  GEANT4	
  base)	
  
¡  hQps://github.com/WCSim	
  	
  
¡  Parameters	
  imported	
  from	
  SK	
  simulator	
  
¡  Trigger	
  	
  /	
  	
  Digi6zer	
  simulator	
  is	
  under	
  study.	
  

l  FiQer	
  
¡  fiTQun	
  tuned	
  for	
  HK	
  geometries	
  
¡  Bonsai-­‐fit	
  for	
  low	
  energy	
  	
  

HK	
  tank	
  op6miza6on	
  is	
  ongoing	
  with	
  the	
  tools.	
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New	
  photodetector	
  	
  
	
  	
  	
  	
  performance	
  implemented	


R3600	
  (SK)	


Box&Line	
  PMT	


HPD	
  (5mmΦ)	


Changes'to'WCSim'
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l  Digi6za6on	
  
¡  sub-­‐ns	
  FADC	
  +	
  shaper	
  

▶  op6miza6on	
  of	
  shaper	
  and	
  digi6zer	
  with	
  SPICE	
  and	
  MATLAB	
  in	
  simula6on	
  
▶  hardware	
  test	
  with	
  4	
  different	
  shaping	
  6me	
  

¡  QTC	
  by	
  Iwatsu	
  and	
  ICRR	
  	
  
+	
  FGPA	
  based	
  TDC	
  by	
  Fermilab	
  	
  
+	
  Ethernet	
  readout	
  (100M	
  or	
  1G)/s	
  

l  Communica6on	
  
¡  SiTCP	
  (Ethernet)	
  
¡  RapidIO	
  

▶  4	
  RapidIO	
  cores	
  in	
  FPGA	
  	
  
on	
  each	
  board	
  

▶  each	
  of	
  4	
  links	
  at	
  550Mb/s	
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R&D status of QTC + FPGA based TDC option
Availability of QTC chips

QTC (CLC101EF) : Charge to time converter ASIC
custom ASIC by ICRR & Iwatsu

 

Process rule : 0.35 mm ( CMOS )  
Expected to be available for several years from now.
There seems to exist industrial demands of this process.
( If the process rule is changed, need to re-design. )
Possible re-production of the same chip.

We have spare chips for SK : Borrow them for R&D.

Hyper-K Electronics R&D with U.S.-Japan Program
Direct upgrade path from current SK electronics “QBEE”

- QTC chip by Iwatsu (ADC)
- TDC chip by KEK ⇒ FPGA-based TDC by Fermilab
- 10 Mb/s Ethernet readout by Boston ⇒ upgrade to 100 Mb/s or Gb

Prototype circuit designed to test integration and performance of ADC and TDC
- delivered 1/16/2015

Altera Cyclone III FPGA Starter Kit                   +                   Custom circuit with QTC

Ed Kearns ( BU )

R&D status of QTC + FPGA based TDC optionHyper-K Electronics R&D with U.S.-Japan Program

Direct upgrade path from current SK electronics “QBEE”
- QTC chip by Iwatsu (ADC)
- sub-ns FPGA-based TDC by Fermilab

Prototype circuit designed to test integration 
and performance of ADC and TDC

- 6 PCBs delivered 1/16/2015
- connects to Altera evaluation board
- under initial test by Dr. Jin-Yuan Wu (Fermilab) 

and Dan Smith (Boston) at FNAL
Jin-Yuan and Dan PCB with 2 QTCs

QTC is operational

Once the firmware is start working,
evaluate the digital and analog performance in US, JPN and UK.

HK Electronics: FADC + Communication

6th Hyper-K Meeting
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RapidIO Status

• Implemented 4 RapidIO cores in FPGA on 

each board; each RapidIO core has 

associated DMA engine.

• Managed to get each of 4 links running at 

550Mb/s.

• Testing routing functionality using stack of 9 

evaluation cards.

• Have also purchased PC card that supports 

RapidIO transfer (Starbridge PCIe to sRIO 

card, based on TSI 721)

Prototype	
  circuit	
  for	
  test	


QTC	
  I/O	
  correla6on	


l  Cable	
  and	
  connector	
  in	
  water	
  
¡  Between	
  photodetectors	
  and	
  waterproof	
  electronics	
  
¡  Connector	
  mock-­‐up	
  for	
  use	
  in	
  100m	
  water	
  depth	
  

¡  Material	
  to	
  be	
  used	
  in	
  pure/Gd	
  water	
  was	
  selected.	
  

表示:なし

日付　　　 2013年10月15日

品名:同軸入り複合6芯ケーブル(ｱﾅﾛｸﾞﾓｼﾞｭｰﾙ)-2

構造図
検討用設計票 ＢＥ－110553

見積Ｎｏ

得意先 林栄精器株式会社

営業担当者 中村部長

設計者名 関根（か）

A

Ａ線芯の識別
絶縁体色 中付シース色

Ａ１ 自然 黒

絶縁体色
Ｂ１ 黒
Ｂ２ 白
Ｂ３ 赤
Ｃ１ 自然
Ｃ２ 黒

Ｂ・Ｃ線芯の識別

ＵＬスタイル：

定格： Ｖ ℃

ＡＵＬスタイル（コア）:

Ｄ

Ｂ

Ｅ

Ｃ

-

-

特性ｲﾝﾋﾟｰﾀﾞﾝｽ Ω

電気特性

-

-

減衰量　dB/km - -

静電容量　　pF/ｍ

項目 材質 材料名 厚さ 外径 単位数 その他線種

Ａ 導体 スズメッキ軟銅線 19/0.18 0.90 1

Ａ 絶縁体 照射架橋ＰＥ 1.025 2.95 1色：自然色

Ａ 編組シールド スズメッキ軟銅線 0.30 3.55 1密度：90 %以上

Ａ テープ 紙 0.05 3.65 1

Ａ 中付シース ＰＥ 0.375 4.40 1色：黒

Ｂ 導体 スズメッキ軟銅線 7/0.18 0.54 3

Ｂ 絶縁体 ＰＥ 0.205 0.95 3識別：図参照

Ｂ 小より(3ｹ) 介在は入れない 2.00 1

Ｂ テープ ｱﾙﾐﾎﾟﾘｴｽﾃﾙ 0.05 2.10 1

Ｃ 導体 スズメッキ軟銅線 7/0.127 0.38 2

Ｃ 絶縁体 フッ素樹脂(FEP) 0.31 1.00 2識別：図参照

Ｃ テープ ｱﾙﾐﾎﾟﾘｴｽﾃﾙ 0.05 1.10 1

全 ドレンワイヤ スズメッキ軟銅線 19/0.18 0.90 1同時撚りする

全 撚り 介在Ｐ.Ｐ 6.50 1

全 テープ ポリエステル 0.05 6.60 1

全 シース ＰＥ 0.90 8.40 1色：黒
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(1	
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  3	
  power,	
  2	
  HV)	
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  HPD	
  with	
  8kV	
  lines	

Tes6ng	
  to	
  fix	
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  supplied	
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  8-­‐10	
  kV	


↑	
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  10kV	
  HV	
  lines	


Material	
  candidates	


→	
  
Soak	
  test	
  
for	
  3	
  months	
  
was	
  done	




132 III HYPER-KAMIOKANDE DETECTOR

ment system is desirable. The first prototype of the source deployment system has been developed1

(Fig. 82). The system will be installed in Super-K in 2016, and we plan to further develop the2

source deployment system for Hyper-K based on the Super-K operation experience.3

FIG. 82. Photograph (left) and sketch (right) of the first prototype of the calibration sources deployment

system.

4

5

A variety of sources can be deployed through this system including optical sources for PMT6

and measurements of detector optical properties, and various radioactive sources. Based on pre-7

vious experience at Super-K this would include a deuterium-tritium base reaction pulsed neutron8

generator (DT generator) to create 16N for calibration in the solar neutrino energy regime. A9

number of sources can be developed to provide neutrons for calibration. These include 252Cf and10

AmBe sources that were previously used to calibrate the neutron response of the SNO detector. In11

addition to the conventional neutron sources, we currently explore ideas for compact and pulsed12

neutron generator [139] for Hyper-K detector calibrations, that uses a similar technology to DT13

generator but is a palm-size portable neutron generator and can maneuver more e↵ectively in de-14

tector calibrations. These sources produce neutrons at a known rate, and comparing the rate of15

measured Gd captures to this rate the neutron detection e�ciency and any possible variation across16

the detector can be measured, should Gd be deployed in Hyper-Kamiokande. Neutron captures17

on Gd also provide a source of events inside the detector of known energy providing a further18

calibration of the detector response in addition to the neutron response of the detector. Develop-19

ment of additional calibration sources to exploit this system can be expected over the lifetime of20

Hyper-Kamiokande.21

l  First	
  prototype	
  of	
  calibra6on	
  sources	
  deployment	
  
¡  Automated,	
  	
  

for	
  mul6ple	
  sources,	
  
without	
  opening	
  tank	
  	
  

¡  Prototype	
  for	
  test	
  

l  Embedded	
  op6cal	
  calibra6on	
  system	
  
¡  Fro	
  mul6-­‐purpose	
  

op6cal	
  and	
  photo	
  
detector	
  calibra6on	
  

¡  With	
  many	
  injec6on	
  points	
  
¡  Test	
  with	
  LED,	
  laser	
  diode	
  and	
  pulser	
  ongoing	
  

l  Photosensor	
  test	
  facility	
  at	
  TRIUMF	
  	
  
¡  BeQer	
  understanding	
  of	
  response	
  
¡  For	
  simula6on,	
  reconstruc6on,	
  …	
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FIG. 82. Photograph (left) and sketch (right) of the first prototype of the calibration sources deployment

system.

4

5

A variety of sources can be deployed through this system including optical sources for PMT6

and measurements of detector optical properties, and various radioactive sources. Based on pre-7

vious experience at Super-K this would include a deuterium-tritium base reaction pulsed neutron8

generator (DT generator) to create 16N for calibration in the solar neutrino energy regime. A9

number of sources can be developed to provide neutrons for calibration. These include 252Cf and10

AmBe sources that were previously used to calibrate the neutron response of the SNO detector. In11

addition to the conventional neutron sources, we currently explore ideas for compact and pulsed12

neutron generator [139] for Hyper-K detector calibrations, that uses a similar technology to DT13

generator but is a palm-size portable neutron generator and can maneuver more e↵ectively in de-14

tector calibrations. These sources produce neutrons at a known rate, and comparing the rate of15

measured Gd captures to this rate the neutron detection e�ciency and any possible variation across16

the detector can be measured, should Gd be deployed in Hyper-Kamiokande. Neutron captures17

on Gd also provide a source of events inside the detector of known energy providing a further18

calibration of the detector response in addition to the neutron response of the detector. Develop-19

ment of additional calibration sources to exploit this system can be expected over the lifetime of20

Hyper-Kamiokande.21

Liverpool Setup 

3.1.8. Timing calibration
The time response of each readout channel, including PMTs and readout electronics, has to be

calibrated for precise reconstruction of the event vertices and track directions. The response time
of readout channels can vary due to di↵erences of transit time of PMTs, lengths of PMT signal
cables, and processing time of readout electronics. In addition, the response time of readout
channels (the timing of discriminator output) depends on the pulse heights of PMTs, since the
rise time of a large pulse is faster than that of a smaller one. This is known as the “time-walk”
e↵ect. The overall process time and the time-walk e↵ect can be calibrated by injecting fast light
pulses into PMTs and by varying the intensity of light.

Figure 20 shows a schematic diagram of the SK timing calibration system. The SK uses a

Figure 20: Schematic view of the timing calibration system.

nitrogen laser as a light source for timing calibrations. The nitrogen laser (USHO KEC-100)
is a gas flow laser that emits fast pulsing light of 0.4 ns FWHM at a wavelength of 337 nm.
The laser output is monitored by a fast response 2-inch PMT (Hamamatsu H2431-50, rise time:
0.7 ns, T.T.S: 0.37 ns). This monitor PMT is used to define the time of laser light injection.
The wavelength of the laser light is shifted to 398 nm by a dye, where the convoluted response
with Cherenkov spectrum, light absorption spectrum and quantum e�ciency of the PMTs is
almost maximum. The pulse width of the dye is 0.2 ns FWHM. The light intensity is varied by a
variable optical filter. We use the optical filter to measure the time responses of readout channels
at various pulse height. The filtered light is guided into the detector by an optical fiber (400 µm
core) and injected into a di↵user ball located near the center of the tank to produce an isotropic
light. Figure 21 shows a cross section of the di↵user ball. Directional variations in the photon
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  sources	


Pulsing	
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LED	
 Laser	
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Measured	
  	
  
	
  uniformity	
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1.1.2. Integrated light injection system1

Hyper-Kamiokande will include an integrated light injection system for optical (extinction and2

scattering) and PMT (timing, gain and multi-photon) calibrations. This system consists of a3

number of light injection points connected via optical fibres to light pulsers in the electronics.4

Light pulses of 1-2 ns can be produced using LEDs, laser diodes (LDs) or similar solid state5

optical devices can be produced relatively inexpensively. This allows multiple optical sources to6

be deployed around the edge of the detector that can then be used for calibration. This system7

consists of an LED (or similar) coupled to an optical fibre, which is then connected to an optical8

di↵user on the PMT support structure. The optical di↵user is used to shape the light inside the9

detector and designs can provide di↵erent calibration pulses for di↵erent needs.10

In order to maintain fast light pulses over the order 100 m distance of optical fibres required11

for Hyper-Kamiokande graded index fibre is required rather than the step index fibre used in for12

example SNO+. Graded index fibre has a small active core complicating the challenge of light13

collection. The key challenges of this system are the coupling of the LEDs to the optical fibre,14

minimising dispersion in the fibre to maintain short optical pulses and achieving the required dy-15

namic range without compromising the fast optical pulses. Research and development is currently16

underway in the UK to solve these problems. Figure 83 shows first prototype of LED and LD17

driver unit and light monitoring system with MPPC.18 Prototypes 

Both are controlled by FPGA system. 
One more pass this summer to produce boards optimised for each 

LED Laser Diode 

Monitoring 

MPPC Board 

Digitizer with 
FPGA control 

FIG. 83. Photograph of the prototype of LED/LD driver board (left) and MPPC front-end board (right).
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20

For some calibrations, it will be essential to monitor the light injected into the detector. There21

are two points at which monitoring of the light produced can be done and Hyper-Kamiokande will22

monitor both. The optical coupling between the LED and fibre is imperfect and the light that does23
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For some calibrations, it will be essential to monitor the light injected into the detector. There21

are two points at which monitoring of the light produced can be done and Hyper-Kamiokande will22

monitor both. The optical coupling between the LED and fibre is imperfect and the light that does23

Super-K PMT in water in the PTF

T. Feusels (UBC) PTF 27/10/2015 11 / 14

50cm	
  Super-­‐K	
  PMT	
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height. The pulse by pulse monitoring of the calibration system is essential for this calibration1

as the light level at given PMTs is the key measurement of the system. The measured light level2

at the PMTs is a combination of extinction and PMT response as a function of angle and thus3

several light paths and angles are required for these to be decoupled in analysis requiring a variety4

of di↵user points and di↵user directions to be deployed.5

1.2. Photosensor calibration ex-situ6

As discussed in the previous sections, many of PMT properties can be calibrated in-situ by7

deploying several calibration sources in the detector. We will have additional ex-situ measurements8

to understand further details of PMT properties that are di�cult to measure in-situ.9

Large photo-cathode area PMTs have non-uniform charge and time responses. The photo-10

detection e�ciency for example can vary depending on the photon incident angle and position on11

the photo-cathode of the PMT (e.g. [140]). Such non-uniformity of PMT responses need to be12

understood and are required to build a better model of PMT responses, which is then adopted13

in the detector simulation. There are some di�culties to measure such non-uniformity of PMT14

responses after they are installed in the detector since, for example, a small non-uniformity of15

water transparency can make an apparent variation of PMT responses. Thus, we need to establish16

a special test stand for the measurements.17

A test facility, called ‘photosensor test facility (PTF),’ has been built at TRIUMF. Figure 8418

shows a photograph and schematic diagram of PTF. The PTF has two manipulator arms (gantries)19

Filling the tank with water

T. Feusels (UBC) PTF 30/06/2015 26 / 30

The Photosensor Testing Facility

x
y

z

rotation θ

tilt φ

receiver
PMT

gantry 0 gantry 1

photo-
cathode

water-
level

PMT centered inside tank with ultrapure water.

5 stepping motors for each of two manipulator arms (gantries) � 5D (x,y,z, rotation, tilt)

Waterproof optical box with laser, monitor and receiver PMT attached to the head of the
gantry arm.

Position accuracy: �1 mm (x,y,z) and �1� (rotation and tilt).

T. Feusels (UBC) PTF 30/06/2015 6 / 30

FIG. 84. Photograph (left) and schematic diagram (right) of the photosensor test facility at TRIUMF.

20

21
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l  	
  These	
  Design,	
  simula6on	
  and	
  survey	
  are	
  going	
  on.	
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νPRISM-Lite
• At 1 km, need 50 m tall tank to span 1-4° off-axis angle

• Instrument one subsection of the tank at a time with a 
moveable detector

• Baseline design:

• Inner Detector (ID): 6m diameter, 10m tall

• Outer Detector (OD): 10m diameter, 14m tall

• To improve sand muon tagging (precise entering 
position and time), OD is surrounded by SMRD-style 
scintillator panels (not pictured)

10 m
14m

6 m

10m

ID: 8” PMTs
(5” PMTs are also
being considered)

OD: 20” PMTs

11
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N E A R  D E T E C T O R  C O N C E P T S

• “ν-PRISM” ( 1km) 

• tall (50 m)  WČ detector spanning 
wide range of off-axis angles 

• effectively isolate response in 
narrow band of energy by 
comparing interactions at 
different off-axis angles

C Intermediate water Cherenkov detectors 55

TABLE XVII. The event rates and purities for single muon-like ring and single electron-like ring selections

for 3.9⇥ 1021 (11.7⇥ 1021) POT in the ⌫PRISM detector with neutrino (antineutrino) mode.

1 Ring µ 1 Ring e

O↵-axis Angle (�) Candidates CC ⌫µ(⌫̄µ) Purity Candidates CC ⌫e(⌫̄e) Purity

1.0-2.0 3.42⇥ 106(3.06⇥ 106) 97.5%(84.7%) 2.56⇥ 104(2.95⇥ 104) 45.8%(27.1%)

2.0-3.0 1.76⇥ 106(1.65⇥ 106) 97.7%(81.8%) 1.36⇥ 104(1.66⇥ 104) 67.2%(38.0%)

3.0-4.0 7.85⇥ 105(8.02⇥ 105) 97.2%(76.2%) 7.91⇥ 103(1.09⇥ 104) 74.9%(40.1%)

The ⌫PRISM detector is also well optimized to study the ⌫e contamination in the beam from

muon and kaon decays. The ⌫PRISM measurement of ⌫e candidates at 2.5� o↵-axis angle can be

used to predict the expected ⌫e background rate at Hyper-K. The ⌫e candidates in ⌫PRISM can also

be used to make measurements of the ⌫e cross-section at O(1 GeV). Given recent improvements to

the SK reconstruction that reduce the misidentification of muons or ⇡0s as electrons, it is possible

to select ⌫e candidate samples in ⌫PRISM with > 70% purity of ⌫e charged current interactions.

Even higher purities may be achieved by optimizing the granularity of the PMTs used in ⌫PRISM

and optimizing the event reconstruction and selection. As indicated in Table XVII, the highest

purity can be achieved at larger o↵-axis angles, where the background of NC⇡0 reactions is reduced

due to the decrease in the high energy ⌫µ flux. With high purity samples of 1⇥103�1⇥104 events,

⌫PRISM has the potential to measure the ⌫e interaction cross-section relative to the ⌫µ interaction

cross-section to better than 10% precision, depending on the flux and reconstruction uncertainties

that can be achieved.
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FIG. 24. The predicted ⌫µ (left) and ⌫e (right) flux for the neutrino enhanced beam as a function of the

o↵-axis angle at the ⌫PRISM detector.

54 IV NEAR DETECTORS

2. The ⌫PRISM detector

The problem of determining the relationship between neutrino energy and lepton kinematics in

CC0⇡ interactions could be easily solved if mono-energetic beams of neutrinos could be produced

at O(1 GeV). While mono-energetic beams cannot be produced, beams of varying peak energy

can be produced by changing the o↵-axis angle of the beam. Fig. 24 shows how the neutrino flux

varies from an o↵-axis angle of 1� to 4�. The ⌫PRISM detector, as illustrated in Fig. 23, would

consist of a vertical column water cherenkov detector located ⇠ 1 km from the neutrino production

point, and extending over a 3-4� range of o↵-axis angles. Using ⌫PRISM and the neutrino flux

prediction, it is possible to detect interactions from a variety of neutrino spectra by identifying the

o↵-axis angles using the location of the interaction vertices in the detector. Hence the dependence

of final state lepton kinematics on neutrino energy can be studied with a single detector and a

single neutrino beam.

FIG. 23. An illustration of a ⌫PRISM detector segment showing the vertical cylinder geometry with inward

facing photo-multiplier tubes viewing an inner detector and outward facing photo-multiplier tubes viewing

an outer detector. At a baseline of 1 km, the ⌫PRISM cylinder would be 50 m tall.

The expected detected event rates for single-ring lepton candidates in ⌫PRISM with neutrino

mode and antineutrino mode beams are shown in Table XVII. Pure, high statistics samples of

charged current ⌫µ candidates can be detected. When operating with the antineutrino enhanced

beam, the purity is reduced due to the neutrino background, however the properties of this back-

ground can be well constrained by the neutrino flux prediction and ⌫PRISM measurements made

with the neutrino enhanced beam.

• ”TITUS” (2 km) 

• 2 kt Gd-doped WC 
detector with HPDs 
and LAPPDs 

• Muon range detector, 
possibly magnetized 
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nuPRISM-EOI-v0

but covers the Mozumi direction and the central line between Mozumi and318

Tochibora. This site would have the highest event pile-up rate.319

• 1km site: a large un-cultivated private land covering both Tochibora and320

Mozumi directions321

• 1.2km site: a large patch of private land at the foot of a forest covering both322

Tochibora and Mozumi directions323

• 1.8km site: the originally considered 2km detector site owned by the local324

government covering Tochibora direction. This site would have the deepest325

detector, 90m deep.326

If the rice field can be available, there are a lot more choices. At the time of the327

2km detector site study, rice fields were also considered, although not selected in328

the end. Changing the land use for the rice field would require additional approval329

process, if it were possible. The process of land use require consensus from the local330

community and the strong involvement of the host institution. There are facilities331

that are operated just outside J-PARC, the KEK-Tokai dormitory, KEK Tokai #1332

building at IQBRC, and the dormitory of the Material Science Institute of Tokyo333

university about hundred meter north of IQBRC.334
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Figure 5: Potential sites are shown for ⌫PRISM-Lite if all rice field locations are
excluded.

3.2 Civil Construction335

Based on the current baseline design of the ⌫PRISM-Lite detector described previous336

sections, we have communicated with companies for the preliminary cost estimation337

of ⌫PRISM-Lite civil construction; the water tank construction and detector con-338

struction. The ⌫PRISM-Lite detector is also considered as a prototype detector of339

Hyper-Kamiokande for testing new photo-sensors, readout electronics, and the wa-340

ter containment system design. The detector parameters for the cost estimation are341

summarized as follows:342
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Hyper-­‐K	


using	
  PMT/LAPPDs	
  (or	
  HPDs)	

Same	
  angular	
  coverage	
  as	
  HK	


(for	
  an6-­‐ν	
  separa6on)	


8”	
  &	
  20”	
  PMT	
  or	
  HPD	


Details	
  in	
  nuPRISM	
  talk	
  tomorrow	
  by	
  Michael	
  WILKING	


Software Tools for TITUS 

Matthew Malek (Sheffield), for the TITUS Software Team
2015 Jun 28 – 1st Hyper-Kamiokande Proto-Collaboration Meeting
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Tunnels	
Cavity	
  excava6on	
Tank	
  construc6on	


Photosensor	
  installa6on	
Photodetector	
  R&D	


Prepara6on	

Photodetector	
  produc6on	


Water	
  filling	


Opera6on	


Engineering	
  test	


7	
  years	
  construc6on	


Survey,	
  Detailed	
  design	


(Assuming	
  budget	
  approval,	
  not	
  determined	
  yet)	


(T.	
  Koseki	
  at	
  HINT2015)	
(Baseline	
  assump6on	
  at	
  750	
  kW)	




l Hyper-­‐K	
  working	
  group	
  is	
  ac6vely	
  studying	
  the	
  design.	
  
¡ On	
  many	
  R&D	
  items,	
  with	
  ~260	
  researchers	
  

l  Promising	
  detector	
  and	
  physics	
  results	
  
¡ Based	
  on	
  established	
  technologies	
  by	
  Super-­‐K	
  
¡ With	
  much	
  improvement	
  such	
  as	
  photosensors	
  
¡ For	
  next	
  a�er	
  ν	
  oscilla6on	
  discovery	
  and	
  supernova	
  observa6on	
  

l On	
  31/Jan	
  –	
  2/Feb	
  2016,	
  	
  
2nd	
  Hyper-­‐Kamiokande	
  Proto-­‐Collabora6on	
  Mee6ng	
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