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Large rivil applications in Japan

By Hamamatsu Photonics K.K.

Kamiokande Super-Kamiokande KamLAND(-Zen)
2002-

1983-1995

R1449 20" PMT
Certified as an

IEEE milestone
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and for near future plan of Hyp
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20 PFhotodetector R&U Tor Ayper-rnamiokandade

Super-K PMT Box&Line PMT Hybrid PhotoDetector (HPD)
Hamamatsu R3600 New Hamamatsu R12860 New Hamamatsu R12850

Venetian blind dynode Box & Line dynode Avalanche diode (AD)
high QE =

\
107gain

® Electron mlght miss dynodes - . . i prea?mp

> less collection efficiency Efficient collection I-!|gh resolutions,

e Ambiguity of drift path limits ~ Uniform drift path simple structure
charge and time response. — High charge&time resolutions  Developed with

-> Performance was improved sufficient performance

(Superior to PMTs)

R&D and test ongoing
for practical use
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with safety design
— Now Hyper-K baseline sensor



Hyper-Kamiokande

Water Cherenkov detector in Kamioka, Japan

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

High-QE 50 cm Box&Line PMT — 4@ Hyper-Kami
x2 high detection efficiency @

x1/2 time&charge resolutions
i i : x2 tank
x2 high pressure bearing for 60 m height ta S 160 kton

Fiducial

Mass) [RPALON(Le]y!

"

Super-Kamiokande
My

Hyper-Kamiokande

—

48 m for 1 tank

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

+ Super-K PMT

39.3m @ —> New PMT enabled an optimization of Hyper-K design
with keeping physics sensitivities Requirements
® Rich physics programs - Wide dynamic range ~O(103)PEs
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 burstyv, ... - High rate tolerance O(10)MHz at a few PEs
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reriormance

Confirmed sufficient performance in Hyper-K (Reported in NNN14,15)
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nResponse IN wide range

Output Lmearlty High Rate Tolerance

103 —— 12' L L L T L L L T T
— e I - i ]
B Lmear response g | 2> PE 1
g . O] i Y. 1
< 0 | i e e ]
§ ‘UP LO 333 PE }* @ | _02)0.8 ~ Within 5% 50 PE. -
e within5% 3 ® | B
g | e S o6l UPTO ]
= +.¢#+ c oC - “—.'

2 2 04 —25pe. -
o' 2 - ...50p.e. |
S 0.2+ 2
2 3 ! ! Lo | ! ! Lo | ! ! L
10 Expected Charge [p.e.]10 0 1 02 1 03
— No saturation in expected range by HK Pulse Frequency [kHz]

— Sufficient for supernova detection
(10MHz at max in low PE)
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Operated in water Cherenkov detector for 2 years T uperX PMT
Imitating Super-K ® (Normal QE)

P s T, 224 e (High QE)

; B ¥ ; 20cm HPD

Super-K PMTs

(2014 removed)

20 cm HPDs x 8

(50 cm HPD will
be installed later.)

> W Al S ek b
PR < C -
- - X .
¥ i - L v
| . ‘

erformance over a year

Monitoring stability of p

1.5 60
= - 7ZB8259 ~34.9kHz RMS 17.0%

~1.4F : 7ZB8259 RMS 1.53% —
5 £ High-QE 50 cm o S sol ZB8246 ~19.0kHz RMS 5.8%
3135 | Boxd&line PMT | ZB8246 RMS 2.40% = o ’
E : 0X e 7B8248 RMS 1.99% = - 7ZB8248 ~24.0kHz RMS 4.9% '

1.2— -
; E Z; 4O:High because o‘{ , High rate
#n 2 [ initial prototype, (Initial production)
% E — g 30:_ % Temperature
£0 0.9 " = o [ s changed v/
£ E  Smooth transition, 2 S 20 S5 , L W
O osF- . =3 e 2F e
o RMS in a few percentages. £ £ L
£°%F 55 A 1o{Note: Latest products show lower ~8kHz)
[P] I -
ez OOF About 1.5 years - About 1.5 years

9210101 14/!2/31 15/04/02 15/07/02 15/10/01 16/01/01 16/04/91 16/07/01 14A0/01 1!/12/31 15/04/02 15/07/02 15/10/01 16/01/01 16/0!01 16/07/01

5/Nov/2016 Large PMT R&D in Japan (Y.Nishimura, Univ. of Tokyo) 7



valrrk rate in recent proaucts
e Still trying to reduce dark rate (20 kHz=>10 kHz—>8 kHz->...)

Checklng prOdUCtlon quallty for a Iong perIOd ,j—:.sog_.ark rate ....... monltor .......................................... !
i ¢ Dark room 3 ,%40;’ for 42 days (19.Aug-1.0ct 2016)
w/ cooling z | 5 latest samples
at 15deg. 1130 ¢ 7-6 kHz avg;
Monitoring 10 i v & at 1.5 mV thre.
of 50 cm PMTs 220

| «.___1old PMT (2015)

t:"——‘-.—

e —

. oL LK. PMT,,
Dark rate was characterized by parameters 0 5 10 15 20 25 30 35 40

Da rlirate
(an)

. . . i Days
to consider a good quality control in mass production.
By hit threshold _»5, By bias voltage By temperature Old PMT
T [(HV at 107 gain)| EA0225| I [(1.5mV thre. fixed) Eﬁ;‘ (HV at 107 gain) /.
it EAO241| 220 @ 20f /
§ IR — EA0248 < 15} v g 185 Hyper-K water te 1;3":
6 EA0250 & | _— =16t o
: — EA0270 10[ ot D W e N — I: i
4 i e o
- e IS B 10"+ A
5 . 5k = 8L I S
5 Box&Line PMTs, S B ol K PMT
012 3456 771 (mV/2] 03565600 17057605 7605 2005 2105 2200 510 '1‘§'T;n']£rgt'u're'[;ggl'
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PMT output

u.)

0.2F

oF

® Pulse shape
O Bleeder circuit was optimized

-0.2F

ed pulse height (a.

-0.4fF

with minimizing ringing (in 2014) EZ: Fast with ringing
g Smooth recovery
® Response uniformity in whole acceptance T P
. . : FWHM 10.4ns € 12.9ns
O Improved by changing bulb design (in 2015) Height 1.3:1

O Confirmed within +/- 100mG, 1600 - 2200V (in 2015)

® After pulse : Less than 5% recently reduced from initial 30% of hit
probability from single photo-electron pulse.
O By changing dynode shape, evacuation process, voltage ratio, etc. (in 2015)

® Dark count rate : Reduced from 20% to 8%, and still trying to reduce it.
® Quantum efficiency : Achieving 35% typ. from 30%

® Mechanical strength : Improved by design, established PMT cover
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vesign and contirmation

Photc_)cathode

Neck
SK PMT (T

(R3600) , 7

Box&Line T 7
PMT y o _

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

= ®m Smoother curvature

—> m Photocathode part < 1/16 stress of SK PMT’s

m Neck part (weakest in SK PMT) < 1/8 stress of SK PMT’s
(New curvature)

m Thicker glass (about x1.3) 160 -

0400 HUNID- 4000

Ko} . )

m Because of correlation confirmed § 47 o'“ﬁ‘.ﬁge ;Cjar,ou:ke_nd
with breaking level by test ~o T

. . . O
|
New cnteng on qugllty contrql .f (O1d design)
was established with measuring . B e
thickness at various points.

m Tough waterproof housing

=
o N
o o

(o))
o

reaking water lev
0]
o

222242628 3 3.234
Thickness (Thinnest part) [mm]

/r Hard & round design to

P ‘
I "
I

Ve}_iW‘e“l in waterproof

1»

(Better material for ultra pure water)

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

protect the weakest point

L= — housing
5/Nov/2016

Bl x1.9 safety factor for 60m. (1.5 for 80m, 1.5 = SK screening]
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1. Design and confirmation of the PMT glass bulb
B To minimize the single PMT implosion

2. Screening by the individual inspection in all products
B Pre-selection by glass thickness, inspection of bulb glass quality, etc.
® Quick pressure test before the installation

3. Shockwave prevention by the cover

B |n the very unlikely event of a single-PMT implosion,
the cover significantly reduces the shockwave released outside

B Eliminate the catastrophic chain reaction of PMT implosions completely

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



wLOonNCept O rivit cover

® Cover should protect outside PMTs of the cover without broken.
Usual case Bulb cracked During implosion inside

‘ Suppressed

vacuum Slow
- ‘ water
‘ . flow
up to
0.6 MPa ' ‘ .

water

Cannot avoid
propagation
through cover

Cover has small holes Unexpected implosion!  Water flows in slowly

PMT always exposed - Cover pressurized, Large pressure shock-
to the water pressure but strong enough to wave doesn’t arise
keep its shape outside the cover
Confirmation by 3 steps
PMT pressurized test Hydrostatic pressure PMT implosion test

(and screening during construction .
because of individual difference test of cover . with cover
of glass quality) All tests were done this year.
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Cover design

»

Super-K cover
for 40 m water depth

Initial prototype

for 60 m water depth
. el )

- t=1Tmm @ center
15mm @ flange

SK acrylic cover
t = 9mm @ center
13mm @ flange

B Stainless steel
(3 mm)

Acrylic front: 6 kg
Stainless back : 23 kg

cf.
PMT fixed to SK tank /\ PMT : 8 kg
PMT buoyancy : -60 kg

PMT fixed to
cover at 2 points

—

FRP

(fiber reinforced plastic)

e Establish at least one design
for 60 m water tank

O Optimized later

5/Nov/2016 Large PMT R&D in Japan (Y.Nishimura, Univ. of Tokyo) 13



HydrostatiC pressure test

Cover pressurized test
' ' 4FCoverin
a E)Iastic bag |

\ {
)
s
| 1 . . -4

A set of the cover packed
in a plastic bag was
Hig 4 pressurized from outside.

bresure
water Tested two samples to 1.1MPa

ESSCR— (=100 m water depth)
and there were no damages.

—> OK for 100 m water load

Confirmation of consistency with analysis

Tested more
to validate the calculation.

Damaged as expected
around 1.2-1.5 MPa, but
not completely collapsed.

(This part can be reinforced
in improved design.)

5/Nov/2016 Large PMT R&D in Japan (Y.Nishimura, Univ. of Tokyo) 14



Cover validation —n

: s F A—A—\
15t demonstration test was / covers 7// \
performed in Feb-Mar 2016. __ /] [eteget \

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
5/Nov/2016 Large PMT R&D in Japan (Y.Nishimura, Univ. of Tokyo) 15
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Frocedure ot Implosion test

Reproduction of shock wave from implosion (w/o covers)
e Single implosion test (Only center PMT w/o cover) - OK
® Chain implosion of 9 PMTs w/o cover - OK

Test of shock wave prevention cover (w/ cover at center PMT)
O with

O 1st Center PMT with cover -

O 2nd & 3rd Center PMT with cover + surrounding 8 PMTs w/o cover -

Confirmed that
1. reproduction of implosion

2. No damage on cover
3. Surrounding PMTs are safe
- Cover was established.
< L e ;
® Same set of 3 tests in -

5/Nov/2016 Large PMT R&D in Japan (Y.Nishimura, Univ. of Tokyo) 17



Reduction oT pressure pulse

Bare PMT implosion Covered PMT implosion

\ Test @ 60m depth - 1st, - 2nd, - 3rd Test @ 60m depth
6 MPa @peak

g -

3,
T

0.05—

S
T

I Tested 3 times
(Single PMT case) 0.05- - Consistent results
0 20 40 60 80 0 20 40 60 80
Time [msec] Time [msec]

'
W
L T N B

Pressure @70cm ahead [MPa]
\ Pressure @70cm ahead [MPa]

« Large shockwave
by successful implosion

« Cover was not crushed.

_ _ « Pressure pulse outside
» All neighboring PMTs was very weak.

broke in a chain « Less than 1/100

In both the 60m/80m tests < ¢ Neighboring bare PMTs all
_ Survived

5/Nov/2016 Large PMT R&D in Japan (Y.Nishimura, Univ. of Tokyo) 18
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® A large junction capacitance (800 pF) of 20 mm® avalanche diode

(AD) is a difficulty to read a single PE.
® AD with reduced capacitance to 400 pF and fast low-noise

preamplifier were successfully developed.
Single PE transit time spread g\yym

Single PE peak
g i [0/ peak] Super-K PMT 7.3 ns
P 1PE Super-K  53% Box&Line PMT 4.1|ns
= A% Box&Line 35% HPD (ich) 3.6 ns
Ll i Y i ) HPD(lCh) 15% (HPD w/ time walk correction 3.2 hs)
":EE.;. (- 1/2ch 20mm® AD)
1 2 3 10 20
Photoelectrons Time [ns]
® Detection efficiency : x1.8 higher than SK PMT, similar to Box&Line

PMT, confirmed in measurement.
® Low after pulse less than 2%, much lower than Box&Line PMT
5/Nov/2016 Large PMT R&D in Japan (Y.Nishimura, Univ. of Tokyo) 19



HFPD test in water

Prototype of waterproof 50 cm >1.4 MPa tolerance
high-QE HPD for proof test in 3 tested samples
(20 cm HPD already in tank)

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

Measured in water for 20 days without any problem

/ QW Clear 1 photo-electron (PE) signal +70m cable extension
|In Water W (8kV, in watéPsg0 m cable, 16°C) /| Precise mult1 PE counnng

\ - ey - »zUOn~ I PaD e L Ry o e~ —

S~
- -~1 ey /TP 20mv T X7/

i \f’(_ 2 M" o ’}' 7 * : y‘*‘ ’;" w

’
4

: i\
E | , \;

4 VAV
M
i

.j

Charge (400ns) Pulse height Pulse height

Aiming at proof test in the 200-ton tank
5/Nov/2016 Large PMT R&D in Japan (Y.Nishimura, Univ. of Tokyo) 20



AcCTivities In RamLAND-Zen

_ In Tohoku University
OD PMT replacement in KamLAND n

47 of 50 cm “High-QE” Super-K PMTs were installed.
(Replaced Kamiokande R1449 PMT used so far)

5 High-QE Super-K PMTs are also under test
in EGADS 200 ton tank for HK since 2013.

Studies on light collection for KamLAND?2-Zen

177N Winston cone for 20” PMT made of PET+AI

— x1.8 enhancement
Study with simulation and measurement
Test of stability, background, etc.

Wavelength shifting plate

About 1.5 factor
in both measurement
and simulation

w/acrylic plate
and mirror in edge / |
for reflection

470mm® x D10mm Geantd (= N\ B
5/Nov/2016 Large PMT R&D in Japan
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D-Egg design for IceCube-Gen2 In Chiba University
High-QE 20 cm R5912-100 . SRR EEPREY
(Also High-QE 20 cm HPD was measured) : /
with better optical / " -
R = - properties of
\_ 8 gljfz glass and gel
e
pmrkw il RO, o
small PMT ..
10 inch (for calibration)
Current PMT @ IceCube 8inch . . ' -
D-Egg Measured with new glass+optical gel+magnetic shield

Cathode uniformity measurement  3rd test in high pressure at JAMSTEC, Kanagawa JP

(Japan Agency for Marine-Earth Science and Technology)

3 strain gauges
up to 70 MPa

5/ov/2016 Large PMT R&D |n Japan (Y. N|sh|mura. Univ. of ‘



Wl I I I AIDIVT S

® Box&Line PMT was established for Hyper-K.

OBulb and cover can be used for 60 m water height.
» Optimization of cover for light weight and low cost design ongoing

O Planning demonstration test using ~100 PMTs
» With good production quality

® HPD realized the better resolutions than 50 cm PMTs.
O High efficiency, comparable with Box&Line PMT

O Considering a possibility for Hyper-K by end of 2017
» R&D for practical use is required (proof test, etc.)

5/Nov/2016 Large PMT R&D in Japan (Y.Nishimura, Univ. of Tokyo) 23






nResponse VNnitTormity otrT ooxoeeline Fivl |
Presented in NNN15

Uniformity of various performance was measured Uniformity of relative collection efficiency
in the Helmholtz coil to Vary magnetic field. Scan for the X direction . Scan for the Y direction

L E w F
O 1E R W& o 1F
[0 E o E
Z0.9F 2 0.9F
& UF T F

2% Bx 2% Bx

_75 0.6:— Magpnetic field is X-axis direction 0.6E Magpnetic field is X-axis direction
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~f— 11 Scan for the X direction 11 Scan for the Y direction
= N w .|§ - w .|§
> Light power is 1 p.e. g I3 A - \ g 1 %ﬁ\fr o~
> HV is 2000V Zoof g N | Sost e—ag
+100 mG is maximal residual range in HK. 0% Bx 3 By
. . o . . " E Magpnetic field is Y-axis direction " E Magpnetic field is Y-axis direction
0.6F 0.6F
Uniformity of relative transit time - | e ome - |-e-om
—— — 0.5¢ —A— +100mG 0.5¢ —A— +100mG
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F 1
e S [P e s —> Almost constant in £ 100 mG range
it T I
af —&— -100mG _3:_ - . .
3 : 2000V typical and varied volt. from to 2200V
A g 803030 6~ 504050 B 4780760 40 20 0 20 40 60 80
-80 60 40 20 0 20 40 60 80
Angle(deg.) Angle(deg.) w 1.7 EJ) 1 .1E
O £ C —
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2 e E 0.9F v : ® 0.9F
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Lomparison LO impilosion simuia tion

® Measured peak pressures agree with expectation

by a dynamic behavior simulation in t
unit : no cover with cover
MPa data calc data calc

(above/bottom) (front)
60m 11.0/6.0 9.3 0.03 0.2
80m 18.2/6.3 9.7 0.03 0.1

ne first o

above -

&

rder.

70cm

}—1 front

70cm

below

B Roughly consistent even in simple model

without considering non-uniform acrylic
thickness, glass collapse, effect of gravity/
buoyance, water flow through holes, ---

Simulation can be utilized for cover design.

® More optimization for further improvement is being tried.

O Light weight with thin thickness, another material such as a full resin cover,
reinforcing, PMT supporting structure, ...

O Design based on simulation, and validation test finally
Large PMT R&D in Japan (Y.Nishimura, Univ. of Tokyo)
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