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!  Staging!construc9on!allows!more!R&D!9me!to!improve!photodetector.!

!  More!improvements!on!HK!are!s9ll!expected!by!photodetector!R&D.!

!  Oversea!contribu9on!is!necessary!for!construc9on!with!full!coverage.!
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Hyper5Kamiokande)(HK))

×2!tanks!(staging)�

60
)m
�

0.19)(0.26))Mton)×)2�

74m!φ�

+�New)high5QE)50)cm)Box&Line)PMT)
×2!high!efficiency!!

!!!and!half!9me&charge!resolu9ons�

×2!high!pressure!bearing!�
Compared!to!Super<K!PMT!(original!baseline)�

Op9mal!design!with!deep!60!m!tank!is!enabled!

!!!by!much!photon!sta9s9cs!and!less!background�

50!cm!photodetectors!for!ID!:!40,000!×!2!

20!cm!photodetectors!for!OD!:!6,700!×!2�

66,000!for!2!tanks!in!previous�

40%!

coverage�

!  Photodetectors*are*essen-al*to*determine*HK*performance*&*design.*

(6!years!for!produc9on)�
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Vene9an!

blind!dynode�

Model� R3600!(Established)� R12860HQE� R12850HQE�

Amplifica9on� Vene9an!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
†�

1PE!Time!� 5.5!ns!(FWHM)� 2.7!ns!(FWHM)� 0.75ns!(w/o!Preamp.,!FWHM)�

1PE!Charge� 50%!σ� 30%!σ� 15%!σ!(expect)�

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

Mounted!in!

Super<K�

Avalanche!

diode�

5
0
.8
!c
m
!φ
�

New�

High*QE!�
Box)and)

line!dynode�

New�

High*QE!�

sRll)in)R&D�

Impossible!for!60!m!water� Posi9ve!improvement!and!

!conserva9ve,!completed.�

Challenging!but!excellent!

!performance,!low!cost!expected,!!

!!being!ready.�



!  Dark!rate!&!aner!pulse!

were!reduced!with!!

dynode!op9miza9on.!

!  Bulb!shape!improved!

!!for!high!pressure!

!  Waterproof!housing!!

!was!reinforced.�
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1k!PDs!

/!3!kton!water�

Hamamatsu)R1449� (1983<1996)�

R12112�

11k!PDs!

/!50!kton!water�

R3600�

(1996<!)�

R7250)
(42)cm)acRve)area)�
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First!50!cm!PMT�

for!Kamiokande�

Improved!CE�

R36005HQE�
High5QE�

began!developing!in!1979�

Good!resolu9on,!!

!worse!CE!and!!

!!!anerpulse�

for!KamLAND�

for!Super<K�
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R121125HQE�

First!waterproof�

20)cm)HPD�

High!QE�

R&D!started!since!2011!for!Hyper<K�

R128605HQE�

R128505HQE�

50)cm)Box&Line)PMT�

50)cm)HPD�
Possible!short!ver.!!

!of!50!cm!HPD!concept�

Suitable!for!!

high!pressure!!

sphere!vessel!!

(in!future)�

!  Segmented!avalanche!diode!!

(AD)!to!2!or!5!channels!

!  Half!capacitance!of!AD!

Elec.!R&D!is!hard,!!

performance!is!now!!

limited!by!preamp.�

?�

improved!during!R&D�

(Similarity!to!1
st
!20cm!HPD)�

(Current!baseline)�

(Alterna9ves)�
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2013� 2014� 2015� 2016�EGADS!200t!tank�

~ 7!m� !+!5!HQE!Super<K!PMT!

!+!8!HPD!(20cmΦ)!!!!!!!!!+!2!HPD!(replaced)!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!+!3!HQE!Box&Line!PMT!(50cm!Φ)!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(+!2!50!cm!HQE!HPDs)!�

2013.8�

In!total,!!

240!photodetectors!

To!be!known!:�
Stability!in!acceptable!level!with!calibra9on,!!

Performance!as!water!Cherenkov!detector,!!

Valida9on!with!finding!unexpected!failures,..!!

!�Aner!new!techniques!are!validated,!next!Hyper<K!prototype!test!!

!!!!using!about!hundred!photodetectors!is!planned!in!one!or!two!years!for!start.�

In!Gd!loaded!water�

Monitoring!stability!of!!

!!performance!over!a!year�
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4)high5QE)
(HQE))samples�

QE)
[%]�

RelaRve)
total)eff�

!!!!!!!!!SK!PMT� N/A� 1�

HQE!SK!PMT� 34.8� 1.59�

HQE!BL!PMT!1� 30.7� 1.96)�
HQE!BL!PMT!2� 29.2� 1.85�
2ch!HQE!HPD� 35.8� 1.76�

PMT�
light�

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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各ポジションでのカウントをグラフ化（標準球のカウントを同じにした場合） 

このデータのカウント値は入射光子数が一定になる様補正してあるが、QEとCEの固体差が含まれている。
R12860とR3600では、同一光子数を入射したと仮定した場合のカウント値に歴然と差があることが分かる。 
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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)DetecRon)Efficiency)of)1pe�

high<QEs!(HQE)!

!!!of!Box&Line!PMTs�

SK�

Measured!at!Hamamatsu!by!point!source!injec9on↑!

We!confirmed!rela9ve!detec9on!efficiency!among!!

!!various!photodetectors!by!comparing!1!PE!coun9ng.!�
� Uniform!light�

×2�

22%→30%)
!at!peak�

a!livle!low!due!to!higher!threshold!!

(not!1/4!but!1/2!p.e.),!dead!region!of!2ch!

!!!and!edge!drop!of!CE!→!To!be!improved�

An#HPD#also#indicates##
##############high#efficiency#(x1.8)�

Box&Line)PMT�

SK�(~35%!in!HPD)�
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Time (ns)
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20-inch high-QE HPD (5mm dia. AD) w/ preamp.
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20-inch normal-QE Super-K PMT

Photoelectron
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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%�

B&L!!35%�
SK!!!!!53%!

[σ!/!peak]�

1!PE↓�
Pedestal!→�

Mul9<PE�

50)cm)sensors� )Charge)
)σ)/)peak�

Time�
σ)(lec)� FWHM�

Super<K!PMT� 53%� 2.1)ns� 7.3)ns�

Box&Line!PMT� 35%� 1.1)ns� 4.1)ns�

HPD!(5mmΦ!AD)� 16%� 1.4)ns� 3.4)ns�

HPD!(20mmΦ!AD)� (10%)� (1.6!ns)� (3.8!ns)�

HPD!performance!was!s9ll!limited!by!preamplifier.!(intrinsic!resolu9on!is!less!than!1!ns!at!FWHM)!

AD!=!Avalanche!Diode!!

!!5!mmΦ!with!low!CE!

!!!!is!ploved!here.!

!

Recent!R&D!with!full!CE!

!using!20!mm!Φ!AD!

!!indicates!the!best!value.�

←!Current!record�
new!�



! Noise!reduc9on!from!ini9al!version!

" S9ll!trying!to!reach!much!lower!level.!

! All!related!performance!was!measured!in!detail!!

!!!!!!!!!!!!!and!confirmed!to!be!sufficient!for!Hyper<K.!

! Mechanical!strength!was!confirmed!in!tests.!

" Cover!design!was!also!validated!with!implosion!test.!

!  Box&Line!PMT!design!is!ready!for!Hyper<K.�
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! Sufficient!capability!of!detec9on!in!various!range.�
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Output)stability�

Measured!!

!in!a!200<ton!water!tank�

Stability!<1%!RMS�

For!2!months�
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Expected Charge [p.e.]
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FIG. 61. Output linearity of the HQE B&L PMT in charge, where a dotted line shows an ideal linear

response. It is derived by measurements of a coincident emission by two light sources compared with an

expectation by sum of individual detections.

A fast recovery of gain for high signal rate is needed by supernova observation, decay electrons

from muons, and any accidental pileup events. The nearest time depends on the charge integration

range, that is 200 nsec or more depending on the electronics.

The rate dependence of the output charge was measured at several light intensities while varying

the constant interval time of light pulses (as shown in Figure 63). A 5% drop is observed at the

output current of 170 µA. It corresponds to 87 MHz in the single PE intensity or 1 MHz in most

of detected intensities like at the level of few tens of PE. This is su�cient to detect possible burst

physics events.
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FIG. 62. Gain stability of a delayed pulse after a

primary pulse, compared with no primary pulse.

The charge set is about 150 PEs at 107 gain for

both primary and delayed pulses in various de-

layed time.
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FIG. 63. A measured gain stability as a function

of the pulse rate in three light intensities of 25, 50

and 100 photoelectrons, relative to outputs at 100

Hz. Each charge is calculated using the baseline

just before the pulse.
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! Capable!of!using!in!HK!tank�
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Rise time 
(10%-90%) 

Fall time 
(10%-90%) 

Pulse width 
(FWHM) 

R3600 10.6 ns 13.2 ns 18.8 ns 
20” High QE Box & 

Line PMT (Bleeder A) 6.2 ns 6.3 ns 10.0 ns 

20” High QE Box & 
Line PMT (Bleeder B) 6.8 ns 15.2ns 13.2 ns 

Owning to the development of  new bleeder circuit, ringing 
effect of new Box&Line PMT is small. (Bleeder B) 
Bleeder B was used for this performance evaluation. 

δ  : Amplification rate of photoelectron 
a  : Constant 
N : Constant 
E :  High voltage 

Six of Box&Line PMT was measured. All Box&Line PMTs 
are consistent with a numerical formula, δ = a × EN. 

Pulse shape 
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1p.e. resolution 
Box&Line PMT is more improved 
than R3600 in photoelectron and 
time resolution.  
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1p.e. resolution  
σ/peak 

Peak/
Valley 

Timing Resolution 
σ FWHM 

R3600 53% 2.2 2.1 ns 7.3 ns 
B&L PMT 35% 4.3 1.1 ns 4.1 ns 

Based on the R3600 setting at Super-Kamiokande, HV of each PMT is set to the 
value whose 1 p.e. gain is 2.2 pC. 
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Next generation water Cherenkov detector 
!  Volume : 0.99Mt (Super-K × 25 in fiducial volume) 
!  Inner detector photo sensors : 99,000(Super-K:11,129) 
!  Outer detector photo sensors : 25,000(Super-K:1,885) 
!  Photo coverage : 20%(Super-K:40%) 

50 cm photomultiplier tube with box-and-line dynode

• Good photon collection by box shape 1st dynode
• Fast time response by line shape dynode
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Super-K PMT(QE~22%) Box&Line PMT(QE~30%)  
R3600 R12860 

•  Better timing resolution 
•  Better photoelectron resolution 

•  High rate tolerance 
•  Quick gain recovery 

•  Low noise 
•  High magnetic field tolerance 

Required performance of photo sensors (Box&Line PMT). Need to check the performance  

etc… 

43cm (17-inch) Box&Line PMT is currently used for KamLand experiment. 
!  The new Box&Line PMT for Hyper-Kamiokande was developed 

to reach 50cm φ effective area and high quantum efficiency. 

Recovery

2015/1/29 23

• For that events might happen quickly but not 
keeping so long time such as stopping cosmic 
muon decay, the performance of recovery is 
more important

• We used two continuous pulse to measure the 
gain recovery. 

• Observed change of delay pulse charge
= (Delay w/ primary) / (Only delay pulse)

Delay

Primary

Two LDs (140p.e for each)

w/ varied delay

Measured by Akutsu-san

No significant change was observed so far, within 0.5%,

which is the same level as measurement error

Gain recovery A quick gain recovery is important to 
identify a delayed event in Hyper-K, 
such as decay electron from µ. 

There were no significant changes observed, and gain is 
stable within 0.5% (The gain is statistical fluctuation).  
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• For that events might happen quickly but not 
keeping so long time such as stopping cosmic 
muon decay, the performance of recovery is 
more important

• We used two continuous pulse to measure the 
gain recovery. 

• Observed change of delay pulse charge
= (Delay w/ primary) / (Only delay pulse)

Delay

Primary

Two LDs (140p.e for each)

w/ varied delay

Measured by Akutsu-san

No significant change was observed so far, within 0.5%,

which is the same level as measurement error

Rate tolerance is necessary for Supernova measurement and so on.  
!  Supernova of Betelgeuse will bring 10 MHz neutrino interaction at maximum 

Gain kept stable, up to 170 µA. 
For 1 p.e. signal, the rate can be up to 80 MHz by corresponding above current. (50p.e. can be up to 1.6MHz) 

•  Most of supernova neutrinos less than 10MHz at maximum bring low energy neutrinos, that is 1 p.e. level for PMT hits.  
! Enough tolerance to measure supernova with constant gain. 
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Difference of signal detection timing Difference of relative Collection Efficiency 

!  Measurement direction are dynode symmetry direction (X-axis) 
and asymmetry direction (Y-axis). 

!  Measurement point is 0, 25, 50, 75 degree. 
!  Threshold is 0.25p.e. of 0 mG and 0 degree. 

Position dependence 

Hyper-Kamiokande project 
! One candidate of photo-sensor is 50cm Box&Line PMT 

Detailed performance evaluation of New 50 cm Photodetectors for Hyper-Kamiokande  

Search for Neutrino oscillations, mass hierarchy, nucleon decay, super-nova relic neutrinos. 
Kajita-san & Arthur B. McDonald got 2015 Novel prize! 

Reference – arXiv :1109.3262v1: Letter of Intent : The Hyper-Kamiokande Experiment Detector Design and Physics Potential  
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R3600(Super-K PMT) 
(Normal photocathode) 

Box&Line PMT 
(High QE photocathode) 

Quantum efficiency ~22% ~30% 
Collection efficiency  67% (61%) 95% (85%) 

Sensor Efficiency (QE × CE) ~15%(~13%) ~29% (~26%) 

The linearity is kept up to 340 p.e. within gain drop less 
than 5%.  
The signal of large number of photoelectron ( > 340 p.e.) is 
revised by the result. 

: φ 460 mm (φ 498 mm) 

Dark noise affects an accuracy of event 
reconstruction. 

Dark rate was reduced about 10 kHz  
!  By successful improvement of photocathode, after pulse reduction and so on. 
!  Comparable level as R3600 considering high QE and CE. 

This measurement is quickly and room temperature 
(27℃), therefore dark rate expected to be lowered by low 
temperature and stabilization. 

Box&Line PMT has high collection 
efficiency and quantum efficiency. 

Type PMT serial After pulse 
Old ZB8210 0.32±0.03 
New EA0037 0.23±0.04 
New EA0045 0.04±0.02 
New EA0046 0.02±0.01 
New EA0047 0±0.02 
New EA0052 -0.02±0.02 
New EA0053 0.07±0.04 

After pulses are coincident signal events 
associated with decay electrons via muon decay.  

An “After pulse” occasionally 
accompanies a primary pulse signal.  

•  The previous Box&Line PMT (ZB8210) had 
showed a large rate of after pulses, about 30% 
compared with a primary pulse.  
! Recent improvement by Hamamatsu gave 

half reduction of the after pulse. 
•  EA0037 got still high rate, but it is probably 

due to the initial production stage.  

Performance 

Y.Nishimura, R.Akutsu, Y.Suda, M.Nakahata, M.Shiozawa, Y.Hayato, S.Nakayama, H.Tanaka, M.Yokoyama, A.Taketa (The University of  Tokyo), Y.Koshio (Okayama University), 
Y.Okajima (Tokyo Institute of Technology), M.Jiang, S.Hirota, T.Nakaya  (Kyoto University), Y.Kawai, T.Ohmura, M.Suzuki (Hamamatsu Photonics K.K.) Daisuke Fukuda (Okayama university) 

!  Timing difference was small compared to the timing resolution value. (similar to design) 
!  Collection efficiency result is similar to that of the original design, however, the 

aforementioned deficit appears only along one direction, in this case; thus, it is possible to be 
reduced by considering the mounting direction at Hyper-K.  

•  We have developed the Box&Line PMT for Hyper-K. 
•  The detailed performance evaluation of Box&Line PMT was done.  
•  As a result, it was shown that Box&Line PMT has better performance than current 

Super-K PMT and confirmed to be high performance and sufficient for Hyper-K. 

Box&Line PMT has been sharp pulse 
shape than R3600 

δ = a × EN 

Hyper-K uses coils to reduce geomagnetic field, with 
the residual magnetic field for the Hyper-K residual at 
most a 100 mG level. 

50cm Box&Line PMT (R12860) is ready for use in the Hyper-K. 

Rate tolerance limit is decided 
the coupling condenser in the 
bleeder circuit. 

Requirement for Hyper-K : Stable gain from 
1 p.e. level to several hundreds p.e. level. 

up to 1 

Summary 

Linearity 

Dark rate by threshold scan 

After pulse 

Dark rate vs time run  

The performance is evaluated by comparing 
“delayed signal with primary” and “delayed 
signal without primary”. 

with varied delay 
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•
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gain recovery. 

•
Observed change of delay pulse charge
= (Delay w
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ary) / (Only delay pulse)

Delay
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ary
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M
easured by Akutsu-san

No significant change w
as observed so far, w
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,
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e level as m
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ent error

Two LDs (140p.e. for each) 

!  Nominal gain (2.2 pC/p.e.). 
!  0.25p.e. is about 1mV. 
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All figure are new Box&Line PMTs 
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•  Other Improved PMTs showed largely reduced 
after pulse rate comparable with Super-K PMT. 

Improvement of noise 

Magnetic field tolerance 

Old type Box&Line PMT(ZB****) was high dark rete ( > 20kHz) and large after pulse.  
!  Low noise type Box&Line PMT(EA****) was developed. 

!  Light power is 1 p.e. 
!   HV is 2000V 
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Rise time 
(10%-90%) 

Fall time 
(10%-90%) 

Pulse width 
(FWHM) 

R3600 10.6 ns 13.2 ns 18.8 ns 
20” High QE Box & 

Line PMT (Bleeder A) 6.2 ns 6.3 ns 10.0 ns 

20” High QE Box & 
Line PMT (Bleeder B) 6.8 ns 15.2ns 13.2 ns 

Owning to the development of  new bleeder circuit, ringing 
effect of new Box&Line PMT is small. (Bleeder B) 
Bleeder B was used for this performance evaluation. 

δ  : Amplification rate of photoelectron 
a  : Constant 
N : Constant 
E :  High voltage 

Six of Box&Line PMT was measured. All Box&Line PMTs 
are consistent with a numerical formula, δ = a × EN. 
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1p.e. resolution  
σ/peak 

Peak/
Valley 

Timing Resolution 
σ FWHM 

R3600 53% 2.2 2.1 ns 7.3 ns 
B&L PMT 35% 4.3 1.1 ns 4.1 ns 

Based on the R3600 setting at Super-Kamiokande, HV of each PMT is set to the 
value whose 1 p.e. gain is 2.2 pC. 
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Next generation water Cherenkov detector 
!  Volume : 0.99Mt (Super-K × 25 in fiducial volume) 
!  Inner detector photo sensors : 99,000(Super-K:11,129) 
!  Outer detector photo sensors : 25,000(Super-K:1,885) 
!  Photo coverage : 20%(Super-K:40%) 

50 cm photomultiplier tube with box-and-line dynode

• Good photon collection by box shape 1st dynode
• Fast time response by line shape dynode
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+ high QE

Super-K PMT(QE~22%) Box&Line PMT(QE~30%)  
R3600 R12860 

•  Better timing resolution 
•  Better photoelectron resolution 

•  High rate tolerance 
•  Quick gain recovery 

•  Low noise 
•  High magnetic field tolerance 

Required performance of photo sensors (Box&Line PMT). Need to check the performance  

etc… 

43cm (17-inch) Box&Line PMT is currently used for KamLand experiment. 
!  The new Box&Line PMT for Hyper-Kamiokande was developed 

to reach 50cm φ effective area and high quantum efficiency. 
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• For that events might happen quickly but not 
keeping so long time such as stopping cosmic 
muon decay, the performance of recovery is 
more important

• We used two continuous pulse to measure the 
gain recovery. 

• Observed change of delay pulse charge
= (Delay w/ primary) / (Only delay pulse)

Delay

Primary

Two LDs (140p.e for each)

w/ varied delay

Measured by Akutsu-san

No significant change was observed so far, within 0.5%,

which is the same level as measurement error

Gain recovery A quick gain recovery is important to 
identify a delayed event in Hyper-K, 
such as decay electron from µ. 

There were no significant changes observed, and gain is 
stable within 0.5% (The gain is statistical fluctuation).  
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• For that events might happen quickly but not 
keeping so long time such as stopping cosmic 
muon decay, the performance of recovery is 
more important

• We used two continuous pulse to measure the 
gain recovery. 

• Observed change of delay pulse charge
= (Delay w/ primary) / (Only delay pulse)

Delay

Primary

Two LDs (140p.e for each)

w/ varied delay

Measured by Akutsu-san

No significant change was observed so far, within 0.5%,

which is the same level as measurement error

Rate tolerance is necessary for Supernova measurement and so on.  
!  Supernova of Betelgeuse will bring 10 MHz neutrino interaction at maximum 

Gain kept stable, up to 170 µA. 
For 1 p.e. signal, the rate can be up to 80 MHz by corresponding above current. (50p.e. can be up to 1.6MHz) 

•  Most of supernova neutrinos less than 10MHz at maximum bring low energy neutrinos, that is 1 p.e. level for PMT hits.  
! Enough tolerance to measure supernova with constant gain. 
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Difference of signal detection timing Difference of relative Collection Efficiency 

!  Measurement direction are dynode symmetry direction (X-axis) 
and asymmetry direction (Y-axis). 

!  Measurement point is 0, 25, 50, 75 degree. 
!  Threshold is 0.25p.e. of 0 mG and 0 degree. 

Position dependence 

Hyper-Kamiokande project 
! One candidate of photo-sensor is 50cm Box&Line PMT 

Detailed performance evaluation of New 50 cm Photodetectors for Hyper-Kamiokande  

Search for Neutrino oscillations, mass hierarchy, nucleon decay, super-nova relic neutrinos. 
Kajita-san & Arthur B. McDonald got 2015 Novel prize! 

Reference – arXiv :1109.3262v1: Letter of Intent : The Hyper-Kamiokande Experiment Detector Design and Physics Potential  

Dark rate 
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Rate tolerance 

R3600(Super-K PMT) 
(Normal photocathode) 

Box&Line PMT 
(High QE photocathode) 

Quantum efficiency ~22% ~30% 
Collection efficiency  67% (61%) 95% (85%) 

Sensor Efficiency (QE × CE) ~15%(~13%) ~29% (~26%) 

The linearity is kept up to 340 p.e. within gain drop less 
than 5%.  
The signal of large number of photoelectron ( > 340 p.e.) is 
revised by the result. 

: φ 460 mm (φ 498 mm) 

Dark noise affects an accuracy of event 
reconstruction. 

Dark rate was reduced about 10 kHz  
!  By successful improvement of photocathode, after pulse reduction and so on. 
!  Comparable level as R3600 considering high QE and CE. 

This measurement is quickly and room temperature 
(27℃), therefore dark rate expected to be lowered by low 
temperature and stabilization. 

Box&Line PMT has high collection 
efficiency and quantum efficiency. 

Type PMT serial After pulse 
Old ZB8210 0.32±0.03 
New EA0037 0.23±0.04 
New EA0045 0.04±0.02 
New EA0046 0.02±0.01 
New EA0047 0±0.02 
New EA0052 -0.02±0.02 
New EA0053 0.07±0.04 

After pulses are coincident signal events 
associated with decay electrons via muon decay.  

An “After pulse” occasionally 
accompanies a primary pulse signal.  

•  The previous Box&Line PMT (ZB8210) had 
showed a large rate of after pulses, about 30% 
compared with a primary pulse.  
! Recent improvement by Hamamatsu gave 

half reduction of the after pulse. 
•  EA0037 got still high rate, but it is probably 

due to the initial production stage.  

Performance 

Y.Nishimura, R.Akutsu, Y.Suda, M.Nakahata, M.Shiozawa, Y.Hayato, S.Nakayama, H.Tanaka, M.Yokoyama, A.Taketa (The University of  Tokyo), Y.Koshio (Okayama University), 
Y.Okajima (Tokyo Institute of Technology), M.Jiang, S.Hirota, T.Nakaya  (Kyoto University), Y.Kawai, T.Ohmura, M.Suzuki (Hamamatsu Photonics K.K.) Daisuke Fukuda (Okayama university) 

!  Timing difference was small compared to the timing resolution value. (similar to design) 
!  Collection efficiency result is similar to that of the original design, however, the 

aforementioned deficit appears only along one direction, in this case; thus, it is possible to be 
reduced by considering the mounting direction at Hyper-K.  

•  We have developed the Box&Line PMT for Hyper-K. 
•  The detailed performance evaluation of Box&Line PMT was done.  
•  As a result, it was shown that Box&Line PMT has better performance than current 

Super-K PMT and confirmed to be high performance and sufficient for Hyper-K. 

Box&Line PMT has been sharp pulse 
shape than R3600 

δ = a × EN 

Hyper-K uses coils to reduce geomagnetic field, with 
the residual magnetic field for the Hyper-K residual at 
most a 100 mG level. 

50cm Box&Line PMT (R12860) is ready for use in the Hyper-K. 

Rate tolerance limit is decided 
the coupling condenser in the 
bleeder circuit. 

Requirement for Hyper-K : Stable gain from 
1 p.e. level to several hundreds p.e. level. 

up to 1 

Summary 

Linearity 

Dark rate by threshold scan 

After pulse 

Dark rate vs time run  

The performance is evaluated by comparing 
“delayed signal with primary” and “delayed 
signal without primary”. 

with varied delay 
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•
Observed change of delay pulse charge
= (Delay w
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ary) / (Only delay pulse)

Delay
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,

w
hich is the sam

e level as m
easurem

ent error

Two LDs (140p.e. for each) 

!  Nominal gain (2.2 pC/p.e.). 
!  0.25p.e. is about 1mV. 
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All figure are new Box&Line PMTs 
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•  Other Improved PMTs showed largely reduced 
after pulse rate comparable with Super-K PMT. 

Improvement of noise 

Magnetic field tolerance 

Old type Box&Line PMT(ZB****) was high dark rete ( > 20kHz) and large after pulse.  
!  Low noise type Box&Line PMT(EA****) was developed. 

!  Light power is 1 p.e. 
!   HV is 2000V 

R3600 (SK-PMT) 

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

Dark!rate!by!temperature!and!HV�

Setup for magnetic field tolerance measurement

• A 3D Helmholtz coil was constructed in Kamioka to 
compensate/control magnetic field. 

• We check the collection efficiency in
• different incident position
• different magnetic field direction
• different magnetic field intensity
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Incident Point

Measured by Changhao Zhao, Nakayama-san

3D coil

Photon
Incident 
point 

in!expected!range!of!residual!geomagne9sm�

Almost!constant!in!+/<!100mG!range�

Response!by!posi9on!such!as!CE,!!

!!transit!9me!and!gain!was!confirmed!

!!!to!be!uniform!as!expected.!�

HK�

(Before!stabilized)�
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Neck�

Photocathode�

SK!PMT!

(R3600)�

Box&Line!

PMT�

In!waterproof!!

!!!!!housing�

The!bulb!shape!is!designed!to!get!lower!tensile!

stress,!and!improved!for!deep!water!level.!

#  Smoother!curvature!

#  Photocathode!part!<!1/16!stress!of!SK!PMT’s!

#  Neck!part!(weakest!in!SK!PMT)!<!1/8!stress!of!SK!PMT’s!

#  Thicker!glass!
#  Because!of!correla9on!confirmed!with!breaking!level!by!test!

#  New!criteria!on!quality!control!was!established!with!
measuring!thickness!at!various!points!by!automated!tool.!!

#  Tough!waterproof!housing!20吋高耐水圧バルブⅡ＋SK型防水ASSY 外観写真 

4 CONFIDENTIAL 

6 CONFIDENTIAL 

20吋高耐水圧バルブⅡ＋高耐水圧型防水ASSY-2 外観写真 

Son!PE!

(polyethylene)�

Hard!PPS!!

(Poly!Phenylene!!

Sulfide!Resin)�

Hard!&!round!design!to!!

!protect!the!weakest!point�

50)Box&Line)PMTs!were)tested)up)to)1.25)MPa)(125m).)
# )No)damage)at)all)50)samples.))
# )×1.9)safety)factor)for)60m.)(1.5)for)80m,)1.5)in)SK)case))

(about!×1.3)�



!  Test!of!cover!with!PMT!!

!!with!implosion!!

!!!was!done!in!Mar.2016�
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Ini9al!prototype!

(for!implosion!test)�

SK!cover!

(FRP!+!acrylic)�

Stainless!steel!(3mm)�

heavy!and!expensive�

13mm!acrylic�
15!mm!acrylic�

In!vessel�

High!

pressure!

water!

vessel�

Cover!in!!

a!plas9c!bag�

OK!for!100!m!water!load�

Cover!pressurized�

Cover!was!newly!designed!for!a!use!in!HK!60!m!water!depth.�

Slow!

!flow�
0.6MPa!

!Water�

Vacuum�
Imploded�

Cover!should!be!enough!

!tough!to!avoid!shock!!

!!!!wave!to!outside!

!!!!!!!!!by!implosion�
Pressure!to!bulb� Pressure!to!cover�



Reproduc9on!of!implosion!

!  Single!implosion!test!(Only!center!PMT!w/o!cover)!→!OK!

!  Chain!implosion!of!9!PMTs!w/o!cover!→!OK!!

Test!of!shock!wave!preven9on!cover!

!  60m!depth!with!(15mm!Acrylic!+!3mm!stainless!steel!cover)!x!3!

"  1st��������!!!Cover!only!with!center!PMT!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!→!OK!

"  2nd!&!3rd�Cover!with!center!PMT!+!surrounding!8!PMTs!w/o!cover!→!OK!

!  Same!set!of!3!tests!in!80m!water!→!OK!for!all!
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SK�
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Shan!filled!with!water�

3!x!3!PMTs!

!+!covers�
1
st
!demonstra9on!test!was!!

!!!!!!performed!in!Feb<Mar!2016.�

1.!Center!PMT!is!imploded!by!tool.!!

2.!Confirm!no!damage!of!central!PMT!cover!!

!!!!!!and!surrounding!PMTs!with!monitoring!

Procedure�

480cmΦ�



! One!of!cover!design!was!!
!!established,!also!for!80!m.!

!  Light!and!cheap!design!is!desired.!!
" Next!test!with!improved!design!is!planned.!(made!of!resin!material,!etc.)!

"  Innova9ve!design!w/!op9mum!shape!and/or!material!is!welcome!�
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Front!of!imploded!PMT!(Pressure!monitor!at!70!cm!front)�
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Pressure!gauge�

(1,!2,!3)!

Upper!side�

Less!than!!

!1/100!reduc9on�

~!11MPa!peak�



! !�

������	����� 	-����
�
)����  ���  ���
���(����(��
  ����-����(�� ���

Clear#1#photo=electron#(PE)#signal#
!(8kV,!in!water,!70!m!cable,!16
)�

200ns�

20mV�
1!PE�

Charge!(200ns!window)� Charge!(400ns)� Pulse!height�
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Prototype!of!waterproof!50!cm!!

!!high<QE!HPD!for!proof!test�

+!70m!cable!extension�

Under!safety!test!for!1
st
!proof!test!in!the!200<ton!tank�

In!water�

(20!cm!HPD!already!in!tank)�

Preamp!&!HV!power!supply!

!!!!!!!!!!!(10V<>8kV)!are!equipped.!

Waterproof!design!based!on!!

!!SK!PMT!will!be!improved!for!HK.!

>1.4!MPa!tolerance!in!3!samples�



!  1st!waterproof!HPD!is!ready!for!proof!test.!
" Timing!performance!could!be!improved!with!fast!amp!R&D.!

" Design!for!cost!reduc9on!(including!electronics)!is!desired.!!
! Many!R&Ds!required.!!

" Electronics!is!essen9al!to!achieve!the!best!performance.!

" AD!and!50!cm!HPD!could!be!available!for!HK!R&D!abroad!in!a!year.!

" Welcome!to!join!in!HPD!R&D!
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100ns/div�

Preamp!�

� �

� ⌦↵�
● A-2(8mm)?@AB-4(3mm)⇣� ⌦↵�BCDEF
● ↵� ⌦GHIJK7CDEF
● ⌘✓◆✓�GLMN ⌦↵�BCDEOPO%Q
RS�TU7CDEF

3

Built<in!

!digi9zer�

Built<in!8kV!power!supply�
By!3!manufacturers�

8kV!&!signal!connector!

!in!100m!water�

The collection efficiency of 5ch HPD
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RMS = 5.96% RMS = 13.86%
Total

P1

Total

P1

P2
P2

P3

P3P4

P4

P5
P5

! CE was checked using ADC.

! 30,000 signals were incident 
from each measurement point.

! Total represents the total 
number of counts in each AD, 
are standardized by 30000. Possibility!of!!

!posi9on!sensi9vity�

Rela9ve!hits!in!several!PEs�

page: 12

㻡㼏㼔㻙㻭㻰 㻴㻼㻰䠄㼀㻴㻰㻜㻜㻞㻥䠅

20mmĭAD䛻䛚䛔䛶ၥ㢟䛷䛒䜛ᐜ㔞䜢ศ๭໬䛻䜘䜚పῶ䛧䚸S/N䜢ᨵၿ䛩䜛≺䛔䚹

ࣣࣦ࣠࣬࣫࣡࣢ࣱࣦࣩ࣫ࣞ

ᚾ˺ɟӭ㻡㼏㼔㻙㻭㻰ϋᔺ㻞㻜㻙㼕㼚㼏㼔 㻴㻼㻰ί㼀㻴㻰㻜㻜㻞㻥ὸ
ίӫỊ㻭㻰ᢿЎỉਘٻϙჇὸ
㻡㼏㼔㻙㻭㻰Ị㻠㻥䃛㼙ҽẆἻỶἌἑỶἲịỤếẨ৮Сဇỉᘙ᩿ỴἽἱἳἕἉἷἣἑὊὅễẲ

1�
2�

4�

Individual!readout!of!5ch�
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Test!w/!Italy!group�
and!many!tests..�

5ch!AD�



! Mul9<channel!op9cal!module!!

" Explore!possibility!of!cost!reduc9on,!!
bever!high<pressure!resistance,!!

direc9onal!sensi9vity,!…!

"  Implemented!in!simula9on!ongoing!

to!study!HK!performance!

������	����� 	-����
�
)����  ���  ���
���(����(��
  ����-����(�� �
�

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!!

op9cal!module�

7.7cm!PMTx33!

20cm!PMT!

!for!OD�

(Concept!design)�

Many!common!!

R&D!items!with!!

short!bulb!HPD�

Acrylic!for!vessel�
Simula9on�PMT!Test�

Op9cal!and!mechanical!!

characteris9cs!being!measured�

T
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s
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y
!!

(
<
2
0
!–
!1
0
0
%
)
�

Wavelength!(200<800nm)�

MoU!for!sharing!knowledge�
Workshop!from!14!to!15!July!at!Nikhef,!Amsterdam!

!!!hvps://indico.nikhef.nl/conferenceDisplay.py?confId=414�

Measuring!response!

!!by!posi9on,!dark!rate,!…!

!!!!with!R12199<02(Hamamatsu),!!

!!!!!!!!!!!9320KB!(ETEL),!...�

For!op9miza9on!and!!

physics!sensi9vity!study!

Occupancy!by!incoming!!

photons!by!PMT!layers�

Various!samples,!!

asking!several!companies�

cf)�

Ac-ve*interna-onal*works!�

Top�
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!  20!cm!PMT!+!wavelength!shining!plate!(Same!as!in!SK)!!

" Several!ideas!on!improvement!are!being!considered.!

!  Test!of!high<QE!20cm!PMT!(Hamamatsu!R5912<100)!

" Uniformity!measurement!at!TRIUMF,!Canada!

" Preparing!setup!for!various!tests!in!Padova,!Italy!!
! New!HQE!11”(28cm)!PMTs!from!ET!Enterprises!

" Compe99on!with!Hamamatsu!small!PMTs!(8<12!inches)!

!  Bever!photon!enhancement!is!to!be!considered.!

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)∆
0 50 100 150 200 250
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1PE!charge� 1PE!9me!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
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Hyper-Kamiokande International Working Group

As of April 14, 2014

12 countries, 67 institutes, 240 people



! 55!worldwide!members�
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Response)property)
measured)at)TRIUMF�

In!water�

20cm)HPD�50cm)photosensors))
(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進捗状況 ８インチHPD：R12112 
分類 項目 

H26年度 
今後の予定 

目標 行なう事/行なった事 進捗度 

ショート 
QE 30%typ.以上 QE≦20% 封止熱の影響で光電面がダメージ 100 - 

出荷 EGADSに入れる ショートタイプ４本を出荷した（３本防水）。 100 EGADSに入れ評価する 

ロング 

QE 30%typ.以上 Sb内部蒸着品でQE=34.6%を得た。 80 安定した活性条件を見つける 

発光 発光しない 試作管を作製した 50 発光確認する 

出荷 出荷 
千葉大・・・2p、東大地震研・・・1pを出荷した 
東大HK（3月納入）・・・作成中 

90 3月出荷予定 

5 

電子管事業部 2015.01.19 

UK出荷 

千葉大出荷 

千葉大出荷 

東大地震研出荷 

東大宇宙線研 
出荷候補（3月） 

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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MulR5PMT�New)photo5sensor)
development�

Safety)design)&)test�

Implosion at 150 m 

3’’ PMTs Pressure Test in Mediterranean sea 

Proof)test)
)(Kamioka)�

CharacterizaRon�

In!sea�

CalibraRon))
of)7.5cm)PMTs�

HPD!and!mPMT!development!are!required!in!short!period.!

!!Any!interest!and!contribu9on!are!welcome.!

!!!!Many!items!such!as!cover,!preamp.!of!HPD,!outer!sensor!are!essen9al.!�

Ac-ve*R&D*but*need*more�



! High<QE!Box&Line!PMT!:!Current!baseline!

" Allow!op9mal!tank!design!with!60!m!water!depth!

" Established!for!use!in!60!m!/!80!m!water!with!cover!

! Photodetector!is!essen9al!to!determine!!!

!!!!!!!!!!!!!!!!!!!!!!!!!!Hyper<K!design!and!physics!reach!

" Further!improvements!are!expected.!!

▶ HPD!for!low!cost,!low!noise!and!high!resolu9ons!
▶ Study!for!possible!improvements!by!mul9<PMT!in!HK!

" Interna9onal!contribu9on!is!necessary!!
!!!to!get!full!photo<coverage!as!proposed!!

!!!!!!and!to!improve!Hyper<K!as!much!as!possible.!

■ mPMT,!HPD,!Cover,!OD!sensor,!test!in!water,!safety!valida9on,!etc.!
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!  Photoelectron!might!miss!1
st
!

dynode!→!less!collec9on!eff.!

!  Ambiguity!of!drin!path!

resulted!in!losing!uniform!

charge!and!9me!response.!!

(Super<K)� (KamLAND!43cm!Φ,!etc.)� (Not!yet!used!with!large!aperture)�

+2kV,!10
7
gain� +2kV,!10

7
gain� +8kV,!10

5<6
gain�

AD!�
×1600�

×100�
+!preamp�

302 A . Suzuk i e t a l . / I mprouemen t o f 20 i n PMTs

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

F i g . 6 . E l ec t ron t r a j ec t or i es s i mu l a t ed f or t he pr esen t 20 i n . PMT dynode .

F i g . 7 . S i mu l a t ed s i ng l e - pho t oe l ec t ron t r ans i t t i me d i s t r i bu t i ons f or t he pr esen t 20 i n . PMT(A) and t he proposed dynode s t ruc t ur es
(B - I ) . One d i v i s i on i n t he f i gur e cor r esponds t o 5 ns .
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Vene9an!blind�

Box!&!Line�

!!!!!!!!!!!!�!!!!!!!!!!!!�

New� New�

Reliability�
Low!cost,!

High!performance�
No!experience!using!in!water!for!a!long!9me!

→!Proof!test!in!a!200!ton!water!tank�

High!collec9on!efficiency�

Uniform!drin!path!

→!High!charge&9me!resolu9on�
Uniformity!improved!to!achieve!large!aperture�

Symmetric!and!

!fast!response,!!

high!S/N,!low!cost�

All!is!possible!for!high!QE!op9on,!22%→30%�
50cmΦ�


