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�� 1. Introduction1. Introduction
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Next Generation Next Generation 
Water Cherenkov DetectorsWater Cherenkov Detectors

Example: Hyper Kamiokande (HK)

Total Mass ~ 1Mt. 
(Super Kamiokande = 50kt)

HUGE!!

# of photo sensors:

~200,000
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Requirements Requirements 
to a New Photo Sensor to a New Photo Sensor 

Simple structureSimple structure
ÆÆ Low cost, quality control (We need many photo sensors!)Low cost, quality control (We need many photo sensors!)

Large sensitive areaLarge sensitive area
Single photon sensitivitySingle photon sensitivity

ÆÆ Advantage in Cherenkov ring reconstructionAdvantage in Cherenkov ring reconstruction

Wide dynamic rangeWide dynamic range (up to ~300p.e.)(up to ~300p.e.)
ÆÆ Dynamic range of detectable neutrino energyDynamic range of detectable neutrino energy

Good timing resolutionGood timing resolution (~1ns)(~1ns)
ÆÆ Good resolution of neutrino vertex (Good resolution of neutrino vertex (ΔΔxx ∼ ∼ ccΔΔtt))

Our SolutionOur Solution: : HPDHPD (Hybrid Photo(Hybrid Photo--Detector) Detector) 

・simple

・large area

・1p.e.

・~300p.e.

・good Δt

requirements
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Simple structureSimple structure without dynodeswithout dynodes
# of parts:1/10 of PMT-SK

Single photon sensitivitySingle photon sensitivity
sufficient total gain 

Wide dynamic rangeWide dynamic range(>1000p.e.)(>1000p.e.)

limited by AD saturation

Good timing resolutionGood timing resolution(~1ns)(~1ns)
cf. PMT-SK: ~2.3ns (mainly TTS)

Challenging HV (~20kV)
to focus onto small AD (5mmφ)

Smaller Gain than PMTs
R&D of low-noise readout needed

The Principle of a HPDThe Principle of a HPD
““HybridHybrid””

=Photocathode + Silicon device (AD)=Photocathode + Silicon device (AD)

photocathode

avalanche diode
(AD)

photon

Bombardment Gain

~4500@20kV

Total Gain

~105

Avalanche Gain

~30 or more

HV
photo electron

(p.e.)

Bias

cf. PMT-SK
dynodes

TTS(Transition Time Spread) 

Total Gain

~107

・simple

・large area

・1p.e.

・~300p.e.

・good Δt

requirements

HPD
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5inch prototype5inch prototype

~1ns @1p.e.~1ns @1p.e.Timing resolutionTiming resolution

SensitiveSensitive（（S/N~21S/N~21））Single photonSingle photon

44,000 @44,000 @--8.5kV, 350V8.5kV, 350VTotal GainTotal Gain

1000 @1000 @--8.5kV8.5kVBombardment GainBombardment Gain

~30 @350V~30 @350VAvalanche GainAvalanche Gain

Æ Next R&D stage: 13inch 

At first, using the small size HPD (5inch), we establish 

the fabrication techniques and check the basic specifications
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Photos of the 13inch HPDPhotos of the 13inch HPD

13inch HPD13inch HPD

5inch5inch13inch13inch

33cm 13cm
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13inch prototype13inch prototype
photocathode

(GND)

AD(+HV)

13inch

350V350V370V370VBias maxBias max

128mm128mm332mm332mmDiameterDiameter

5inch5inch13inch13inch

--240mm240mmφφEffective areaEffective area

--8.5kV8.5kV+12kV+12kV(goal:+20kV)(goal:+20kV)HV maxHV max

Low Low 
capacitancecapacitance

(~30pF)(~30pF)

Low capacitanceLow capacitance
(~25pF)(~25pF)

AD typeAD type

3mm3mmφφ5mm5mmφφAD sizeAD size

Upgrades from 5inch

� HV (-8.5kVÆ+12kV)

� +HV mode (photocathode=GND)  use in water

water
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�� 2. Measurement Results of 13inch2. Measurement Results of 13inch--Prototype HPDPrototype HPD
2-a. basic parameters
2-b. single photon sensitivity, gain linearity
2-c. timing resolution
2-d. gain/timing uniformity on 13-inch photocathode
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Measurement Setup Measurement Setup 

HPD preAMP DSP

Digital Signal 

Processing (DSP) 

preAMP

HPD

waveform-sampled 
by an oscilloscope

Signal information
(pulse height , timing)

Signal Flow

<Signal Flow>
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Measurement Setup (PhotosMeasurement Setup (Photos））
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22--a. basic parametersa. basic parameters
22--b. single photon sensitivity, gain linearityb. single photon sensitivity, gain linearity
22--c. timing resolutionc. timing resolution
22--d. gain/timing uniformity on 13inch photocathoded. gain/timing uniformity on 13inch photocathode
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Raw Signal of the HPDRaw Signal of the HPD

HV, Bias: Max(12kV, 370V)HV, Bias: Max(12kV, 370V)

Input light: ~30p.e.Input light: ~30p.e.

�� Fast signal responseFast signal response
�� Rise time ~ 1.1nsRise time ~ 1.1ns
�� Pulse width ~ 6nsPulse width ~ 6ns

6ns6ns

1.1ns1.1ns

10mV/div, 2ns/div10mV/div, 2ns/div

LHP30LHP30

HPD preAMP DSP
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Avalanche/Bombardment GainAvalanche/Bombardment Gain

GainGain≡≡1@Bias=40V1@Bias=40V

(no avalanche effect <40V)(no avalanche effect <40V)

Gain ~2400 @12kVGain ~2400 @12kV

Gain rises >3kV (energy loss in an Gain rises >3kV (energy loss in an 
insensitive layer on AD)insensitive layer on AD)

HV=12kV(fixed), Bias=sweepHV=12kV(fixed), Bias=sweep Bias=50V(fixed), HV=sweepBias=50V(fixed), HV=sweep

ÆÆ Total gain ~50,000Total gain ~50,000 (current mode)(current mode)
LHP25LHP25

�� Avalanche GainAvalanche Gain �� Bombardment GainBombardment Gain

~~

Gain ~20 @368VGain ~20 @368V
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22--a. basic parametersa. basic parameters

22--b. single photon sensitivity, gain linearityb. single photon sensitivity, gain linearity
22--c. timing resolutionc. timing resolution
22--d. gain/timing uniformity on 13inch photocathoded. gain/timing uniformity on 13inch photocathode
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Signals at Signals at 
preamplifier outputpreamplifier output

HV, Bias: MAX(12kV, 370V)HV, Bias: MAX(12kV, 370V)

Light input: ~2p.e.(average)Light input: ~2p.e.(average)

1p.e. ~3.2mV1p.e. ~3.2mV

Noise RMS ~0.5mVNoise RMS ~0.5mV

1p.e.Æ

2p.e.Æ

3p.e.Æ

LHP25LHP25

Pulse height

HPD preAMP DSP
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Single Photon SensitivitySingle Photon Sensitivity

1st peak

2nd peak

3rd peak

Single Photon Sensitivity!Single Photon Sensitivity!
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Q[electron](Q[electron](∝∝pulsepulse height)height)

0p.e.

2p.e.

1p.e.

3p.e.

HPD preAMP DSP

Pulse height distribution after DSP 

Æ very clear 1, 2, ..  p.e. peaks

Gain ~30,000Gain ~30,000 (pulse mode)(pulse mode)

ENC ~3,000[electron]ENC ~3,000[electron]

ÆÆ S/N ~S/N ~1010 @1p.e.@1p.e.
30,000electron

4p.e.

5p.e.
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0

50

100

150

200

250

0 50 100 150 200 250

input [p.e.]
o
u
tp

u
t 

[p
.e

.]

linearity
line
preAMP
response

for large signal

0.0.E+00

1.5.E+06

3.0.E+06

4.5.E+06

6.0.E+06

7.5.E+06

0 50 100 150 200 250

input light[p.e.]
Q

 [
e
le

c
tr

o
n
]

linearity
line
preAMP
response

Gain Linearity

for small signal

0E+00

5E+08

1E+09

2E+09

2E+09

3E+09

0 1 2 3 4 5

peak number [p.e.]

Q
 [

a
rb

it
ra

ry
 u

n
it

]

Linearity is quite good 

~5p.e.

Peak positions in the Q-histogram 

HPD linearity for small signal (config 1)
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Good linearity up to 

~150p.e.(preAMP limit) 

for small signal
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22--a. basic parametersa. basic parameters
22--b. single photon sensitivity, gain linearityb. single photon sensitivity, gain linearity

22--c. timing resolutionc. timing resolution
22--d. gain/timing uniformity on 13inch photocathoded. gain/timing uniformity on 13inch photocathode
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Timing Resolution for 1p.e.Timing Resolution for 1p.e.
Timing resolution directly affects to the neutrino vertex 

reconstruction performance. (Δx ~ cΔt)

Timing resolutionTiming resolution

~0.7ns@1p.e.
cf. PMT-SK

~2.3ns@1.p.e.

timing (ns)
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Timing resolution <0.5ns 

for >2p.e.

Timing Resolution for multi p.e.Timing Resolution for multi p.e.

Meet the requirement Meet the requirement 
(~1ns)(~1ns)

~
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22--a. basic parametersa. basic parameters
22--b. single photon sensitivity, gain linearityb. single photon sensitivity, gain linearity
22--c. timing resolutionc. timing resolution

22--d. d. gain/timing uniformity gain/timing uniformity 
on 13inch photocathodeon 13inch photocathode
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Gain UniformityGain Uniformity
�� Gain vs. position on the photocathodeGain vs. position on the photocathode
�� Light input: 1p.e.Light input: 1p.e.HPDHPD

r=0r=0
Light sourceLight source

rr

Gain UniformityGain Uniformity

within ~10%within ~10%
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Timing UniformityTiming Uniformity
�� T.O.F (T.O.F (photocathode~ADphotocathode~AD) vs. position on ) vs. position on 

the photocathode the photocathode 
�� light input: ~30p.e.light input: ~30p.e.

(timing resolution: 0.06ns@30p.e.)(timing resolution: 0.06ns@30p.e.)

Timing uniformityTiming uniformity

~0.1ns~0.1ns

r=0r=0
Light sourceLight source

rr

HPDHPD
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�� 33．．Current status & Future Plans of R&DCurrent status & Future Plans of R&D



2727

Current statusCurrent status

OK!!OK!!0.7ns@1p.e0.7ns@1p.e..Timing resolutionTiming resolution
(~1ns)(~1ns)

upgrade preAMPupgrade preAMP
(detector limit (detector limit 
>1000p.e.)>1000p.e.)

limited by the limited by the 
preAMP preAMP (~150p.e.)(~150p.e.)

Dynamic rangeDynamic range
(~300p.e.)(~300p.e.)

OK!!OK!!S/N~10@1p.e.S/N~10@1p.e.1.p.e. sensitivity1.p.e. sensitivity

OK!!OK!!13inch, 13inch, 
good uniformitygood uniformity

Large sensitive Large sensitive 
areaarea

OK!!OK!!units:1/10 of PMTunits:1/10 of PMTSimple structureSimple structure

TaskTaskCurrentCurrentRequirementsRequirements
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Future R&D PlansFuture R&D Plans

�� preAMPpreAMP ((dynamic rangedynamic range))

ÆÆ confirm our HPD meets all the requirementsconfirm our HPD meets all the requirements

�� New type ADNew type AD (back illuminate)(back illuminate)

ÆÆ small detector capacitance small detector capacitance ÆÆ better S/Nbetter S/N

�� Tube structureTube structure ((Max HV: 12kV Max HV: 12kV ÆÆ 20kV)20kV)

ÆÆ wide effective area & gain increasewide effective area & gain increase

�� Readout systemReadout system (ASIC/FPGA implementation)(ASIC/FPGA implementation)

ÆÆ quality control on mass productionquality control on mass production

preAMP

(ASIC)

sampling, A/D

(AMC+FADC)

DSP

(FPGA)HPD
pulse height

timing
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�� 4. Summary4. Summary
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SummarySummary

�� We develop a 13inch prototype HPD to be We develop a 13inch prototype HPD to be 
meant for the next generation WCD.meant for the next generation WCD.

�� We study basic responses of the 13inch HPD:We study basic responses of the 13inch HPD:
Timing resolution(~1ns), single photon sensitivity,Timing resolution(~1ns), single photon sensitivity,……

�� Our study shows the HPD is in good shape as a Our study shows the HPD is in good shape as a 
photo sensor for the next generation WCD.photo sensor for the next generation WCD.
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�� backupbackup
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Gain loss at readoutGain loss at readout

AMP~70pF

Cd~25pF

140pF

140pF

(HV decouple)

60%

detector 
signal

Gain=30,000 

(at readout)

Gain=50,000 

(detector itself)

�� Gain loss @ readoutGain loss @ readout

We can ease this gain loss by the 
combination following:

� smaller AD capacitance 

� larger preAMP input capacitance

� larger HV-decouple capacitance

40%
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DSPDSP

““matched optimal filtermatched optimal filter””
We can design the filter to We can design the filter to 

maximize S/N, for any given maximize S/N, for any given 
ff--domain distribution of domain distribution of 
signal & noise.signal & noise.

f [Hz]

signal

noise

A kind of low-pass filter,

but in a more fashioned way

suppress

enhance
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アンプのリニアリティアンプのリニアリティ

�� 2pF2pFキャパシタをはさんキャパシタをはさん

でステップテストパルスでステップテストパルス
（立ち上がり（立ち上がり~5ns~5ns）を入）を入

力した。力した。

�� 出力側で、出力側で、350mV350mVまでまで
線形。およそ線形。およそ100p.e.100p.e.にに
相当。相当。

AMP Linearity

y = 2.6591x + 2.6044

R2 = 0.9995

0

50

100

150

200

250

300

350

400

450

0 50 100 150 200

入力ステップ高 (mV)

出
力

パ
ル

ス
高

　
(m

V
)
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時間分解能時間分解能

pedestal

1st peak

2nd peak

3rd peak

1.p.e.で時間分解能は~0.7ns。

大きい信号ほど時間分解能は良くなる。



3838

Multi photonMulti photon
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