
Yasuhiro	NISHIMURA	
	

ICRR	RCCN,	University	of	Tokyo	
New	and	Enhanced	Photosensor	Technologies	for	
Underground/underwater	Neutrino	Experiments	

19/July/2018	

ConfidenIal	

ynisi@icrr.u-tokyo.ac.jp	



19/7/'18 The Hyper-K Photodetector System using new 50 cm Photomultiplier Tubes 2	

Development	of	large	aperture	photo-detectors	is	a	key	to	explore	neutrino	physics.	

Hamamatsu	R1449	

1k	PMTs	
/	3	kton	water	

(1983-1996)	

→	IEEE	milestone	(2014)	
First	20-inch	(50	cm)	Photomul5plier	Tube	(PMT)	

11k	PMTs	
/	50	kton	water	

(1996-	)	

R3600	 (VeneIan	blind	dynode,	improved)	

R7250	

R12850-HQE	
50	cm	Hybrid	Photo-Detector	(HPD)	

R12860-HQE	
50	cm	Box&Line	PMT	

(VeneIan	blind	dynode)	

(Box&Line	dynode)	

(Avalanche	diode)	

50	cm	MCP	PMT	

42	cm	(17”)	Box&Line	PMT	

GDB-6201	by	NNVT	

Recently	
	developed	
			in	China	

(Box&Line	dynode)	

For	other	experiments	

Developed	
→	Hyper-K	baseline	

Under	development	
→	Possible	further	
					HK	improvement	

(Micro-Channel	
	Plate)	

Supernova	ν		
		observa>on!	

ν	oscilla>on		
		discovery!	

with	50	cm	bulb	
														of	R3600	

50	cm	MCP	PMT	
w/	TTS	improved	for	HK	

Under	development	

1979〜	
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→	 Hyper-Kamiokande	(HK)	

260	kton	

74m	φ	

40%	
photo-	
coverage	

×40,000	

New	high-QE	20”	Box&Line	PMT	

×2	high	detecIon	efficiency		
			and	half	Ime&charge	resoluIons	

×2	high	pressure	bearing	for	60	m	height	

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

													6,700	of	8”	PMTs	
															for	Outer	Veto	Detector	

(190	kton		
		Fiducial	
					Mass)	

for	1	tank	
×2	tanks	

60	m	

(Hamamatsu R12860)	
QE 31% at peak	

Super-K PMT 

●+	-●	

○-	

○+	

▲+	-▲	

△-	

△+	Venetian Blind	

XY	on	Dynode	

Box&Line PMT 

(Hamamatsu R3600)	
QE 22% at peak	

PosiIon	angle	[degree]	
(Center)	(-25	cm)	 (+25	cm)	

50 cm glass bulb	
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Double total detection efficiency PMT Face 

LINE	

BOX	×2	

l  Rich	physics	programs	
¡  ν	oscillaIons	

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

▶  Supernova	burst	ν,	…	

l  Large	aperture	photo-detectors	are	essen>al	for	physics	sensi>vi>es.	

→	Wide	dynamic	range	

→	High	rate	tolerance	
→	Clear	photon	counIng,		
→	~nsec	Ime	resoluIon,		

→	High	Ime&charge	resoluIons,	
											high	detecIon	efficiency,	..	

low	background	

Requirements	



l  Event	Trigger	
¡  Sum	of	hits	can	be	used	to	make	events.		
¡  Dark	rate	has	significant	impact	on	the	lowest	energy	in	both	trigger	and	

reconstrucIon.		
▶  EssenIal	to	take	low	energy	events	with	lowering	dark	rate	and	increasing	detecIon	efficiency	

l  Time	at	hit	threshold	is	taken	with	Charge.		
¡  Time	walk	can	be	corrected	using	charge.	
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All	hits	are	triggered	simultaneously		
	by	seqng	a	threshold	
		below	single	photoelectron.	

Slow	
	flow	

deep	
	water	

Vacuum	 Imploded	
Bulb	is		
pressurized.		

Cover	is		
pressurized.	

Usual	case	 Implosion	

Slow	water	flow		
through	cover	holes	
suppresses		
the	shockwave.	

Shockwave	prevenIon	cover	 Electronics	in	tank	

…	~24	photosensors	

~12	PE/MeV	in	Hyper-K	

To	avoid	chain	reacIon	of	implosion		

Photodetector	/	Cover		
/	Cable+Connector	in	this	talk	
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l  Electron	might	miss	dynodes	
→	less	collecIon	efficiency	

l  Ambiguity	of	drit	path	limits	
charge	and	Ime	response.		

Box&Line	PMT	

+2kV,	107gain	 +2kV,	107gain	

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 .

A

v

' B

I I I ' ~ -

D ' E

,
G

1_ I l
I

H

VeneIan	blind	
Box	&	Line	

New	

Efficient	collecIon	
	Uniform	drit	path	
→	High	charge&Ime	resoluIons	

+High	QE	

Box	Li
ne

	

e-	

Super-K	PMT	 Hamamatsu	R3600	 Hamamatsu	R12860	

A	mesh	to	make	flat	electric	potenIal	
on	surface	has	95%	aperture.	

Meshes	on	1st	dynode	control	direcIon	of	electrons’	path		
		not	to	miss	the	1st	dynode	with	74%	aperture.		
EffecIve	gain(δ)	
δ１(Super-K	PMT)				=	8.3	
δ１(Box&Line	PMT)	=	18.6	

×	（CE	of	secondary	electron	from	1st	to	2nd	dynode）	δ1	=	（Bombardment	gain	on	Dy1）	

Difference	of	effecIve	gains,	√(18.6/8.3)	=	1.5,	
explains	improvement	of	1PE	charge	resoluIon	:	

	53%/35%	(=1.5)			
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There	are	built-in	HV	applicaIon		
							for	PMT	in	other	experiments.	

AlternaIve	to	consider		
			possibility	of	cost	saving		
						and	stabilizaIon	(if	possible)	

Works	instead	of	a	bleeder	circuit		
	a{ached	on	PMT	

Prototype	is	available	for	test,		
		operated	by	+12V	with	LV	control.	

l  Spec.	+12V	power,	up	to	2500V	out	
¡  0-3V	コントロール電圧、モニタ線	

¡  デジタルモニタ線、制御供給1線も可能	

¡  分圧比は浜ホトブリーダー回路を踏襲	

Signal	

Pin	and	socket	of	PMT	

Power,	
control	

(+12V	power,		
	up	to	2500V	out)	 PHQ	for	R12860	(Box&Line	PMT)	

l  PosiIve	HV	is	necessary		
to	minimize	dark	rate.	

l  Parameters	opImized	for	
¡  Less	ringing	
¡  Wide	dynamic	range	
¡  Constant	collecIon	efficiency	

l  Tuning	finished.	
Sig.		
(50Ω	TerminaIon	is	required.)	

+HV	Max.	+2600V	
Total	Resistance	5.9	MΩ	
Typical	Divider	Current	339	μA	at	+2000V	

RaIo	13		-	1	-	3.5	-			4			-		2	-	2		-	1	-	1	-	1	-1.5-1.5-1.2	



l  In	Super-K,	BNC	+	crimp	in		
heat	shrink	tube	for	connecIon	

l  Dedicated	connecter	was	developed.	
l  Connected	to	electronics	case	

in	water,	and	can	be	disconnected.	
l  Test	in	high	pressure	water	is	planed	

this	summer.	
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Updates
Connector for PMT ( much smaller than the previous one for HPD )

TNC	coaxial	signal	(RG58C/U)	+	HV	pins	

RG58C/U	

By	Hamamatsu	

~20m	for	Hyper-K	

A.	Signal	

B.	+HV	

Two	coaxial	cables	for	HK	Coaxial	cable	with	
					1-wire	HV	for	SK	

9.4	mmφ,	86	g/m	

PE	sheath	

8.4	mmφ,	68	g/m	

Improved	noise	shield	and	less	failure	of	connecIon	compared	with	SK.	

Updates
Connector for PMT ( much smaller than the previous one for HPD )

18

（9）cable preparation, PMT side
(Hand stripping)

1. On the PMT side, 8 cm of outer sheath need to be stripped in order to have a 
longer HV cable

2. The ＲＧ５８ cable is shorten to 4cm
1. Using the other stripper, place the RG58 at the blue mark by sliding in 

in the stripper from the left
2. Start from position 3 to 1 to strip each sheath of the cable. Rotate the 

stripper 10 times at each position

3. The HV wire is prepare like for the electronic side 
4. by stripping off １０mm of cover sheath.
5. Ensure that male BNC connector is 

used for this cable

The procedure is done also on the electronic side with female type BNC cable.

２ red point 
mark 
should be 
aligned for  
the blade 
and red 
button 
pushed 
forward to 
put blade in 
position

２ red point marks at 90 deg when cutting along the cable.

１. Place the tool at ８ｃｍ from the end of cable and strip 
outer sheath by rotating the stripper 360 deg 

２．Rotate the blade 90 deg and slide the tool along the cable 
to cut. Remove plastic cover sheath.

15

a. ƳƾŵƏƘƅŅƺƲƤƧŵƏƘƅŝƠ%ħ�Jńŕơ%ħ�
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Bulb	curvature	was	
	opImized	to	achieve		
		high	pressure	tolerance	

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
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(IniIal	design)	

(OpImized	curvature)	

Cracked		
around	
	pins	

IniIal	pressure	test	of	PMTs	

l  	For	screening	in	producIon		
¡  Bulb	thickness	is	scanned.	
¡  All	PMTs	are	tested	in	high	

pressure	water.	

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 

SoY	PE	(polyethylene)	

Hard	and	round	PPS		
(Poly	Phenylene		
Sulfide	Resin)	

50	Box&Line	PMTs	were	tested	up	to	1.25	MPa	(125m).	
n 	No	damage	in	all	50	samples.		

Waterproof	case	
	used	in	Super-K	

Reinforced	
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F Photosensors 95

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]
-20 -15 -10 -5 0 5 10 15 20 25

En
tri

es
 (a

.u
.)

50cm high-QE box&line PMT

50cm Super-K PMT

50cm high-QE box&line PMT

50cm Super-K PMT

FIG. 59. Transit time distribution at single pho-

toelectron, compared with the Super-K PMT in

dotted line.

Charge [photoelectron]
-1 0 1 2 3

En
tri

es
 (a

.u
.) 50cm high-QE box&line PMT

50cm Super-K PMT

50cm high-QE box&line PMT

50cm Super-K PMT

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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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.

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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R12860-R3600_カウントグラフ（Y軸） 
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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。 

	

	

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	Detec]on	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	
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l  Time	offset	is	different	by	PMTs	in	
various	voltage	and	charge,	while	it	can	
be	corrected	by	calibraIon.	
¡  Time	walk	correcIon	by	charge	is	performed.		

l  Timing	resoluIon	(FWHM)	is	improved	
by	the	correcIon	using	charge.	
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Charge	[pC]	

Peaks	of	Ime	distribuIons		
		at	fixed	threshold.	
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l  Typical	max.	output	voltage	is	~7.5V	in	a	
measured	sample.		

l  200ns	windows	is	necessary	to	integrate	
all	peaks.		
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		growing	by		
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					intensity)		

Pulse	height	of	main	pulse	is	saturated.	
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Saturated	waveform	with	high	intensity		
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for	supernova	burst	detec>on		
(10MHz	at	max	in	low	PE)	

Sufficient	high	rate	tolerance	
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Baseline	shit	

High	current	

Voltage	shit	due	to	a	coupling	capacitor		

All	demerits	of	posiIve	bias	can	be	solved	in	
electronics,	while	lower	dark	rate	by	posiIve	HV	
is	essenIal	for	HK	physics.	

The	shit	is		
subtracted		
as	well	as		
in	Super-K	



l  SIll	trying	reducIon	of	achieved	rate	in	a	year	with	opImizing	design/producIon.	
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Dark rate dependence by Temperature 
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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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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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50 cm photomultiplier tube with box-and-line dynode

• Good photon collection by box shape 1st 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”. 

with varied delay 

Recovery

2015/1/29
23

•
For that events m

ight happen quickly but not 
keeping so long tim

e such as stopping cosm
ic 

m
uon

decay, the perform
ance of recovery is 

m
ore im

portant

•
W

e used tw
o continuous pulse to m

easure the 
gain recovery. 

•
Observed change of delay pulse charge
= (Delay w

/ prim
ary) / (Only delay pulse)

Delay

Prim
ary

Tw
o LDs (140p.e for each)

w
/ varied delay

M
easured by Akutsu-san

No significant change w
as observed so far, w

ithin 0.5%
,

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. 

continuously decreasing 

All figure are new Box&Line PMTs 

0 5 10 15 20 25 30 35 40 45 500

1

2

3

4

Black :EA****(new type) 
Blue  : ZB**** (old type) 
Red   : HQE SK-PMT 

kHz 

Q
ua

nt
ity

 

Dark rate of each kinds PMT  

C
ha

rg
e 

ra
tio

n 
: w

ith
 / 

w
ith

ou
t  

•  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	relaIve	collecIon	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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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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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

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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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

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”. 
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Recovery

2015/1/29
23

•
For that events m

ight happen quickly but not 
keeping so long tim

e such as stopping cosm
ic 

m
uon

decay, the perform
ance of recovery is 

m
ore im

portant

•
W

e used tw
o continuous pulse to m

easure the 
gain recovery. 

•
Observed change of delay pulse charge
= (Delay w

/ prim
ary) / (Only delay pulse)

Delay

Prim
ary

Tw
o LDs (140p.e for each)

w
/ varied delay

M
easured by Akutsu-san

No significant change w
as observed so far, w

ithin 0.5%
,

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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•  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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Incident Point

Measured by Changhao Zhao, Nakayama-san

3D coil

Photon
Incident 
point 

Properties of New 50 cm Photodetectors in an Environment for Hyper-Kamiokande Daisuke Fukuda

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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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
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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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3.3.2 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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2000V	typical	and	varied	volt.	from	1600	to	2200V	

Uniformity	of	various	performance	was	measured		
		in	the	Helmholtz	coil	to	vary	magneIc	field.		

±100	mG	is	maximal	residual	range	in	HK.	
Uniformity	of	relaIve	transit	Ime		
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l Covers	to	avoid	chain	implosion	in	tank	
¡ With	validaIon	tests	

l Proof	test		
¡ 2.5	years’	stability	

l OperaIon	in	Super-K	
¡ ProducIon	and	screening	of	Hyper-K	PMTs	
¡ Status	
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l  Accidental	implosion	of	bulb		
in	water	might	cause	a	chain		
implosion	by	a	shock	pulse.		
¡  A	shockwave	prevenIon	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.		

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	 Hyper-K	Cover	

Stainless	steel	(3	mm)	

13mm	acrylic	
15	mm	acrylic	

FRP	
(fiber	reinforced	plasIc)	

22kg	

Slow	water	flow		
through	cover	holes	
suppresses		
the	shockwave.	

17kg	

13	mm	
	acrylic	

Stainless	steel	
					(2.5	mm)	

30kg	6.4kg	

Weight		
		w/o	acrylic	(~6kg)	

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	producIon	

Stainless	steel	

FRONT VIEW SIDE VIEW

Unit : mm

(Pitch Circle Diameter) UV transparent acrylic cover

Photomultiplier tube

Stainless steel cover

Cable hole

Reinforcing ring

Improved	covers	for	light	weight	or	low	cost	
Baseline	design	established	by	tests	

Cover		
pressurized	
	test	in	water	
		→	1.2-1.5	MPa	

In	vessel	

High	
pressure	
water	
vessel	

Cover	in		
a	plasIc	bag	

Air	

Water	

Cover	pressurized	
	in	vessel	
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Sunk	down	to	
60m/80m	

Osaka	
Nagoya	

Tokyo		Gifu		

Niigata	

Sapporo	
Furano	

SK	

In	Hokkaido,	JP	

Shat	filled	with	water	

3	x	3	PMTs	
	+	covers	1st	demonstraIon	test	was		

						performed	in	2016	and	2018.	

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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1.	Improved	cover	
(Stainless	steel)	 →Success	at	80	m	three	>mes	

Shock	wave	
monitor	

	(70	cm	front)	

Pr
es
su
re
	[M

Pa
]	

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

→	1/100	suppression		

3.	Stainless	steel	tube	cover	

2.	Resin	cover	
Success	at	40	m	(1	test	only),		
		but	failed	at	60	m	

Success	at	60	m	(1	test	only)	

Next:	To	be	reinforced	with		
opImizing	design	and	injecIon	material.		

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

~	6	MPa	peak	
					shock	wave	

Pr
es
su
re
	[M

Pa
]	

in	60m	water	

w/o	cover,		
only	1	PMT	at	center	

Test	in	2018	for	improved	covers	

Test	in	2016	for	baseline	design	

(Success	as	well	in	80m	depth)	

Pr
es
su
re
	[M

Pa
]	

1/100	suppression	
	without	any	damage		
		for	cover	and	neighboring	PMTs		

→Established	as	HK	cover	

→	Established	
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l  Dark	rate	&	ater	pulse	were	largely	reduced	in	the	latest	version	ater	the	3	PMTs.	
l  Stable	detecIon	for	.	

Smooth	shit	of	gain	was	monitored	(Similar	tendency	to	Super-K	PMT)	

3	High-QE	Box&Line	PMTs	

2014	 2015	 2016	 2017	

Re
la
Iv
e	
ga
in

	

TesIng	iniIal	type	of	Box&Line	PMTs	
			in	200-ton	water	Cherenkov	detector	since	2014.	
						Working	for	~3	years!	

2014	 2015	 2016	 2017	Da
rk
	c
ou

nt
	ra

te
	[k
Hz

]	

One	Box&Line	PMT		
				is	geqng	high	rate.	

Dark	rate	is	almost	constant	for	2.5	years.		
(except	for	one)	

2014	 2015	 2016	 2017	

Temperature	varied	for	EGADS	study		
(To	be	stable	in	Super-/Hyper-K)	

W
at
er
		

Te
m
pe

ra
tu
re
	[o
C]

	

EGADS	200t	tank	
at	Kamioka	mine	
toward	SK-Gd	

7m	
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l  All	PMTs	were	screened	at	high	pressure	water	up	to	0.95	MPa.		
¡  No	damage	found	in	the	bulb.	

l  Transferred	to	Kamioka,	Japan	
	and	performance	was	evaluated.	
¡  6	PMTs	/	day	
¡  No	rejected	PMTs	over	30kHz		

			in	short	stabilizaIon	~1/2	–	a	few	days	

~150	Box&Line	PMTs	were	manufactured.			
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QE	Spectra	of	~150	PMTs	

Entries  147

Mean    31.02

Std Dev     1.175
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Ready	for	mass	produc>on	with	a	good	quality	control.	

Entries  145

Mean     1952

Std Dev     109.6

Bias Voltage [V]
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(2.6±0.1)ns	
	at	FWHM	

Within	reasonable	operaIon	range	

HV	calibrated	to	1.4×107	gain	
ResoluIons	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	

Around	10%	variaIon	for	single	PE	detecIon	

At	1mV	threshold,		
no	Ime	walk	
							correcIon	

Typical	volt.		
at	2kV	

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

HV	 1PE	Peak		
resoluIon	

TTS	

HV [V]
1600 1700 1800 1900 2000 2100 2200 2300

C
ha

rg
e 

[p
C

]

1

2

3

4

5

6

7

8

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]
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PMT Ch4 EA4022-E Gain	tuning	
Dark	rate	scan	by	thresholds	
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Charge	[pC]	

Transit	]me	spread	Single	PE	charge	
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Relative Peak  5.27 [ns]− 
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 1Scale  10.4±  1787 
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 1σ  0.004± 0.538 
 2Scale  2.4± 185.2 
 2Peak  0.014± 4.528 

 2σ  0.0010± 0.6388 
Single PE RESULT

Gain   1.33e+07
Peak   2.14 [pC]

Sigma  28.1 [%]

P/V ratio  4.07

FWHM  66.1 [%]
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Example	of	evaluaIon	

Individual	difference	of	performance	



l  Super-K	is	now	being	refurbished	for	the	next	Super-K	Gd	project.		
l  Many	Box&Line	PMTs	will	be	pracIcally	operated	in	Super-K	soon.		
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InstallaIon	to	Super-K	is	ongoing	



l 10	Hyper-K	covers,	made	of	clean	materials	with	
low	backgrounds,	are	installed	in	SK	top/bo{om.	
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Stainless	Steel	Cover	 PPS	Resin	Cover	FRP	Cover	in	Super-K	

Fixing	structure	to	the	tank	is	modified	for	Super-K.	
View	of	Super-K	top	from	back	side	



l HPD	(Hybrid	Photo-Detector)	

l MCP	PMT	
¡ Originally	for	JUNO	

▶ Using	micro		
channel	plate	

¡ Confirmed		
comparable		
performance	with		
the	Box&Line	PMT.	
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 Time [ns]
-10 0 10 20

SK              7.3 ns
Box&Line   4.1 ns 
HPD           3.6 ns 
(w/ TQ correction  3.2 ns)

Photoelectrons	Charge [photoelectron]
-1 0 1 2 3

E
nt

rie
s 

(a
.u

.)

HPD						15%	
Box&Line	35%	
Super-K				53%	
[σ	/	peak]	

(---	1/2ch	AD)	

FWHM	
Single	PE	transit	Ime	spread	Single	PE	peak	

1	20”	HPD	was	installed	
		in	200-ton	water	tank.	
	

Highest	1PE	resoluIons	

Box&Line		PMT	
SK	PMT	

Time	[nsec]	
Ev
en

ts
	

+	MCP	PMT		
		voly.	fibfor	JUNO	/		
					for	Hyper-K			
						ater	improved	

spot	light	at	center	

+8kV,	105gain	

AD		
×1600	

×100	
+	preamp	

20mmΦ	

high	QE	

Electrode	added	for	HK	

TTS	largely	improved.	



l High-QE	Box&Line	PMT	was	developed	for	Hyper-K.	
¡ Full	photo-detecIon	system	was	established.		
▶ In	addiIon,	electronics	for	HK	in	another	talk	

¡ Good	prospect	for	high	quality	in	mass	producIon	
¡ Being	operaIonal	in	Super-K	

l Other	opIons	are	also	promising	for	Hyper-K.	
¡ HPD	for	the	highest	resoluIons,	etc.	
¡ MCP	PMT	for	low	radioacIve	glass,	etc.	
¡ MulI-PMT	for	high	granularity,	etc.	
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Details	in	other	talks	
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l 		
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1p.e.分布
• pedestal及び1p.e.分布のfit関数は
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1p.e. resolution
• resolution=μ1/σ1で求めた。誤差棒はヒストグラムのフィットの誤差から
求めた。各ダイノードでの増幅電子数δn=a×Ek(Eは第(n-1)ダイノードと第n
ダイノード間の電圧,a,kは電極の構造、材質に依存するフリーパラメータ)と
してgain=α×δ1×…δ10でgain curveをフィットしてa,kを求め、その値を
使ってresolutionの理論線を描いた。

HV[V]
1600 1700 1800 1900 2000 2100 2200

1p
.e

. r
es

ol
ut

io
n

0

0.1

0.2

0.3

0.4

0.5

0.6
diffuser ball
fiber center

1p.e. resolution-HV

s✓p
�1
�1

◆2

+

✓p
�1�2
�1�2

◆2

+

✓p
�1�2�3
�1�2�3

◆2

+ ...後方散乱割合
• (back scatteringの面積)/(1p.e.+bsの面積)で求め
た。誤差棒は、各面積の誤差=sqrt(各面積)で付け
た。
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ratio(bs/1pe)-HV

ResoluIon	(μ1/σ1)	by	HV	
-	ExpectaIon	line	by		
					gain	(=αΠδi,	δi=a×Eik)-HV	curve	fiqng	

Occupancy	of	back	sca{ering	
	in	all	1PE	distribuIon	by	HV	

・Uniform	light	
・Point	light	at	center	

・Uniform	light	
・Point	light	at	center	

Gaussian	 Flat	inelasIc	backsca{ering	distribuIon	Pedestal	

By	diffused	uniform	light	

Tail	by	few	contaminaIon	
		at	special	points	around	edge		
			can	be	ignored	for	overall		
				SPE	modeling	funcIon		
					in	case	of	the	Box&Line	PMT.		

Gain	

1PE	expectaIon	

Flat	tail		
					by	backsca{ering,	etc.	
(Different	amount	by	injected	points)	

HV[V]	

HV[V]	



l  Timing	is	defined	at	fixed	hit	
threshold	(~-1mV).	
¡  Time	walk	should	be	corrected	later.	
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4− 2− 0 2 4 6 8 10 12
0

100

200

300

400
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600

700

800

RelaIve	Transit	Time	[ns]	

Func	model		FWHM      Chi2/NDF	
Gaussian   3.34[ns] 10963.3/1180	
AsymGaus 3.72[ns] 10963.3/1180	
Exp+Gaus  3.02[ns] 10963.3/1180	
					Connect	Gaussian	with	exponenIal	smoothly		
ExpModG   3.25[ns] 1283.3/734	

No	TQ(Time	walk)	correcIon	
			applied	in	this	distribuIon.	

Example	of	fiqng	1PE	transit	Ime	

f(x) =

�

2

e

�
2 (2µ+��

2�2x)
erfc

⇣
µ+ ��

2 � xp
2�

⌘

Best	modeling	for	Box&Line	PMT	in	HK	simulaIon	
(Late	pulse	tail	in	high	intensity	is	not	considered	here.)	

                  Sigma            FWHM      Chi2/NDF	
Gaussian  	1.42[ns]           3.34[ns] 10963.3/1180	
AsymGaus (1.05[ns], 2.10[ns]) 3.72[ns] 10963.3/1180	
Exp+Gaus  1.23[ns]           3.02[ns] 10963.3/1180	
					Connect	Gaussian	with	exponenIal	smoothly		
ExpModG   1.02[ns]           3.25[ns] 1283.31/734	

T.T.S
• TDC分布をexponential modified gaussianでフィッ
トして、そのFWHMをT.T.Sとした。
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・Uniform	light	
				(Worsen	by	non-uniformity	of		
						transit	Ime	and	variaIon	in	diffuser	ball)	
・Point	light	at	center	TT
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(F
W
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)	[
ns
]	

(Different	PMT	from	above)	
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Signal	

High-rate	background	

Signal	

BG	

Variable	rate	

100Hz	fixed	

Measured	change	of		
		signal	pulse	in	different		
		background	configuraIon.	

to	keep	light	intensity	stably	
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Measure*Charge�

Gate�

Change*I/O*of*
background*LD�

FANIN/
FANOUT�

FANIN/
FANOUT�

Coincidence�In	order	to	evaluate	rate	tolerance,		
two	laser	diodes	(LDs)	were	put.	
•  One	for	signal	with	100	Hz	
•  One	for	background	with	a	variable	rate	
And	measure	change	of	signal	pulse	in		
different	background	configuraIon.	

Circuit	for	rate	tolerance	measurement	



l Confirm	gain	stability	of	delayed	signal	
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Result	

Stability	was	evaluated	by	comparing	
“delayed	signal	w/	primary”	with	“delayed	signal	w/o	primary”.	
	
	

Gate	

Delay	

Main	

Two	LDs	

w/	varied	delay	
			and	charge	

1μs	 10μs	 100μs	 1000μs	

Delayed	Ime	[μs]	

200ns	delay	

Stable	because	of	high	intensity	(140PE)	
		(need	to	be	checked	in	low	intensity)	
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Charge	resoluIon	at	1	p.e.	

  [%] Charge resolution in 
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High-QE Box&Line PMT

20cm HPD

Time resolution [nsec] (FWHM)
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Super-K PMT

High-QE Super-K PMT

High-QE Box&Line PMT

20cm HPD

3	Box&Line	
	PMTs	

3	Box&Line	
	PMTs	

Time	resoluIon	at	1	p.e.	

New	Box&Line	PMTs	show	be{er	performance	than	Super-K	20”	PMTs.	

(HPD	performance	is	limited	by	preamp	noise.)	

Sources	to	worse	TTS:	
				Diffuser	ball	:	2.2	ns,	Fiber	:	~1	ns,	Electronics	:	0.5	ns	
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Measurement	with		
ultrasonic	thickness	
gauge	at	Kamioka	Glass	thickness	was		

				measured	at	97	points	
								at	Hamamatsu.	
Find	thinnest	point	scanned	
				by	ultrasonic	thickness		
								gauge	at	Kamioka.	

Glass	thickness	measurement	

Coloring	by	posiIon,		
		taping	to	trace	crack	

Coloring	by	
	thickness	

Visual	inspecIon	

Check	glass	quality	by	eye	such	
	as	scratch,	bubble,	foreign	ma{er	

Check	sheet	

InstallaIon	to	pressure	vessel	

InvesIgaIon	 Crack	on		
photocathode	

Neck	

Ater	broken,	check		
with	protecIve	clothing	

Marking	
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SK	PMT	is	imploded	by	a	crack	around	neck		
in	high	pressure,	as	well	as	iniIal	Box&Line	PMT.		

Water Depth [m]
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IniIal	Box&Line	PMT	bulb	
Improved	Box&Line	PMT	bulb	
(and	3	HPD	bulbs)	 ≧

16
0	

W
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er
	d
ep

th
	in
	b
ro
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n	
[m

]	

≧160	

IniIal	bulb	broken	by			
neck	(●)	
photocathode	surface	(□)	

l  SomeImes	there	was	crack	
	on	photocathode	surface	in	Box&Line	PMT.	

l  Confirmed	correlaIon	between	breaking		
pressure	level	and	glass	thickness.		

l  Pressure	resistance	was	improved	by	thin	
thickness	and	opImized	photocathode	
curvature,	where	less	stress	(Less	than	10%	
indicated	by	stress	analysis)	is	achieved.	

Neck	

Photocathode	
SK	PMT	 Improved	BL	PMT	

IniIal	BL	PMT	

Curvature	opImized		
			based	on		
					stress	analysis	

Glass	thickness	(avg.)	[mm]	

Improved	bulb	

Weak	in		
high	pressure	
	(>100m)	Improved		

in	latest	ver.	
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DetecIon	efficiency	is	doubled		
		in	HQE	Box&Line	PMT		
				compared	with	Super-K	PMT.	

PMT	
light	(411	nmλ)	

A.	Rela]ve	efficiency	by	diffused	light	pulse	coun]ng	
HV	set	to	2000V,	measured	for	100kHz	x	5min,	counted	1pe	hit	at	1mV	thr.	
4	samples	 QE	 1pe	count	 Dark	count	 Rela]ve	eff	

Normal	SK	PMT	 N/A	(22%	typ)	 176441	 28964	 1	

HQE	SK	PMT	 34.8	 389775	 155142	 1.59	

HQE	BLPMT	1	 30.7	 658179	 368883	 1.96		

HQE	BLPMT	2	 29.2	 393792	 121394	 1.85	

B.	Scanned	by	point	source	
RelaIve	hit	counIng	of	1	pe		
		on	each	injecIon	point	at	2	axes	

CE	improvement	
															in	simulaIon	
	67%(61%)→95%(85%)	
		in	Φ46cm	(50cm)	area	
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l  Requirement	of	material	to	be	immersed	in	water.		
l  Test	in	ultra	pure	water/Gd	loaded	water	(0.2%w	Gd2(SO4)3)		

l  Soak	test	for	3	months	(circulaIon	to	replace	all	SK	water	in	tank)	

l  Total	organic	carbon	to	avoid	bacteria	in	water	
¡  <	10.0	mg/m２	day/mPMT,	test	in	a	week	for	fast	test,	3	months	to	complete	

l  Metal	ions	to	water	for	7	days	
¡  Zn　　<	10	mg/m２	
¡  Cu　　<	14mg/m２	
¡  Si　　 <	10mg/m２	

Examples	in	250ml/500mL	water	bo{les,	stored	at	15oC	
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Transparency	at	
	300nm	=	99.04%	
mean	[300,600]nm	
													=	99.89%	

Raw	data	
Converted	to	Hyper-K	

W
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ar
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cy
	

Wavelength	[nm]	

for	3months	

Example	of	PPS	resin+carbon	fiber	

No	problem	
	in	this	case	
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l  Changed	shape	and	adopted	hard	material	to	reduce	
stress	around	stem	pins	covered	with	cap.	

l  PPS	material	was	tested		
			in	pure	and	Gd	loaded	water	
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PPS	is	known	to	be	proper	for	pure	water.		
No	problem	for	material	soak	test	
	in	pure/Gd	water	for	50	days.	

Pure	water	 0.2%	Gd	
AbsorpIon:	
			0.15%	@	300nm	
			0.22%	@	300-700nm	

AbsorpIon:	
			1.1%	@	300nm	
			0.4%	@	300-700nm	

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 

PE	
(polyethylene)	

PPS		
(Poly	Phenylene		
						Sulfide	Resin)	

Super-K	PMT	 New	housing	

(Similar	shape	for	both	20cm	and	50cm)	



l  To	hold	PMT	in	water	
¡  Several	possible	opIons		

for	easy	handling	and	safe	assembly	

l  		
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PMT	
(60L,	9kg)	

2.	Between	PMT	cover	and	PMT	(~60L	or	less)	
using	cheap	commercial	gel	
To	minimize	space	by	opImizing	cover	shape,		
or	spot	to	fix	PMT	in	water	

1.	Between	UV	transparent	acrylic	
and	PMT	glass	(~20L)	
using	opIcal	gel	in	water	

PMT	cover	
3.	Instead	of	rubber	used	in	PMT	band	
					to	fix	(Rubber	can	worsen	water	quality)	

Prototype	to	use	gel	for	PMT	fixing	band		
(Same	hardness	as	rubber)	



l  Soak	test	in	water	is	required	to	keep	UV	transparent	ultra	pure	water	
¡  250ml	ulta	pure	water	for	1+2	months	(measured	2	Imes),	at	15°C	
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Transparency	at		
	300nm	=	98.97%	
mean	[300,600]nm	
											=	99.94%	

Transparency	at	
	300nm	=	99.62%	
mean	[300,600]nm		
											=	100.06%	

-	Very	clean	for	ultra	pure	water.	
-	Also	commercial	gel	(KE109E)		
is	stable,		
another	gel	is	under	test.		
-	Very	clean	
			in	RI	measurement.	
-	DegradaIon	of	mechanical		
characterisIcs	by	water		
absorpIon	is	to	be	measured.	

Raw	data,		
Scale	to	Hyper-K	(surface	area/water	volume)	

Only	opIcal	gel	3547	became	while	by	absorbing	water	
(general	property	of	phenyl	group,	others	are	in	methyl	group)	

Very	clean	
			in	RI	measurement.	



l  Important	factors	:	High	detecIon	efficiency,	sub-nanosec	Iming	
resoluIon,	single	photon	counIng,	low	dark	count	rate		
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F Photosensors 101

Requirements Value Conditions

Detection e�ciency 16% Typ. Quantum E�ciency ⇥ Collection E�ciency

Timing resolution 2.2 nsec �, Typ. Single Photoelectron (PE)

Charge resolution 50% �, Typ. Single PE

Signal window 200 nsec Max. More than 95% of a total signal area

Dynamic range 2 photons/cm2 Max. Per detection area on wall

Gain 107 ⇠ 108 Typ.

Afterpulse rate 15% Max. For single PE, relative to the primary pulse

Rate tolerance 10 MHz Max. Single PE pulse, within 10% change of gain

Magnetic field tolerance 100 mG Typ. Within 10% degradation

Life time 20 years Typ. Less than 10% dead rate

Pressure rating 0.8 MPa Min. Static, load in water

TABLE XVII. Minimum requirements of the Hyper-K ID photosensors, mostly from Super-K with the R3600

PMT. The dark rate is also an important parameter, but its required value depends on the photosensor

specification and each physics topic. Thus it is judged in the Hyper-K simulation later assuming the

photosensor performance. Better performance than the values listed is obtained in the newly developed ID

photosensors described in this section.

2. Photosensor for Inner Detector1872

2.1. Performance1873

A newly developed R12860-HQE PMT (HQE, high quantum e�ciency) for Hyper-K by Hama-1874

matsu, or so-called “50 cm high-quantum-e�ciency box-and-line PMT (HQE B&L PMT)”, has1875

a faster time response, better charge resolution and a higher detection e�ciency with a stable1876

mechanical structure, compared to the existing large aperture PMTs. This section describes the1877

specifications of the HQE B&L PMT and a safety design for a long operation.1878

2.1.1. Design and Specifications1879

Figure 58 shows a side view of the HQE B&L PMT, whose shape is similar to the PMT1880

used in Super-K. Hence, the support structure developed in Super-K to attach the PMT is also1881

appropriate for the HQE B&L PMT in Hyper-K. The dynode structure and the surface curvature1882

were improved. A typical bias voltage of 2,000 V is divided to each dynode by a PMT base circuit1883
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Shape Hemispherical

Photocathode area 50 cm diameter (20 inches)

Bulb material Borosilicate glass (⇠ 3mm)

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 ⇠ 2000V

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

Weight 9 kg (without cable)

Volume 61,000 cm3

Pressure tolerance 1.25MPa water proof

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

2.1.2. Detection E�ciency

The single photon detection e�ciency of the HQE B&L PMT is a factor of two better than the

conventional R3600 in Super-K (Super-K PMT). Figure 60 shows the measured quantum e�ciency

(QE) of several HQE B&L PMTs as a function of wavelength compared with a typical QE curve

of the Super-K PMT (dotted line). The QE of the R12860-HQE PMT is typically 30% at peak

wavelength around 390 nm, while the peak QE of the Super-K PMT is about 22%.
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FIG. 60. Measured QE for six high-QE R12860 (solid lines) and a R3600 (dashed line).

The HQE B&L PMT has a high collection e�ciency and large sensitive photocathode area.

The photocathode area with a collection e�ciency (CE) of 50% or better is 49.2 cm for the HQE

B&L PMT, compared to 46 cm in case of the Super-K PMT and 43.2 cm in the KamLAND PMT.


