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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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Simple		
inside	
structure	J	

Varied	path	L	

Box&Line	PMT	 HPD	(Hybrid	PhotoDetector)	

Super-K	PMT	
Hamamatsu	R3600	

Hamamatsu	R12860	 Hamamatsu	R12850	

Short	path	J	

High	ini+al	gain	J	

High	bias	volt	L	

QE	~22%	

→	 Hyper-Kamiokande	
	(Hyper-K)	

60	m	
260	kton	

74m	φ	

40%	
photo-	
coverage	

×40,000	

And	6,700	of	20	cm	(8”)	PMTs	
															for	Outer	Veto	Detector	

(190	kton		
		Fiducial	
					Mass)	

Large	Water		
Cherenkov	detector	
	in	Kamioka,	Japan	

~0.6GeV !µ"
295km�

x25 Larger ν Target

higher intensity ν by 
upgraded J-PARC

Quest for CP Violation 
in lepton sector

39.3m	φ	

41
	m
	

Super-Kamiokande	(Super-K)	

×11,129	
50	cm	φ		
	PhotomulPplier	
		tubes	(PMTs)	

×2	high	detecPon	efficiency		
					×1/2	Pme&charge	resoluPons	

×2	high	pressure	bearing	for	60	m	height	

50	kton	

→	Performance	was	improved	
							in	two	newly	developed	photodetectors	for	Hyper-K.	

¡  ν	oscillaPons	
▶  Leptonic	CP	violaPon	
▶  ν	mass	hierarchy,	…	

¡  Nucleon	decay	discovery	
¡  ν	astrophysics	

▶  Supernova	burst	ν,	…	

Plan	to	launch	
		in	2026	

Report	today	 Ready	for	mass	producPon.	
	Over	100	PMTs	were	prepared	
			for	operaPon.	

HPD	was	installed	in	a	small	water		
		tank	with	improved	preamplifier.	New	photo-detector	covers	

		were	tested	in	deep	water.	

×40,000	
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 Time [ns]
-10 0 10 20

Super-K PMT     7.3 ns

Box&Line PMT   4.1 ns 

HPD (1ch)              3.6 ns 
(HPD w/ time walk correction  3.2 ns)


Photoelectrons	Charge [photoelectron]
-1 0 1 2 3

En
tri

es
 (a

.u
.)

HPD						15%	
Box&Line	35%	
Super-K				53%	

[σ	/	peak]	
1	PE	↓	

Pedestal	
	→	

(---	1/2ch	20mmΦ	AD)	

↓	2	PE		

(1ch)	

FWHM	Single	PE	transit	Pme	spread	Single	PE	peak	
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Dynamic	range	was	improved	to	detect	
	wide	energy	range	of	MeV-GeV	ν.		
OpPmized	voltage	dividing	raPos	
	without	loosing	performance.	
	5.2V	→	7.5V	max	(~6	mV/PE)		
				in	a	sample.		
			

210 310
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25 PEs
50 PEs
100 PEs

Within	5%		
			up	to	170	μA	

→	78	MHz		
					at	single	PE	

for	supernova	burst	detec+on	(10MHz	at	max	in	low	PE)	

→	Confirmed	sufficient	high	rate	tolerance	

→	Increased	voltage		
at	first	and	lawer		
three	dynodes.	

Rate	Tolerance	of	Gain	
25	PE	

50	PE	

100	PE	



Dark rate dependence by Temperature 

Temperature	[oC]	

2nd 

3rd 

4th 
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Dark	room		
w/	cooling		
				at	14deg.	

Univ.	of	Tokyo,	
	Japan	

Monitoring	
	16	of		50	cm	PMTs	

Dark	rate	study	axer	stabilized	
	for	a	few	month	at	14oC	in	air.		

Compared	dark	rate	of	PMTs		
with	different	producPon		
of	photocathode.	

OpPmizing	photocathode	producPon	to	minimize	the	dark	rate	
¡  20	kHz	→	10	kHz	→	8	kHz	(1st)	→	(2nd)	→	(3rd)	→	(4th)	→	…	

Measured	a	stabilized	level		
of	dark	rate	axer	a	few	months	

2016.Aug	2015	2014	 2017.Apr	 Jul	Jun	

(Old	type	in	2015)	

1	Super-K	PMT	

5	samples	

StabilizaPon	in	days	

Da
rk
	ra

te
	(a
t	1

.5
m
V)
	[k
Hz

]	

7.6	kHz	avg.	
at	1.5	mV	thre.	

1st	

By	temperature	
(HV	at	107	gain)	

Hyper-K	water	temp.	

SK	PMT	

Old	type	

By	bias	voltage	

(1/4	PE	threshold)	

5	Box&Line	PMTs	

2nd 

3rd 

4th 

Dark	rate	dependence	by	gain	(HV)	

Fixed	at	1/6	p.e.	thre.	
(Threshold	Volt	changed	by	gain)	

Gain	[x107]	

Studies	for	dark	rate	
		reducPon	are	ongoing	
		with	reconsidering		
			material	/	structure	
				inside	in	a	year.		



l  TesPng	iniPal	type	of	3	 		
¡  in	a	200-ton	water	Cherenkov	detector	

	(EGADS)	since	2014.	
l  Working	for	~3	years	stably!	
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5mV	
/div	

200ns	

Clear		
1–	6	PEs	

Smooth	shix	of	gain	was	always	monitored.	

3	High-QE	Box&Line	PMTs	

2014	 2015	 2016	 2017	

Re
la
Pv
e	
ga
in
	

2014	 2015	 2016	 2017	Da
rk
	c
ou

nt
	ra

te
	[k
Hz

]	

One	Box&Line	PMT		
				is	ge|ng	high	rate.	

Dark	rate	is	almost	constant	for	2.5	years	(except	for	one).	
(Typical	dark	rate	was	reduced	in	recent	products		
		by	a	factor	of	1/3	axer	the	iniPal	samples.)	

Monitored	relaPve	gain	to	average	of	Super-K	PMTs’	

EGADS	200t	tank	
at	Kamioka	mine	
toward	SK-Gd	

7m	

Developed		
1	waterproof	HPD	
with	preamplifier	
improved	for	
narrow	pulse	width.	

Installed	the	HPD	
												in	late	2017.	

HPD	



~150	Box&Line	PMTs	were	manufactured.			
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Mar-Jun	2018,	in	dark	room	
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Mean     1952

Std Dev     109.6

Bias Voltage [V]
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HV at 1.4e7 Gain

Entries  145
Mean    29.71
Std Dev     3.375

 / Peak [%]σ
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Mean    29.71
Std Dev     3.375

Sigma at 1.4e7 Gain

Entries  145
Mean    2.649
Std Dev    0.1482

Transit Time Spread [ns]
2 2.2 2.4 2.6 2.8 3 3.2 3.40
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22 Entries  145

Mean    2.649
Std Dev    0.1482

TTS at 1.4e7 Gain

(2.6±0.1)ns	
	at	FWHM	

Within	reasonable	operaPon	range	

HV			
calibrated	to	
	1.4×107	gain	

ResoluPons	at	single	photoelectron	peak	
Entries  145
Mean    69.98
Std Dev     7.948

FWHM / Peak [%]
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FWHM at 1.4e7 Gain

(29.7±3.4)%	
	in	σ	

(70.0±7.9)%	
	at	FWHM	

QE	Spectra	of	~150	PMTs	
l  All	PMTs	were	screened	at	high	

pressure	water	up	to	0.95	MPa.		
¡  No	damage	found	in	the	bulb.	

l  Calibrated	all	PMTs	at	Kamioka,	JP.	
¡  Gain,	resoluPons,	dark	count	rate,	etc.	
¡  No	rejected	PMTs	by	performance	in	our	

tentaPve	criteria	for	Hyper-K.	

Ready	for	mass	produc+on	with	a	good	quality	control.	

Entries  147

Mean    31.02

Std Dev     1.175

Quantum Efficiency [%]
29 30 31 32 33 34 35 36 37
0
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25 Entries  147

Mean    31.02

Std Dev     1.175

QE at peak

Around	10%	variaPon	for	single	PE	detecPon	

QE	at	peak	

Includes	
	Sys	Err	(by	noise)	~	0.2	ns	
+	Dependence	by	HV	~	0.2	ns	

At	1mV	threshold,		
no	Pme	walk	
							correcPon	

Typical	volt.		
at	2kV	



l  Accidental	implosion	of	bulb		
in	water	might	cause	a	chain		
implosion	by	a	shock	pulse.		
¡  A	shockwave	prevenPon	cover		

made	of	FRP	was	developed	for		
Super-K	for	40m	depth.		

l  New	covers	were	developed	for	a	deep	Hyper-K	tank	up	to	60	m	with	clean	materials.		
¡  A	cover	made	of	stainless	steel	was	developed	for	Hyper-K	and	established	with	tests	in	2016.		
¡  Further	improvement	with	light	weight	or	low	cost	for	several	designs		
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Slow	
	flow	

deep	
	water	

Vacuum	 Imploded	Bulb	is		
pressurized.		

Cover	is		
pressurized.	

Usual	case	 Implosion	

3RD HYDROSTATIC TEST RESULT (V2.2)

•Removed stiffening ring to see if bottom would colapse again in 
spite of the repaired section 

•This time, no visible damage happened up until 7 bar, where the 
test was stopped to verify no deformation had indeed occurred.  

•Just in time for delivery to Hokkaido implosion tests

Super-K	cover	
	for	40	m	water	depth	

IniWal	prototype	
	for	60	m	water	depth	

Stainless	steel	(3	mm)	

13mm	acrylic	

15	mm	acrylic	

FRP	
(fiber	reinforced	plasPc)	

22kg	

Slow	water	flow		
through	cover	holes	
suppresses		
the	shockwave.	

In	2016	

17kg	

13	mm	
	acrylic	

Stainless	steel	
					(2.5	mm)	

30kg	6.4kg	Weight		
		w/o	acrylic	

1.	Improved	cover	 3.	Stainless	steel	tube	cover	2.	Resin	cover	
PPS		
(Poly	Phenylene	Sulfide)	
	with	carbon	fiber	

Cheap	and		
simple,		
Developed		
in	Spain	

New	3	covers	were	also	tested	with	bulb	implosion	inside	in	2018.		

Cover		
pressurized	
	test	in	water	
		→	1	MPa	 0.5-0.57	MPa	 0.7	MPa	

Light	weight,	
fast	and	easy		
mass	producPon	

Stainless	steel	



The	covers	were	tested	in	a	deep	shax	at	40-80m	depth	with	the	bulb	implosion.		
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Shax	filled	with	water	

In	Hokkaido,	JP	

Chain	implosion	was	
reproduced	when	no	
cover	was	awached	in	
2016.	

1.	PMT	is	imploded	in	the	cover	by	a	hi|ng	tool	
											with	surrounding	PMTs	without	cover.			
2.	Confirm	the	cover	and	surrounding	PMTs		
						have	no	damage	with	monitoring	the	shock.	

Procedure	

4.8mΦ	

1.	Improved	cover	

3.	Stainless	steel	tube	cover	2.	Resin	cover	

→Success	at	80	m	three	+mes	

Success	at	40	m	(1	test	only),		
		but	failed	at	60	m	

Success	at	60	m	(1	test	only)	

~	6	MPa	peak	
					shock	wave	

Pe
ak
	p
re
ss
ur
e	
[M

Pa
]	The	second	test	was	performed	in	Mar	2018.	

in	60m	water	

1.	Improved	SUS	cover	
				(1st	test)	at	80m	
2.	Resin	cover	at	40m	
3.	Stainless	steel	tube	cover	at	60m	

Shock	wave	monitor	(70	cm	front)	

w/cover	
1/100	suppression		

w/o	cover,		
only	1	PMT	at	center	

New	stainless	steel	cover	was	established!	
22kg	→	17kg,	15mm→13mm	acrylic	thickness	

Next:	To	be	reinforced	with		
opPmizing	design	and	injecPon	material.		

Next:	Reduce	weight,		
reach	easy	mass	producPon	
	/assembly	design	

Hyper-K	Photo-detector	system	is	ready.	



Many	Box&Line	PMTs	will	be	pracPcally	operated	in	Super-K	soon.		
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Stainless	Steel	Cover	 PPS	Resin	Cover	

View	from	outer	detector	on	top	of	the	Super-K	tank	

10	Hyper-K	covers,	made	of	clean	materials	with	low	backgrounds,	are	installed	in	SK	top/bowom.	
FRP	cover	in	Super-K	increases	dark	rate	a	liwle..	



l  Box&Line	PMT	design	is	ready	for	producPon.		
¡  We	confirmed	sufficient	quality	in	the	~150	PMTs’	producPon.	
¡  Installed	in	Super-K,	some	of	them	with	the	improved	covers	for	Hyper-K.	

l  HPD	brings	the	best	resoluPons.	
¡  OperaPon	in	the	200-ton	water	tank	started.		

l  Aiming	for	start	of	construcPon	in	JFY2019	and	operaPon	in	JFY2026	
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HV [V]
1600 1700 1800 1900 2000 2100 2200 2300
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9
 / ndf 2χ  59.78 / 9

Factor   29− 2.22e±28 − 2.097e

 αIndex  0.01048± 8.256 

Voltage Offset  10.34±699.5 − 

 / ndf 2χ  59.78 / 9

Factor   29− 2.22e±28 − 2.097e

 αIndex  0.01048± 8.256 

Voltage Offset  10.34±699.5 − 

HV at 1.4e7 gain : 1783.22 [V]
HV at 1e7 gain   : 1684.05 [V]

Run , 1590, 1591, 1592, 1593, 1594, 1595, 1596, 1597, 1598, 1599, 1600, 1601

PMT Ch4 EA4022-E

 / ndf 2χ   1571 / 115
 0Scale  7.731e+01± 3.057e+04 
 0Peak  0.00032± 0.03452 

 0σ  0.0002± 0.1411 
 1Scale  12.4±  1803 
 1Peak  0.004± 2.353 

 1σ  0.0042± 0.5299 
 2Scale  2.8± 174.6 
 2Peak  0.024± 4.582 

 2σ  0.0300± 0.8174 
1pe BS ratio  0.0047± 0.2705 

Single PE RESULT
Gain   1.42e+07
Peak   2.27 [pC]
Sigma  25.9 [%]
P/V ratio  4.16
FWHM  61.1 [%]

Charge [pC]0 2 4 6 8 10 12 140

500

1000

1500

2000

2500

3000

Ch3 EA4022-E 1783.2V Run01788
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Ch3 EA4022-E 1783.2V

Date 2018/04/23 Mon 06:57:10
Run1792,1793,1794,1795,1796,1797,1798,1799,1800,1801,

1802,1803,1804,1805,1806,1807,1808,1809,1810,1811,
1812,1813,1814,1815,1816,

Dark rate at 1.0 mV = 13.57 kHz

Ch3 EA4022-E 1783.2V

 / ndf 2χ  406.7 / 208

      µ  0.015±1.807 − 

  λ  19.9±  3180 

   σ  0.0103± 0.8958 

   γ  0.0085± 0.6642 

Single PE RESULT
Relative Peak  0.55 [ns]− 

Upper Sigma  1.31 [ns]

FWHM  3.1 [ns]
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Ch3 EA4022-E 1783.2V Run1789

Gain	tuning	

Dark	rate	scan	by	thresholds	

Threshold	[mV]	

Da
rk
	ra

te
	[k
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]	

RelaPve	transit	Pme	[ns]	Charge	[pC]	

Transit	Wme	spread	

Single	PE	charge	


