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and	for	near	future	plan	of	Hyper-Kamiokande	

Discovery	of	
	ν	oscillaDon	

DetecDon	of		
supernova	ν	

By	Hamamatsu	Photonics	K.K.	

with improved photodetectors 
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l  Electron	might	miss	dynodes	
→	less	collecDon	efficiency	

l  Ambiguity	of	driV	path	limits	
charge	and	Dme	response.		

Box&Line	PMT	 Hybrid	PhotoDetector	(HPD)	

(Super-K)	

+2kV,	107gain	 +2kV,	107gain	 +8kV,	105gain	

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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VeneDan	blind	 Box	&	Line	

New	 New	

Efficient	collecDon	
	Uniform	driV	path	
→	High	charge&Dme	resoluDons	

High	resoluDons,		
simple	structure	

20mmΦ	

high	QE	 high	QE	

Box	Li
ne
	

e-	

Super-K	PMT	
Hamamatsu	R3600	 Hamamatsu	R12860	 Hamamatsu	R12850	

→	Performance	was	improved		
							with	safety	design	

→	Now	Hyper-K	baseline	sensor	

Developed	with	
	sufficient	performance	
(Superior	to	PMTs)	
R&D	and	test	ongoing	
	for	pracDcal	use	
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l  Rich	physics	programs	
¡  ν	oscillaDons	

▶  Leptonic	CP	violaDon,	ν	mass	hierarchy,	…	
¡  Nucleon	decay	discovery	
¡  ν	astrophysics	

▶  Supernova	burst	ν,	…	

→	 Hyper-Kamiokande	(HK)	

60	m	
260	kton	

74m	φ	

40%	
photo-	
coverage	

→	Wide	dynamic	range	~O(103)PEs	

×40,000	

High-QE	50	cm	Box&Line	PMT	
×2	high	detecDon	efficiency		
×1/2	Dme&charge	resoluDons	
×2	high	pressure	bearing	for	60	m	height	

Compared	to	Super-K	PMT	(up	to	~40m	depth)	

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

(190	kton		
		Fiducial	
					Mass)	

→	High	rate	tolerance	O(10)MHz	at	a	few	PEs	
→	Clear	photon	counDng,		
→	~nsec	Dme	resoluDon,		

→	High	Dme&charge	resoluDons,	
											high	detecDon	efficiency,	..	

low	background	

Requirements	

Water	Cherenkov	detector	in	Kamioka,	Japan	

for	1	tank	

×2	tanks	

~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
	

→	New	PMT	enabled	an	opDmizaDon	of	Hyper-K	design	
							with	keeping	physics	sensiDviDes		

48	m	

+	Super-K	PMT	

Super-Kamiokande	
Hyper-Kamiokande	
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2.1.3. Performance of Single Photoelectron Detection

The single photoelectron pulse in a HQE B&L PMT has a 6.7 ns rise time (10% – 90%) and 13.0

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

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

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

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

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

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

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

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

Time [nsec]
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En
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.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 high-QE box&line PMT

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 Stability

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

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

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

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

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

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

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

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

as it is corrected according to the response curve.
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to have a wide dynamic range. The Super-K PMTs have an output linearity up to 250 PEs in charge

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

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

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

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

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

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

as it is corrected according to the response curve.

Time	 Charge	Box&Line	PMT	
SK	PMT	

Box&Line	PMT	
SK	PMT	

50%	→	35%σ	
2.1ns	→	1.1ns	σ	
7.3ns	→	4.1ns	FWHM	

at	Single	PE	

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).

Total	DetecSon	Efficiency	of	1pe	

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

Quantum	Efficiency	(QE)	

high-QEs	(HQE)	
SK	 →	30%	at	peak	
22%		

×2	

(~35%	in	recent	products)	

Box&Line	PMT	
SK	PMT	

Confirmed	sufficient	performance	in	Hyper-K	(Reported	in	NNN14,15)	
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Pulse Frequency [kHz]
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High	Rate	Tolerance	

Within	5%		
			up	to	170	μA	

→	87	MHz		
					at	single	PE	

25	PE	

50	PE	

100	PE	

→	Sufficient	for	supernova	detecEon	
(10MHz	at	max	in	low	PE)	

→	No	saturaEon	in	expected	range	by	HK	

Output	Linearity	
Linear	response	
up	to	340	PE	
within	5%	
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rr
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EGADS	200t	tank	
at	Kamioka	mine	
for	SK-Gd	 ~ 7	m	

3	High-QE		
Box&Line		
PMTs	(2014~)	Monitoring	stability	of	performance	over	a	year	

Date
14/10/01 14/12/31 15/04/02 15/07/02 15/10/01 16/01/01 16/04/01 16/07/01

Da
rk

 ra
te

 (k
Hz

)

0

10

20

30

40

50

60

history of Dark rate (Box&Line PMT)history of Dark rate (Box&Line PMT)

ZB8259 ~34.9kHz RMS 17.0% 
ZB8246 ~19.0kHz  RMS 5.8% 
ZB8248 ~24.0kHz  RMS 4.9% 

About 1.5 years 

High rate 
(Initial production) 

Date
14/10/01 14/12/31 15/04/02 15/07/02 15/10/01 16/01/01 16/04/01 16/07/01

Re
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1.5

history of gain resolution (Box&Line PMT)history of gain resolution (Box&Line PMT)

ZB8259 RMS 1.53% 
ZB8246 RMS 2.40% 
ZB8248 RMS 1.99% 

Smooth transition,  
    RMS in a few percentages. 
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About 1.5 years 

High-QE 50 cm 
Box&Line PMT 

224		
Super-K	PMTs	

Gain	stability	monitor	

20	cm	HPDs	×	8	

Temperature 
changed 

Dark	rate	stability	monitor	

High	because	of	
				iniSal	prototype	

D
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k 
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e 
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 [k
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ImitaEng	Super-K	

(50	cm	HPD	will		
	be	installed	later.)	

L
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d 

(Note:	Latest	products	show	lower	~8kHz)	

Operated	in	water	Cherenkov	detector	for	2	years	



l  SDll	trying	to	reduce	dark	rate	(20	kHz→10	kHz→8	kHz→...)	

5/Nov/2016� Large PMT R&D in Japan (Y.Nishimura, Univ. of Tokyo)� 8	

1	old	PMT	(2015)	

SK	PMT	

5	latest	samples	

Dark	rate	monitor			
		for	42	days	(19.Aug-1.Oct	2016)	

North	

Dark	room		
w/	cooling		
				at	15deg.	

At	Kashiwa	ICRR,		
Univ.	of	Tokyo	Japan	

Days	

Da
rk
	ra

te
	(a
t	1

.5
m
V)
	[k
Hz

]	

7.6	kHz	avg.	

Checking	producDon	quality	for	a	long	period	

Monitoring	10	
	of	50	cm	PMTs	

at	1.5	mV	thre.	

10]× Threshold [mV
0 10 20 30 40 50 60 70

 D
ar

k R
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[kH
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2

4
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8

10
EA0225
EA0241
EA0248
EA0250
EA0270

0		1		2			3		4			5		6			7		[mV/2]	

By	bias	voltage	 By	temperature	
(1.5	mV	thre.	fixed)	 (HV	at	107	gain)	(HV	at	107	gain)	

By	hit	threshold	

Dark	rate	was	characterized	by	parameters	
				to	consider	a	good	quality	control	in	mass	producDon.	

Hyper-K	water	temp.	

SK	PMT	

Old	PMT	

5	Box&Line	PMTs	



l  Pulse	shape	
¡  Bleeder	circuit	was	opDmized		

		with	minimizing	ringing	(in	2014)	

l  Response	uniformity	in	whole	acceptance	
¡  Improved	by	changing	bulb	design	(in	2015)	
¡  Confirmed	within	+/-	100mG,	1600	-	2200V	(in	2015)	

l  AVer	pulse	:	Less	than	5%	recently	reduced	from	iniDal	30%	of	hit	
probability	from	single	photo-electron	pulse.		
¡  By	changing	dynode	shape,	evacuaDon	process,	voltage	raDo,	etc.	(in	2015)	

l  Dark	count	rate	:	Reduced	from	20%	to	8%,	and	sDll	trying	to	reduce	it.	

l  Quantum	efficiency	:	Achieving	35%	typ.	from	30%	

l  Mechanical	strength	:	Improved	by	design,	established	PMT	cover	
5/Nov/2016� Large PMT R&D in Japan (Y.Nishimura, Univ. of Tokyo)� 9	
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Waveforms
• HPD and B&L PMT are faster than SK PMT

9

HPD
(20cm HPD w/o amp.) B&L PMT SK PMT

Rise time (ns) 7.4 (1.7) 6.7 10.6
Fall time (ns) 11.5 (2.7) 15.2 13.1
Pulse width in FWHM  (ns) 17.1 13.0 18.5

B&L PMT

New breeder circuit
Old breeder circuit
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20-inch high-QE HPD(5mm dia. AD) w/ preamp.
20-inch high-QE box&line PMT
Super-K PMT

Smooth	recovery	
Fast	with	ringing	

FWHM	10.4ns	↔	12.9ns	
Height			1.3	:	1	

	

PMT	output	
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Neck	

Photocathode	

SK	PMT	
(R3600)	
Box&Line	
PMT	

in	waterproof		
					housing	

The	bulb	shape	was	designed	to	get	lower	tensile	
stress,	and	improved	for	deep	water	level.	
n  Smoother	curvature	

n  Photocathode	part	<	1/16	stress	of	SK	PMT’s	
n  Neck	part	(weakest	in	SK	PMT)	<	1/8	stress	of	SK	PMT’s	

n  Thicker	glass	
n  Because	of	correlaDon	confirmed	

	with	breaking	level	by	test	
n  New	criteria	on	quality	control	

	was	established	with	measuring		
		thickness	at	various	points.		

n  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 

SoV	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).	
n 	No	damage	at	all	50	samples.		
n 	×1.9	safety	factor	for	60m.	(1.5	for	80m,	1.5	=	SK	screening)	

(about	×1.3)	

(Be|er	material	for	ultra	pure	water)	

60	
80	

100	
120	
140	
160	

2	 2.2	2.4	2.6	2.8	 3	 3.2	3.4	
Thickness	(Thinnest	part)	[mm]	Br

ea
ki
ng
	w
at
er
	le
ve
l	[
m
]	

(Old	design)	

(New	curvature)	

Cracked		
around	
	pins	

Weakest	



	

1.  Design	and	confirmaDon	of	the	PMT	glass	bulb	
n  To	minimize	the	single	PMT	implosion	

2.  Screening	by	the	individual	inspecDon	in	all	products	
n  Pre-selecDon	by	glass	thickness,	inspecDon	of	bulb	glass	quality,	etc.	
n  Quick	pressure	test	before	the	installaDon	

3.  Shockwave	prevenDon	by	the	cover	
n  In	the	very	unlikely	event	of	a	single-PMT	implosion,		

	the	cover	significantly	reduces	the	shockwave	released	outside	
n  Eliminate	the	catastrophic	chain	reacDon	of	PMT	implosions	completely	

5/Nov/2016� Large PMT R&D in Japan (Y.Nishimura, Univ. of Tokyo)� 11	



l  Cover	should	protect	outside	PMTs	of	the	cover	without	broken.	
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HydrostaDc	pressure	
	test	of	cover	

PMT	implosion	test	
	with	cover	

PMT	pressurized	test	

Usual	case	 Bulb	cracked	 During	implosion	inside	

ConfirmaDon	by	3	steps	

All	tests	were	done	this	year.	
(and	screening	during	construcDon		
	because	of	individual	difference	
	of	glass	quality)	

up	to		
0.6	MPa		
water	

Slow	
water	
flow	

Cannot	avoid		
propagaDon	

through	cover	

Suppressed	

Shock	



l  Establish	at	least	one	design	
	for	60	m	water	tank	
¡  OpDmized	later	
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Super-K	cover	
	for	40	m	water	depth	

IniSal	prototype	
	for	60	m	water	depth	

Stainless	steel	
	(3	mm)	

13mm	acrylic	
15	mm	acrylic	

New	
FRP	

(fiber	reinforced	plasDc)	

Acrylic front :  6 kg 
Stainless back :  23 kg 
 

cf. 
PMT :  8 kg 
PMT buoyancy :  -60 kg 

t = 11mm @ center 
     15mm @ flange  
SK acrylic cover 
 

t = 9mm @ center 
     13mm @ flange  

PMT	fixed	to		
cover	at	2	points	

PMT	fixed	to	SK	tank	
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Buckling analysis 

In	vessel	

High	
pressure	
water	
vessel	

Cover	in		
a	plasDc	bag	

→	OK	for	100	m	water	load	

Cover	pressurized	test	

Air	

Water	

Tested	two	samples	to	1.1MPa	
	(=100	m	water	depth)	
	and	there	were	no	damages.	

A	set	of	the	cover	packed		
in	a	plasDc	bag	was		
pressurized	from	outside.	

ConfirmaDon	of	consistency	with	analysis	
Tested	more		
	to	validate	the	calculaDon.	

Damaged	as	expected	
	around	1.2-1.5	MPa,	but	
	not	completely	collapsed.	
(This	part	can	be	reinforced		
		in	improved	design.)	
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Sunk	down	to	
60m/80m	

Osaka	
Nagoya	

Tokyo		Gifu		

Niigata	

Sapporo	
Furano	

SK	

In	Hokkaido,	JP	

ShaV	filled	with	water	

3	x	3	PMTs	
	+	covers	1st	demonstraDon	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	

4.8mΦ	

Pressure	gauge	

Hit	the	weakest		
				point	

Shock	wave	monitor	in	water	

Strain	gauges	

High	speed	
	camera	

2	lights	

2	lights	camera	

PMT	

Pre-stress	

~7
00
m
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Stainless	steel	(3	or	4	or	5mm)	

PMT	bands	

PMTs	

Office	

Acrylic	(15,	20mm)	
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ReproducDon	of	shock	wave	from	implosion	
l  Single	implosion	test	(Only	center	PMT	w/o	cover)	→	OK	
l  Chain	implosion	of	9	PMTs	w/o	cover	→	OK		

Test	of	shock	wave	prevenDon	cover	
l  60m	depth	with	(15mm	Acrylic	+	3mm	stainless	steel	cover)	x	3	

¡  1st　										Center	PMT	with	cover																																																														→	OK	
¡  2nd	&	3rd　Center	PMT	with	cover	+	surrounding	8	PMTs	w/o	cover	→	OK	

l  Same	set	of	3	tests	in	80m	water	→	OK	for	all	

(w/o	covers)	

(w/	cover	at	center	PMT)	

1st	 2nd/3rd	 Confirmed	that		
		1.	reproducDon	of	implosion	
		2.	No	damage	on	cover	
		3.	Surrounding	PMTs	are	safe	

→	Cover	was	established.	
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•  Large shockwave 
 by successful implosion 

•  All neighboring PMTs 
broke in a chain 

•  Cover was not crushed. 
•  Pressure pulse outside 
was very weak. 

•  Less than 1/100 
•  Neighboring bare PMTs all 
survived 

In both the 60m/80m tests 

(Single	PMT	case)	



l  A	large	juncDon	capacitance	(800	pF)	of	20	mmΦ	avalanche	diode	
(AD)	is	a	difficulty	to	read	a	single	PE.		

l  AD	with	reduced	capacitance	to	400	pF	and	fast	low-noise	
preamplifier	were	successfully	developed.	
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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	Dme	spread	Single	PE	peak	

l  DetecDon	efficiency	:	×1.8	higher	than	SK	PMT,	similar	to	Box&Line	
PMT,	confirmed	in	measurement.	

l  Low	aVer	pulse	less	than	2%,	much	lower	than	Box&Line	PMT	
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Clear	1	photo-electron	(PE)	signal	
	(8kV,	in	water,	70	m	cable,	16℃)	

200ns	

20mV	
1	PE	

Charge	(200ns	window)	 Charge	(400ns)	 Pulse	height	

1	PE	

Precise	mul8-PE	coun8ng	

Measured	in	water	for	20	days	without	any	problem	

Pulse	height	Charge	(200ns	window)	

20mV	

in	water	

×1/2	

Dark	rate	by	hit	threshold	

1	p.e.	

Self	trigger	is	possible.	

El
ec
.	N

oi
se
	

Before	stabilizaEon	

Prototype	of	waterproof	50	cm		
		high-QE	HPD	for	proof	test	

+	70m	cable	extension	

Aiming	at	proof	test	in	the	200-ton	tank	

In	water	

(20	cm	HPD	already	in	tank)	

Same	waterproof	design	as	Super-K	PMT		
																												(will	be	improved	for	HK)	

>1.4	MPa	tolerance	
	in	3	tested	samples	
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OD	PMT	replacement	in	KamLAND	
47	of	50	cm	“High-QE”	Super-K	PMTs	were	installed.	

																					(Replaced	Kamiokande	R1449	PMT	used	so	far)	
5	High-QE	Super-K	PMTs	are	also	under	test	
									in	EGADS	200	ton	tank	for	HK	since	2013.	

型を使って成型したため、表面にその木目が写ってしまった。その凹凸が原因で入
射した光が乱反射し、うまく光電面に入らなかった可能性がある。また、ミラー
が曲面形状をしているためアルミを一様に蒸着するのが難しく、どうしても蒸着
ムラができてしまう。そのため、アルミの「のり」が悪い部分に入射した光がミ
ラーを透過してしまい、光電面に入らなかったことが考えられる。
以上の結果を受け、新たに作製した金属型を用いて 20” PMT用のミラーを作製
した。その集光率評価の結果を次節で述べる。

4.6.2 20” PMT用ミラーの集光率評価
作製した 20” PMT用のミラーとそれを PMTに取り付けた様子を図 4.19に示
す。金属型にしたことでミラーの表面状態が格段によくなった。加えて蒸着条件
を改善したことで、アルミの蒸着ムラも抑えられている。なお、写真ではわかり
にくいが、20” PMT用のミラーも光電面との間には隙間ができている。

図 4.19: 20” PMT用ミラー（左図）と取り付けた様子（右図）。17” PMTのマス
クを外し、20” PMTとして使用している。

17” PMT用のミラーと同じく、ミラーのありなしで集光量がどの程度変化する
かを検証し、ミラーの集光率向上効果を評価した。先と同様に立体角の比を計算
すると、

73

Winston	cone	for	20”	PMT	made	of	PET+Al	
Studies	on	light	collecDon	for	KamLAND2-Zen	

集光用ウィンストンコーンの開発の現状 

東北大 RCNS 林歩美,他 KamLAND-Zen collaboration 

Current Status of Light Collecting Winstoncone Development 
Tohoku Univ. RCNS 

 A. Hayashi, and KamLAND-Zen collaboration 
 

 東北大 RCNSでは現在，KamLAND-Zen実験において Xe136 を用いた0νββ探

索を行っている．液体シンチレータの純化により，現在の装置でも有効質量

〈𝑚𝛽𝛽〉~60meVまで探索することは可能であるが，将来計画として Xe136 の量を

1000kgにし，逆階層構造をカバーする〈𝑚𝛽𝛽〉~20meVまでの感度到達を目標と

した KamLAND2-Zen実験が計画されている．そのためには装置全体のエネル

ギー分解能の向上が不可欠であり，本実験は集光用コーンを光電子増倍管に装

着することで集光率を上げる目的で行われているものである． 

コーンの装着により集光率は約 1.8倍に向上する．しかし実際は，インスト

ール時の変形による集光率の変化やコーン素材の長期安定性，ミラー部である

Alの化学的発光による影響，表面における乱反射の影響等，いくつか評価すべ

き項目があり，それらについて実験を行った．また，20インチ光電子増倍管の

量子効率を取り込むことで，実験結果に近いシミュレーション結果が得られた．

本講演ではその現状をご報告する． 

図 1 KamLAND2-Zen(左)と集光用コーンを
取り付けた光電子増倍管(右)の概略図 

図 2 シミュレーションによる光子のヒット分布図 
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17”	

20”	

	→	x1.8	enhancement	
Study	with	simulaDon	and	measurement	
Test	of	stability,	background,	etc.	

Wavelength	shiVing	plate	
Prototype	

About	1.5	factor	
		in	both	measurement	
			and	simulaDon	

8”	R5912	PMT	

470mmΦ	×	D10mm	

Polystyrene	w/	POPOP	for	test	

w/acrylic	plate		
and	mirror	in	edge	
for	reflecDon	

Geant4	

(KamLAND	OD)	



高圧力下でのPMT信号読み出し試験

12
PMT to penetrator and short cable are regular cables (not coaxial)
then coaxial cable is connected to oscilloscope (not impedance matched)  

高圧力下をかけても、PMTは問題なく稼働。読み出し信号に変化はなかった

l  		
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In	Chiba	University	

16/09/22 12

Set up for measurement

HV

Fun 
Gen

PMT in freezer

Oscilloscope
/ Camac

sync
signal

PC

pulse

Measure R/T
Separately

5 LEDs

High-QE	20	cm	R5912-100	
(Also	High-QE	20	cm	HPD	was	measured)	

Measured	with	new	glass+opDcal	gel+magneDc	shield	

D-Egg	design	for	IceCube-Gen2	

Magnetic field canceler
• 2mx2mx2m Helmholtz coil
• current 1~2A
• constant magnetic field in x,y,z

31

2mx2mx2m		
Helmholtz	coil	 Performance check: Collection Efficiency

LED position rotate azimuth with different steps in zenith

In the direction of 
the center of 
PMT curvature

LED is 
normalized at 0°

Collection efficiency (CE) is evaluated with 2D scan of relative QE over PMT surface

45°

0°

57°

(A) with Earth magnetic field without shield
(B) with Earth magnetic field + mu metal shield
(C) with cancelled Earth magnetic field without shield

30

6

D-Egg =  Dual optical sensors in an Ellipsoid Glass for Gen2

  Pourpose 

1 : Mechanical durability
       -  to stand the pressure of ice
       -  stability of gel

2 : Optical characteristic
– Photon transmission of Glass & Gel
       - measure the QE,CE of D-Egg

      Cathode	uniformity	measurement	

4

Introduction : IceCube-Gen2 

・More statistics 

・Better angler resolution

・Remove the background 

down-going muon

・Better detection for UV photons

・Reduce cost

Need to improve

Geometry

+120 strings!
× 5 volume! 3rd	test	in	high	pressure	at	JAMSTEC,	Kanagawa	JP	

(Japan	Agency	for	Marine-Earth	Science	and	Technology)	

高圧力下でのPMT信号読み出し試験

12
PMT to penetrator and short cable are regular cables (not coaxial)
then coaxial cable is connected to oscilloscope (not impedance matched)  

高圧力下をかけても、PMTは問題なく稼働。読み出し信号に変化はなかった

高圧力下でのPMT信号読み出し試験

12
PMT to penetrator and short cable are regular cables (not coaxial)
then coaxial cable is connected to oscilloscope (not impedance matched)  

高圧力下をかけても、PMTは問題なく稼働。読み出し信号に変化はなかった

D-Egg 加圧試験 歪測定

10

頂点付近 縦

編曲部 縦

胴部 横

この圧力下では比例関係（フックの法則）

70MPa

3	strain	gauges	
up	to	70	MPa	

with	be|er	opDcal		
properDes	of		
glass	and	gel	

Signal	



l Box&Line	PMT	was	established	for	Hyper-K.		
¡ Bulb	and	cover	can	be	used	for	60	m	water	height.	
▶ OpDmizaDon	of	cover	for	light	weight	and	low	cost	design	ongoing	

¡ Planning	demonstraDon	test	using	~100	PMTs	
▶ With	good	producDon	quality	

l HPD	realized	the	be|er	resoluDons	than	50	cm	PMTs.	
¡ High	efficiency,	comparable	with	Box&Line	PMT	
¡ Considering	a	possibility	for	Hyper-K	by	end	of	2017		
▶ R&D	for	pracDcal	use	is	required	(proof	test,	etc.)	
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l 		

HV [V]
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ZB8208
ZB8210
ZB8243
ZB8246
ZB8248
ZB8260

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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B&L PMTs serial 
Gain curve 

1p.e. resolution 
Box&Line PMT is more improved 
than R3600 in photoelectron and 
time resolution.  
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R3600 

B&L PMT 

R3600 

B&L PMT 

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. 

50cm Box & Line PMT (Hamamatsu R12860)  ŎťŠŏŞŲŶŏŨűŪŏŢŭűūŏŤţŧ�
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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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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”. 
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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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No significant change w
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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 

R3600 (SK-PMT) 

→	Almost	constant	in	±	100	mG	range	

Uniformity	of	relaDve	collecDon	efficiency		
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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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Gain curve 

1p.e. resolution 
Box&Line PMT is more improved 
than R3600 in photoelectron and 
time resolution.  
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R3600 

B&L PMT 

R3600 

B&L PMT 

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. 

50cm Box & Line PMT (Hamamatsu R12860)  ŎťŠŏŞŲŶŏŨűŪŏŢŭűūŏŤţŧ�
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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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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
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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  
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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”. 
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!  Nominal gain (2.2 pC/p.e.). 
!  0.25p.e. is about 1mV. 
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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) 

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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The timing response is slightly shifted by HV values, but the difference within 0.7 ns, that is
variation shown by different colors in Figures 5 and 6, is negligible compared to the typical time
resolution of 4.1 ns (FWHM).
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Figure 5: Difference of transit time by HV (scan
for the X-axis).
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Figure 6: Difference of transit time by HV (scan
for the Y-axis).

3.2.2 Magnetic field dependence

The trajectory of the photoelectron generated by photocathode also depends on the magnetic
field. We measured the timing response at ±100 mG along both axes. The associated experimental
setup is similar to that described in Section 3.2.1, but a HV of 2,000 V is instead applied to the
PMT; Figure 7 shows corresponding measurement the results. When a magnetic field was applied
to the X-axis, a timing difference along the Y-axis was seen (upper-right in Figure 7). Likewise,
when a magnetic field was applied to the Y-axis, a timing difference along the X-axis was seen
(lower-left in Figure 7). These reasons are also difference in the flight distance of electrons by
the magnetic field. As a result, the point where the timing changed was only circumference of
approximately 75◦. Because this timing change was small compared to the timing resolution value,
it does not affect the overall result.
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Figure 7: Uniformity of transit time in the magnetic field.
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The timing response is slightly shifted by HV values, but the difference within 0.7 ns, that is
variation shown by different colors in Figures 5 and 6, is negligible compared to the typical time
resolution of 4.1 ns (FWHM).
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3.2.2 Magnetic field dependence

The trajectory of the photoelectron generated by photocathode also depends on the magnetic
field. We measured the timing response at ±100 mG along both axes. The associated experimental
setup is similar to that described in Section 3.2.1, but a HV of 2,000 V is instead applied to the
PMT; Figure 7 shows corresponding measurement the results. When a magnetic field was applied
to the X-axis, a timing difference along the Y-axis was seen (upper-right in Figure 7). Likewise,
when a magnetic field was applied to the Y-axis, a timing difference along the X-axis was seen
(lower-left in Figure 7). These reasons are also difference in the flight distance of electrons by
the magnetic field. As a result, the point where the timing changed was only circumference of
approximately 75◦. Because this timing change was small compared to the timing resolution value,
it does not affect the overall result.
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3.3 Relative collection efficiency

3.3.1 High voltage dependence

The CE of the B&L PMT amongst various HVs was measured in reduced geomagnetic field
conditions. The CE is calculated by counting hits above 0.25 photoelectron in a low occupancy of
the single photon injection. Figures 8 and 9 show relative CE values as a function of the photon
incident angle for several HV values. The measurement setup is identical to that described in
Section 3.2.1, with the associated data normalized by the value at 0◦/ 2,000 V, which is defined as
CE = 1 at 0◦/ 2,000 V. As higher voltages were applied, better CEs were typically observed. Angle
dependencies, however, were not evident, and no special efficiency drops emerged for any of the
applied HV values as well.
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Figure 8: Difference of collection efficiency
by HV (scan for the X-axis).
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Figure 9: Difference of collection efficiency
by HV (scan for the Y-axis).

3.3.2 Magnetic field dependence

Figure 10 shows the CE of PMT with different magnetic field intensities. The definition of CE
for this case holds the same as that presented in Section 3.3.1. When a magnetic field is applied to
the X-axis, a CE deficit along the Y-axis can be seen (upper-right in Figure 10). This is because of
photoelectrons falling to different points or outside the dynode altogether via the magnetic field. It
is expected as calculated by the design. However, the aforementioned decrease of CE appears only
in the case in magnetic field of X-axis direction. Thus, it is possible to be avoided by considering
the mounting direction at Hyper-K.

4. Temperature dependence of dark rate

The dark rate of the B&L PMT is currently around ten kilo hertz. Figure 11 and 12 illustrate
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.
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3.3.1 High voltage dependence

The CE of the B&L PMT amongst various HVs was measured in reduced geomagnetic field
conditions. The CE is calculated by counting hits above 0.25 photoelectron in a low occupancy of
the single photon injection. Figures 8 and 9 show relative CE values as a function of the photon
incident angle for several HV values. The measurement setup is identical to that described in
Section 3.2.1, with the associated data normalized by the value at 0◦/ 2,000 V, which is defined as
CE = 1 at 0◦/ 2,000 V. As higher voltages were applied, better CEs were typically observed. Angle
dependencies, however, were not evident, and no special efficiency drops emerged for any of the
applied HV values as well.
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3.3.2 Magnetic field dependence

Figure 10 shows the CE of PMT with different magnetic field intensities. The definition of CE
for this case holds the same as that presented in Section 3.3.1. When a magnetic field is applied to
the X-axis, a CE deficit along the Y-axis can be seen (upper-right in Figure 10). This is because of
photoelectrons falling to different points or outside the dynode altogether via the magnetic field. It
is expected as calculated by the design. However, the aforementioned decrease of CE appears only
in the case in magnetic field of X-axis direction. Thus, it is possible to be avoided by considering
the mounting direction at Hyper-K.

4. Temperature dependence of dark rate

The dark rate of the B&L PMT is currently around ten kilo hertz. Figure 11 and 12 illustrate
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.
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l  More	opDmizaDon	for	further	improvement	is	being	tried.	
¡  Light	weight	with	thin	thickness,	another	material	such	as	a	full	resin	cover,	

reinforcing,	PMT	supporDng	structure,	…	
¡  Design	based	on	simulaDon,	and	validaDon	test	finally	

5/Nov/2016� Large PMT R&D in Japan (Y.Nishimura, Univ. of Tokyo)� 26	

l Measured	peak	pressures	agree	with	expectaDon	
by	a	dynamic	behavior	simulaDon	in	the	first	order.	

unit : 
MPa 

no cover with cover 
data 

(above/bottom) 
calc data 

(front) 
calc 

60m 11.0/6.0 9.3 0.03 0.2 
80m 18.2/6.3 9.7 0.03 0.1 

70cm 

70cm 

above 

below 

front 

n  Roughly consistent even in simple model 
without considering non-uniform acrylic 
thickness, glass collapse, effect of gravity/
buoyance, water flow through holes, …  

SimulaDon	can	be	uDlized	for	cover	design.	


