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Preparation of large aperture 
Photo-Detectors for  

the Hyper-Kamiokande



2Hyper-Kamiokande(HK) experiment

Takuya Tashiro (ICRR) 31st July 2020    ICHEP2020  

HK	is	the	3rd	genera)on	water	Cherenkov	detector	in				
Kamioka,	Japan.	
‣	1st:	Kamiokande(1983~1996)	
‣	Total	mass:	3	kton,	fiducial:	2.1	kton	
‣	Detected	SN	neutrinos.	
‣	2nd:	Super-Kamiokande(1996~)	
‣	Total	mass:	50	kton,	Fiducial:	22.5	kton	
‣	Discovered	neutrino	oscillaKon.		
‣	3rd:	Hyper-Kamiokande(2027~)	
‣	Total	mass:	260	kton,	Fiducial:	188	kton	
‣	Designed	to	study	several	physics	topics.		
‣	Nucleon-decay	
‣	CP	violaKon	in	lepton	sector	
‣	Neutrino	astronomy	
‣	Construc)on	starts	this	year!	
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‣	Charged	parKcles	passing	through	the		
	water	are	idenKfied	using	the		
	Cherenkov-light	detected	by	the		
	photo-detectors	aSached	to	the	wall.	

‣	PID	is	performed	based	on	the	paSern	of	rings.

3Water-Cherenkov detector

Takuya Tashiro (ICRR) 31st July 2020    ICHEP2020  

Showering ring
e-like

Non-showering
μ-like

HK simulation



4Photo-Detectors for HK inner tank
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‣	Large-aperture	photomulKplier	tubes(PMTs)	are	used	in	HK.	
‣	Several	types	of	PMTs	are	considered.

Aluminum Cylinder

• Have machined two aluminum 
cylinders

• Nice quality on final component. 

• High cost per cylinder:
• ~$900 USD (mostly machining)

• Ultra-pure water and Gd compatibility 
remain a concern.

• Sourcing the aluminum tubes from 
China was not trivial

• Apparently aluminum tubes are
controlled item.

10
  

Hyper-Kamiokande project
20” PMTs

Primary candidate
Hamamatsu R12860

Alternative option
NNVT GDB-6203 

High QE, Box & Line dynode 20” PMT MCP based 20” PMT

➔ Good detection efficiency
➔ Initially developed for JUNO 

experiment
➔ New “flower-like” focusing 

electrode to improve timing

Improvement compared to Super-K 
R3600 PMTs:
● ~2x detection efficiency
● TTS: 6.73 ns → 2.59 ns (FWHM)
● Charge resolution: 60.1% → 30.8% 

Box&Line	PMT MCP	PMT mul)-PMT

‣	Diameter	of	20”	

‣	~100PMTs	were		
		Installed	in	SK	to		
		evaluate	the	
		performance.	

‣	Diameter	of	20”	

‣	Originally	
	developed	for	JUNO		
‣	Improvement	has		
	been	studies	to	be		
	suitable	for	HK

‣	MulKple	3”	PMTs		
	are	stored	in	a	20”		
	case.	
‣	Discussed	in	a		
	dedicated	talk	by		
	Gianfranca	today.

Mass production of 20” PMTs is scheduled to start this year

https://indico.cern.ch/event/868940/contributions/3814071/
https://indico.cern.ch/event/868940/contributions/3814071/


5Preparation of 20” PMTs
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‣	PreparaKon	of	20”	PMTs	is	ongoing	for	HK	construcKon.	
‣	Development	of	high	quality	PMTs:		
‣	High	detecKon	efficiency	
‣	Good	charge	and	Kme	resoluKon	
‣	Low	dark	noise	rate	
‣	Tolerance	to	water	pressure	

‣	EvaluaKon	of	the	performance	
‣	PreparaKon	of	covers	
‣	Covers	are	required	to	be	tolerant	to	HK	water	pressure		
		and	shock	of	PMT	implosion.	

‣	Development	of	support	structure	and	installaKon	method.



6Box & Line PMT
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‣	Box&Line(B&L)	PMT	was		
		developed	for	HK	by		
		Hamamatsu	photonics.	
‣	Designed	to	have	larger		
	detecKon	efficiency,	Kme		
	resoluKon,	and	charge	resoluKon	
	than	SK	PMTs.	

‣	136	B&L	PMTs	were	installed		
	into	SK	in	2018	to	evaluate		
	the	performance	in	water.		
‣	DetecKon	efficiency	
‣	Charge	resoluKon	
‣	Time	resoluKon

第 2章 Hyper-Kamiokande 18

図 2.10 Box&Line PMT の外形 (左) と電子増幅機構 (右)、Box 型の初段ダイノードで電子
を収集し、２段目以降は Line型の多段ダイノードで増幅する。

2.3.5 ハイブリッド型光センサー

SK PMT や Box&Line PMT に用いられてきた光電管の技術と半導体素子による電子増幅の
技術を組み合わせた新たな光検出器としてハイブリッド型光センサー (HPD)が浜松ホトニクスに
よって開発されている。従来の PMTと異なり、ダイノードではなく半導体であるアバランシェダ
イオード (AD)を用いて電子を増幅する。図 2.11に示すように、光電面で光子を電子に変換する
ところは同じ原理であるが、電子は高電圧によって加速され ADに打ち込まれる。すると、AD内
で電子の入射エネルギーに応じた数の電子正孔対が生成され、これを打ち込みゲインと呼ぶ。AD

は ADの電気容量の制限により直径 20mmと非常に小型であることや、電子増幅に大きな打ち込
みゲインが必要なことから、光電面-AD 間に 8kV の高電圧が印加されている。これは、従来の
PMTに印加する 2kVよりもかなり大きな値である。しかし、この 8kVの高電圧によって、電子
を直径 20mmの ADに収集することが可能であり、典型的に約 1600の打ち込みゲインを得ること
が出来る。ADに打ち込まれた電子は AD内の電子にエネルギーを与えて半導体の伝導バンドまで
励起させる。励起された電子は AD に印加された 200∼300Vの AD バイアスによって加速され、
また他の電子を励起させる。このように AD内で電子雪崩を起こすことで電子が増幅し、AD内で
約 50∼100のアバランシェゲインを得る。このように、増幅された電子を信号として取り出すので
あるが、HPDのゲイン (∼ 105)は他の PMTのゲイン (∼ 107)と比較すると小さいため、プリア
ンプによってさらに増幅させる必要がある。HPDは HVやゲインの問題から他の PMTと比べて
使用が難しいと考えられるが、その欠点を補うメリットが数多く存在する。まず、ADを使用する
ことで電子を 1段で増幅出来るため、圧倒的な 1光電子識別能力を得ることが出来る。同様の理由
で、時間分解能も他の PMTより勝っている。また、8kVの高電圧で電子を収集することから、地
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7Box & Line PMT performance in SK
‣	Detec)on	efficiency	was	measured	
		using	the	calibraKon	system	of		
		NiCf	source.

‣	The	number	of	photons	detected	by		
	a	HK	PMT	is	approximately	1.97	)mes		
	larger	than	a	SK	PMT	in	average.			

‣	This	improvement	was		
	achieved	as	a	result	of		
	higher	Quantum-	and		
	CollecKon-	efficiency.	
	

SK PMT
HK PMT

Takuya Tashiro (ICRR) 31st July 2020    ICHEP2020  



8Box & Line PMT performance in SK
‣	Charge	resolu)on	was	measured	
		using	the	calibraKon	system	of		
		laser	diode.
‣	The	resoluKon	of	HK	PMTs	is	about		
	twice	beHer	than	SK	PMTs.	
‣	SK:	σ/Mean~54%	
‣	HK:	σ/Mean~27%

Takuya Tashiro (ICRR) 31st July 2020    ICHEP2020  

Gain tuning for SK
• During the SK-IV period, PMT gains 

have been drifting, creating non-
uniform response.


• At the beginning of SK-V period, re-
tuned the PMT gain, including HK 
PMTs, to the same level as beginning 
of SK-III (around 2006)


• Following the gain tuning, did a series 
of initial PMT response calibrations


• Relative gain


• Global gain


• Relative QE


• TQ map

!4

Calibration Set Up and Data Collection

• Light source: a picosecond laser diode 

pulser Hamamatsu PLP-10 (404nm) 

• On Feb 7th, data were taken with 

voltage scan at 7 points ranging [-75, 

+75]V from the default value. 

• On Feb 14th, 2019, the tuned target 

voltages of gain = 1.65×107 (same as 

to SK-III) were tested for the first 

time.

Laser Diode (404nm)

DAQ Trigger

Clock (2kHz)

Diffuser Ball
PMT

!3

Setup for gain evaluation 

Evolution of PMT gain (2008-2018)
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date

1992-1995 PMT
1996-1997 PMT

2003 PMT
2004 PMT
2005 PMT
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l ɖʃɨʃɌɵɋɌʁɟ
ȭȑ´òȲPMTȮºŸɃďƬ

��������� ��	��
������������ ������ Ǧǫ

Transit Time Spread [nsec]
1 1.5 2 2.5 3 3.5 4

Nu
m

be
r o

f H
yp

er
-K

 P
M

Ts

0

10

20

30

40

50

60

Nu
m

be
r o

f S
up

er
-K

 P
M

Ts

0

200

400

600

800

1000

1200

 / Mean [%]s
20 30 40 50 60 70 80 90 100

Nu
m

be
r o

f H
yp

er
-K

 P
M

Ts

0

10

20

30

40

50

60

70

Nu
m

be
r o

f S
up

er
-K

 P
M

Ts

0

200

400

600

800

1000

1200

1400

Relative Detection Efficiency
0.5 1 1.5 2 2.5

N
um

be
r o

f S
up

er
-K

 P
M

Ts

0

500

1000

1500

2000

2500

3000

N
um

be
r o

f H
yp

er
-K

 P
M

Ts

0

5

10

15

20

25

30

SK PMT

HK PMT



l ɖʃɨʃɌɵɋɌʁɟ
ȭȑ´òȲPMTȮºŸɃďƬ

��������� ��	��
������������ ������ Ǧǫ

Transit Time Spread [nsec]
1 1.5 2 2.5 3 3.5 4

Nu
m

be
r o

f H
yp

er
-K

 P
M

Ts

0

10

20

30

40

50

60

Nu
m

be
r o

f S
up

er
-K

 P
M

Ts

0

200

400

600

800

1000

1200

 / Mean [%]s
20 30 40 50 60 70 80 90 100

Nu
m

be
r o

f H
yp

er
-K

 P
M

Ts

0

10

20

30

40

50

60

70

Nu
m

be
r o

f S
up

er
-K

 P
M

Ts

0

200

400

600

800

1000

1200

1400

Relative Detection Efficiency
0.5 1 1.5 2 2.5

N
um

be
r o

f S
up

er
-K

 P
M

Ts

0

500

1000

1500

2000

2500

3000

N
um

be
r o

f H
yp

er
-K

 P
M

Ts

0

5

10

15

20

25

30

9Box & Line PMT performance in SK
‣	Time	resolu)on	was	measured	using		
		the	calibraKon	system	of		laser	diode.

‣	The	resoluKon	of	HK	PMTs	is	about		
	twice	beHer	than	SK	PMTs.	
‣	SK:	TTS	=	2.96	nsec	
‣	HK:	TTS	=	1.50	nsec

Takuya Tashiro (ICRR) 31st July 2020    ICHEP2020  

SK PMT
HK PMT

Introduction and Calibration Set Up

• The relative timing calibration is done 

by measuring the time-of-flight (ToF) 

corrected time in each channel at 

different signal strengths. 

• The hit in the monitor PMT is used to 

extract the laser signal. 

• By extrapolating the relation between 

time and charge of a signal, we will be 

able to estimate the correction in the 

arrival time of a hit in each PMT from 

its charge output.

N2->Dye Laser (398nm)

Neutral Filter

Diffuser Ball

Monitor PMT

DAQ Trigger

PMT

!2!2



10PMT dark noise

Takuya Tashiro (ICRR) 31st July 2020    ICHEP2020  

‣	Dark	noise	is	one	of	the	important	properKes	of	PMTs.	
‣	The	noise	affects	the	reconstrucKon	especially	in		
		low-energy	events.	

The	goal	of	HK	PMTs	dark	noise	rate	is	4	kHz.

20%	Photo-coverage

30%	Photo-coverage

40%	Photo-coverage

4.2	kHz	dark	noise

8.4	kHz	dark	noise



11Dark noise of B&L PMT
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‣	Significant	amount	of	dark	noise	is	triggered	by		
	con)nuous	pulses,	the	pulses	that	appear	conKnuously		
	within	short	Kme	of	O(10)μs.	

‣	One	of	the	sources	of	conKnuous	pulses	is	scinKllaKon		
		light	triggered	by	decay	of	radio-isotope(RI)		
		contaminaKon	in	the	PMT	bulbs.	

We	reduced	the	RI	contamina)on	to	reduce	dark	noise.

1 μs



12Glass improvement
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‣	The	contaminaKon	of	U	and	Th	has	been	successfully		
	reduced	to	~1/2	in	new	glass.		

‣	This	improvement	resulted	in	significant	reducKon	of		
		dark	noise.	
‣	PMT	with	old	glass:	6.6	kHz	in	average	
‣	PMT	with	low-RI	glass:	as	low	as	4	kHz	in	average

SK PMT HK PMT 
(Old)

HK PMT 
(New)

U [Bq/kg] 5.5 5.4 2.9
Th [Bq/kg] 1.8 1.8 0.95
40K [Bq/kg] 18.2 1.6 2.0

(Gate width: 1μs)



6 Single p.e performance

With optimized bleeder circuit, recent MCP PMTs also satisfy timing resolution requirements

Found timing resolution of 4.3-4.4 ns for PC1804-2205

13MCP PMT
‣	The	performance	was	measured	in	Kamioka.	

5 Single p.e performance

Found that MCP-PMT model GDB-6203 satisfies spe peak to valley charge 

resolution and gain requirements

σ=40.3%

Counting resolution: 40.3% Time resolution: 
1.8~1.9 ns (σ)

‣	Both	counKng	and	Kme	resoluKon	are	beSer	than	SK	PMT.	
‣	Charge	resoluKon(SK	PMT):	54%	
‣	Time	resoluKon(SK	PMT):	3.0	ns	(σ)	

time	[ns]

Takuya Tashiro (ICRR) 31st July 2020    ICHEP2020  



21 Pressure resistance
Waterproofed PMT

➢ Tested 3 water-proofed MCP PMTs to 1.2 
MPa without problems

➢ No sign of damage when inspecting the PMT 
after the test

➢ Those PMTs did not have cables coming out 
of the water-proofing. Has any impact on 
strength?

14MCP PMT
‣	Tolerance	to	water	pressure	was	successfully	proved.		

‣	The	pressure	of	1.2	MPa	
	(corresponding	to	120m		
			water	depth)	
	did	not	damage	the	PMT.

Takuya Tashiro (ICRR) 31st July 2020    ICHEP2020  



‣	PMTs	will	be	stored	in	covers	to	avoid	chain	implosion.	
‣	Several	designs	are	being	prepared.		

15PMT covers 

Takuya Tashiro (ICRR) 31st July 2020    ICHEP2020  

Implosion	test	is	scheduled		
next	year.

Implosion	test	is	done.		
Proved	to	work	in	HK.	



16Design of PMT support structure
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‣	A	mockup	system	of	the	PMT	support	structure	was		
	built	in	ICRR.		
‣	Design	of	PMT	support	structure	and	installaKon		
	method	are	being	studied	to	realize	efficient	and	precise		
	installaKon.	



17Summary
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‣	New	PMTs	for	HK	experiment	are	being	prepared.		
‣	Box&Line	PMT	and	MCP	PMT	were	developed	for	HK.	
‣	The	performance	of	new	PMTs	was	evaluated	and	proved		
	to	show	beSer	performance	than	SK	PMTs.	
‣	Box&Line	PMTs	were	installed	into	SK	in	the	evaluaKon.	

‣	The	dark	noise	rate	of	Box&Lime	PMT	was	reduced	to		
		~4kHz.	Finally	achieved	out	goal.	

‣	The	preparaKon	of	covers	and	installaKon	system	are		
	also	ongoing.		
‣	Implosion	test	is	scheduled	for	covers	evaluaKon.	
‣	The	installaKon	is	being	studied	using	mockup	system.
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Back	up

31st July 2020    ICHEP2020  Takuya Tashiro (ICRR)



19Box&Line PMT

3Hyper-Kamiokande photo-detectors

➢ Baseline configuration: 40k 20” PMTs for Inner Detector
see presentation by B. Quilain for alternative option using mPMT
and presentation by S. Zsoldos for Outer Detector 

➢ Primary candidate: Hamamatsu R12860
Also considering MCP-based PMTs from NNVT

Super-K PMT
Hamamatsu R3600

Hamamatsu R12860

Venetian blind dynode

Box and line dynode
+ high QE

3Hyper-Kamiokande photo-detectors

➢ Baseline configuration: 40k 20” PMTs for Inner Detector
see presentation by B. Quilain for alternative option using mPMT
and presentation by S. Zsoldos for Outer Detector 

➢ Primary candidate: Hamamatsu R12860
Also considering MCP-based PMTs from NNVT

Super-K PMT
Hamamatsu R3600

Hamamatsu R12860

Venetian blind dynode

Box and line dynode
+ high QE

‣	Vene)an	blind	PMT	
‣	Used	in	SK	
‣	QE	~	22%	
‣	MulK-dynode	structure

‣	Box	&	Line	PMT	
‣	Developed	for	HK	
‣	QE	~	31%	
‣	Box&Line	dynode	structure

Takuya Tashiro (ICRR) 31st July 2020    ICHEP2020  



20Dark noise measurement setup

Takuya Tashiro (ICRR) 31st July 2020    ICHEP2020  
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