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History ot D50-cm Photosensors

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

First 20-inch (50 cm) Photomultiplier Tube (PMT) 452:‘10(t1h7e'r) gﬁg;r,_llr: : g,ﬁzT
Hamamatsu R1449 (Venetian blind dynode) - IEEE milestone (2014) Mo R7250
. Z -

For Kamiokande s P (Box&Line dynode)

‘ (1983-1996) Supernova v / with 50 cm bulb

T . of R3600

1K PMTs observation! For KamLAND

/3 kton water
) 2 5 50 cm MCP PMT
R3600 (Venetian blind dynode, improved) GDB-6201 by NNVT

Fg;gSGl:lgoer-Kamlokande (Super-K, SK) @ (Micm'ChS,';;‘ee)'

v oscillation For JUNO
11k PMTs

; / ' Recently
/ 50 kton water discovery! developed

in China

ﬁFor Hyper-Kamiokande (Hyper-K, HK)

50 cm Box&Lme PMT 50 cm Hybrid Photo-Detector (HPD)

R12860-HQE (Box&Line d node) R12850-HQE (Avalanche diode)
, /
' ~ Under development

Developed ' — Possible further
—> Hyper-K baseline HK improvement  Under development
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e b
50 cm MCP PMT
w/ TTS improved for HK




Photosensors for Hyper-K

New high-QE 20” Box&Line PMT -  Hyper-Kamiokande (HK
x2 high pressure bearing for 60 m height "

.§ R
x2 high detection efficiency @

and half time&charge resolutions (190 kton

Fiducial

Vel 260 kton

compared to Super-K PMT (up to ~40m depth) ! 5

6,700 of 8” PMTs for 1 tank

for Outer Veto Detector

x2 tanks

Requirements

® Rich physics programs - Wide dynamic range
O v oscillations - High time&charge resolutions,
» Leptonic CP violation, v mass hierarchy, ... high detection efficiency, ..
O Nucleon decay discovery - ~nsec time resolution,
O v astrophysics — Clear photon counting, low background
» Supernova burst v, ... — High rate tolerance

® large aperture photo-detectors are essential for physics sensitivities.
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rlyper-n rnotodetector vystem

Shockwave prevention cover Electronics in tank
To avoid chain reaction of implosion I’Zé”veilmm, o +c(°~iter;}s“ence)s SZ“J;EL‘:ZT

. ¥
Usual case \ Implosion ‘ DC/DC converters ‘

t l Communication Block

Imploded Slow control +( SITCP? / Rapid 1/0?)
Slow water flow & monitor
through cover holes

suppresses
thgzhockwave Signal digitization
. (Charge + Timing )

Vacuum

\ deep
\-I water

Photodetector / Cover = |
/ Cable+Connector in this talk
-++ ~24 photosensors

All hits are triggered simultaneously

® Event Trigger by setting a threshold
O Sum of hits can be used to make events. below single photoelectron.
O Dark rate has significant impact on the lowest energy in both trigger and
reconstruction.

» Essential to take low energy events with lowering dark rate and increasing detection efficiency

e Time at hit threshold is taken with Charge.
O Time walk can be corrected using charge.
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Uynode Structure compared with oI\ FVl |

Super-K PMT  Hamamatsu R3600 vew BOX&LINe PMT Hamamatsu R12860
Venetian blind dynode - Box & Line dynode

Box & Line

---------------
.......

® Electron might miss dynodes
- less collection efficiency

® Ambiguity of drift path limits
charge and time response.

Meshes on 1%t dynode control direction of electrons’ path A mesh to make flat electric potential

not to miss the 1%t dynode with 74% aperture. on surface has 95% aperture.

Effective gain(5)

8, (Super-K PMT) =8.3 Difference of effective gains, v(18.6/8.3) =

5,(Box&Line PMT) = 18.6 explains improvement of 1PE charge resolution :

8, = (Bombardment gain on Dy1) x (CE of secondary electron from 1° to 2" dynode) 53%/35% (=1.5)
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Efficient collection
Uniform drift path

— High charge&time resolutions




nign voltage base

K
G
{ e 1| —, Passive divider base
DY DY? DY3 DY4 DY5 DY6 DY7 DY8 DY9 DY10 || . .
Y Y VRNV ANV ORIV I ® Positive HV is necessary
= "Il to minimize dark rate.
|| .
N /|| ® Parameters optimized for
« M»’VV\'—WWWWWV M ] I/l O Lessringing
S e e 4 : : O Wide dynamic range
Ratio 13 -1-35- 4 -2-2-1-1-1-1.5-1.5-1.23" 11 O Constant collection efficiency

1 ﬁ—f : e Tuning finished.
Max. +2600V & +HV & Sig.

Total Resistance 5.9 MQ (50Q Termination is required.)
Typical Divider Current 339 pA at +2000V

(Option) Built-in HV power base

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

Pin and socket of

i
s
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Waterproof Cable and Connector

Waterproof cable complex | By Hamamatst
Two coaxial cables for HK ' -

Coaxial cable with
1-wire HV for SK

8.4 mmd, 68 g/m 9.4 mmd, 86 g/m

Watertight connector (up to 100m water)

® |n Super-K, BNC + crimp in
heat shrink tube for connection
.-—
e Dedicated connecter was developed.’
® Connected to electronics case
in water, and can be disconnected. |«
e Test in high pressure water is planed s

this summer. _ _ . _
Improved noise shield and less failure of connection compared with SK.
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FM Il Design Tor Migh Fressure Water

PHOTOCATHODE

HEAT SHRINKABLE TUBE e Bulb curvature was
B Wt MASTIC optimized to achieve

high pressure tolerance

© Initial pressure test of PMTs
)( — (Optimized curvature)
- — £160

© 140 - ked

<7 > o ° around

2 _ AL 3 < 120 Yo - ¢ pins
© > YIRS N % 100 OtEo' ]
R [ 2N = i ‘ [ 3
= \ & w 0 en (Initial design)
_ — ‘% E 60 T T T T T T
o 2 22242628 3 3.234
SEALING PART @ Thickness (Thinnest part) [mm]
Waterproof case

used in Super-K JT—

Soft PE (polyenyIene) _" 2

190 210 65 ‘ —

- 690+15 Remforced \/-’é
HardandroundPPS S 1 'E

® For screening in production (Poly Phenylene ~

Sulfide Resin) L&

O Bulb thickness is scanned.

O All PMTs are tested in high
pressure water.

19/7/'18 The Hyper-K Photodetector System using new 50 cm Photomultiplier Tubes 8

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



e i1oriniarnicc

Confirmed sufficient performance in Hyper-K
Charge

Entries (a.u.)

Time 8~ Box&Line PMT
. N SK PMT
at Single PE 1

if B 2.1ns- l.1lns
.. 7.3ns > 4.1ns

41@;1 e R s a L
20 15 -10 -5 0 5 10 15 20 25
Time [nsec]

Quantum Efficiency (QE)

4
S ast “Box&Line PMT
3 =SK PMT
R
£ o5f %\\ hl h OFEc<.(H JE)
o “°F I '6 T\ TN
E 2ok ///// \\ o
E s =\~ 30% at peak
S 15F H SK 8
& .\ (~35% in recent products)
105 22%
0300 350 400 450 500 550 600 650 700
Wavelength [nm]
19/7/'18

o L
FWHM

O

K A (Hamamatsu R3600, QE = 22%)

— Box&Line PMT
SK PMT

5 50% — 35%

e
-'l

Charge [photoelectron]

Total Detection Efficiency of 1pe

OOOOOOOOOOOO

¢ High-QE box-and-line PMT
(Hamamatsu R12860)
QE = 31% sample

Super—K PMT average

— A +
Top Viev&/

A—

Relative single photoelectron hit efficiency

0

T T T T S N T N N S Y S R N
-90-80-70 -60-50 -40-30-20-10 O 10 20 30 40 50 60 70 80 90

Position angle [degree]
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LI Nl val 1VOUo r\aligc

Transit Time Peak by Charge Transit Time by High Voltage Bias
. o 1051
Peaks of time distributions i From phOtoc?thOde
18 ) to detected time
Y at fixed threshold. 100F at half of pulse height

Transit Time [ns]
S 8§
L RN

Time [ns] (with arbitral offset)

s 2.4 pC/PE -

- 85 ~

— ©0eoeo0 :

E 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 80 =L L L I L L L I L L L I L L L I L L - I - L :

0 50 100 150 200 550 300 350 1400 1600 1800 2000 2200 2400 2600

Bias voltage [V]

Charge [pC] Tgansit Time Spread in wide PE yield

® Time offset is different by PMTs in ) o epetaw®, T |
various voltage and charge, while it can = | J ZZE:Z:E ii'\:;-PMT
be corrected by calibration. % 4;333333 e OOOOO;O%Z% 3. P
O Time walk correction by charge is performed. ; 3;fﬁff N i “%%% I

® Timing resolution (FWHM) is improved w2
by the correction using charge. e

-1 2
10 1 10 Charge1[%.e.]

19/7/'18 The Hyper-K Photodetector System using new 50 cm Photomultiplier Tubes 10



UUutput Linearity and ynamic nange

Good linearity over 1000 photoelectrons

wr
o, i
® i
o . .
g . ++
. +

O 1 03 = »"-x +F .
No) C e
o - P
a B ey -
© i S
o} o
= i 2

L 1}."

P
&
#f
1% 7

- &

I~ Fd

- ‘j’

7:&’\ 1 1 L1 ‘ L1 "

102 10°

Measured using two coincident light sources

Expcted Charge [PE]

Laser Diode A+B lighting at the same time

Output
O(A+B) ®
Laser Diode B (Variable)
0(B) °
Laser Diode A (Fixed)
oA @
A B, A+B,
19/7/'18

The expected output is
O(A+B)=0(A)+0(B)

Number of Photon

Saturated waveform with high intensity

200 ns window can cover most of signals
il paphbiugsbnl, ey T s
Vol IS
: [ H M‘ if
A | 1
‘ [ 1 : \k/
Pre Pulse |’ : 2
(Low gain, {J' Late Pulse
growing by | / ~ (Similar gain to main pulse,
h.|gh[er ) : late by backscattering
~intensity) | ;/" "~ ondynode)
\
41\ .
I R Main Pulse - 20Nns/div.

Pulse height of ma

in pulse is saturated.

Typical max. output voltage is ~¥7.5Vin a
measured sample.

200ns windows is necessary to integrate

all peaks.

The Hyper-K Photodetector System using new 50 cm Photomultiplier Tubes
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HIgN Rate | olerance

Voltage shift due to a coupling capacitor

} Baseline shift Sufficient high rate tolerance

— for supernova burst detection
The shift is (10MHz at max in low PE)
H|gh current subtracted .
swellas Rate Tolerance of Gain
. . . _ . I I T T T T T T T T I T T
. Voltage of baseline shift in Super-K : 25 PE
12 — 5 1 ' _
B 4ok S o . ]
: " Sogf  Withins¥ N WOPES
3 C
3 8 8 i up to oy
2 6F (_-.3 06_— v m
j: o —— 25 PEs "v.;kOO PE
; 5 04__ "V,,‘ _|
2; § : 50 PES """V,"' ]
of =02 " 100PEs "
2550 1000 1500 2000 2500 3000 3500 4000 0:| 1
frequency [kHz] 1 02 1 03

All demerits of positive bias can be solved in Pulse frequency [kHz]

electronics, while lower dark rate by positive HV
is essential for HK physics.

19/7/'18 The Hyper-K Photodetector System using new 50 c¢cm Photomultiplier Tubes
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vark nate

Measuring many ~20 PMTs for a long time L By time
to confirm stabilized performance. S0

T

. ¥ 40t

| ! Dark room = 49;

| 2 3
3 30 F Ssamples ................ 7.6kHZ ..... AV
E;: £ at 1.5 mV thre.
o 20
© \ ~ (Old type in 2015)
;—% 1008 Ly — =
a

L B 15uperKPMT |

0510 15" 20 5530 35 40
Stabilization in days

By bias voltage By temperature

__ | 5Box&Line PMTs Eg; (HV at 107 gain) Old type,/”
T | (Rate at 1/4 PE threshold) 2 20F Ve By hit threshold
=, & gf HyperKwatertemp. 7 £ [(HVat107gain) | EA0225
U [ — ~ = o =q0f
— L I - 1 = 16F I s 5 i EA0241
e [ {—-/ﬁ - 8 14F \ £ 8 EA0248
~ [ N f,'ff"’ A EA0250
s | S o : — EA0270
D | 10: I B 47

i Dependency by Schottky effect, 8%.?,,_,_._,,“;;,-,,-:«_:{—, T X 2/ )

| CE is almost constant. | e — ‘”::_JL S ._LTJ.E?—I"EJ—-I T [sBox@UnerMTs >
{800 1700 1800 1900 2000 2100 2200 5 10 15 20 25 024 68 101214 [

HV [V] Temperature [° C]

e Still trying reduction of achieved rate in a year with optimizing design/production.
19/7/'18 The Hyper-K Photodetector System using new 50 cm Photomultiplier Tubes 13



nResponse unitTormity

Uniformity of relative collection efficiency

Uniformity of various performance was measured

in the Helmholtz coil to vary magnetic field.

T(ns)

o

T(ns)

o

+100 mG is maximal residual range in HK.

> nght poweris 1 p.e.

» HVis 2000V

Uniformity of relative transit time

Scan for the X direction

P

F Magnetic field is X-axis direction
-2: —@— 0mG
aF —A— -100mG B
3 F +100mG X
-4b

780 60 <40 20 0 20 40 60 80
Angle(deg.)

Scan for the X direction

19/7/'18

F Magnetic field is Y-axis direction
-2: —@— 0mG
3 - —A— -100mG B y
E —¥— +100mG
-4t

80 60 40 20 0 20 40 60 80

Angle(deg.)

The Hyper-K Photodetector System using new 50 c¢cm Photomultiplier Tubes

Scan for the Y direction

.

Magnetic field is X-axis direction

—@— O0mG
Bx

L
&]
[]

RelativeCE

Scan for the X direction

Scan for the Y direction

1.1§ w 1.1é
k3 ? T
0.9¢ £ 0.9
0.8} B ©0.8F
E o E
0.7t X 0.7F BX
0.6E Magnetic field is X-axis direction 0.6E Magnetic field is X-axis direction
E —@— 0mG E —@— 0mG
0.5¢ —A— +100mG 0.5 —A— +100mG
0.4F —W¥— -100mG 0.4F —W— -100mG
03780260 40 20 0, 20 40 60 80 0380 60 -40 20 0 20 40 60 80
Angle(deg.) Angle(deg.)
11 Scan for the X direction 11 Scan for the Y direction
a w
1PN 5 g A/"‘\)}‘“—'\
0.9F mﬁu 1\‘ £09F °/ MR S &
= o =
0.7F 0.7
0 6:_ Magpnetic field is Y-axis direction 0 6:_ Magpnetic field is Y-axis direction
E —@— 0mG E —@— 0mG
0.5 —A— +100mG 0.5 —A— +100mG
0.4 -100mG 0.4F -100mG
0.35g540"46"30 0204060 80~ O3B0 80 4030 0 2040 6080
X Angle(deg.) Y Angle(deg.)

—> Almost constant in
2000V typical and varied volt. from

100 mG range
to 2200V

“80° 160 <40 20 0

—A— -100mG
+100mG

20 40 60 80

Angle(deg.)

Scan for the Y direction

Magnetic field is Y-axis direction

—@— 0mG By

—A— -100mG
—¥— +100mG
80 60 40 20 0 20 40 60 80
Angle(deg.)

Relative CE

11
0.9
0.8

r |High voltage
0.7F | 2200v

C |4 2000V
0.6 |= 1800V

F 1600V ‘ ‘ ‘O r\T]G\
05780260 -40 -20 0 20 40 60 80

Angle(deg.)

Relative CE

1.4¢
1
0.9
0.8
r |High voltage
0.75 | 2200v
C |4 2000V
0.6 |= 1800V
- | 1600V | 0 mG
05780260 -40 -20 0 20 40 60 80
Angle(deg.)
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FOIr Long-year vperation

® Covers to avoid chain implosion in tank
O With validation tests

® Proof test
O 2.5 years’ stability

® Operation in Super-K

O Production and screening of Hyper-K PMTs
O Status

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

® Accidental implosion of bulb ,-\- Usual case \ Implosion

in water might cause a chain A

implosion by a shock pulse. 810w, water flow

O A shockwave prevention cover \ deep X EELc;urizszzver holes
water

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

® New covers were developed for a deep Hyper-K tank up to 60 m with clean materials.

FRONT VIEW SIDE VIEW

the shockwave.

PCD 515 (Pitch Circle Diameter) UV transparent acrylic cover

W 15 mm acr?l!

4680
71 Cover i y 1]
<= pressurized  cabiehole
— test in water 7 | Photomultiplier tube
S - 1.2-1.5 MPa =0

FRP 5 1 , | Stainless steel cover
(fiber reinforced plastic) | Stainless steel (3 mm)

Weight 22 kg Reinforcing ring w

i lic (~6k Unit : mm
Cover prlessur'zed /o acrylic (*6kg) Baseline design established by tests
INn vesse

Improved covers for light weight or low cost
1. Improved cover 2 Rsin cover 3. St‘?‘!'?'ss steel tube cover

tainless steel
,\ 25mm) Cover

pressurized | = th carbon fiber

582

pressu re

water test in water
vessel - - 1MPa 0.5-0.57 MPa 0.7 MPa
Light weight, Srfalz and
fast and easy ey , Pi€,
: ducti . Developed
17kg 6.4kg mass production 30kg in Spain

New 3 covers were also tested with bulb implosion inside in 2018.
19/7/'18 The Hyper-K Photodetector System using new 50 cm Photomultiplier Tubes 16



Cover validation —n

4 —"

1st demonstration test was / covers \
performed in 2016 and 2018 / EEE

° SK Niigata
Procedure — R

1. Center PMT is imploded by tool. Faad
2. Confirm no damage of central PMT cover
and surrounding PMTs with monitoring

Pre-stress

Hit the weakest
point

Sunk down to
60m/80m

Shock wave monitor in water

Pressure gauge
19/7/'18 The Hyper-K Photodetector System using new 50 cm Photomultiplier Tubes 17




Implosion | ests

Tested 3 times
- Consistent results

PR I T SN SR EN TR SR S S S

Test in 2016 for baseline design [
__0.05-

__.f | w/ocover, & I
& £ | only 1 PMT at center 2 i
= | ~6Mpa peak 2 o
o o a pea 5 :
> of shock wave _ 4 I
i in 60m water 1/.100 suppression a I
& ok [> without any damage -0.05-

< P TT TP T T for cover and neighboring PMTs
0 20 40 60 BoTime1 [Or:sec]

—>Established as HK cover
Test in 2018 for improved covers

60 80
Time [msec]
(Success as well in 80m depth)

20 40

Success at 40 m (1 test only),

but failed at 60 m
Next: To be reinforced with
optimizing design and injection material.
3. Stainless steel tube cover
Success at 60 m (1 test only)
Next: Reduce weight,
reach easy mass production
/assembly design

1. Improved cover 0.06/- 2. Resin cover
(Stainless steel) — - )
i R - 1/100 suppression
N S 0.02}
i v O 01 00 11N [ ]
3 -0.02- /M 11 Improved SUS cover
2] C ' t
O 004" | (1s jcest) at 80m
a - 2. Resin cover at 40m
Ok ~008f || | 3Stainless steel tube cover af 60m
B 7 U 0 20 40 60 80 100
pr— . Time [msec]
— Established
19/7/'18 The Hyper-K Photodetector System using new 50 cm Photomultiplier Tubes
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Testing initial type of Box&Line PMTs

1417 ZB8259 ’ . ’ ' ! " ! ' . — ¥ ) tbore
Saal e 3 High-QE Box&Line PMTs =5 % |
QD1 2 __ ........................................ ZBB2A8 ... S ' Q d o 2 Siab Sadink.
Uyl e e o dase lisdiiied e e
> 1.1
'_D LD L e s
1)
— 0.9 o8 —
2 o8- Smooth shift of gain was monitored (Similar tendency to Super-K PMT) -
0.7 —
— 06 12014 2015 2016 2017 |
70 = v T T T Tt Tt T | EPTTTTTTOR SovTTTTT | OPTTTTSSR SevTT T =
L - . 1
>, «of . Darkrateisalmost constant for2.5years. s E ;
L (except for one) :
e Ohe Box&Line PMT
C A G is'getting high rate:
> ]
@)
O
Y4
- :
m 1 1 1 1 1 L n
Jan Apr Oct Apr Ju Oct Dec Apr
O 5014 P 2015 P’ 2016 2017" 7

in

Working for ~3 years!

200-ton water Cherenkov detector since 2014.

e Dark rate & after pulse were largely reduced in the latest version after the 3 PMTs.
e Stable detection for.
19/7/'18 The Hyper-K Photodetector System using new 50 cm Photomultiplier Tubes

19



Froduction orT ~ 1oV FiVII S

~150 Box&Line PMTs were manufactured.

QE Spectra of ~150 PMTs  QE at peak

[0
a

25} Entries 147

- r Mean 31.02
301 201

C - Std Dev 1.175
25F B

N
o
T

15[

Quantum efficiency [%]

—
a1
TTTTTT

10

—
o
TTTTT

5

300 350 400 450 500 550 600 650
Wavelength [nm]

(0]
29 30 31 32 33 34 35 36 37

Quantum Efficiency [%]

® All PMTs were screened at high pressure water up to 0.95 MPa.
O No damage found in the bulb. Mar-Jun 2018,

e Transferred to Kamioka, Japan e in d~ar.k’5°°m
\

and performance was evaluated. 3
O 6 PMTs / day ,

O No rejected PMTs over 30kHz
in short stabilization ~1/2 - a few days

19/7/'18 The Hyper-K Photodetector System using new 50 c¢cm Photomultiplier Tubes 20



xXUalily 0Ol

Example of evaluation
Single PE charge

[ PMT Ch4 EA4022-E |

Gain tuning

Ty 9
2 x2/ ndf 59.78/9
[
o 8
2 Factor 2.097e-28 = 2.22e-29
o 7
Index o 8.256 = 0.01048
6
Voltage Offset -699.5 + 10.34
5

HV at 1.4e7 gain : 1783.22 [V]

S Loovy | \ Lol
1600 1700 1800 1900 2000 2100 2200 2300
HV [V]

Ch4 EA4022-E 1783.2V Run01664 2/ ndf 242.9/92
Scale, 1787 + 10.4
Peak, 2.22 = 0.00
3000 oy 0.538 + 0.004
Scale, 1852+ 2.4
L Peak, 4.528 + 0.014
00 o, 0.6388 = 0.0010
. Single PE RESULT
2000 I Gain 1.33e+07
Peak 214 [pC]
1500[— Sigma 28.1[%]
PN ratio 4.07
FWHM 66.1[%]
1000[—
500,
o O W L - Lo iChatad18G:
0 2 4 8 10 12

4t
Charge [pC]

T IGSV IV O

Transit time soread

Ch4 EA4022-E 1783.2V Run1665 %2 / ndf 440.1/207

-1.786 = 0.015
3153 = 19.9
0.9201 = 0.0105

= a > =T

0.6766 + 0.0090
Single PE RESULT
Relative Peak -0.95 [ns]
Upper Sigma 0.92 [ns]
FWHM 3.05 [ns]

1 1 1

-10 15

5 0 5 10
Relative transit time [ns]

Individual difference of performance

HV calibrated to 1.4x107 gain

Entries 145
Mean 1952
Std Dev  109.6

25

20

Typical volt.
at 2kV

15

10

o

1600 1800 2000 2200 2400
Bias Voltage [V]

Within reasonable operation range

Ready for mass production with a good quality control.
The Hyper-K Photodetector System using new 50 cm Photomultiplier Tubes
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30

25

20

15

10

(0]
50

FWHM at 1.4e7 Gain

resolution

Entries 145
Mean 69.98
Std Dev 7.948

70

(70.0£7.9)%
at FWHM

(29.743.4)%
ino

90 100 11
FWHM / Peak [%]

0

Resolutions at single photoelectron peak

TTS at 1.4e7 Gain

22;At 1mV threshold, Entries 145
20(-no time walk Mean  2.649
18  correction Std Dev 0.1482
161~
145 (2.6+0.1)ns
12
g at FWHM
10 Includes
8- Sys Err (by noise
6 ~0.2ns
4i + Dependence by HV
E ~0.2ns
2E

N2

22 24 26 2.8 3
Transit Time Spread [ns]

Around 10% variation for single PE detection

3.2 3.4

21



nmisoLtalia Lioll LO oupcCr “N\ainmonrarniGe

® Super-K is now being refurbished for the next Super-K Gd project.
O Many Box&Line PMTs will be practlcally operated in Super-K soon.

19/7/' 18 ' The Hyper-K Photodetector System uélng new 50 cm hotomultlpller Tubes



wiean rnyper-m cvovers 1or osuper-n

® 10 Hyper-K covers, made of clean materials with
low backgrounds, are installed in SK top/bottom.

Stainless Steel Cover FRP Cover in Super-K PPS Resin Cover

J—7

View of Super-K top from back side
Fixing structure to the tank is modified for Super-K.
19/7/'18 The Hyper-K Photodetector System using new 50 cm Photomultiplier Tubes 23



Other 50-cm Photodetector Candidates
. HPD (Hybrld Photo-Detector)

Highest 1PE resolutions 120" HPD was installed
Slngle PE peak Single PE transit time spread  in 200-ton water tank.
Fl 1 [0/ peak] [ s FWHM
3 Super-K 53% K~ 73ns
£ A% Box&Line 35% Box&Line 4.1ns
) HPD 150 (Tv?T% correctio:r?.annSs)
(--- 1/2ch AD)

. %
Time [ns]

+ preamp

e MCP PMT
O Originally for JUNO

» Using micro
channel plate
O Confirmed
comparable
performance with
the Box&Line PMT. .
Time [nsec]
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TTS largely improved.

spot light at center

[ Box&Line PMT

x“ + MCP PMT

W voly. fibfor JUNO,
i ﬁ for Hyper-K

af'ter improved




wIAIIIITIGRT Y

® High-QE Box&Line PMT was developed for Hyper-K.

O Full photo-detection system was established.
» In addition, electronics for HK in another talk

O Good prospect for high quality in mass production
O Being operational in Super-K

® Other options are also promising for Hyper-K.
OHPD for the highest resolutions, etc.
OMCP PMT for low radioactive glass, etc.

: : , Details in other talks
O Multi-PMT for high granularity, etc. l
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SlNgle Photoelectron Distribution

50

| 1

0.6

« diffuser ball
« fiber center

- i Flat inelastic backscattering distribution
Pe e(sta ¢ aus?lan .
L — o L — 1 L — o L — M1
Noexp<— 5 )—i—Nlexp(— 5 )—i—Ng (erf( )—e'rf( >>
20’0 20’1 0o 01
_ Resolution (W,/o,) by HV
- By diffused uniform light :EZS;;;f*bS T plueereal Expectatlon1||ne1by
300:_ 1PE expectation 1?:@3 0-5;* gain (= OL|_|6|, 5| a><E k) HV curve fitting
2%?— ——mm?NMm ém? ¢ )+“
- Gain j%_o_si :
=200[— s - }
8§ Flat tail " o2f
3 1501 by backscattering, etc. [ =Uniform light
1005_ (Different amount by injected points) g POIﬂt Ilght at Center o
g 1 600 1 700 1800 IJI?I([)\(/)] 2000 21 00 2200 H V [V]

300
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35 400 450 500 550

ADCchich]

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

The Hyper-K Photodetector System using

0.5

‘Occupancy of back scattering
?in all 1PE distribution by HV

03 :
- 3

0.

IS

ratio(bs/1pe)

R i H s i i H
Uniform light
“Point light at center

02

01—

Coo b v b b b v b I 1
0 1600 1700 1800 1900 2000 2100 2200

HV[V]

new 50 cm Photomultiplier Tubes

s HV[V]
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| ransit | IiIme spread

Example of fitting 1PE transit time Func model FWHM  Chi2/NDF

800 Gaussian 3.34[ns] 10963.3/1180
700 i AsymGaus 3.72[ns] 10963.3/1180
Exp+Gaus 3.02[ns] 10963.3/1180

Connect Gaussian with exponential smoothly

ExpModG 3.25[ns] 1283.3/734

| 2
, No TQ(Time walk) correction f(ac) _ )\ 2 (2p4Ao? _2x)erfc(’u + \o? — X)
1 applied in this distribution. 2 \/50

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

600

500

400

300

200

100

« diffuser ball

(Different PMT from above)

e fiber center

0

U

4 2 0 2 4 6 10 12
Relative Transit Time [ns]

D

Uniform light
(Worsen by non-uniformity of
transit time and variation in diffuser ball)

“Point light at center

® Timing is defined at fixed hit
threshold (~-1mV).

O Time walk should be corrected later. 1

N

TTS (FWHM) [ns]
ARRNREEERRRRR RARRNRRRREE

O 11 I ) N I | I ) N I | I | I I I | I I I | I I I | I I I 11
1600 1700 1800 1900 2000 2100 2200

HV[V]
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vynamic nRange

Output Circuit for Linearity measurement
Laser Diode A+B lighting at the same time 100 [
O(A+B) ®  The expected output is |: Clock
o Laser Diode B (variable) C(A+B)=O(A)+O(8) e ] oneton o1 o
O B . 100[Hz]
Laser Diode A (Fixed) g c°i"°i|de"°e
O(A) @ s || o
A B, A+B, Number of Photon . i
Output linearity o | 3 SEnEl
L _ EA0047 Att. - 9
D— 000— 7 . 8dB Coincidence—@
— 1624V (1.4x107 gain) P
3 800 oo *Att. ;4 No saturation up to 1000PE
2 | 10% deviation : 20dB}__ E J——
L Att. Q L = et e il bt bl
S 600 at 650 PEs : 3208 5 g . 0%
Y - | g o 09t N
@) : | -0% X B 0.8 e ]
O 400 I S F 20%
()] i I 8 8 0.7 Attenuator used in measurements
B 1 > o =
2 00l I o o 06F Att. Att. Att.
& T I S E sb 8dB 20dB 3208
> B | - ol O c¢ E 100 1000 3000
Z 0_|| [ I T T T B ||!1|| | |I | 0.4E L L """|2 L L """|3 L Lt
0 200 400 600 800 1000 1200 N 10 b fi I130E
Number of input PE umber of input PEs
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Rate | olerance Measurement

Measured change of

High-rate background

signal pulse in different _l.J_—I.J_—I.J_—I.J_—I.J_—I.J_—I.J_—I.J_—I.J_l_J_ BG =

Variable rate

background configuration.

il Signal

Two laser diodes

Background with high rate Variable rate

BRI R R R —

|| signal U 100Hz fixed

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 configuration.

LI Signal ===,
100Hz fixed

to keep light intensity stably

Circuit for rate tolerance measurement

100 [Hz]

Clock

i

Function
Generator

——

FANIN/

FANOUT

Cync

f [Hz]

— Gate —

Coincidence

| Measure Charge

FANIN/ -
FANOUT Signal: 100 [Hz]

Change I/0 of
background LD

10 Register

FANIN/

FANOUT

Optical
> attenuator

Background
-100 [Hz]

100 Hz

00

Coincidence

5
Delay
2
Q
—>| Delay

Att
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nRecovery iJ1ime
® Confirm gain stability of delayed signal

Gain recovery

-
=
]

» - LR | LA LLLI LR LA
g,,,,,if_ —#— gate width:100ns
Two LDs (140p.e for each) ::; Lo1 — Result T g wdhiene
— ] g |.m5;— o el
‘ Primary % F & i Y i ¥
. ] : ':'}'*'f‘ - ..f._._?.._. e T mrimirm i S man
- Delay 0.995 - gf Y ' ¢ Y

995 F
099 T

0.985 ;—ZOOns delay

w/ varied delay

:Jlllllllllllllllllllllllllllllllllllllll

Gate N
oorsE 1us 10us 100ps 1000us
(‘).«)7E TR I N ET] B R W R T1 N .1.1..1\ L .....ull )
Stability was evaluated by comparing Delayed time [us] "o

“delayed signal w/ primary” with “delayed signal w/o primary”.

Stable because of high intensity (140PE)
(need to be checked in low intensity)
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Ferrormance in £0U0uU-ton

Number of Photodetectors

-
o

Time resolution at 1 p.e.

— Super-K PMT

High-QE Super-K PMT

High-QE Box&Line PMT]

PMTs

| ‘N
4 5 6 7 8 9
Time resolution [nsec] (FWHM)

10

1

10

| anNK

Charge resolution at 1 p.e.

Super-K PMT

High-QE: Super K PMT |

~ High- QE BOX&LIHQ PMT%

~ 20cm HPD

3 Box&Llne |
PI\/ITs |l
N Rl WM

50 60 70 80 9010°
Charge resolution in

30 40

[%]

New Box&Line PMTs show better performance than Super-K 20” PMTs.

19/7/'18

Sources to worse TTS:
Diffuser ball

: 2.2 ns, Fiber:

~1 ns, Electronics : 0.5 ns

(HPD performance is limited by preamp noise.)

The Hyper-K Photodetector System using new 50 cm Photomultiplier Tubes
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Hydrostatic |lest

Glass thickness measurement Installation to pressure vessel

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

Visual inspection Marking

Coloring by position,
Check glass quality by eye such  taping to trace crack  Investigation
as scratch, bubble, foreign matter R After broken, check

with protective clothing

: <,' .
L .

thickness |3
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Number of photosensors

N
o

—

ororen rFressure vs | nNicKkNess

~ Initial Box&Line PMT bulb SK PMT is imploded by a crack around neck
i Improved Box&Line PMT bulb in high pressure, as weII as initial Box&Line PMT.
5¢ ==-==x - ] Cufvature optimized
[ ", based on
10l | |stress analysis
: o —— = | ! Weak i
/ ——. eak in
_,--t:i?’PhotocatHode ~ “\. highjpressure
i/ Improved |nltla| BL PMT (>100m)
: | inlatestver. | SK PMT Improved BL PMT 1—” |
ol | | N 1S

60 70 80 90 100 110120 130140150>160 -

Water Depth [m] £160 7 ° >160
. c e*” o Improvedbulb
Sometimes there was crack % 140 D*‘: *
. . < L [
on photocathode surface in Box&Line PMT. < o *°
< 120 K T -
Confirmed correlation between breaking < 0
: 5100 %o e a
pressure level and glass thickness. < 100 . o
. . . = ® o Initial bulb broken by
Pressure resistance was improved by thin g 80 o 55 heck (e)
. . . m
thickness and optimized photocathode = * - photocathode surface (o)
curvature, where less stress (Less than 10% 2 22 24 26 28 3 32 34
indicated by stress analysis) is achieved. Glass thickness (avg.) [mm]
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WO LOCCULC LIVIT CIHLIICICTIVLY VU1

. I IViE

A. Relative efficiency by diffused light pulse counting

HV set to 2000V, measured for 100kHz x 5min, counted 1pe hit at ImV thr.

4 samples (0] 3 1pe count Dark count Relative eff

Normal SK PMT | N/A (22% typ) 176441 28964 1
HQE SK PMT 34.8 389775 155142 1.59
HQE BLPMT1 | 30.7 658179 368883 1.96
HQE BLPMT2 | 29.2 393792 121394 1.85

B. Scanned by point source

N
e,
-
BT
oty

M NS,

CE improvement
in simulation
67%(61%)—>95%(85%)
in ®46cm (50cm) area

Relative hit counting of 1 pe

on each injection point at 2 axes

Detection efficiency is doubled

in HQE Box&Line PMT

compared with Super-K PMT.

19/7/'18

Relative single photoelectron hit efficiency
—

0

N

o High-QE box-and-line PMT
(Hamamatsu R12860)
QE = 31% sample

-l Super-K PMT average
i ;",“ (Hamamatsu R3600, QE = 22%)

in -~ B
on
. \O—
Top View

A-

The Hyper-K Photodetector System using new 50 c¢cm Photomultiplier Tubes

1 | | 1 1 1 | | | | | 1 1 | | | 1
-90 -80 -70 -60 -50 -40 -30-20-10 O 10 20 30 40 50 60 70 80 90

Position angle [degree]
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viaterial | est

® Requirement of material to be immersed in water.
® Test in ultra pure water/Gd loaded water (0.2%w Gd,(SO,);)

® Soak test for 3 months (circulation to renlace all SK water in tank)

Examples in 250m|/500mL water bottles, stored at 15°C z v Example-of PPSresincarpon fiber
> I Raw data
O
for 3months AN Converted to Hyper-K
g i: // Transparency at No problem
2 // 300nm = 99.04% in thi
g 941/ mean [300,600]nm In this case
- o =99.899
w :/ - . 7
—
° "!o;)‘ TG0 w0 0 60 700 800
; Wavelength [nm] Wavelength [nm]

® Total organic carbon to avoid bacteria in water

O < 10.0 mg/m? day/mPMT, test in a week for fast test, 3 months to complete

® Metal ions to water for 7 days
O Zn <10 mg/m?2
O Cu <14mg/m?2
OSi  <10mg/m?2
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WalCl Pl OV MOV T

® Changed shape and adopted hard material to reduce
stress around stem pins covered with cap.
Super K PMT New housing

EETET
CSLLe
T oz89

L= o
. )‘ &
T

VR ST TEEevTe

N, HEAT

L~ 11K
(Similar shape for both 20cm and 50cm)

® PPS material was tested

—~1 1
. g Pure water - 0.2% Gd
in pure and Gd loaded water § % ssorption: *  Absorption:
. 5 9 0.15% @ 300
PPS is known to be proper for pure water. &4 | 1% @ 300nm 4 % @ 300nm
: g 2 | 0.4% @ 300-700nm | 2 0.22% @ 300-700nm
No problem for material soak test ° o — 0
in pure/Gd water for 50 days. 250300400560 600 70& 890 300"300" 400" 500" 600 ‘7‘90‘&‘3(‘))0
wavelength(nm wavelen nm
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uel TOr U~ InCn v |

|_10

) PNIT ‘
S (60L, 9kg)

1. /1

/

A ————F_F

PMT cove
— .
140

® To hold PMT in water

O Several possible options
for easy handling and safe assembly

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

2. Between PMT cover and PMT (~60L or less)
using cheap commercial gel
To minimize space by optimizing cover shape,

x.or spot to fix PMT in water

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)
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Gel Measurement

® Soak test in water is required to keep UV transparent ultra pure water
O 250ml ulta pure water for 1+2 months (measured 2 times), at 15°C

> ‘AN 4%

b A ‘ ‘ ~,“‘.‘ NG . 32
Only optical gel 3547 became while by absorbing wate

Raw data, (general property of phenyl group, others are in methyl group)
Scale to Hyper-K (surface area/water volume)
Optical Gel 3539 Optical Gel 3541

" S - Very clean for ultra pure water.
% WNWMVJ,%, I Mﬁ&vﬁ,f Bk A g 20 - Also commercial gel (KE109E)
S . I EF / is stable,
o | N( Transparency at /\} Transparency at another gel is under test.
5 300nm = 98.97% -/l 300nm =99.62% | - Very clean
= o4 94
= ( mean [300,600]nm ( mean [300,600]nm in Rl measurement.
< ( =99.94% ’ =100.06% - Degradation of mechanical

9800 300 400 500 600 z\(l)e(l)velength [nna]?o 9800 300 400 500 600 \7/\?£velength [nrﬁ?o Chara CteriSﬁCS by Water

absorption is to be measured.
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Requirements Value Conditions

Detection efficiency 16% Typ. |Quantum Efficiency x Collection Efficiency
Timing resolution 2.2 nsec o, Typ.|Single Photoelectron (PE)

Charge resolution 50% o, Typ.|Single PE

Signal window 200 nsec Max. |More than 95% of a total signal area
Dynamic range 2 photons/cm? |[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

19/7/'18

® Important factors : High detection efficiency, sub-nanosec timing
resolution, single photon counting, low dark count rate

The Hyper-K Photodetector System using new 50 c¢cm Photomultiplier Tubes
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SpecitTication

Shape Hemispherical
Photocathode area 50 cm diameter (20 inches)
Bulb material Borosilicate glass (~ 3 mm)

Photocathode material | Bialkali (Sb-K-Cs)
Quantum efficiency 30 % typical at A = 390 nm
Collection efficiency 95 % at 107 gain

Dynodes 10 stage box-and-line type

Gain 107 at ~ 2000V

Dark pulse rate ~ 8kHz at 107 gain (13 Celsius degrees, after stabilization for a long period)
Weight 9kg (without cable)

Volume 61,000 cm?

Pressure tolerance 1.25 MPa water proof
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