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• Summary
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Hyper-K detector

• Two cylindrical-shape detectors in stages
• 74m diameter, 60m water-depth

• Fiducial volume: 0.37Mton
• ~20 times larger FV than Super-K

• 40% photo-coverage (inner-detector: 80k PMTs) 3
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Detector location
• The candidate site locates under Mt. Nijugo-yama

• ~8km south from Super-K
• Identical baseline (295km) and off-axis angle (2.5deg) to T2K

• Overburden ~650m (~1755 m.w.e.)
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FIG. 20. The candidate site map. Broad area map (left) and detailed map (right).

B. Detector site (2 pages)2

1. Detector location3

The Hyper-K detector candidate site, located 8 km south of Super-K, is in the Tochibora mine4

of the Kamioka Mining and Smelting Company, near Kamioka town in Gifu Prefecture, Japan,5

as shown in Fig. 20. The J-PARC neutrino beamline is designed so that the existing Super-67

Kamiokande detector and the Hyper-K candidate site in Tochibora mine have the same o↵-axis8

angle. The experiment site is accessible via a drive-in, ⇠2.5 km long, (nominally) horizontal mine9

tunnel. The detector will lie under the peak of Nijuugo-yama, with an overburden of 650 meters10

of rock or 1,750 meters-water-equivalent (m.w.e.), at geographic coordinates Lat. 36�21’20.105”N,11

Long. 137�18’49.137”E (world geographical coordinate system), and an altitude of 514 m above12

sea level (a.s.l.). The candidate site is surrounded by several faults as shown in Fig. 21 and the13

caverns and their support structure are placed to avoid a conflict with the known faults. The site1415

has a neighboring mountain, Maru-yama, just 2.3 km away, whose collapsed peak enables us to16

dispose of more than one million m3 of waste rock from the detector cavern excavation.1
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FIG. 21. Location of faults and existing tunnels around the candidate site. The existing tunnels are located

at 423, 483, and 553 m a.s.l.

2. Geological condition at the site vicinity2

Rock quality is investigated in the existing tunnels and in sampled borehole cores near the3

candidate site. Figure 22 summarizes the geological surveys. The rock wall in the existing tunnels45

and sampled borehole cores are dominated by Hornblende Biotite Gneiss and Migmatite in the6

state of sound, intact rock mass. This is desirable for constructing such unprecedented large7

underground cavities. A rock mass classification sytem developed by Central Research Institute of8

Electric Power Industry (CRIEPI) [118], which is widely used for dams and underground cavities9

construction for the electric power plants in Japan, is utilized to classify rock quality. The CRIEPI10

system categorizes rock quality in six groups as A, B, CH, CM, CL, and D (in order of good11

quality), among which the A, B, and CH classes are suitable for cavern construction. Fraction of12

rock quality at the measured sites is summarized in Table V. The geological surveys are performed1314

at three di↵erent altitudes (423 m, 483 m and 553 m a.s.l.) and better fraction of B and CH classes15

is observed at higher altitude. The measured fraction of rock quality is used for an assumption of16

rock quality distribution in cavern stability analyses.17

The initial stress of the rock is also measured at three points, two of which are located at the1

Mt. Nijugo-yama (cross sections)1,153m a.s.l.

Detector center

~
65

0m



Cavern Excavation
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Geological condition

• Detailed geological surveys at the candidates site vicinity

• Rock core sampling, initial stress of bedrock, etc

• Confirmed the bedrock condition suitable for a large 
cavern construction

• Examine the cavern stability based on the geological 
survey results 6
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FIG. 22. Location of rock quality measurements in existing tunnels and bore-hole cores at 423m, 483m,

and 553 m a.s.l. The red rectangulars show the surveyed regions in the measurements. Possible layout of

the two caverns is also shown by dashed circles.

bottom of the detector cavern (483 m a.s.l.) and one at top (553 m a.s.l.). The two measurements

at 483 m a.s.l. are strongly a↵ected by existing faults and thus the one at 553m a.s.l. is used for

a cavern stability analysis described later. The measured rock stress at 553 m a.s.l. is shown in

Fig 23. Based on the in-situ measurements of the rock quality and the rock stress, it is confirmed

that the Hyper-K caverns can be constructed with the existing excavation techniques (described

in latter section).
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FIG. 23. Results of initial rock stress measurement at 553m a.s.l.

24,190°�
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FIG. 24. Cavern shape and dimension. The dimensions in the figure are in meter. The shape of the dome

section (top portion of the cavern) is defined with two di↵erent curvatures divided in 24.190 degree and

65.810 degree sections denoted in top-right of the figure.

2. Cavern stability and support

The excavated rock wall is supported by rock-bolts, pre-stressed (PS) anchors and shotcrete. A

cavern structural stability analysis has been carried out based on the geological condition obtained

from the geological surveys. Since the vertical distribution of rock quality has not been examined

yet, the vertical profile of rock quality is assumed to have the uniform distribution of the CH-class,

which is the major component in the rock quality measurement. The initial rock stress for this

analysis is based on the measured stress at 553 m a.s.l. as shown in Fig. 23 and the rock stress

Rock cores

Initial rock stress



Cavern stability analysis

• Cavern stability analyses based on geol. survey results
• 3D finite element analysis adopting Hoek-Brown model

• Adopt a model to treat the elastic and inelastic behaviors of rock

• Excavation steps taken into account in stability analysis

• Evaluate plastic region depth and design cavern support

• Confirmed the Hyper-K cavern can be constructed 
with the existing technologies

7
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FIG. 26. PS-anchors pattern at 45 degree (top-left) and 105 degree (top-right) slices with uniform CH

distribution. Colored lines indicate PS-anchors with di↵erent setting of initial force applied to PS-anchors.

Bottom figures show developed figures of PS-anchors pattern for dome (bottom-left) and barrel (bottom-

right) sections. Initial force and length of PS-anchors are indicated by colored circles.

In Fig. 27, the fraction of rock quality is based on the measurements of rock quality and CM-class23

is arranged to the dome and bottom sections, which are structurally weaker due to its shape, so4

as to perform an analysis with a severe condition. Figure 28 shows the plastic region at 45 degree5

and 105 degree slices with the CH-CM mixed assumption in the case of no support. The plastic67

region depth is estimated to be ⇠ 10 m to 24 m. In the plastic region at 105 degree, two spikes8

in the plastic region can be seen at the boundary between CH and CM classes. These sharp9

spikes are due to the discontinuity of rock quality, which corresponds to a discontinuous change in10

physical strength, and it is di�cult to correctly analyze the plastic region in such a discontinuous11

condition. PS-anchor pattern is also considered for this case, as shown in Fig. 29. The number of1213

PS-anchors and the total length for three caverns are summarized in Table VII. The total length141

56 III HYPER-KAMIOKANDE DETECTOR

at each depth is corrected by taking into account the depth, overburden. The FLAC3D analysis2

software, which uses a finete di↵erence method, is adopted to perform a three-dimensional stability3

analysis. The Hoek-Brown model [119–121] is applied as a dynamic model. The Hoek-Brown model4

is the method to estimate physical properties of rock by using results obtained from examinations5

of sampled rock, and is widely used in the world.6

Figure 25 shows the plastic region at 45 degree and 105 degree slices in the case of no support7

(i.e., no rock-bolts, no PS-anchors, and no shotcrete). The plastic region depth is estimated to8

North�
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East�West�

Cross section�

View�

θ�

y�

x�

FIG. 25. The plastic region at 45 degree (left) and 105 degree (middle) slices with assumption of uniform

CH distribution. The right figure shows definition of the view angle.

9

10

be ⇠2.5 m to 12 m. The variation of the plastic region depth is due to the geological condition,11

e.g. initial stress direction. Based on the plastic region obtained, the respective cavern support12

(PS-anchors) patterns are considered as shown in Fig. 26. The number of PS-anchors and the total1314

length for three caverns are summarized in Table VI. The total length of PS-anchors is estimated15

TABLE VI. Summary of total number of PS-anchors and total length for three caverns in case of uniform

CH distribution. The number of PS-anchors and total length for one cavern is 1/3 of those in this table.

Section # of anchors Total length (m)

Dome 4,611 79,617

Barrel 4,719 71,631

Total 9,330 151,248
16

17

to be approximately 151 km.18

Another analysis is performed with a di↵erent vertical profile of rock quality, as shown in Fig. 27.1

Plastic region depth
(without support)

(45° slice)

Cavern support 
(PS-anchors)

(45° slice)



Tunnels
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is aimed at identifying the geological conditions at the actual cavern locations. This requires

additional survey tunnels which can ultimately also be used for final cavern constructions, Step-3

is the final step of making the detailed cavern design (e.g. PS-anchor pattern) and establishing the

actual construction procedure. The duration of the detailed geological survey is estimated to be

⇠ 2 years. The cost estimates for the geological surveys are summarized in Table XLIX.

3. Cavern construction

The cavern excavation begins with construction of access tunnels and approach tunnels. The

tunnels and caverns are excavated with a blasting technique. This section describes the cavern

construction method and procedure.

The tunnels leading from the mine entrance into the detector site vicinity are called “access

tunnels,” and the tunnels leading from the access tunnels into the group of tunnels connected to

the caverns are collectively called “approach tunnels.” Figure 30 shows overview of the access

tunnels. The access tunnel, named as ‘Wasabo’ access tunnel, is also used to transport the waste

Upper access 
tunnel

Lower access 
tunnel

Outer incline 
tunnel

‘Wasabo’ access tunnel

N

1km

FIG. 30. Overview of the access tunnels. For details of Hyper-K site, one can refer to Fig. 31.

rock to the Wasabo site where waste rock is temporarily accumulated (described in later section).
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Upper access tunnel

Lower access tunnel

Dome section 
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FIG. 31. Layout of approach tunnels (see also Fig. 32). The figure shows the ‘water rooms’ as well, where

the water purification systems are located. The “electronics huts,” (a.k.a. counting room) which stores the

readout electronics and DAQ computers etc. (not shown in the figure), will be built in the approach tunnel.

site. At Wasabo-site, the waste rock is sampled and analyzed concerning heavy metal content. The

rock that is confirmed to have no heavy metal content (below the threshold defined by law and reg-

ulations) is transported with 10 ton dump trucks to the final waste rock disposal place, Maruyama

cave-in site. The waste rock, which does have some heavy metal components, is transported and

treated at the Masutani accumulation site.

Access tunnelsApproach tunnels

• Cavern construction begins with tunnels construction
• Access tunnels,  outer incline tunnels, approach tunnels

• Design & layout of the tunnels established
• Include the cavities for water purification system

HK site
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Cavern excavation timeline

• Tunnel construction: ~2 years

• Cavern construction: ~3 years
9

C
C
avern

65

Milestones
Items

Major construction 
Wasabo access tunnel

Preparatory construction
Temporary yard
Shotcrete, waste-water facility

Access tunnel
Upper access tunnel
Lower access tunnel

Outer incline tunnel
Upper access ~ water room
Water room ~ 1st level approach
1st ~ 2nd level approaches
2nd ~ 3rd level approaches

3rd ~ 4th level approaches
(end point)

Tunnels connected to water room
1st water room entrance
1st water rm (preceding excavation)
2nd water room entrance
2nd water rm (preceding excavation)
Measuring tunnel

Water room excavation
1st water room

Upper section
Lower section

2nd water room
Upper section

Middle section

Lower section

Cavern excavation
Dome section

Dome section approach
Dome section excavation

Barrel section (1st stage)

1st level approach tunnel
Preceding excavation
1st stage excavation

Barrel section (2nd stage)
2nd level approach tunnel
Preceding excavation
2nd stage excavation

Barrel section (3rd stage)
3rd level approach tunnel
Preceding excavation
3rd stage excavation

Barrel section (4th stage)
4th level approach tunnel

Preceding excavation
4th stage excavation

Reinforcement of road to 
Maruyama

Wasabo entrance 
construction

Begin cavern excavation Complete cavern construction

PS-anchor & water room excavation
proceed in parallel

PS-anchor & approach tunnel 
constructions proceed in parallel

Cavern construction with two shifts 
(Day- and Night-shifts: 24hrs)
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.
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Tunnel 
construction

Water room 
construction

Cavern 
construction

Dome section

Barrel section

(~23 months)

(~36 months)

(parallel w/ 
cavern const.)

~5 years in total



Tank Construction
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Water containment system, photosensor support



Water containment system
• Water containment system consists of three 

layers of lining system:
• Outer water-proof sheet, Concrete lining, High 

Density Polyethylene (HDPE) lining

11
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FIG. 41. Schematics of the planned procedures for CPL installation into the cavern with shotcrete surface.
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FIG. 42. (a) The extrusion welding and a welded seam. (b) The high-voltage pin-hole test.

HDPE. The backfill concrete flows around the studs anchoring CPL firmly in place, and fastens it

securely to the surface of the concrete. The waterproof sheet between bedrock-covering shotcrete

and backfill concrete aims conveyance of water, coming from tiny leakage of water through the CPL

and backfill concrete structure, if any, and/or penetrating underground backwater from bedrock.

The adjacent CPLs are welded by the extrusion welding of thermoplastics, which is used typically

for assembly of large fabrications (such as chemical storage vessels and tanks) with wall thicknesses

up to 50mm. Figure 42(a) shows an extrusion welding work and close-up to the welded seam. In

this method, molten thermoplastic filler material is fed into the joint preparation from the barrel

of a mini hand-held extruder based on an electric drill. For the CPL welding the same HDPE is

used as the filler material. The molten material emerges from a PTFE shoe shaped to match the

Outer water-proof 
lining sheet

be
dr

oc
k

be
dr

oc
k
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• Hyper-K detector consists of 
inner detector (ID) and outer 
detector (OD)
• and ‘insensitive region’ in between

• ID & OD are optically separated
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PMT(supporHng(framework�

Truss(structure(made(of(shaped(stainless(steel((SUS304)(
"  Top/Barrel((!(Hung(from(the(ceiling(
"  BoQom((!(Set(on(the(ground(

��

����	 �������
�������
���

��� 50 50 4 �
��� 89.1(( 4.0 �

��� 60 60 5 �

��� 80 80 6 �
��� 70 70 5 �

��� 50 50 5 �

��� 75 75 5 �

��� 90 90 6 �

����

��� 50� 50� 4 �

��� 65� 65� 5 �

��� 60� 60� 5 �

��� 70� 70� 5 �

	� 89.1**� 3.0 �

Top�

BoQom�

Barrel�

���� ��

��� 50	 50	 4 

�
� 89.1((	 4.0 

��� 60	 60	 5 

��� 80	 80	 6 

��� 70	 70	 5 

��� 50	 50	 5 

��� 75	 75	 5 

• PMT support structure design adopts a 
truss-structure made of SUS members 

• Seismic response analysis confirmed 
earth quake do not make damage to 
the detector
• even if no water in the tank

• Construction & installation procedure 
similar to Super-K

PMT(arrangement�


�

Open(circles(:((ID(PMTs(
Blue(circles(:((OD(PMTs(

(
12(ID(PMTs(+(2(OD(PMTs(

in(one(unit�

70(cm�70(cm�

70
(c
m
�

70
(c
m
�

70
(c
m
�

~70(cm�

RouHng(of(cables�

ID(PMT(cables,(OD(PMT(cables,(
Network/power(cables�

ID�OD�

60(cm�

70 cm

D Water Tank 81

TABLE XI. Power supply (PS) for vertical rectangular coils per tank. The PS number is assigned along the

x-axis of tank.

PS # Coil length [km] Voltage [V] IV [A] consumption [kW]

1 1.18 34.8 60 0.522

2 1.48 43.6 60 0.654

3 1.59 46.8 60 0.702

4 (x=0) 0.27 7.9 60 0.119

5 1.59 46.8 60 0.702

6 1.48 43.6 60 0.654

7 1.18 34.8 60 0.522

total 3.88

!"#$%&'$()#*&+,$-%*.*/)%0*1$%$%-�

  /2+*3(4%('+5+*6*789:*,2++5;*#$%$%-*$,*52+*<'$=)'"*()%&$&)5+*
!  >)=+*),*52)5*4?*52+*@),+#$%+*&+,$-%*

  >$&+AB)##*#$%$%-*(4%,5'C(5+&*'$%-A@"A'$%-*?'4=*@4D4=*54*54<*
C,$%-*=4@$#+*,()E4#&$%-,*@C$#5*)#4%-*52+*B24#+*($'(C=?+'+%(+*
!  >$=$#)'*5+(2%$FC+*54*52+*>G*#$%$%-*(4%,5'C(H4%�

���

>GA#$0+*&+,$-%�

/2+*>G*#$%$%-*(4%,5'C(H4%*C,$%-*=4@$#+*,()E4#&$%-,�

FIG. 48. A photograph of the Super-K tank liner construction using mobile sca↵oldings.

Super-K water tank.

First, the drainage structure and the leveling concrete layer are constructed at the bottom

of the cavern. Then, the side-wall liner is constructed ring-by-ring from bottom to top using

mobile sca↵oldings built along the whole circumference. Such a barrel liner laying using elevating

sca↵oldings was successful in the Super-K water tank construction (see Figure 48). To fasten

HDPE sheets on the concrete layer by their studs, the backfill concrete is poured after setting a

form with a HDPE sheet attached. After the concrete sets hard, the form is disassembled.

After the barrel liner construction is completed, building the photosensor support framework

Super-K construction



Tank construction timeline
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ConstrucHon(Hme�

���

5th(year� 6th� 7th� 8th�

Lining�

Structure�

Lining(
construcHon(

(

20(months(
(

+(
(

Framework(
building,(

PMT(installaHon(
(

13(months(
(
(

Total(:(33(months(

PMT support 
construction
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See Nishimura-san’s talk (Nov. 5) and
Tom F. talk (Nov. 4) for details



Photo-sensor (1)
• New 50cmϕ PMT for Hyper-K has a 

mechanical improvements

• Gives a higher pressure tolerance
than Super-K PMTs
• HK water depth: 60m (cf. 40m in SK)

• Confirmed no damage in new PMTs
under 1.25 MPa (125m water depth)

• PMT housing has also been developed 
to prevent PMT chain-implosion

• Confirmed the PMT housing prevents 
chain reaction at 80m under water

• New PMT works with baseline design
16

Tests in water 

• The aim of 200t EGADS 
(Kamioka) is to test Gd for 
addition in SK, but agreed 
to use it to test new PMTs 
for Hyper-K. 

• Tests ongoing since 2013. 
 
 

• No damage for all tests: 
– 3 times w/cover (2 with surrounding PMTs)   
– OK for 60m (HK), and for 80m also 

• Cover established for HK. Down to 60m / 80m 

Water 

4.8 mΦ 

Prototype of cover 
 to stop chain implosion 

Validation test of cover at Kamisunagawa 
        in 60 m / 80 m water 
Using vertical shaft 
    with monitoring 

Stainless steel (3 mm) 

15 mm acrylic 
Confirmed with  
 artificial implosion  
  at central PMT 

(w/ reflector tape for monitor) 

EGADS 200t tank 

~ 7 m 

Tests in the EGADs tank 
240 in total 

6/July/2016 The Hyper-Kamiokande Experiment 10 

1.0Design0and0confirmaDon0of0bulb�
The0bulb0shape0is0designed0to0get0lower0tensile0
stress,0and0improved0for0deep0water0level.0
"  Smoother0curvature0

"  Photocathode0part0<01/160stress0of0SK0PMT’s0
"  Neck0part0(weakest0in0SK0PMT)0<01/80stress0of0SK’s0

"  Thicker0glass0
"  Confirmed0correlaDon0with0breaking0level0by0test0
"  About01.30thicker0

"  Tough0waterproof0housing0

16/02/16� Hyper&Kamiokande:0Photo&sensor0(Y.Nishimura)� ���
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PE 
(polyethylene)�

PPS  
(Poly Phenylene  
      Sulfide Resin)�

(for both 20cm and 50cm)�

Neck�

Photocathode�

R3600 (SK)�

R12860 
(Box&Line)�

Tested up to 1.25 MPa (125 m water) 
"  50 PMTs were not damaged at all.  
"  Plan to test additional 50 PMTs in March-April 

• with thicker glass bulb 
(x1.3), optimized bulb 
shape, improved potting 
designPMT housing



Photo-sensor (2)

• New 50cmϕ PMT for Hyper-K has 
twice better photo-detection efficiency 
than Super-K PMT
• Also better timing and charge resolution

• Implemented in Hyper-K detector 
simulation for the sensitivity studies

17

96 III HYPER-KAMIOKANDE DETECTOR

2.1.3. Performance of Single Photoelectron Detection1

The single photoelectron pulse in a HQE B&L PMT has a 6.7 ns rise time (10% – 90%) and 13.02

ns FWHM without ringing, which is faster than the 10.6 ns rise time and 18.5 ns FWHM in the3

Super-K PMT. The time resolution for single PEs is 1.1 ns in � for the fast left side of the transit4

time peak in Figure 59 and 7.3 ns at FWHM, which is about half of the Super-K PMTs. This5

would be an important factor to improve the reconstruction performance of events in Hyper-K.6

The nominal gain is 107 and can be adjusted for several factors in a range between 1500 V to7

2200 V. Figure 60 shows the charge distribution, where the 35% resolution in � of the single PE is8

better compared to the 50% of the Super-K PMT. The peak-to-valley ratio is about 4, defined by9

the ratio of the height of the single PE peak to that of the valley between peaks.10

Time [nsec]
-20 -15 -10 -5 0 5 10 15 20 25

En
tri

es
 (a

.u
.)

50cm high-QE box&line PMT

50cm Super-K PMT

50cm high-QE box&line PMT

50cm Super-K PMT

FIG. 59. Transit time distribution at single pho-

toelectron, compared with the Super-K PMT in

dotted line.
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50cm Super-K PMT

50cm high-QE box&line PMT

50cm Super-K PMT

FIG. 60. Single photoelectron distribution with

pedestal, compared with the Super-K PMT in

dotted line.

2.1.4. Gain Stability11

Because the Hyper-K detector is sensitive to a wide energy range of physics, the PMT is required12

to have a wide dynamic range. The Super-K PMTs have an output linearity up to 250 PEs in charge13

by the specifications and about 700 PEs measured in Super-K (with up to 5% distortion)[117],14

while the linearity of the HQE B&L PMT was measured to be within 5% up to 340 PEs as seen in15

Figure 61. Even with more than 1,000 PEs, the output is not saturated and the number of PEs can16

be calculated by correcting the non-linear response. The linearity range depends on the dynode17

current, and can be optimized with changing the resistor values in the bleeder circuit. This result18

demonstrates su�cient detection capabilities in the wide MeV – GeV region as in Super-K, as long19

as it is corrected according to the response curve.20
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• 1光子感度２倍、時間精度２倍を達成。
• 検出器の性能・物理感度に非常に大きな
インパクト。
• 感度を変えずに検出器を小さくできる可
能性が出てきた。

新型光センサー

Super-K PMT

Hyper-K PMT

1光
子
検
出
効
率

光入射位置（度）

96 III HYPER-KAMIOKANDE DETECTOR

2.1.3. Performance of Single Photoelectron Detection1

The single photoelectron pulse in a HQE B&L PMT has a 6.7 ns rise time (10% – 90%) and 13.02

ns FWHM without ringing, which is faster than the 10.6 ns rise time and 18.5 ns FWHM in the3

Super-K PMT. The time resolution for single PEs is 1.1 ns in � for the fast left side of the transit4

time peak in Figure 59 and 7.3 ns at FWHM, which is about half of the Super-K PMTs. This5

would be an important factor to improve the reconstruction performance of events in Hyper-K.6

The nominal gain is 107 and can be adjusted for several factors in a range between 1500 V to7

2200 V. Figure 60 shows the charge distribution, where the 35% resolution in � of the single PE is8

better compared to the 50% of the Super-K PMT. The peak-to-valley ratio is about 4, defined by9

the ratio of the height of the single PE peak to that of the valley between peaks.10
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FIG. 59. Transit time distribution at single pho-

toelectron, compared with the Super-K PMT in

dotted line.
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FIG. 60. Single photoelectron distribution with

pedestal, compared with the Super-K PMT in

dotted line.

2.1.4. Gain Stability11

Because the Hyper-K detector is sensitive to a wide energy range of physics, the PMT is required12

to have a wide dynamic range. The Super-K PMTs have an output linearity up to 250 PEs in charge13

by the specifications and about 700 PEs measured in Super-K (with up to 5% distortion)[117],14

while the linearity of the HQE B&L PMT was measured to be within 5% up to 340 PEs as seen in15

Figure 61. Even with more than 1,000 PEs, the output is not saturated and the number of PEs can16

be calculated by correcting the non-linear response. The linearity range depends on the dynode17

current, and can be optimized with changing the resistor values in the bleeder circuit. This result18

demonstrates su�cient detection capabilities in the wide MeV – GeV region as in Super-K, as long19

as it is corrected according to the response curve.20
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2.1.4. Gain Stability11

Because the Hyper-K detector is sensitive to a wide energy range of physics, the PMT is required12

to have a wide dynamic range. The Super-K PMTs have an output linearity up to 250 PEs in charge13

by the specifications and about 700 PEs measured in Super-K (with up to 5% distortion)[117],14

while the linearity of the HQE B&L PMT was measured to be within 5% up to 340 PEs as seen in15

Figure 61. Even with more than 1,000 PEs, the output is not saturated and the number of PEs can16

be calculated by correcting the non-linear response. The linearity range depends on the dynode17

current, and can be optimized with changing the resistor values in the bleeder circuit. This result18

demonstrates su�cient detection capabilities in the wide MeV – GeV region as in Super-K, as long19

as it is corrected according to the response curve.20

ー Hyper-Kー Super-K

Charge [photoelectron]

Position angle [degree]
-90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90R

el
at

iv
e 

si
ng

le
 p

ho
to

el
ec

tro
n 

hi
t e

ffi
ci

en
cy

  

0

1

2

R12860-R3600_䜹䜴䞁䝖䜾䝷䝣䠄Y㍈䠅 

17 

嵅崠崟嵏嵛峑峘崓崎嵛崰峼崘嵑崽৲قఏૉ峘崓崎嵛崰峼峂峕峁峉ৃ়ك 

岽峘崯嵤崧峘崓崎嵛崰க峙োೝਯ岶峕峔峵ଓਫ峁峐岬峵岶岝QE峒CE峘ಕ৬୷岶அ峨島峐岮峵岞
R12860峒R3600峑峙岝ਯ峼োೝ峁峉峒ෘ峁峉ৃ়峘崓崎嵛崰க峕ഄே峒୷岶岬峵岽峒岶ী岵峵岞 

�" !�����&.��%��#"%�����/
���$�$�*)+��
��	��
������
��)�$'#��

�&'��"�-�

�&'��"�-�

�+'�(��������,�(� �/
���$�$�*)+���	������������

�&.�

�"%��

3���3�

2��

2��

0���0�

1��

1��
��%�*"�%/
��#"%��

12

~2

• 1光子感度２倍、時間精度２倍を達成。
• 検出器の性能・物理感度に非常に大きな
インパクト。
• 感度を変えずに検出器を小さくできる可
能性が出てきた。

新型光センサー

Super-K PMT

Hyper-K PMT

1光
子
検
出
効
率

光入射位置（度）

96 III HYPER-KAMIOKANDE DETECTOR

2.1.3. Performance of Single Photoelectron Detection1

The single photoelectron pulse in a HQE B&L PMT has a 6.7 ns rise time (10% – 90%) and 13.02

ns FWHM without ringing, which is faster than the 10.6 ns rise time and 18.5 ns FWHM in the3

Super-K PMT. The time resolution for single PEs is 1.1 ns in � for the fast left side of the transit4

time peak in Figure 59 and 7.3 ns at FWHM, which is about half of the Super-K PMTs. This5

would be an important factor to improve the reconstruction performance of events in Hyper-K.6

The nominal gain is 107 and can be adjusted for several factors in a range between 1500 V to7

2200 V. Figure 60 shows the charge distribution, where the 35% resolution in � of the single PE is8

better compared to the 50% of the Super-K PMT. The peak-to-valley ratio is about 4, defined by9

the ratio of the height of the single PE peak to that of the valley between peaks.10
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FIG. 59. Transit time distribution at single pho-

toelectron, compared with the Super-K PMT in

dotted line.
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FIG. 60. Single photoelectron distribution with

pedestal, compared with the Super-K PMT in

dotted line.

2.1.4. Gain Stability11

Because the Hyper-K detector is sensitive to a wide energy range of physics, the PMT is required12

to have a wide dynamic range. The Super-K PMTs have an output linearity up to 250 PEs in charge13

by the specifications and about 700 PEs measured in Super-K (with up to 5% distortion)[117],14

while the linearity of the HQE B&L PMT was measured to be within 5% up to 340 PEs as seen in15

Figure 61. Even with more than 1,000 PEs, the output is not saturated and the number of PEs can16

be calculated by correcting the non-linear response. The linearity range depends on the dynode17

current, and can be optimized with changing the resistor values in the bleeder circuit. This result18

demonstrates su�cient detection capabilities in the wide MeV – GeV region as in Super-K, as long19

as it is corrected according to the response curve.20
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FIG. 60. Single photoelectron distribution with

pedestal, compared with the Super-K PMT in

dotted line.

2.1.4. Gain Stability11

Because the Hyper-K detector is sensitive to a wide energy range of physics, the PMT is required12

to have a wide dynamic range. The Super-K PMTs have an output linearity up to 250 PEs in charge13

by the specifications and about 700 PEs measured in Super-K (with up to 5% distortion)[117],14

while the linearity of the HQE B&L PMT was measured to be within 5% up to 340 PEs as seen in15

Figure 61. Even with more than 1,000 PEs, the output is not saturated and the number of PEs can16

be calculated by correcting the non-linear response. The linearity range depends on the dynode17

current, and can be optimized with changing the resistor values in the bleeder circuit. This result18

demonstrates su�cient detection capabilities in the wide MeV – GeV region as in Super-K, as long19

as it is corrected according to the response curve.20

ー Hyper-Kー Super-K
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• 1光子感度２倍、時間精度２倍を達成。
• 検出器の性能・物理感度に非常に大きな
インパクト。
• 感度を変えずに検出器を小さくできる可
能性が出てきた。

新型光センサー

Super-K PMT

Hyper-K PMT
1光
子
検
出
効
率

光入射位置（度）

96 III HYPER-KAMIOKANDE DETECTOR

2.1.3. Performance of Single Photoelectron Detection1

The single photoelectron pulse in a HQE B&L PMT has a 6.7 ns rise time (10% – 90%) and 13.02

ns FWHM without ringing, which is faster than the 10.6 ns rise time and 18.5 ns FWHM in the3

Super-K PMT. The time resolution for single PEs is 1.1 ns in � for the fast left side of the transit4

time peak in Figure 59 and 7.3 ns at FWHM, which is about half of the Super-K PMTs. This5

would be an important factor to improve the reconstruction performance of events in Hyper-K.6

The nominal gain is 107 and can be adjusted for several factors in a range between 1500 V to7

2200 V. Figure 60 shows the charge distribution, where the 35% resolution in � of the single PE is8

better compared to the 50% of the Super-K PMT. The peak-to-valley ratio is about 4, defined by9

the ratio of the height of the single PE peak to that of the valley between peaks.10
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50cm Super-K PMT

FIG. 59. Transit time distribution at single pho-

toelectron, compared with the Super-K PMT in

dotted line.
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FIG. 60. Single photoelectron distribution with

pedestal, compared with the Super-K PMT in

dotted line.

2.1.4. Gain Stability11

Because the Hyper-K detector is sensitive to a wide energy range of physics, the PMT is required12

to have a wide dynamic range. The Super-K PMTs have an output linearity up to 250 PEs in charge13

by the specifications and about 700 PEs measured in Super-K (with up to 5% distortion)[117],14

while the linearity of the HQE B&L PMT was measured to be within 5% up to 340 PEs as seen in15

Figure 61. Even with more than 1,000 PEs, the output is not saturated and the number of PEs can16

be calculated by correcting the non-linear response. The linearity range depends on the dynode17

current, and can be optimized with changing the resistor values in the bleeder circuit. This result18

demonstrates su�cient detection capabilities in the wide MeV – GeV region as in Super-K, as long19

as it is corrected according to the response curve.20

ー Hyper-Kー Super-K

Time [nsec]

Transit time (ns)

Charge (p.e.)

DetecDon0efficiency�
High0efficiency0brings0beder0HK0performance0of0momentum,0
energy,0parDcle0ID,0and0improves0low0energy0physics0especially.00
•  High0detecDon0efficiency0was0confirmed0in0measurement.�

16/02/16� Hyper&Kamiokande:0Photo&sensor0(Y.Nishimura)� ��

F Photosensors 93

Shape Hemispherical

Photocathode area 50 cm diameter (20 inches)

Bulb material Borosilicate glass (⇠ 3 mm)

Photocathode material Bialkali (Sb-K-Cs)

Quantum e�ciency 30 % typical at � = 390 nm

Collection e�ciency 95 % at 107 gain

Dynodes 10 stage box-and-line type

Gain 107 at ⇠ 2000 V

Dark pulse rate ⇠ 8 kHz at 107 gain (13 Celsius degrees, after stabilization for a long period)

Transit time spread 2.7 nsec (FWHM) for single photoelectron signals

Weight 7.5 kg (without cable)

Volume 61,050 cm3

Pressure tolerance 9 kg/cm2 water proof

TABLE XV. Specifications of the 50 cm R12860-HQE PMT by Hamamatsu.

2.1.2. Detection E�ciency

The total detection e�ciency of the HQE B&L PMT is twice as high as the conventional R3600

(Super-K PMT). Figure 57 shows the measured quantum e�ciency (QE) of several HQE B&L

PMTs as a function of wavelength compared with a typical QE of the Super-K PMT in dotted

line. After several iterations to improve the QE of the large 50 cm bulb by Hamamatsu, a QE of

30% was achieved at peak wavelength of 390 nm, compared to the 22% of the Super-K PMT.
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FIG. 57. Measured QE for six high-QE R12860 (solid lines) and a normal R3600 (dashed line).

If the sensitive photocathode area with a collection e�ciency (CE) greater than 50% is com-

pared, the HQE B&L PMT has an increased area with a diameter of 49.2 cm, compared to 46 cm

in case of the Super-K PMT and 43.2 cm in the KamLAND PMT. Compared with 73% CE of the

94 II.2 HYPER-KAMIOKANDE DETECTOR

Super-K PMT within the 46 cm area, the HQE B&L PMT reaches 95% in the same area and still

keeps a high e�ciency of 87% even in the full 50 cm area. This high CE was achieved by optimizing

the glass curvature and the focusing electrode, as well as the use of a box-and-line dynode. In the

Super-K Venetian blind dynode, the photoelectron sometimes misses the first dynode while the

wide first box dynode of the box-and-line accepts almost all the photoelectrons. This also helps

improving the single photoelectron (PE) charge resolution, which then improves the hit selection

e�ciency at a single PE level. By a measurement at the single PE level, we confirmed the CE

improvement by a factor of 1.4 compared with the Super-K PMT, and 1.9 in the total e�ciency

including HQE. Figure 58 shows that the CE response is quite uniform over the whole PMT surface

in spite of the asymmetric dynode structure.

A relative CE loss in case of a 100 mG residual Earth magnetic field is at most 2% in the worst

direction, or negligible when the PMT is aligned to avoid this direction on the tank wall. The

reduction of geomagnetism up to 100 mG can be achieved by active shielding by coils.
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FIG. 58. Relative single photoelectron detection e�ciency as a function of the position in the photocathode,

where a position angle is zero at the PMT center and ±90� at the edges. The dashed line is the scan along

the symmetric line of the box-and-line dynode whereas the solid line is along the perpendicular direction of

the symmetric line. The detection e�ciency represents QE, CE and cut e�ciency of the single photoelectron

at 0.25 PE. A HQE B&L PMT with a 31% QE sample shows a high detection e�ciency by a factor of two

compared with normal QE Super-K PMTs (QE = 22%, based on an average of four samples).

Quantum Efficiency (QE)� Total Detection Efficiency of 1pe�

22% → 30% at peak�
and Collection Efficiency (CE)  
73% → 95% (46cmΦ area)�

In total, detection efficiency 
  (=QE x CE x 1pe hit discrimination) 
                       becomes double.�

high-QEs (HQE)�

SK�

Hyper-K PMT

Super-K PMT

1 p.e. detection efficiency

~2



Photo-sensor (3)
• Number of photo-sensor R&D on-going in 

world-wide for further improvement:

• 50cmϕ Hybrid Photo-detector (HPD)

• 20~30cmϕ photo-sensors for OD / ID

• Multi-PMT
• Being developed based on KM3NeT optical 

module

• MoU with KM3NeT to exchange knowledge on 
Multi-PMT technology

18

Small0photo&sensors0(20&30cm)�
•  Candidate0for0OD,0or0to0improve0granularity0in0ID0
•  Test0of0high&QE020cm0(8”)0PMT0(R5912&100)0

–  Uniformity0measurement0at0TRIUMF,0Canada0
–  One0will0arrive0to0test0facility0in0Padova,0Italy0

•  New0HQE028cm0(11”)0PMTs0from0ET0Enterprises0
–  CompeDDon0with0Hamamatsu0small0PMTs0(8&120inches)0

16/02/16� Hyper&Kamiokande:0Photo&sensor0(Y.Nishimura)� �
�

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%

t (ns)∆
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1PE charge� 1PE time peak  
and late pulse� High-QE spectra�

Quantum Efficiency: ET PMT

30%→�

Hyper-Kamiokande International Working Group

As of April 14, 2014

12 countries, 67 institutes, 240 people

Hyper-Kamiokande International Working Group

As of April 14, 2014

12 countries, 67 institutes, 240 people

Hyper-Kamiokande International Working Group

As of April 14, 2014

12 countries, 67 institutes, 240 people

Hyper&K0Photo&sensor0R&D�
•  AcDvely0studied0by0sub&working0group0
00000000consisted0of0520worldwide0members0�

16/02/16� Hyper&Kamiokande:0Photo&sensor0(Y.Nishimura)� ��

Hyper-Kamiokande International Working Group

As of April 14, 2014

12 countries, 67 institutes, 240 people

Hyper-Kamiokande International Working Group

As of April 14, 2014

12 countries, 67 institutes, 240 people

Hyper-Kamiokande International Working Group

As of April 14, 2014

12 countries, 67 institutes, 240 people

Hyper-Kamiokande International Working Group

As of April 14, 2014

12 countries, 67 institutes, 240 people

Response property 
measured at TRIUMF�

In water�

20cm HPD�50cm photosensor  
(HAMAMATSU)�

28cm PMT 
(ETEL/ADIT, US)�

P H O T O N  I S  O U R  B U S I N E S S 

Copyright © Hamamatsu Photonics K.K. All Rights Reserved. 
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High-QE�

3’’ PMTs 
35 3’’ PMTs already at Naples INFN laboratories. 

 On going, Voltage-Divider 
Circuit  in production phase; 

 Passive voltage-divider:  
- 0.1 mA  
- 0.1 W  

 Preliminary PMTs test before 
integration in the multiPMT 
prototype; 

PMT Test Site: Napoli INFN laboratory 

Other option could be a voltage divider partially active: in this case the current could be 
reduced of  a factor ∼50; experience on this solution in Naples 
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Multi-PMT�

Promoting many 
 R&D items actively�

New photo-sensor 
development�

Safety design & test�

Implosion at 150 m 

3’’ PMTs Pressure Test in Mediterranean sea 

Proof test 
 (Kamioka)�

Characterization�

In sea�

Calibration  
of 7.5cm PMTs�

HPD

28cm (8”) PMT

Multi-PMT

Hyper&K0Photo&sensor0R&D�
•  AcDvely0studied0by0sub&working0group0
00000000consisted0of0520worldwide0members0�

16/02/16� Hyper&Kamiokande:0Photo&sensor0(Y.Nishimura)� ��

Hyper-Kamiokande International Working Group

As of April 14, 2014

12 countries, 67 institutes, 240 people

Hyper-Kamiokande International Working Group

As of April 14, 2014

12 countries, 67 institutes, 240 people

Hyper-Kamiokande International Working Group

As of April 14, 2014

12 countries, 67 institutes, 240 people

Hyper-Kamiokande International Working Group

As of April 14, 2014

12 countries, 67 institutes, 240 people

Response property 
measured at TRIUMF�

In water�

20cm HPD�50cm photosensor  
(HAMAMATSU)�

28cm PMT 
(ETEL/ADIT, US)�

P H O T O N  I S  O U R  B U S I N E S S 

Copyright © Hamamatsu Photonics K.K. All Rights Reserved. 

R&D㐍ᤖ≧ἣ 䠔䜲䞁䝏HPD䠖R12112 
ศ㢮 㡯┠ 

H26ᖺᗘ 
ᚋ䛾ணᐃ 

┠ᶆ ⾜䛺䛖/⾜䛺䛳䛯 㐍ᤖᗘ 

䝅䝵䞊䝖 
QE 30%typ.௨ୖ QE䍺20% ᑒṆ⇕䛾ᙳ㡪䛷ග㟁㠃䛜䝎䝯䞊䝆 100 - 

ฟⲴ EGADS䛻ධ䜜䜛 䝅䝵䞊䝖䝍䜲䝥䠐ᮏ䜢ฟⲴ䛧䛯䠄䠏ᮏ㜵Ỉ䠅䚹 100 EGADS䛻ධ䜜ホ౯䛩䜛 

䝻䞁䜾 

QE 30%typ.௨ୖ Sbෆ㒊╔ရ䛷QE=34.6%䜢ᚓ䛯䚹 80 Ᏻᐃ䛧䛯άᛶ᮲௳䜢ぢ䛴䛡䜛 

Ⓨග Ⓨග䛧䛺䛔 ヨస⟶䜢స〇䛧䛯 50 Ⓨග☜ㄆ䛩䜛 

ฟⲴ ฟⲴ 
༓ⴥ䞉䞉䞉2p䚸ᮾᆅ㟈◊䞉䞉䞉1p䜢ฟⲴ䛧䛯 
ᮾHK䠄3᭶⣡ධ䠅䞉䞉䞉సᡂ୰ 

90 3᭶ฟⲴணᐃ 

5 

㟁Ꮚ⟶ᴗ㒊 2015.01.19 

UKฟⲴ 

༓ⴥฟⲴ 

༓ⴥฟⲴ 

ᮾᆅ㟈◊ฟⲴ 

ᮾᏱᐂ⥺◊ 
ฟⲴೃ⿵䠄3᭶䠅 

High-QE�

3’’ PMTs 
35 3’’ PMTs already at Naples INFN laboratories. 

 On going, Voltage-Divider 
Circuit  in production phase; 

 Passive voltage-divider:  
- 0.1 mA  
- 0.1 W  

 Preliminary PMTs test before 
integration in the multiPMT 
prototype; 

PMT Test Site: Napoli INFN laboratory 

Other option could be a voltage divider partially active: in this case the current could be 
reduced of  a factor ∼50; experience on this solution in Naples 

F
P
h
ot
os
en

so
rs

11
3

F
IG

.
77

.
M
u
lt
i-
P
M
T

co
n
ce
p
tu
al

d
ra
w
in
g
w
it
h
33

7.
7
cm

P
M
T
s
as

ID
d
et
ec
to
rs

an
d
on

e
20

cm
P
M
T

in
th
e
O
D

h
al
f.

W
h
il
e
ea
ch

sm
al
l
ID

P
M
T

h
as

a
re
fl
ec
to
r
co
n
e,

m
an

y
li
gh

t

en
h
an

ce
m
en
t
op

ti
on

s
ar
e
p
os
si
b
le

fo
r
th
e
O
D

P
M
T
.
A

16

m
m

th
ic
k
ac
ry
li
c
ve
ss
el

is
u
se
d
as

p
re
ss
u
re

ve
ss
el
.
T
h
e
ID

P
M
T
or
ie
nt
at
io
n
is
ch
os
en

su
ch

th
at

sh
ad

ow
in
g
fr
om

n
ea
rb
y

m
od

u
le
s
is

li
m
it
ed
.

F
IG

.
78
.

A
H
am

am
at
su

R
12

19
9-
02

7.
7

cm
P
M
T

th
at

is
cu

rr
en
tl
y

u
se
d

in

K
M
3N

et
an

d
co
n
si
d
er
ed

fo
r

Ic
eC

u
b
e-

G
en

2
m
od

u
le
s.

A
s
th
is
p
as
se
d
th
e
H
yp

er
-

K
P
M
T

re
qu

ir
em

en
ts
,
it

is
al
so

a
go

od

ca
n
d
id
at
e
fo
r
a
H
yp

er
-K

m
P
M
T
.

H
ow

ev
er
,
a
p
re
ss
u
re

ve
ss
el

in
ei
th
er

gl
as
s
or

ac
ry
li
c
w
ou

ld
p
ro
te
ct

th
e
P
M
T
s
fr
om

an
y
ex
te
rn
al

1

w
at
er

p
re
ss
u
re
.
T
h
e
lo
w
er

p
re
ss
u
re

re
qu

ir
em

en
ts

al
so

d
o
n
ot

re
st
ri
ct

th
e
ve
ss
el

to
ei
th
er

33
.3

cm
2

or
43

.5
cm

d
ia
m
et
er

gl
as
s
sp
h
er
es
.
T
h
e
b
as
el
in
e
d
es
ig
n
of

a
H
yp

er
-K

m
P
M
T

w
ou

ld
re
p
la
ce

ea
ch

3

50
cm

P
M
T

by
33

7.
7
cm

P
M
T
s
in

a
h
al
f
sp
h
er
e
w
it
h
a
ra
d
iu
s
of

ab
ou

t
26

cm
in

or
d
er

to
fi
t
th
em

4

m
ec
h
an

ic
al
ly

as
il
lu
st
ra
te
d
by

F
ig
.
77

.
W

h
en

re
fl
ec
to
r
co
n
es

ar
e
ad

d
ed

to
ea
ch

7.
7
cm

P
M
T

to
5

in
cr
ea
se

th
e
e↵

ec
ti
ve

p
h
ot
oc
at
h
od

e
ar
ea

by
ab

ou
t
30

%
,
w
e
ge
t
th
e
sa
m
e
e↵

ec
ti
ve

p
h
ot
oc
at
h
od

e
6

ar
ea

as
a
si
n
gl
e
50

cm
P
M
T
.
T
h
e
7.
7
cm

P
M
T
s
w
il
l
b
e
su
p
p
or
te
d
by

a
3D

p
ri
nt
ed

fo
am

st
ru
ct
u
re

7

an
d
op

ti
ca
ll
y
an

d
m
ec
h
an

ic
al
ly

co
u
p
le
d
by

S
il
ic
on

G
el

to
a
16

m
m

th
ic
k
ac
ry
li
c
p
re
ss
u
re

sp
h
er
e.

8

T
h
e
an

gl
e
of

th
e
fi
rs
t
ci
rc
le

of
7.
7
cm

P
M
T
s
w
it
h
re
sp
ec
t
to

th
e
b
as
e
p
la
n
e
of

th
e
h
em

is
p
h
er
e
is

9

ch
os
en

su
ch

th
at

th
ei
r
m
ai
n
vi
ew

in
g
an

gl
e
is
ab

ov
e
th
e
n
ei
gh

b
or
in
g
m
P
M
T
s
to

m
in
im

iz
e
sh
ad

ow
in
g

10

e↵
ec
ts
.
A
cc
or
d
in
g
to

th
e
d
es
ig
n
of

th
e
O
D
,
ex
p
la
in
ed

in
S
ec
ti
on

II
IF

3,
O
D

P
M
T
s
ca
n
n
ow

b
e

11

en
ca
se
d
in

th
e
op

p
os
it
e
h
em

is
p
h
er
e
an

d
u
se

th
e
sa
m
e
el
ec
tr
on

ic
s
as

th
e
33

ID
P
M
T
s.

In
b
et
w
ee
n

12

b
ot
h
h
em

is
p
h
er
es

a
40

m
m

cy
li
n
d
er

ex
is
ts

fo
r
O
D

P
M
T

b
as
e
an

d
th
e
el
ec
tr
on

ic
s.

T
h
e
p
en

et
ra
to
r,

13

w
h
ic
h
co
n
n
ec
ts

th
e
si
gn

al
an

d
p
ow

er
ca
b
le

to
th
e
m
od

u
le
,
w
ou

ld
b
e
co
n
n
ec
te
d
to

th
e
cy
li
n
d
ri
ca
l

14

Multi-PMT�

Promoting many 
 R&D items actively�

New photo-sensor 
development�

Safety design & test�

Implosion at 150 m 

3’’ PMTs Pressure Test in Mediterranean sea 

Proof test 
 (Kamioka)�

Characterization�

In sea�

Calibration  
of 7.5cm PMTs�

ID OD

MulD&Channel0OpDcal0Module�
•  0Reliable0for0high0pressure0

–  Less0vacuum0space,00

sphere0pressure0vessel0by0acrylic0

•  Large0fiducial0volume00

00by0direcDonal0sensiDvity0cut00

000000and0less0dead0area0

•  Cost0:00
–  Saving0:0No0geomagneDsm0compensaDon,00

00shared0with0waterproof0electronics,00

000compeDDon0of0PMT0manufacturers,0

0000less0stress0for0frame0

–  Many0PMTs0and0readout0channels,0much0data0transfer0and0compuDng0resource0

•  R&D0studies0and0budget0request0for0R&D0are0ongoing.0
•  Physics0sensiDvity0studies0are0ongoing0using0HK0simulaDon0tool.00

16/02/16� Hyper&Kamiokande:0Photo&sensor0(Y.Nishimura)� ���

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
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Based on 
KM3NET  
optical module�

33 8cm(3-inch) PMTs 

20cm PMT for OD�

ID�

OD�

1 of concepts�

112 II.2 HYPER-KAMIOKANDE DETECTOR

FIG. 76. 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. 77. 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.

e↵ects. According to the design of the OD, explained in Section II.2 F 3, OD PMTs can now be

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

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

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

side of the mPMT module. An additional advantage of this design is the increase of the fiducial

volume by reducing the dead space between the ID and OD while a standard black sheet can still

maintain the optical separation.

Currently, there are two main candidates for 7.7 cm PMTs that have been developed specifically

for KM3Net, the Hamamatsu R12199-02 (see Fig. 77) and the ET Enterprises D792KFL/9320KFL.

They have been measured in detail ([138–140]) and would be adequate for Hyper-K. Both PMTs

use standard quantum e�ciency photocathodes but have a high peak QE of ⇠ 27% at 404 nm.

Their collection e�ciency is more than 90%. The transit time spread is about 4 ns at FWHM

and the dark rate is 200-300 Hz. Active development of these PMTs is still in progress, which will

reduce the cost and increase their performance in the next years.

Competitive  
for 3-inch PMT 
and Vacuum Silicon  
PhotoMultiplier Tube option�

Hyper-Kamiokande International Working Group

As of April 14, 2014

12 countries, 67 institutes, 240 people

Hyper-Kamiokande International Working Group

As of April 14, 2014

12 countries, 67 institutes, 240 people

KM3NeT 
optical module

MulD&Channel0OpDcal0Module�
•  0Reliable0for0high0pressure0

–  Less0vacuum0space,00

sphere0pressure0vessel0by0acrylic0

•  Large0fiducial0volume00

00by0direcDonal0sensiDvity0cut00

000000and0less0dead0area0

•  Cost0:00
–  Saving0:0No0geomagneDsm0compensaDon,00

00shared0with0waterproof0electronics,00

000compeDDon0of0PMT0manufacturers,0

0000less0stress0for0frame0

–  Many0PMTs0and0readout0channels,0much0data0transfer0and0compuDng0resource0

•  R&D0studies0and0budget0request0for0R&D0are0ongoing.0
•  Physics0sensiDvity0studies0are0ongoing0using0HK0simulaDon0tool.00

16/02/16� Hyper&Kamiokande:0Photo&sensor0(Y.Nishimura)� ���

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
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Based on 
KM3NET  
optical module�

33 8cm(3-inch) PMTs 

20cm PMT for OD�

ID�

OD�

1 of concepts�

112 II.2 HYPER-KAMIOKANDE DETECTOR

FIG. 76. 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. 77. 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.

e↵ects. According to the design of the OD, explained in Section II.2 F 3, OD PMTs can now be

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

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

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

side of the mPMT module. An additional advantage of this design is the increase of the fiducial

volume by reducing the dead space between the ID and OD while a standard black sheet can still

maintain the optical separation.

Currently, there are two main candidates for 7.7 cm PMTs that have been developed specifically

for KM3Net, the Hamamatsu R12199-02 (see Fig. 77) and the ET Enterprises D792KFL/9320KFL.

They have been measured in detail ([138–140]) and would be adequate for Hyper-K. Both PMTs

use standard quantum e�ciency photocathodes but have a high peak QE of ⇠ 27% at 404 nm.

Their collection e�ciency is more than 90%. The transit time spread is about 4 ns at FWHM

and the dark rate is 200-300 Hz. Active development of these PMTs is still in progress, which will

reduce the cost and increase their performance in the next years.

Competitive  
for 3-inch PMT 
and Vacuum Silicon  
PhotoMultiplier Tube option�

Hyper-Kamiokande International Working Group

As of April 14, 2014

12 countries, 67 institutes, 240 people

Hyper-Kamiokande International Working Group

As of April 14, 2014

12 countries, 67 institutes, 240 people

8cm (3”) PMT

33 8cm PMTs



Water system
• Quality of HK source water is almost same as in SK
• Source water for HK sampled at the candidate site

• Hyper-K water purification system designed based on 
the Super-K system
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Source water quality • Water flow in the tank directly affects 
the water quality and the physics

• Supply water from bottom and drain 
from top: suppress convection and 
water flow become laminar (effective 
water replacement)

Water flow simulation



Design detector components
• All HK detector components has been designed
• Front-end electronics, cables routing, layout of water 

pipes, geomagnetic field compensation coils, calibration 
holes, crane, ... etc.

20

4200mm

28
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m
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: Network/Power cable

: Cable for inner PMT
: Support structure

: Front End Electronics

: Inner photo-sensor (20”)

: Outer photo-sensor (8”)

Electronics & 
cable layout

Water pipe layout Calibration holes

: Cable for outer PMT

Geomagnetic field compensation coils



Hyper-K construction timeline

• The 1st detector construction in 2018~2025
• Now: Further detailed geological survey and photosensor 

development on-going

• Cavern excavation: ~5 years

• Tank (liner, photosensors) construction: ~3 years

• Water filling: 0.5 years 21

The Hyper-Kamiokande Timeline 

The Hyper-Kamiokande Experiment 6/July/2016 14 

FY 
2015 

2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 

Photosensor development 

Suvey, detailed design 

Access tunnels 

Cavity excavation Tank construction 

Photosensor production 

Sensor 
installation 

Water 
filling 

Operation 

Beam up to 1.3MW 

• 2018 - 2025 HK construction. 
• 2026 onwards CPV study, Atmospherics , Solar , Supernova 

, Proton decay searches,  … 
• The 2nd identical tank starts operation 6yrs after the first one. 



Detector calibration

22



132 III HYPER-KAMIOKANDE DETECTOR

ment system is desirable. The first prototype of the source deployment system has been developed2

(Fig. 81). The system will be installed in Super-K in 2016, and we plan to further develop the3

source deployment system for Hyper-K based on the Super-K operation experience.4

FIG. 81. Photograph (left) and sketch (right) of the first prototype of the calibration sources deployment

system.

5

6

A variety of sources can be deployed through this system including optical sources for PMT7

and measurements of detector optical properties, and various radioactive sources. Based on pre-8

vious experience at Super-K this would include a deuterium-tritium base reaction pulsed neutron9

generator (DT generator) to create 16N for calibration in the solar neutrino energy regime. A10

number of sources can be developed to provide neutrons for calibration. These include 252Cf and11

AmBe sources that were previously used to calibrate the neutron response of the SNO detector. In12

addition to the conventional neutron sources, we currently explore ideas for compact and pulsed13

neutron generator [141] for Hyper-K detector calibrations, that uses a similar technology to DT14

generator but is a palm-size portable neutron generator and can maneuver more e↵ectively in de-15

tector calibrations. These sources produce neutrons at a known rate, and comparing the rate of16

measured Gd captures to this rate the neutron detection e�ciency and any possible variation across17

the detector can be measured, should Gd be deployed in Hyper-Kamiokande. Neutron captures18

on Gd also provide a source of events inside the detector of known energy providing a further19

calibration of the detector response in addition to the neutron response of the detector. Develop-20

ment of additional calibration sources to exploit this system can be expected over the lifetime of21

Hyper-Kamiokande.1

I Detector calibrations (5 pages) 133

1.1.2. Integrated light injection system2

Hyper-Kamiokande will include an integrated light injection system for optical (extinction and3

scattering) and PMT (timing, gain and multi-photon) calibrations. This system consists of a4

number of light injection points connected via optical fibres to light pulsers in the electronics.5

Light pulses of 1-2 ns can be produced using LEDs, laser diodes (LDs) or similar solid state6

optical devices can be produced relatively inexpensively. This allows multiple optical sources to7

be deployed around the edge of the detector that can then be used for calibration. This system8

consists of an LED (or similar) coupled to an optical fibre, which is then connected to an optical9

di↵user on the PMT support structure. The optical di↵user is used to shape the light inside the10

detector and designs can provide di↵erent calibration pulses for di↵erent needs.11

In order to maintain fast light pulses over the order 100 m distance of optical fibres required12

for Hyper-Kamiokande graded index fibre is required rather than the step index fibre used in for13

example SNO+. Graded index fibre has a small active core complicating the challenge of light14

collection. The key challenges of this system are the coupling of the LEDs to the optical fibre,15

minimising dispersion in the fibre to maintain short optical pulses and achieving the required dy-16

namic range without compromising the fast optical pulses. Research and development is currently17

underway in the UK to solve these problems. Figure 82 shows first prototype of LED and LD18

driver unit and light monitoring system with MPPC.19 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. 82. Photograph of the prototype of LED/LD driver board (left) and MPPC front-end board (right).

20

21

For some calibrations, it will be essential to monitor the light injected into the detector. There22

are two points at which monitoring of the light produced can be done and Hyper-Kamiokande will23

monitor both. The optical coupling between the LED and fibre is imperfect and the light that does1

Novel Surface Mounted Neutron Generator (Neutristor) 

 Juan Elizondo-Decanini at Sandia 
National Laboratiories in the U.S. has 
been developing a compact neutron 
source based on surface deposition and 
lithography 
 

 Original development motivation is for 
cancer therapy  
 Introduce 10B into cancer cell 
  n + 10B  4He + 7Li +   
  kills the cell  

 
 To prevent damage to healthy cells put 

the source as close as possible to taget  
 Goals: 

 Small  
 Inexepensive  

 
 

R&D progress in worldwide
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Worldwide R&D
New$11″$HQE$PMT$

by$ADIT/ETEL 
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Other(Designing(Work�
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PMTs(for(maintenance�
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FIG. 8. Schematic diagram of data readout and processing system.

.

TABLE VII. Calibration techniques used in Super-Kamiokande

Calibration source Purpose

Nitrogen-dye laser Timing response, charge linearity, OD

Laser with various wavelength Water attenuation & scattering

Xe lamp + scintillator ball PMT gain, position dependence

Deuterium-tritium (DT) fusion generator [16N] Low energy response

Nickel + 252Cf [Ni(n, �)Ni] Absolute gain, photo-detection e�ciency

Cosmic ray muon / ⇡0 / decay electron Energy calibration for high energy events

2. R&D work and alternative options434

Although the baseline design is proved to work with the Super-K experience, there are several435

ongoing R&D to improve the performance of the electronics/DAQ for Hyper-K. The current e↵ort436

includes the development of a front-end electronics based on FADC, R&D of an FPGA-based high437

precision TDC, and a more intelligent trigger for low energy events and/or events extending over438

multiple compartments. It is planned to test multiple options with a prototype detector to evaluate439

their feasibility and performance.440

E. Detector calibration441

In order to achieve the scientific goals of Hyper-K, precise calibration of the detector is indis-442

pensable. Because the Super-K detector has been operated successfully for more than a decade443

HK Electronics: FADC + Communication

4th Hyper-K Meeting
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RapidIO Test II

• 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 135MB/s; can 

also run faster, near 250MB/s, but needs to tweak DMA.

• Starting to work on the routing functionality; did some 

tests already, checking fail-over when cables are 

detached.

Terasic 

Board

Extension

Card

Trial&for&communica-on&
(RapidIO&in&FPGA&boards) Elec.&+&HV&modules&in&water 

Data/Clock/Power&
network&&in&water 

…&DAQ&system 
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FIG. 7. Schematic diagram of the front-end module.

There have also been several attempts to improve the photon collection e�ciency with special394

lens systems, wavelength shifters, or mirrors attached to the existing sensors. The e↵ect of such395

additional system to the detector performance, such as angular acceptance and timing resolution,396

needs to be carefully studied.397

D. Electronics and data acquisition system398

1. Baseline design399

In terms of the required specifications and the number of photosensors in one compartment, the400

current design of the Hyper-K detector is similar to that of the Super-K detector. Therefore, it is401

possible for us to design the data acquisition system using the same concept as SK-IV, reading out402

all the hit information from the photosensors, including the dark noise hits.403

However, because the egg-shape of Hyper-K detector makes the cable routing and mechanical404

support di�cult to design. We are now planning to place the front-end electronics module and the405

power supply for the photosensor in the detector water, close to the photosensor. The underwater406

front-end electronics will be enclosed in a pressure tolerant water-tight housing, which have been407

used in other experiments with several established techniques.408

The schematic diagram of the front-end module is shown in Fig. 7. There are four main409410

functional blocks in the front-end board. One module accepts signals from 24 photosensors.411

The signal digitization block accepts the signals from the photosensors and convert them to the412
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possible for us to design the data acquisition system using the same concept as SK-IV, reading out402

all the hit information from the photosensors, including the dark noise hits.403

However, because the egg-shape of Hyper-K detector makes the cable routing and mechanical404

support di�cult to design. We are now planning to place the front-end electronics module and the405

power supply for the photosensor in the detector water, close to the photosensor. The underwater406

front-end electronics will be enclosed in a pressure tolerant water-tight housing, which have been407

used in other experiments with several established techniques.408

The schematic diagram of the front-end module is shown in Fig. 7. There are four main409410

functional blocks in the front-end board. One module accepts signals from 24 photosensors.411

The signal digitization block accepts the signals from the photosensors and convert them to the412

24&photosensors&in&unit 

New$11″$HQE$PMT$
by$ADIT/ETEL 

Low$capacity$AD,$
Pixelized$AD 

Improved$builtBin$HV,$
Low$noise$preamplifier 

Photosensor$TesHng$
FaciliHes$

PD$protecHve$case$ MagneHc$shielding$

US 

Canada'/'U
K 

(see Nishimura-san’s talk for details)

Friday, October 30, 15

Photosensor Test 
Facility

Automated 
calibration system

Integrated light 
injection system

Compact neutron 
generator

HK detector calibrations
• Hyper-Kamiokande detector calibrations designed 

based on Super-K calibrations
• Feasible techniques/methods for large water Č detector

• SK calibration paper: NIM A 737 (2014) 253-272

• Several R&D projects are in progress to develop 
more sophisticated calibration systems and sources 
for Hyper-K
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Gain calibration
• ~5% of all PMTs are tuned/calibrated

to have same gain before installation
(pre-calibration)

• Nominal PMTs are calibrated in-situ,
after installed, by referencing to the
pre-calibrated PMTs (~1% level)
• Deploy a light source in the detector

• PMT gain stability monitored during
the detector operation

24

Optical fiber

Xe flash 
lamp

Nominal(PMTs
Pre/calibrated(PMTs

A(group(of(PMTs(
which(have(iden<cal(
op<cal(acceptance(

Good uniformity
(±2%)

• Among#11,129#PMTs,#HV#of#420#PMTs#are#determined#
so#that#same#charge#(1%#accuracy)#can#be#observed#
for#same#light#intensity#before#installaHon#(preI
calibraHon).

• #By#flashing#a#light#source#at#the#center#of#the#tank,#
other#PMTs#HV#can#be#adjusted.#

• It#was#done#once#at#beginning#of#SKII#and#once#at#
beginning#of#SKIII.##

!"#$%&&'()*+,'&&!
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).

/!
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Figure 8: The location of “standard PMTs” inside the SK inner detector (left). The red

points indicate the locations of the standard PMTs. These PMTs served as references for

other PMTs belonging to the same group with similar geometrical relationship to the light

source (right).
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Figure 5: Schematic view of the PMTs’ grouping scheme in SK.

3.3.2 Charge (pC) to photoelectron (p.e.) conversion

After all PMTs’ HV tuned, we need to evaluate a conversion factor which is a calibration constant to convert
the charge in pico-Coulomb (pC) to number of photo-electrons. This conversion factor can be obtained by
measuring 1 p.e. distribution by deploying a weak (1 p.e. level) light source. The light source can be “Nickel
source” that is a californium source surrounded with nickel and emits gamma rays of about 9 MeV from
Ni(n, �)Ni reaction. Figure 6 shows the nickel source and 1 p.e. distribution in SK (SK-III).

Charge to p.e. conversion
• Conversion factor from charge (pC) to photo-

electron (p.e.) can be obtained by measuring 
1 p.e. distribution

• Deploy “Nickel source” to obtain 1 p.e. level light
• Nickel source ≡ nickel-californium source,

Ni(n,γ)Ni, Eγ~9MeV
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Figure 13: The 1 p.e. distributions in pC unit by nickel source data in SK-III. Both figures

are same, but di�erent scale. The black line in the left figure shows the data with normal

PMT gain, the green line shows the data with double gain and half threshold, and the red

line is linear extrapolation.

3.1.7. Charge linearity364

The integrated charge linearity of the electronics is presented in this section.365

The one for the QTC chip which is used in the QBEE was within 1% by the366

measurement during its development. As shown in the Table 2, the QTC chip367

has a wide dynamic range and three levels of charge readout. The linearity of368

the QBEE modules for these entire ranges was checked after installation into369

SK.370

The schematic view of data taking is shown in Figure 15. We prepared eight371

20-inch PMTs as monitors. They were connected to a CAMAC ADC (LeCroy372

2249W) whose performance was well known. At first, the charge linearity of373

monitor 20-inch PMTs was measured using this system, and was less than 1%.374

In order to survey a wide dynamic range, the light source was set in an o↵-center375

position, and we selected these monitor 20-inch PMTs near the light source and376

applied four di↵erent gains to them. These monitor PMTs were used for an377

estimation of the expected charge for other PMTs from di↵erent light intensities.378

The measurements with 30 di↵erent light amount sets were done, and the charge379
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SK 1 p.e. distribution

SK Nickel source
(accumulated over all PMTs)

1 p.e. ~2.7 pC
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Charge to p.e. conversion
• Conversion factor from charge (pC) to photo-

electron (p.e.) can be obtained by measuring 
1 p.e. distribution

• Deploy “Nickel source” to obtain 1 p.e. level light
• Nickel source ≡ nickel-californium source,

Ni(n,γ)Ni, Eγ~9MeV
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Figure 13: The 1 p.e. distributions in pC unit by nickel source data in SK-III. Both figures

are same, but di�erent scale. The black line in the left figure shows the data with normal

PMT gain, the green line shows the data with double gain and half threshold, and the red

line is linear extrapolation.

3.1.7. Charge linearity364

The integrated charge linearity of the electronics is presented in this section.365

The one for the QTC chip which is used in the QBEE was within 1% by the366

measurement during its development. As shown in the Table 2, the QTC chip367

has a wide dynamic range and three levels of charge readout. The linearity of368

the QBEE modules for these entire ranges was checked after installation into369

SK.370

The schematic view of data taking is shown in Figure 15. We prepared eight371

20-inch PMTs as monitors. They were connected to a CAMAC ADC (LeCroy372

2249W) whose performance was well known. At first, the charge linearity of373

monitor 20-inch PMTs was measured using this system, and was less than 1%.374

In order to survey a wide dynamic range, the light source was set in an o↵-center375

position, and we selected these monitor 20-inch PMTs near the light source and376

applied four di↵erent gains to them. These monitor PMTs were used for an377

estimation of the expected charge for other PMTs from di↵erent light intensities.378

The measurements with 30 di↵erent light amount sets were done, and the charge379
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SK 1 p.e. distribution

SK Nickel source
(accumulated over all PMTs)

1 p.e. ~2.7 pC

Tuesday, January 15, 13
Figure 6: “Nickel source” used in SK (left and middle figures) and 1 p.e. distribution of SK (right).

It should be noted that the SK 1 p.e. distribution in Fig. 6 was obtained by accumulating over all PMTs
since SK could not measure 1 p.e. peak for all PMT channels. From the accumulated 1 p.e. distribution,
the “global” conversion factor is evaluated, that is commonly used in all PMTs. In order to take the PMT-
by-PMT variation into account, SK performed a separate measurement (see Ref. [1] for details). If HK uses
the same type of PMT as SK, we may need to follow the same manner.

3.4 Photo-detection e�ciency

The photo-detection e�ciency is defined by quantum e�ciency times collection e�ciency of PMT. This
information would be one of important parameters in detector simulation.

It will be hard to measure the photo-detection e�ciency directly in-situ. However we can measure relative
e�ciency PMT-by-PMT. The “absolute” e�ciency may be measured at a test-stand prior to the installation

5

1 p.e. distribution 
(Super-K)



Timing calibration
• “TQ-map” (Time-Charge map)
• Calibration to have uniform timing

response for all PMTs
• Time offset: transit-time, cable length

• Time-walk: discriminator slewing effect

• Employ a fast-pulsed light source (a few 100ps FWHM),
scan over entire dynamic range: ~1p.e. to ~1000 p.e.
• Also timing stability monitored during the operation
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Absolute energy scale calib.
• Energy calibrations use an electron 

LINAC and natural sources covering
a few MeV to several GeV
• e-LINAC: monochromatic energy single-

electron beam
• ~5 MeV to ~16 MeV

• Solar ν, Supernova ν, ...

• Natural sources (Michel-e, atm-ν induced 
π0, cosmic-μ)
• ~40 MeV/c to several GeV/c

• Beam-ν, atm-ν, proton-decay, ...

• Energy scale error in Super-K:
<1% (solar ν), ~2-3% (beam, atm ν)
• E-scale errors include time variation

• Energy scale calibrated with DT, Ni-Cf, 
natural sources during the operation 26
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around 10 MeV/c to 10 GeV/c, using cosmic-ray stopping muon and associated decay electron

data, and ⇡0 data produced in atmospheric neutrino interactions in SK-IV. The absolute scale
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FIG. 86. The absolute energy scale check in SK-IV.

error is estimated to be 2.4% from the largest di↵erence between data and MC which occurs for

the sub-GeV stopping muon sample. Note that the global momentum scale for data was adjusted

typically in the end of each SK detector period to minimize the absolute scale error but has not

been done yet in SK-IV. The time variation of reconstructed momentum is shown in Fig. 87 and

Fig. 88. For the entire SK-IV time period, the momentum has been stable within 1% and the

time variation (RMS/mean) is estimated to be about 0.4%, taken as the largest value between

these two calibration sources. By taking the quadratic sum of the absolute scale error and the

time variation, the energy scale error is estimated to be 2.4% in SK-IV. Further, the directional

dependence of decay electron momenta is used to estimate the asymmetry of the energy scale. The

asymmetry was estimated to be 0.8% in SK-IV.

±2%
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3.1.1. Review of calibration in Super-K

In the low energy physics, electrons generated by neutrino-electron elastic scattering and

positrons by inverse beta decay are the detection particles. It is essential to reconstruct their ver-

tex, direction and energy accurately for a precise observation. For this purpose, Super-K employed

multiple calibration techniques.

First, an electron LINAC is used to calibrate the absolute energy scale, energy resolution,

vertex and direction resolution. Single electron with mono-chromatic energy, from 5 to 16.3 MeV,

is injected from LINAC to the detector downward at nine di↵erent detector heights. A comparison

between the observed LINAC data and the Monte Carlo simulation is shown in Fig. 85. As shown

in the figure, Monte Carlo prediction and data are in good agreement. From the results, the energy

scale uncertainty is estimated to be less than 0.5%. Since the LINAC calibrations require a longer

detector downtime and manpower, LINAC data are taken once per year or two years. Detail of

the LINAC system and its performance can be found in reference [143].

FIG. 85. Comparison of absolute energy scale between LINAC calibration data and Monte Carlo simulation.

The decay of 16N is also used for the absolute energy calibration. 16N decay is dominated

by an electron with a 4.5 MeV maximum energy, coincident with a 6.1 MeV � ray. To create

16N, a DT generator is employed to generate the (n,p) reaction on 16O in the water. The DT

±1%

Data/MC difference (SK)



Magnetic field dependence
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Intensity map (hit count ⇠ QE x CE) naturally e↵ected by large B field as well.

T. Feusels (UBC) PTF 12/07/2016 13 / 31

PMT test facility
• PMT characterization with PTF at TRIUMF

• Study response of large area photo-sensors to 
light (in water) across:
• wavelength (330~550nm)

• location on and incident angle to PMT surface

• include optical property of PMT housing (ex. acrylic)

• Provide parameterized model of PMT response 
and reflection for the detector simulation

27

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.

Active cancellation with Helmholtz coil, passive cancellation with two layers of g-iron.

Light shielding with dark curtains.

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

T. Feusels (UBC) PTF 12/07/2016 3 / 31

Super-K PMT in water in the PTF

T. Feusels (UBC) PTF 12/07/2016 23 / 31

Measurement in ultra-pure water

PRELIMINARY

1pe dist. (R3600, SK PMT)



Automated calib. system
• Automated calibration source deployment system

• Deploy Ni+Cf (γ) source, light sources in the detector

• Provide less dead-time, less manpower to calibrate 
multiple detectors

• A prototype of the system built and tested in 
water (at National Maritime Research Institute; NMRI)

• Plan to install the system in Super-K (next FY)

28
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ment system is desirable. The first prototype of the source deployment system has been developed2

(Fig. 81). The system will be installed in Super-K in 2016, and we plan to further develop the3

source deployment system for Hyper-K based on the Super-K operation experience.4

FIG. 81. Photograph (left) and sketch (right) of the first prototype of the calibration sources deployment

system.

5

6

A variety of sources can be deployed through this system including optical sources for PMT7

and measurements of detector optical properties, and various radioactive sources. Based on pre-8

vious experience at Super-K this would include a deuterium-tritium base reaction pulsed neutron9

generator (DT generator) to create 16N for calibration in the solar neutrino energy regime. A10

number of sources can be developed to provide neutrons for calibration. These include 252Cf and11

AmBe sources that were previously used to calibrate the neutron response of the SNO detector. In12

addition to the conventional neutron sources, we currently explore ideas for compact and pulsed13

neutron generator [141] for Hyper-K detector calibrations, that uses a similar technology to DT14

generator but is a palm-size portable neutron generator and can maneuver more e↵ectively in de-15

tector calibrations. These sources produce neutrons at a known rate, and comparing the rate of16

measured Gd captures to this rate the neutron detection e�ciency and any possible variation across17

the detector can be measured, should Gd be deployed in Hyper-Kamiokande. Neutron captures18

on Gd also provide a source of events inside the detector of known energy providing a further19

calibration of the detector response in addition to the neutron response of the detector. Develop-20

ment of additional calibration sources to exploit this system can be expected over the lifetime of21

Hyper-Kamiokande.1
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Light sources
• Light sources are important for photosensor calib
• Gain, timing calibration & detector stability monitoring

• SK employs laser (N2, LD), Xe lamp

• LED is a candidate for HK light calib source
• Compact, cheap, and stable

• Used in many experiments; established technology

• Develop a fast-pulsed LED light source
• Based on SNO/SNO+ LED calibration system

• A prototype module being available and plan to 
test in Super-K (next FY)
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1.1.2. Integrated light injection system

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

driver unit and light monitoring system with MPPC.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).

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

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

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

Relative delay
t1 t2

• Anode pulse at 
time t1, forward 
current through 
LED, begins 
emitting photons

• Cathode pulse 
second at time t2, 
reverse current 
through LED

• Charges swept out 
of depletion 
region, LED off

• Pulse width 
controlled by 
anode/cathode 
voltages



Summary
• Hyper-K baseline design established

• Cavern excavation, water containment system, PMT 
support, water system, etc.

• Design Report available as KEK and ICRR preprints:
• KEK Preprint 2016-21, ICRR-Report-701-2016-1

• Further improvement and optimization studies for the 
detector design

• Hyper-K detector calibration
• Calibration will be critical to meet the physics goals

• Adopt the calibration method established by SK
• SK calibration paper: NIM A 737 (2014) 253-272

• For improvement beyond Super-K, a wide varied R&D 
program on-going

• Plenty of scope for people to get involved!

• Open for new collaborators 30

Conclusions
Calibration will be critical to meet the physics goals of HK

A wide a varied program will be required

Light sources
◦ LED pulsers being pursed in the UK

Radio active sources

Calibration infrastructure

Plenty of scope for people to get involved involvement.
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Ni+Cf source
• Gamma ray source

• 7, 8, and 9MeV γ
• 20-70hits/event

32

Polyethylene pellet mixed 
with NiO powder bonded by 
Araldite epoxy resin.

18cm
252Cf

5.3kg

[Super-K]



Neutron generators
• Neutron source is a good for 

low energy calibration:

and calib for neutron tagging

• DT generator employed in SK 
• not mobile, and expensive

• Compact neutron generator 
will be very useful for HK calib

• R&D of a neutron generator, 
called “Neutristor”
• compact and inexpensive

33

Novel Surface Mounted Neutron Generator (Neutristor) 

 Juan Elizondo-Decanini at Sandia 
National Laboratiories in the U.S. has 
been developing a compact neutron 
source based on surface deposition and 
lithography 
 

 Original development motivation is for 
cancer therapy  
 Introduce 10B into cancer cell 
  n + 10B  4He + 7Li +   
  kills the cell  

 
 To prevent damage to healthy cells put 

the source as close as possible to taget  
 Goals: 

 Small  
 Inexepensive  

 
 

DT calibration in SK
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 Detector calibration with neutrons can be quite useful  
 Low energy calibration source   

 16O + n  16N  (decay 4.3 MeV e- + 6.1 MeV  )  
 Neutron tagging calibration 

 with 2.2 MeV   from  H(n,)d  
 with Gd :  n+Gd   8 MeV divided among a few 


 These statements are true for general water Cherenkov detectors  
 
 There are commercially available neutron generators based on 3H + 2H fusion, 

which have successfully been used at Super-K and SNO  
 So-called  “D-T”  generator   

 
 
 

 I’m  not  really  a  calibration  expert,  but  I  have  been  exploring  ideas  for  compact,  
pulsed neutron generation  
 This  talk  is  somewhat  like  a  “journal  club”  presentation 


Introduction 

Neutristor

SK DT generator

(IEEE Transactions on Plasma Science 
Vol.40 No.90, Sep 2012)



Compact neutron generator

• Deuterium and Tritium thin films are deposited onto the ion 
source and target element (red pieces in the left figure)

• Apply O(300)V at the source gap causes breakdown and the 
formation of an ionizing it at the same time

• An accelerating voltage O(15)kV across the target is used to 
accelerate 2H+ ions onto the target film to induce D-T fusion

• An electrostatic lens is used to focus the ion flow to the target
34

Neutristor : The Operating Principal  

Target Film: 
Ti • 3H  (2m) 

3.5 cm  

Source Film: 
Ti • 2H 

 Deuterium and Tritium thin films are deposited onto to the ion source and 
target elements 

 Applying O(300)V at the source gap causes breakdown and the formation of an 
arc. The arc heats the source film releasing deuterium into the vacuum and 
ionizing it at the same time 

 An accelerating voltage O(15)kV across the target is used to accelerate 2H+ (etc.) 
ions onto the target film to induce D-T fusion 

 An electrostatic lens is used to focus the ion flow to the target
7
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OD calibration

• Deploy identical light source to ID
• SK relative timing offset: T(ID)-T(OD)~5ns

• Calibrated with light source (laser)

35

Light source
(laser+filter)

OD

ID


