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Photodetectors	
  by	
  Hamamatsu,	
  related	
  with	
  Kamiokande	
  series	


l  Neutrino	
  oscillaCon	
  
¡  Atmospheric,	
  solar,	
  accelerator	
  ν	
  

l  Nucleon	
  decay	
  
l  Astronomy,	
  Neutrino	
  geophysics,	
  Dark	
  maRer	
  

Multi-purpose detector, Hyper-K
• Total (fiducial) volume is 1 (0.56) million ton
– 25 × Super-K

• Explore full picture of neutrino oscillation 
parameters.
– Discovery of leptonic CP violation (Dirac δ)
– ν mass hierarchy determination(Δm2

32>0 or <0) 

– θ23 octant determination (θ23<π/4 or >π/4)

• Extend nucleon decay search sensitivity
– τproton=1034~1035 years

• Neutrinos from astrophysical objects
– 200 ν’s / day from Sun
• possible time variation, ~3σ day/night asym.

– 250,000 (50) ν’s from Supernova @Galactic-
center (Andromeda)

– ~300 ν’s / 10 years (>20MeV) SN relic ν
– WIMP ν, solar flare ν, etc

Letter of Intent, Hyper-K WG, 
arXiv:1109.3262 [hep-ex]
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/	
  3	
  kton	
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11k	
  PDs	
  
/	
  50	
  kton	
  water	


99k	
  PDs	
  
/	
  1	
  Mton	
  water	


240	
  PDs	
  
/	
  200ton	
  	


by	
  Hamamatsu	
  R1449	
 by	
  Hamamatsu	
  R3600	


Hamamatsu	
  R3600HQE,	
  	
  
HPD	
  (R12112,	
  R12850HQE),	
  	
  
Box&Line	
  PMT	
  (R12860HQE)	


Hamamatsu	
  ?	


(1996-­‐	
  )	
(1983-­‐1996)	
 (2025?-­‐	
  )	


Developing	
  and	
  tes/ng	
  
	
  new	
  photodetectors	
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1st	
  20”	
  PMT	
  becomes	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  IEEE	
  milestone	


Hamamatsu	
  	
  
R7250	
  
(17”	
  Box&Line	
  PMT)	


1987	
  Supernova	
  observaCon	
 1998	
  Discovery	
  of	
  ν	
  osc.	
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l  New	
  50	
  cm	
  Φ	
  photodetectors	
  developed	
  for	
  HK.	
  

VeneCan	
  
blind	
  dynode	


Model	
 R3600	
  (Used	
  for	
  2-­‐30	
  yrs)	
 R12860	
 R12850	

AmplificaCon	
 VeneCan	
  blind	
  dynode	
 Box	
  and	
  line	
  dynode	
 20mmΦ	
  Avalanche	
  diode	

Q.E.	
 ~22%	
 ~30%	
 ~30%	


C.E.	
  Φ46	
  (Φ50)	
 67%	
  (61%)	
 95%	
  (85%)†	
 93%	
  (76%)	
  w/	
  5ch	
  AD†	


T.T.S.	
  (FWHM)	
 5.5	
  ns	
 2.7	
  ns	
 0.75ns	
  (w/o	
  Preamp.)	

Bias	
  voltage	
 2	
  kV	
  bias	
 2	
  kV	
  bias	
 8	
  kV	
  bias	
  +	
  AD	
  bias	
  (<1kV)	

Proof	
  test	
 1.8	
  yrs	
  for	
  HQE	
 0.8	
  yrs	
  now	
  from	
  Sep.2014	
 >	
  0.5	
  yrs	
  expected	


Mounted	
  in	
  
Super-­‐K	


Avalanche	
  
diode	


50
.8
	
  c
m
	
  φ

	


New	


High	
  QE!	

Box	
  and	
  

line	
  dynode	


New	


High	
  QE!	

†	
  s4ll	
  in	
  R&D	


By	
  Hamamatsu	
  Photonics	
  K.K.	


C.E.	
  =	
  CollecCon	
  efficiency	
  of	
  1	
  photoelectron,	
  T.T.S.	
  =	
  Transit	
  Time	
  Spread,	
  by	
  calculaCon	
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l  Photoelectron	
  might	
  miss	
  1st	
  
dynode	
  →	
  less	
  collecCon	
  eff.	
  

l  Ambiguity	
  of	
  drir	
  path	
  
resulted	
  in	
  losing	
  uniform	
  
charge	
  and	
  Cme	
  response.	
  	
  

(Super-­‐K)	
 (KamLAND	
  43cm	
  Φ,	
  etc.)	
 (Not	
  yet	
  used	
  with	
  large	
  aperture)	


+2kV,	
  107gain	
 +2kV,	
  107gain	
 +8kV,	
  105-­‐6gain	


AD	
  	

×1600	


×100	

+	
  preamp	


302 A . Suzuk i e t a l . / I mprouemen t o f 20 i n PMTs

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

F i g . 6 . E l ec t ron t r a j ec t or i es s i mu l a t ed f or t he pr esen t 20 i n . PMT dynode .

F i g . 7 . S i mu l a t ed s i ng l e - pho t oe l ec t ron t r ans i t t i me d i s t r i bu t i ons f or t he pr esen t 20 i n . PMT(A) and t he proposed dynode s t ruc t ur es
(B - I ) . One d i v i s i on i n t he f i gur e cor r esponds t o 5 ns .

A

v

' B

I I I ' ~ -

D ' E

,
G

1_ I l
I

H

VeneCan	
  blind	


Box	
  &	
  Line	


	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	


New	
 New	


Reliability	
 Low	
  cost,	
  
High	
  performance	


No	
  experience	
  using	
  in	
  water	
  for	
  a	
  long	
  Cme	
  
→	
  Proof	
  test	
  planned	
  in	
  Kamioka	


High	
  collecCon	
  efficiency	

Uniform	
  drir	
  path	
  
→	
  High	
  charge&Cme	
  resoluCon	


Uniformity	
  improved	
  to	
  achieve	
  large	
  aperture	


Symmetric	
  and	
  
	
  fast	
  response,	
  	
  
high	
  S/N,	
  low	
  cost	


All	
  is	
  possible	
  for	
  high	
  QE	
  opCon,	
  22%→30%	
50cmΦ	
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Time (ns)
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1
20-inch high-QE HPD (5mm dia. AD) w/ preamp.

20-inch high-QE box&line PMT

20-inch normal-QE Super-K PMT

Photoelectron
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1.2

1.4
20-inch high-QE HPD(5mm dia. AD) w/ preamp.

20-inch high-QE box&line PMT

20-inch normal-QE Super-K PMT

Photoelectron	
 Time	
  [ns]	


HPD	


Box&Line	
  PMT	

Super-­‐K	
  PMT	
  

HPD	


Box&Line	
  PMT	

Super-­‐K	
  PMT	
  

1	
  photo-­‐electron	
  
↓	


Pedestal	
  →	


Single	
  p.e.	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  resolu4on	


	
  Charge	
  
	
  σ	
  /	
  peak	


Time	

σ	
  (leA)	
 FWHM	


Super-­‐K	
  PMT	
 53%	
 2.1	
  ns	
 7.3	
  ns	


Box&Line	
  PMT	
 35%	
 1.1	
  ns	
 4.1	
  ns	


HPD	
  (w/5mmΦ	
  AD†)	
 16%	
 1.4	
  ns	
 3.4	
  ns	

(20cmΦ	
  HPD)	
 (12%)	
 (1.1	
  ns)	
 (3.3	
  ns)	


Limited	
  by	
  preamplifier	
  	
  
(intrinsic	
  resoluCon	
  is	
  	
  
beRer,	
  less	
  than	
  1ns)	
  

†	
  20mmΦ	
  Avalanche	
  Diode	
  	
  
	
  	
  in	
  final	
  design	
  	
  
	
  	
  	
  	
  with	
  full	
  efficiency	


Single	
  p.e.	
  charge	
  and	
  Cme	
  resoluCons	
  are	
  beRer	
  for	
  both	
  new	
  photodetectors.	


Evaluated	
  three	
  50	
  cm	
  photodetectors	
(Presented	
  in	
  NNN14)	




l  Super-­‐K	
  PMT	
  (R3600	
  Hamamatsu)	
  
l  High-­‐QE	
  Super-­‐K	
  PMT	
  (R3600HQE)	
  	
  

¡  For	
  first	
  trial	
  of	
  high-­‐QE	
  applicaCon	
  on	
  50	
  cm	
  Φ	
  diameter.	
  
▶  5	
  of	
  8	
  are	
  being	
  tested	
  in	
  water.	
  

l  High-­‐QE	
  Box&Line	
  PMT	
  (R12860HQE)	
  
¡  IniCal	
  prototype	
  (3	
  are	
  tested	
  in	
  water,	
  ~20	
  kHz)	
  
¡  Low	
  noise	
  ver.	
  (Dark	
  rate	
  and	
  arer	
  pulse	
  were	
  reduced,	
  6	
  samples	
  were	
  

measured.)	
  
¡  Improved	
  ver.	
  with	
  high	
  pressure	
  and	
  geomagneCsm	
  resistance,	
  coming	
  soon.	
  

l  HPD	
  (20	
  cm	
  R12112	
  and	
  50	
  cm	
  R12850)	
  
¡  20	
  cm	
  HPD	
  (8+2	
  of	
  R12112	
  are	
  tested	
  in	
  water,	
  and	
  two	
  R12112HQE	
  at	
  Kamioka)	
  
¡  50	
  cm	
  HPD	
  with	
  5	
  mmΦ	
  avalanche	
  diode	
  	
  
¡  50	
  cm	
  HPD	
  with	
  20	
  mmΦ	
  avalanche	
  diode	
  (1,2,5ch)	
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Many	
  at	
  Kamioka!	


A	
  few	
  samples	
  for	
  preamplifier	
  R&D	




l  Design	
  and	
  calculaCon	
  
¡  Electron	
  track,	
  waterproof,	
  simulaCon	
  in	
  full	
  acceptance	
  

l  Measurement	
  and	
  setup	
  
¡  Efficiency	
  (CE,	
  QE,	
  hit	
  inefficiency,	
  window	
  transparency)	
  
¡  DetecCon	
  performance	
  (Gain,	
  charge	
  and	
  Cme,	
  	
  

dynamic	
  range	
  of	
  voltage	
  and	
  frequency)	
  
¡  Environmental	
  dependence	
  (HV,	
  magneCc	
  field,	
  temperature,	
  in	
  water)	
  
¡  Background	
  (dark	
  rate,	
  flasher,	
  radio	
  isotope,	
  arer	
  pulse)	
  

l  Electronics	
  and	
  accessories	
  
¡  Bleeder	
  circuit	
  /	
  preamplifier	
  
¡  HV	
  power	
  supply,	
  cable	
  and	
  connector	
  
¡  Cover,	
  supporter	
  band,	
  reflecCon	
  sheet,	
  light	
  collector	
  

l  Mechanical	
  strength	
  
¡  Pressure	
  resistance	
  of	
  glass	
  bulb	
  
¡  ProtecCve	
  cover	
  and	
  implosion	
  test	
  

l  ImplementaCon	
  of	
  performance	
  in	
  sorware	
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By	
  Hamamatsu	
  	
  
	
  with	
  discussion	


By	
  ICRR,	
  
	
  Japan,	
  ..	


By	
  ICRR,	
  Japan,	
  	
  
but	
  would	
  appreciate	
  
	
  any	
  help.	


Many	
  R&Ds	
  	
  
	
  	
  	
  	
  	
  	
  are	
  sCll	
  ongoing.	




l  SCll	
  preparing	
  several	
  setups:	
  large	
  high	
  pressure	
  vessel	
  for	
  PD	
  cover,	
  automated	
  
uniformity	
  scanner	
  (to	
  check	
  design	
  and	
  producCon	
  quality,	
  with	
  mulC-­‐ch	
  LED	
  
pulser),	
  PD	
  holder,	
  setup	
  for	
  reflecCon	
  sheet/right	
  collecCon	
  study,	
  …	
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Dark	
  box	
  for	
  20”	


Dark	
  box	
  for	
  two	
  20”	


Dark	
  bo
x	
  

	
  for	
  20”
	


Performance	
  evalua4on	
  (Kamioka)	


Proof	
  test	
  (Kamioka)	
 Dark	
  water	
  box	
  (ICRR,	
  Kashiwa)	

50cm	
  HPD	
  in	
  water	


Thermal	
  control	
  room	
  (ICRR,	
  Kashiwa)	

Over	
  tens	
  50cm	
  photodetectors	
  can	
  be	
  
	
  measured	
  at	
  SK/HK	
  water	
  temp	
  (13-­‐14℃)	


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

2015/1/29 12

  
  
  

Incident Point

Measured by Changhao Zhao, Nakayama-san

3D coil

Photon
Incident 
point 

3-­‐D	
  Helmholtz	
  coil	
  (Kamioka)	


EGADS	
  water	
  Cherenkov	
  detector	


VME	
  ADC(CAEN	
  V265,	
  Lecroy	
  1182),	
  TDC	
  (CAEN	
  V1290	
  
mulC-­‐hit),	
  Scaler	
  (REPIC),	
  HV	
  (iseg),	
  FADC	
  (AVM16	
  
WIENER,	
  DRS4	
  at	
  PSI	
  up	
  to	
  5GHz	
  sampling),	
  TKO	
  ATM	
  
and	
  QBEE	
  (SK	
  electronics)	
  

HQE	
  Box&Line	
  PMT	


High	
  pressure	
  water	
  
	
  vessel	
  (Kamioka)	


For	
  response	
  	
  
uniformity	
  	
  
measurement	


50	
  cm	
  PD	
  in	
  	
  

high	
  press
ure	
  water	


refrigerator	


In	
  200t	
  Gd	
  water	




l  Further	
  improvement	
  on	
  HQE	
  Box&Line	
  PMT	
  recently	
  
¡  low	
  dark	
  rate	
  (20→10	
  kHz)	
  and	
  arer	
  pulse	
  (0.3	
  →	
  0.05	
  for	
  1	
  primary	
  pulse)	
  	
  
¡ and	
  next	
  with	
  reinforced	
  bulb	
  shape	
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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 PMT(bleeder A) 

B&L PMT(bleeder B) 

B&L PMTs serial 
Gain curve 

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

Peak�

Valley�

1)p.e)resolu0on�

Charge�

1p.e. distribution 
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R3600 

B&L PMT 

R3600 

B&L PMT 

1p.e. resolution  
σ/peak 

Peak/
Valley 

Timing Resolution 
σ FWHM 

R3600 53% 2.2 2.1 ns 7.3 ns 
B&L PMT 35% 4.3 1.1 ns 4.1 ns 

Based on the R3600 setting at Super-Kamiokande, HV of each PMT is set to the 
value whose 1 p.e. gain is 2.2 pC. 

50cm Box & Line PMT (Hamamatsu R12860)  ŎťŠŏŞŲŶŏŨűŪŏŢŭűūŏŤţŧ�
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Next generation water Cherenkov detector 
!  Volume : 0.99Mt (Super-K × 25 in fiducial volume) 
!  Inner detector photo sensors : 99,000(Super-K:11,129) 
!  Outer detector photo sensors : 25,000(Super-K:1,885) 
!  Photo coverage : 20%(Super-K:40%) 

50 cm photomultiplier tube with box-and-line dynode

• Good photon collection by box shape 1st dynode
• Fast time response by line shape dynode
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Super-K PMT(QE~22%) Box&Line PMT(QE~30%)  
R3600 R12860 

•  Better timing resolution 
•  Better photoelectron resolution 

•  High rate tolerance 
•  Quick gain recovery 

•  Low noise 
•  High magnetic field tolerance 

Required performance of photo sensors (Box&Line PMT). Need to check the performance  

etc… 

43cm (17-inch) Box&Line PMT is currently used for KamLand experiment. 
!  The new Box&Line PMT for Hyper-Kamiokande was developed 

to reach 50cm φ effective area and high quantum efficiency. 

Recovery
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• For that events might happen quickly but not 
keeping so long time such as stopping cosmic 
muon decay, the performance of recovery is 
more important

• We used two continuous pulse to measure the 
gain recovery. 

• Observed change of delay pulse charge
= (Delay w/ primary) / (Only delay pulse)

Delay

Primary

Two LDs (140p.e for each)

w/ varied delay

Measured by Akutsu-san

No significant change was observed so far, within 0.5%,

which is the same level as measurement error

Gain recovery A quick gain recovery is important to 
identify a delayed event in Hyper-K, 
such as decay electron from µ. 

There were no significant changes observed, and gain is 
stable within 0.5% (The gain is statistical fluctuation).  
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• For that events might happen quickly but not 
keeping so long time such as stopping cosmic 
muon decay, the performance of recovery is 
more important

• We used two continuous pulse to measure the 
gain recovery. 

• Observed change of delay pulse charge
= (Delay w/ primary) / (Only delay pulse)

Delay

Primary

Two LDs (140p.e for each)

w/ varied delay

Measured by Akutsu-san

No significant change was observed so far, within 0.5%,

which is the same level as measurement error

Rate tolerance is necessary for Supernova measurement and so on.  
!  Supernova of Betelgeuse will bring 10 MHz neutrino interaction at maximum 

Gain kept stable, up to 170 µA. 
For 1 p.e. signal, the rate can be up to 80 MHz by corresponding above current. (50p.e. can be up to 1.6MHz) 

•  Most of supernova neutrinos less than 10MHz at maximum bring low energy neutrinos, that is 1 p.e. level for PMT hits.  
! Enough tolerance to measure supernova with constant gain. 
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Difference of signal detection timing Difference of relative Collection Efficiency 

!  Measurement direction are dynode symmetry direction (X-axis) 
and asymmetry direction (Y-axis). 

!  Measurement point is 0, 25, 50, 75 degree. 
!  Threshold is 0.25p.e. of 0 mG and 0 degree. 

Position dependence 

Hyper-Kamiokande project 
! One candidate of photo-sensor is 50cm Box&Line PMT 

Detailed performance evaluation of New 50 cm Photodetectors for Hyper-Kamiokande  

Search for Neutrino oscillations, mass hierarchy, nucleon decay, super-nova relic neutrinos. 
Kajita-san & Arthur B. McDonald got 2015 Novel prize! 

Reference – arXiv :1109.3262v1: Letter of Intent : The Hyper-Kamiokande Experiment Detector Design and Physics Potential  
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Rate tolerance 

R3600(Super-K PMT) 
(Normal photocathode) 

Box&Line PMT 
(High QE photocathode) 

Quantum efficiency ~22% ~30% 
Collection efficiency  67% (61%) 95% (85%) 

Sensor Efficiency (QE × CE) ~15%(~13%) ~29% (~26%) 

The linearity is kept up to 340 p.e. within gain drop less 
than 5%.  
The signal of large number of photoelectron ( > 340 p.e.) is 
revised by the result. 

: φ 460 mm (φ 498 mm) 

Dark noise affects an accuracy of event 
reconstruction. 

Dark rate was reduced about 10 kHz  
!  By successful improvement of photocathode, after pulse reduction and so on. 
!  Comparable level as R3600 considering high QE and CE. 

This measurement is quickly and room temperature 
(27℃), therefore dark rate expected to be lowered by low 
temperature and stabilization. 

Box&Line PMT has high collection 
efficiency and quantum efficiency. 

Type PMT serial After pulse 
Old ZB8210 0.32±0.03 
New EA0037 0.23±0.04 
New EA0045 0.04±0.02 
New EA0046 0.02±0.01 
New EA0047 0±0.02 
New EA0052 -0.02±0.02 
New EA0053 0.07±0.04 

After pulses are coincident signal events 
associated with decay electrons via muon decay.  

An “After pulse” occasionally 
accompanies a primary pulse signal.  

•  The previous Box&Line PMT (ZB8210) had 
showed a large rate of after pulses, about 30% 
compared with a primary pulse.  
! Recent improvement by Hamamatsu gave 

half reduction of the after pulse. 
•  EA0037 got still high rate, but it is probably 

due to the initial production stage.  

Performance 

Y.Nishimura, R.Akutsu, Y.Suda, M.Nakahata, M.Shiozawa, Y.Hayato, S.Nakayama, H.Tanaka, M.Yokoyama, A.Taketa (The University of  Tokyo), Y.Koshio (Okayama University), 
Y.Okajima (Tokyo Institute of Technology), M.Jiang, S.Hirota, T.Nakaya  (Kyoto University), Y.Kawai, T.Ohmura, M.Suzuki (Hamamatsu Photonics K.K.) Daisuke Fukuda (Okayama university) 

!  Timing difference was small compared to the timing resolution value. (similar to design) 
!  Collection efficiency result is similar to that of the original design, however, the 

aforementioned deficit appears only along one direction, in this case; thus, it is possible to be 
reduced by considering the mounting direction at Hyper-K.  

•  We have developed the Box&Line PMT for Hyper-K. 
•  The detailed performance evaluation of Box&Line PMT was done.  
•  As a result, it was shown that Box&Line PMT has better performance than current 

Super-K PMT and confirmed to be high performance and sufficient for Hyper-K. 

Box&Line PMT has been sharp pulse 
shape than R3600 

δ = a × EN 

Hyper-K uses coils to reduce geomagnetic field, with 
the residual magnetic field for the Hyper-K residual at 
most a 100 mG level. 

50cm Box&Line PMT (R12860) is ready for use in the Hyper-K. 

Rate tolerance limit is decided 
the coupling condenser in the 
bleeder circuit. 

Requirement for Hyper-K : Stable gain from 
1 p.e. level to several hundreds p.e. level. 

up to 1 

Summary 

Linearity 

Dark rate by threshold scan 

After pulse 

Dark rate vs time run  

The performance is evaluated by comparing 
“delayed signal with primary” and “delayed 
signal without primary”. 

with varied delay 
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•
Observed change of delay pulse charge
= (Delay w
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ary) / (Only delay pulse)

Delay
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easured by Akutsu-san

No significant change w
as observed so far, w
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,
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e level as m
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ent error

Two LDs (140p.e. for each) 

!  Nominal gain (2.2 pC/p.e.). 
!  0.25p.e. is about 1mV. 
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All figure are new Box&Line PMTs 
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•  Other Improved PMTs showed largely reduced 
after pulse rate comparable with Super-K PMT. 

Improvement of noise 

Magnetic field tolerance 

Old type Box&Line PMT(ZB****) was high dark rete ( > 20kHz) and large after pulse.  
!  Low noise type Box&Line PMT(EA****) was developed. 

!  Light power is 1 p.e. 
!   HV is 2000V 

R3600 (SK-PMT) 
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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
• Fast time response by line shape dynode
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Super-K PMT(QE~22%) Box&Line PMT(QE~30%)  
R3600 R12860 

•  Better timing resolution 
•  Better photoelectron resolution 

•  High rate tolerance 
•  Quick gain recovery 

•  Low noise 
•  High magnetic field tolerance 

Required performance of photo sensors (Box&Line PMT). Need to check the performance  

etc… 

43cm (17-inch) Box&Line PMT is currently used for KamLand experiment. 
!  The new Box&Line PMT for Hyper-Kamiokande was developed 

to reach 50cm φ effective area and high quantum efficiency. 

Recovery
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• For that events might happen quickly but not 
keeping so long time such as stopping cosmic 
muon decay, the performance of recovery is 
more important

• We used two continuous pulse to measure the 
gain recovery. 

• Observed change of delay pulse charge
= (Delay w/ primary) / (Only delay pulse)

Delay

Primary

Two LDs (140p.e for each)

w/ varied delay

Measured by Akutsu-san

No significant change was observed so far, within 0.5%,

which is the same level as measurement error

Gain recovery A quick gain recovery is important to 
identify a delayed event in Hyper-K, 
such as decay electron from µ. 

There were no significant changes observed, and gain is 
stable within 0.5% (The gain is statistical fluctuation).  
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• For that events might happen quickly but not 
keeping so long time such as stopping cosmic 
muon decay, the performance of recovery is 
more important

• We used two continuous pulse to measure the 
gain recovery. 

• Observed change of delay pulse charge
= (Delay w/ primary) / (Only delay pulse)

Delay

Primary

Two LDs (140p.e for each)

w/ varied delay

Measured by Akutsu-san

No significant change was observed so far, within 0.5%,

which is the same level as measurement error

Rate tolerance is necessary for Supernova measurement and so on.  
!  Supernova of Betelgeuse will bring 10 MHz neutrino interaction at maximum 

Gain kept stable, up to 170 µA. 
For 1 p.e. signal, the rate can be up to 80 MHz by corresponding above current. (50p.e. can be up to 1.6MHz) 

•  Most of supernova neutrinos less than 10MHz at maximum bring low energy neutrinos, that is 1 p.e. level for PMT hits.  
! Enough tolerance to measure supernova with constant gain. 

Aµ
0 100 200 300 400 500 600 700 800

At
te

nu
at

io
n 

R
at

e

0.2
0.3

0.4

0.5

0.6
0.7

0.8

0.9
1

25 p.e.
50 p.e.
100 p.e.

Rate tolerance (pulse frequency) Rate tolerance (charge current) 

Gain recovery 

Wavelength (nm)
300 350 400 450 500 550 600 650 700

Q
ua

nt
um

 e
ffi

ci
en

cy
 (%

)

0

5

10

15

20

25

30

35

40
High-QE Box&Line PMT

High-QE Super-K PMT

Normal-QE Super-K PMT

Quantum Efficiency vs. Wavelength

75�

50�

25 
0�

-25 

-50 
-75 

Y�

X� Z�

Y�

��
��-X�
+X�

75°�

-75°�

-75°�

75°� 0°�

measurement 
point�

 Angle(deg.) 
-80 -60 -40 -20 0 20 40 60 80

 R
el

at
iv

eC
E 

0.3
0.4
0.5
0.6
0.7
0.8
0.9

1
1.1

Magnetic field is X-axis direction
0mG
+100mG
-100mG

Scan for the X direction

 Angle(deg.) 
-80 -60 -40 -20 0 20 40 60 80

 R
el

at
iv

eC
E 

0.3
0.4
0.5
0.6
0.7
0.8
0.9

1
1.1

Magnetic field is X-axis direction
0mG
+100mG
-100mG

Scan for the Y direction

 Angle(deg.) 
-80 -60 -40 -20 0 20 40 60 80

 R
el

at
iv

eC
E 

0.3
0.4
0.5
0.6
0.7
0.8
0.9

1
1.1

Magnetic field is Y-axis direction
0mG
+100mG
-100mG

Scan for the X direction

 Angle(deg.) 
-80 -60 -40 -20 0 20 40 60 80

 R
el

at
iv

eC
E 

0.3
0.4
0.5
0.6
0.7
0.8
0.9

1
1.1

Magnetic field is Y-axis direction
0mG
+100mG
-100mG

Scan for the Y direction

 Angle(deg.) 
-80 -60 -40 -20 0 20 40 60 80

 R
el

at
iv

eC
E 

0.3
0.4
0.5
0.6
0.7
0.8
0.9

1
1.1

Magnetic field is X-axis direction
0mG
+100mG
-100mG

Scan for the X direction

 Angle(deg.) 
-80 -60 -40 -20 0 20 40 60 80

 R
el

at
iv

eC
E 

0.3
0.4
0.5
0.6
0.7
0.8
0.9

1
1.1

Magnetic field is X-axis direction
0mG
+100mG
-100mG

Scan for the Y direction

 Angle(deg.) 
-80 -60 -40 -20 0 20 40 60 80

 R
el

at
iv

eC
E 

0.3
0.4
0.5
0.6
0.7
0.8
0.9

1
1.1

Magnetic field is Y-axis direction
0mG
+100mG
-100mG

Scan for the X direction

 Angle(deg.) 
-80 -60 -40 -20 0 20 40 60 80

 R
el

at
iv

eC
E 

0.3
0.4
0.5
0.6
0.7
0.8
0.9

1
1.1

Magnetic field is Y-axis direction
0mG
+100mG
-100mG

Scan for the Y direction

 Angle(deg.) 
-80 -60 -40 -20 0 20 40 60 80

 T
(n

s)
 

-4

-3

-2

-1

0

1

Magnetic field is X-axis direction
0mG
+100mG
-100mG

Scan for the X direction

 Angle(deg.) 
-80 -60 -40 -20 0 20 40 60 80

 T
(n

s)
 

-4

-3

-2

-1

0

1

Magnetic field is X-axis direction
0mG
+100mG
-100mG

Scan for the Y direction

 Angle(deg.) 
-80 -60 -40 -20 0 20 40 60 80

 T
(n

s)
 

-4

-3

-2

-1

0

1

Magnetic field is Y-axis direction
0mG
+100mG
-100mG

Scan for the X direction

 Angle(deg.) 
-80 -60 -40 -20 0 20 40 60 80

 T
(n

s)
 

-4

-3

-2

-1

0

1

Magnetic field is Y-axis direction
0mG
+100mG
-100mG

Scan for the Y direction

 Angle(deg.) 
-80 -60 -40 -20 0 20 40 60 80

 T
(n

s)
 

-4

-3

-2

-1

0

1

Magnetic field is X-axis direction
0mG
+100mG
-100mG

Scan for the X direction

 Angle(deg.) 
-80 -60 -40 -20 0 20 40 60 80

 T
(n

s)
 

-4

-3

-2

-1

0

1

Magnetic field is X-axis direction
0mG
+100mG
-100mG

Scan for the Y direction

 Angle(deg.) 
-80 -60 -40 -20 0 20 40 60 80

 T
(n

s)
 

-4

-3

-2

-1

0

1

Magnetic field is Y-axis direction
0mG
+100mG
-100mG

Scan for the X direction

 Angle(deg.) 
-80 -60 -40 -20 0 20 40 60 80

 T
(n

s)
 

-4

-3

-2

-1

0

1

Magnetic field is Y-axis direction
0mG
+100mG
-100mG

Scan for the Y direction

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 
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!  Nominal gain (2.2 pC/p.e.). 
!  0.25p.e. is about 1mV. 

continuously decreasing 

All figure are new Box&Line PMTs 
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•  Other Improved PMTs showed largely reduced 
after pulse rate comparable with Super-K PMT. 

Improvement of noise 

Magnetic field tolerance 

Old type Box&Line PMT(ZB****) was high dark rete ( > 20kHz) and large after pulse.  
!  Low noise type Box&Line PMT(EA****) was developed. 

!  Light power is 1 p.e. 
!   HV is 2000V 

R3600 (SK-PMT) 

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

4. Temperature dependence of dark rate

The dark rate of the B&L PMT is currently around ten kilo hertz. Figure 11 illustrates 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.

Figure 11: Temperature dependency of dark rate, 1705 V date is detail measurement tp continuously varied
the temperature, which is typical HV gain.

5. Afterpulse

An "afterpulse" occasionally accompanies a primary pulse signal [2]. When the primary pulse
is amplified in the dynode, residual gases are ionized via interactions with electrons. Subsequently,
the residual gas ions backtrack and ultimately emit electrons on the photocathode. These after-
pulses are usually generated within approximately 50 µs after a primary pulse generation. They
can be a result of the Hyper-K’s inherent physics, which are coincident signal events associated
with decay electrons via muon decay. Virtually all PMTs face difficulties associated with the af-
terpulse events. However, afterpulses with B&L dynodes can be particularly serious because of
their large first dynode structures; thus, improvement in this regard was achieved by optimizing the
dynode structure itself, as well as enhancing the manufacturing process, dividing voltage rates, and
so on. Afterpulse measurements were accordingly performed to confirm such sought-after reduced
levels.

5.1 Results

Figure 12 shows the result of the expected ratio of the afterpulse per 500 ns to the primary
pulse, as a function of timing. Moreover, Table 1 shows the summary of afterpulse ratios for
several B&L PMT models. The original (“old”) B&L PMT has a large afterpulse rate, which is
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Dark	
  rate	
  as	
  a	
  funcCon	
  of	
  temperature	


3	
  Box&Line	
  
	
  PMTs	


HQE	
  Box&Line	
  PMT	
  
HQE	
  Super-­‐K	
  PMT	
  

Super-­‐K	
  PMT	
  
20cm	
  HPD	


Time	
  resoluCon	
  at	
  1	
  PE	
  in	
  200t	
  water	
  tank	


Details	
  will	
  be	
  	
  
reported	
  by	
  D.Fukuda	
  	
  
in	
  NNN15	
  poster	
  	
  
presentaCon.	


Using	
  the	
  faciliCes	




Preamp.	


HV	


27/Oct/2015� New  Large-Aperture  Photodetectors  by  Hamamatsu  (Y.Nishimura)� 10	


PHQ	
  for	
  R12860	
  (Box&Line	
  PMT)	

Signal	


Pin	
  and	
  socket	
  used	
  in	
  PMT	
  
(Provided	
  by	
  HPK)	


Power,	
  
control	


l  安価・高性能化の可能性を見極める１つとして、内蔵HV電源を試作	

¡  ANTARESやNEMOなどが採用したiseg	
  PHQ	
  series	
  
¡  ブリーダー回路の代わりに、防水部で直接PMTへ取り付け	


¡  低消費電力(<0.5W)、後段安定化回路	


l  HKでの候補ではないが、故障率や価格と有用性を見る	

¡  寿命・故障率が問題、修理不可	


¡  異常検知のモニタ(電流)などが難しい	


¡  HK水中エレキ用に多チャンネルHV電源を開発検討、事前の(水中使用)試験として	


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	


l  Box&Line	
  PMT用 PHQ12860を試験	

¡  1	
  p.e. は問題なく見えたが、ペデスタル 

分布がおかしく、ノイズ改善が必要	


¡  レート耐性、ダイナミックレンジ、応答性など 
使う見込みがあれば調査	


他社HV	
  

CAEN	
  HV	
  

初期案、大きさや設計は今後最適化	
  

iseg	
  

HPD	
  HV線	
  (SK	
  PMT	
  HV線より細い)	


平面固定 (非可逆接続も検討)	


HV線を試験	


素材選定	
  
純粋・Gd水でソーク試験へ、	
  
RIも後日試験	


50cm	
  HPD	


There	
  are	
  built-­‐in	
  HV	
  applicaCon	
  	
  
	
  	
  	
  	
  	
  	
  	
  for	
  PMT	
  in	
  other	
  experiments.	


AlternaCve	
  to	
  consider	
  	
  
	
  	
  	
  possibility	
  of	
  cost	
  saving	
  	
  
	
  	
  	
  	
  	
  	
  and	
  stabilizaCon	
  (if	
  possible)	


Size	
 within	
  8cm	
  diameter,	
  5-­‐6	
  cm	
  height	

HV	
  raCng	
 High	
  volt.	
  (HV)	
  0.25	
  –	
  10	
  kV	
  /	
  	
  

Low	
  volt.	
  (LV)	
  -­‐80	
  -­‐	
  -­‐500	
  V	


Polarity	
  of	
  output	
  HV	
 PosiCve	
  referred	
  to	
  GROUND	


Polarity	
  of	
  output	
  LV	
 NegaCve	
  to	
  the	
  output	
  HV	


Ripple	
 <	
  10	
  mV	
  pp	


Control	
  voltages	
 0	
  -­‐	
  5	
  V	


High	
  volt.	
  precision,	
  linearity	
 <	
  1%,	
  <	
  5	
  ppm/V	
  at	
  6	
  kV	


Voltage	
  stability	
 <	
  80	
  ppm/℃	


Individual	
  difference	
  of	
  I/O	
 1%	


Power	
  voltage	
 5	
  V	


Line	
  regulaCon	
 <	
  0.2%	
  at	
  20%	
  fluctuaCon	
  of	
  Vin	


Maximal	
  HV	
  current	
 25	
  uA	


Maximal	
  LV	
  current	
 1	
  uA	


Ramp	
  up	
  speed	
 3500	
  V/sec	

Power	
  consumpCon	
 <	
  1	
  W	


Control	
  signal	
 TTL,	
  >	
  4k	
  Ohm	


(+12V	
  power,	
  	
  
	
  up	
  to	
  2500V	
  out)	


Works	
  instead	
  of	
  	
  
	
  bleeder	
  circuit	
  	
  
	
  aRached	
  on	
  PMT	


Three	
  HVs	
  were	
  tested	
  with	
  20cm	
  HPD.	


Long	
  life	
  over	
  20	
  years	
  and	
  few	
  failure	
  rate	
  are	
  necessary(,	
  but	
  hard).	
  	
  
Dedicated	
  study	
  is	
  required	
  to	
  prove	
  it.	


2	
  Power	
  supply	
  lines	
  (10V)	
  
•  For	
  HV	
  unit	
  and	
  Pre-­‐amp.	
  	
  
4	
  HV	
  control	
  lines	
  (<1mA,	
  5V)	

•  HV	
  control	
  (0	
  -­‐	
  4V	
  out）	

•  AD	
  bias	
  control	
  (0	
  -­‐	
  4V	
  out）	

•  Latch	
  up	
  monitor	
  (+5V	
  in）	

•  Enable	
  switch	
  (+5V	
  out）	
  

10ch	
  x	
  6	
  LV	
  cables	


10V	

Signal	


30cm	


Preamp.	
  

Waterproofed	


Built-­‐in	
  HV	
  was	
  adopted	
  
	
  for	
  20cm	
  HPD	
  in	
  proof	
  test.	


20cm	
  HPD	


	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  In	
  proof	
  test,	
  one	
  HV	
  module	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  got	
  over	
  current,	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  thus	
  improved	
  version	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  was	
  developed.	
  
	
  
Best	
  product	
  will	
  be	
  selected	
  	
  
for	
  50	
  cm	
  HPD	
  in	
  next	
  proof	
  test.	
  	
  	


Proof	
  test	
  	
  
in	
  200t	
  tank	




Prototype	
  for	
  test	
  in	
  water	
  in	
  half	
  a	
  year.	
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l  安価・高性能化の可能性を見極める１つとして、内蔵HV電源を試作	

¡  ANTARESやNEMOなどが採用したiseg	
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  series	
  
¡  ブリーダー回路の代わりに、防水部で直接PMTへ取り付け	


¡  低消費電力(<0.5W)、後段安定化回路	


l  HKでの候補ではないが、故障率や価格と有用性を見る	
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¡  HK水中エレキ用に多チャンネルHV電源を開発検討、事前の(水中使用)試験として	


l  Spec.	
  +12V	
  power,	
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  2500V	
  out	
  
¡  0-­‐3V	
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¡  デジタルモニタ線、制御供給1線も可能	
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l  Box&Line	
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初期案、大きさや設計は今後最適化	
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  HV線	
  (SK	
  PMT	
  HV線より細い)	


平面固定 (非可逆接続も検討)	


HV線を試験	


素材選定	
  
純粋・Gd水でソーク試験へ、	
  
RIも後日試験	


Size	
 within	
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  diameter,	
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HV	
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 High	
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  (HV)	
  0.25	
  –	
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  kV	
  /	
  	
  

Low	
  volt.	
  (LV)	
  -­‐80	
  -­‐	
  -­‐500	
  V	


Polarity	
  of	
  output	
  HV	
 PosiCve	
  referred	
  to	
  GROUND	


Polarity	
  of	
  output	
  LV	
 NegaCve	
  to	
  the	
  output	
  HV	


Ripple	
 <	
  10	
  mV	
  pp	


Control	
  voltages	
 0	
  -­‐	
  5	
  V	


High	
  volt.	
  precision,	
  linearity	
 <	
  1%,	
  <	
  5	
  ppm/V	
  at	
  6	
  kV	


Voltage	
  stability	
 <	
  80	
  ppm/℃	


Individual	
  difference	
  of	
  I/O	
 1%	


Power	
  voltage	
 5	
  V	


Line	
  regulaCon	
 <	
  0.2%	
  at	
  20%	
  fluctuaCon	
  of	
  Vin	


Maximal	
  HV	
  current	
 25	
  uA	


Maximal	
  LV	
  current	
 1	
  uA	


Ramp	
  up	
  speed	
 3500	
  V/sec	

Power	
  consumpCon	
 <	
  1	
  W	


Control	
  signal	
 TTL,	
  >	
  4k	
  Ohm	


Size	
 within	
  40cm	
  x	
  25cm	
  x	
  5cm	
  height	

Number	
  of	
  output	
  channels	
 24	
  ch	
  +	
  Spare	
  (2-­‐3)	

HV	
  raCng	
 High	
  volt.	
  (HV)	
  0.25	
  –	
  10	
  kV	
  /	
  	
  

Low	
  volt.	
  (LV)	
  -­‐80	
  -­‐	
  -­‐1000	
  V	

Maximal	
  HV/LV	
  current	
 25/1	
  uA	

Polarity	
  of	
  output	
  HV	
 PosiCve	
  referred	
  to	
  GROUND	

Polarity	
  of	
  output	
  LV	
 NegaCve	
  to	
  the	
  output	
  HV,	
  refer	
  to	
  HV	

Power	
 12-­‐24V	
  DC	

Power	
  consumpCon	
 <	
  50	
  W	
  (&ProtecCon	
  for	
  power	
  cut)	

Exhaust	
  heat	
   Radiator	
  to	
  chassis	
  (No	
  heat	
  sink&Fan)	

Ripple	
 <	
  10	
  mV	
  pp	

High	
  volt.	
  precision,	
  linearity	
 <	
  1%,	
  <	
  5	
  ppm/V	
  at	
  6	
  kV	

Voltage	
  stability	
 <	
  80	
  ppm/℃	

Individual	
  difference	
  of	
  I/O	
 Within	
  1%	

Line	
  regulaCon	
 <	
  0.2%	
  at	
  20%	
  fluctuaCon	
  of	
  Vin	

Control	
 Not	
  decided	
  (Analog,	
  Ethernet,	
  ..)	

Type	
  of	
  control	
 Enable,	
  LV,	
  HV,	
  Max	
  current	
  for	
  each	

Type	
  of	
  monitor	
 Current,	
  HV,	
  LV,	
  temperature	

Spare	
 Remotely	
  replaced	
  with	
  dead	
  ch	

Ramp	
  up	
  speed	
 3500	
  V/sec	

RaCng	
  life	
 Over	
  15	
  years	


Requirements	
  of	
  mulC-­‐ch	
  HV	
  for	
  HPD	

External	
  HV	
  is	
  sCll	
  primary	
  opCon	
  for	
  both	
  HPD	
  and	
  PMT.	


Need	
  external	
  HV	
  R&D	
  including	
  cable	
  and	
  connector.	


24ch	
  +	
  spare	
  for	
  redundancy	
  for	
  ID	
  sensors	


Other(Designing(Work�

���

Cable(&(elec.(layout� CalibraGon(holes�
Gondola(and(access(to(
PMTs(for(maintenance�

Cranes� Plug(manhole�

Part	
  of	
  inner	
  tank	
  wall	
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FIG. 7. Schematic diagram of the front-end module.

There have also been several attempts to improve the photon collection e�ciency with special394

lens systems, wavelength shifters, or mirrors attached to the existing sensors. The e↵ect of such395

additional system to the detector performance, such as angular acceptance and timing resolution,396

needs to be carefully studied.397

D. Electronics and data acquisition system398

1. Baseline design399

In terms of the required specifications and the number of photosensors in one compartment, the400

current design of the Hyper-K detector is similar to that of the Super-K detector. Therefore, it is401

possible for us to design the data acquisition system using the same concept as SK-IV, reading out402

all the hit information from the photosensors, including the dark noise hits.403

However, because the egg-shape of Hyper-K detector makes the cable routing and mechanical404

support di�cult to design. We are now planning to place the front-end electronics module and the405

power supply for the photosensor in the detector water, close to the photosensor. The underwater406

front-end electronics will be enclosed in a pressure tolerant water-tight housing, which have been407

used in other experiments with several established techniques.408

The schematic diagram of the front-end module is shown in Fig. 7. There are four main409410

functional blocks in the front-end board. One module accepts signals from 24 photosensors.411

The signal digitization block accepts the signals from the photosensors and convert them to the412

HV	
  from	
  waterproof	
  electronics	
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Ａ線芯の識別
絶縁体色 中付シース色

Ａ１ 自然 黒

絶縁体色
Ｂ１ 黒
Ｂ２ 白
Ｂ３ 赤
Ｃ１ 自然
Ｃ２ 黒

Ｂ・Ｃ線芯の識別

ＵＬスタイル：

定格： Ｖ ℃

ＡＵＬスタイル（コア）:

Ｄ

Ｂ

Ｅ

Ｃ

-

-

特性ｲﾝﾋﾟｰﾀﾞﾝｽ Ω

電気特性

-

-

減衰量　dB/km - -

静電容量　　pF/ｍ

項目 材質 材料名 厚さ 外径 単位数 その他線種

Ａ 導体 スズメッキ軟銅線 19/0.18 0.90 1

Ａ 絶縁体 照射架橋ＰＥ 1.025 2.95 1色：自然色

Ａ 編組シールド スズメッキ軟銅線 0.30 3.55 1密度：90 %以上

Ａ テープ 紙 0.05 3.65 1

Ａ 中付シース ＰＥ 0.375 4.40 1色：黒

Ｂ 導体 スズメッキ軟銅線 7/0.18 0.54 3

Ｂ 絶縁体 ＰＥ 0.205 0.95 3識別：図参照

Ｂ 小より(3ｹ) 介在は入れない 2.00 1

Ｂ テープ ｱﾙﾐﾎﾟﾘｴｽﾃﾙ 0.05 2.10 1

Ｃ 導体 スズメッキ軟銅線 7/0.127 0.38 2

Ｃ 絶縁体 フッ素樹脂(FEP) 0.31 1.00 2識別：図参照

Ｃ テープ ｱﾙﾐﾎﾟﾘｴｽﾃﾙ 0.05 1.10 1

全 ドレンワイヤ スズメッキ軟銅線 19/0.18 0.90 1同時撚りする

全 撚り 介在Ｐ.Ｐ 6.50 1

全 テープ ポリエステル 0.05 6.60 1

全 シース ＰＥ 0.90 8.40 1色：黒
HPD	
  two	
  HV	
  lines	


HPD	
  cable	
  complex	
  	
  
including	
  8kV	
  lines	


Connector	
  mock-­‐up	
  	
  
	
  	
  	
  	
  used	
  in	
  100m	
  water	
  depth.	
  	


Material	
  selecCon	

Soak	
  test	
  in	
  pure	
  
/Gd	
  loaded	
  water	
  	
  
	
  	
  for	
  3	
  months.	


HV	
  cable	
  was	
  also	
  	
  
	
  	
  	
  	
  developed	
  for	
  HPD.	


High	
  potenCal	
  test	
  of	
  cable	
  and	
  connector	
  are	
  going.	


1	
  signal,	
  3	
  power,	
  2	
  HV	
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Most	
  material	
  	
  
	
  	
  	
  got	
  no	
  trouble.	
  	
  
PPS	
  and	
  FMK	
  are	
  
	
  	
  	
  good	
  candidate.	


Transparency	
  /	
  10cm	
  	
  
	
  in	
  water/Gd	
  water	
  
	
  	
  	
  >	
  99%	
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Performance in a 50cm HPD

2015/7/3

noise signal P/V 1p.e. resolution
w/ trans 0.31pC 1.63pC 4.90 26.9%

0.92mV 3.54mV 11.31 29.5%
w/o trans 0.55pC 2.62pC 1.38 49.1%

0.69mV 4.47mV 2.59 64.1%

(Pulse Height)

(Pulse Height)

(Charge)

(Charge)

HV: 11kV
LV: 415V
BW: 20MHz
AD:15mmΦ

To reduce the high 
frequency noise level

Photo Det 2015 @ Moscow

Charge Distribution Pulse Height Distribution

w/o trans

w/ trans

20ns
5mV

The 1 p.e. response of the HPD w/o
trans cannot be seen @8kV 

Decoupling transformer can improve the performance
• Faster response and better 1p.e. resolution

21

1	
  PE	


2	
  PE	

w/trans	


SCll	
  difficult	
  to	
  finalize	
  the	
  design,	
  but	
  the	
  first	
  version	
  with	
  combining	
  two	
  will	
  be	
  ready	
  by	
  the	
  end	
  of	
  2015.	

27/Oct/2015� New  Large-Aperture  Photodetectors  by  Hamamatsu  (Y.Nishimura)� 12	
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5mmΦ	


20mmΦ	


JuncCon	
  capacitance	
  (pF)	


JuncCon	
  capacitance	
  of	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  avalanche	
  diode	
  (AD)	


Noise	
  level	
  by	
  capacitance	


AD	
  bias	
  [V]	


5mm	
  Φ	
  was	
  used	
  in	
  20	
  cm	
  HPD	
  
	
  and	
  iniCal	
  50	
  cm	
  HPD	
  evaluaCon.	
  	
  
20mmΦ	
  is	
  required	
  for	
  50cm	
  HPD.	
  

The development and performance evaluation of an HPD for Hyper-K Miao JIANG

efficiency (CE). According to the result provided by Hamamatsu, a f20 mm AD can make the CE
reach to about 93% while the CE of a f5 mm AD is less than 10%. However, with the increasing
area of AD, the junction capacitance also becomes larger: about 800 pF for f20 mm AD, while
about 60 pF for f5 mm AD. A larger junction capacitance leads to a higher noise level, a longer
time constant of the readout circuit, therefore to worse energy and time resolution.

Two countermeasures, the application of segmented AD and the transformer coupling, were
tried to reduce the noise level.

4.1 Application of segmented AD

A prototype of segmented 5-ch f20 mm AD (Fig. 7) was developed. Each channel is amplified
by an isolated trans-impedance preamplifier and all the signal are summed to the output (Fig. 8).
The lower input capacitance makes it easier to develop a high speed preamplifier with low noise
level.

5-ch AD in HPD

20 mm

Ch 1
Ch 2
Ch 3Ch 4

Ch 5

Figure 7: 5-ch f20 mm AD.

filter

filter

I-V inverted amplifier

Sum amp

（+8kV）

（+8kV - VAD）

5-ch AD*

HV Power

50V/mA
protection

I-V

I-V

Signal out

Ch1

Ch2

Ch3
I-V

Ch4
I-V

Ch5
I-V

Figure 8: The HPD system with multi-ch AD.

Comparing with the 50 cm HPD with f5 mm AD, the 50 cm HPD with 5-ch f20 mm AD has
a slightly slower response and a worse 1 p.e. resolution (Tab. 2), which is caused by the large AD
junction capacitance. In fact, even though the capacitance in each channel is reduced to 1/5 (i.e.
160 pF), it is still larger than that of f5 mm AD (60 pF). Nevertheless, the AD with more channels
are not developed because of the difficulty in the pin arrangement and the smaller effective area
due to more isolate trench between each channel. Currently, the 1 p.e. resolution of the 50 cm HPD
with 5-ch f20 mm AD is better than that of Super-K PMT, although its response is still slower than
that of Super-K PMT (Tab. 2).

4.2 Application of coupling transformer

Coupling transformer can be used to suppress the noise gain of the preamplifier by reducing
the capacitance seen by the amplifier [5]. The performance of coupling transformer is tested on a
prototype of the 50 cm HPD with 1-ch f14.7 mm AD at first.

We compared the pulse shape (Fig. 10), the integral charge distribution (Tab. 3) of the 50 cm
HPD signal with and without the coupling transformer with a bombardment voltage (HV) of 11

5

5ch	
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5ch	
  20mmΦ	


5-ch 20mm AD of HPD
• The performance of 5-ch AD is tested in a 

50cm HPD

• For the readout electronics, a sum amp is 
used to combine the output signal of each 
channel

2015/7/3

HV: 8.4kV AD Bias: 415V
BW: 20MHz

50ns
5mV

To reduce the high 
frequency noise level

Photo Det 2015 @ Moscow

1pe Signal Output of 5ch AD

filter

filter

I-V inverted amplifier

Sum amp

（+8kV）

（+8kV - VAD）

5-ch AD

HV Power

50V/mA
protection

I-V

I-V

Signal out

V
A

D

filter

…

…

Ch1

Ch2

Ch3

…
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1/5ch	
  output	


Two	
  soluCons	
  were	
  tried	
  to	
  suppress	
  noise.	

A.	
  5	
  segmented	
  area	


B.	
  transformer	
  coupling	


800	
  pF	
  →	
  160	
  pF/ch	


The development and performance evaluation of an HPD for Hyper-K Miao JIANG

50 cm HPD w/ 50 cm HPD w/ Super-K PMT[1]
5-ch f20 mm AD f5 mm AD[1]

Rise time (ns) 20.3⇤ 7.4 10.6
Fall time (ns) 21.1⇤ 11.5 13.1
Pulse width (FWHM) (ns) 32.3⇤ 17.1 18.5
1 p.e. resolution (s/µ) 28% 16% 53%
Peak / valley ratio 3.1 3.9 2.2

Table 2: Comparison of the single photoelectron response of 50 cm HPD with 5-ch f20 mm AD and other
detectors. The HPD with 5-ch f20 mm AD is measured with a 20 MHz bandwidth filter at 415 V of AD bias
and 8 kV of HV. The result of the HPD with 1-ch f20 mm AD is not shown because the single photoelectron
pulse can not be seen at 8 kV of HV.
⇤: The value of the pulse shape after low pass filter.

kV. Obviously, the coupling transformer brings a faster response and a better 1 p.e. resolution to
the 50 cm HPD.

filter

filter

（+8kV）

（+8kV - VAD）

AD

HV Power
50V/mA

protection

I-V Signal out

10nF

Coupling transformer

Coupling capacitor

amp

Figure 9: Circuit of the 50 cm HPD with f20 mm AD (CAD=800
pF) using coupling transformer.

Figure 10: Signal of HPD with and
without transformer.

w/ trans w/o trans
Rise time (ns) 13.9 19.3
Fall time (ns) 16.7 23.9
Pulse width

28.8 42.2
(FWHM) (ns)
1 p.e. resolution (s/µ) 26.9% 49.1%
Peak / valley ratio 4.9 1.4

Table 3: Effect of coupling transformer on the
multi photoelectron response of 50 cm HPD w/
f14.7 mm AD. Measured at 8 kV with 415 V of
AD bias and 20 MHz of bandwidth.

Charge / p.e.
-2 0 2 4 6 8

0

0.2

0.4

0.6

0.8

1

1.2

Integral Charge Distribution

HV : 11 kV

HV : 8 kV

Figure 11: Integral charge distribution of the sig-
nal of the HPD with coupling transformer. Mea-
sured with a 20 MHz bandwidth filter at 415 V of
AD bias.

However, for the signal response at a HV of 8 kV (Fig. 11), a ratio of peak to valley of 1.1
does not satisfy the requirement of Hyper-K, although the single p.e. charge resolution is about
51.7%, which is the same level as Super-K PMT. Considering the safety, a lower HV (e.g. 8 kV)
is preferred although the signal response at a higher HV (e.g. 11 kV) is better. The combined use
of the multi-channel AD and the transformer coupling is expected to give a better performance and
will be tested in the future.

6

1:n	
  →	
  1/n2	
  suppression	
  	


Performance in a 50cm HPD

2015/7/3

noise signal P/V 1p.e. resolution
w/ trans 0.31pC 1.63pC 4.90 26.9%

0.92mV 3.54mV 11.31 29.5%
w/o trans 0.55pC 2.62pC 1.38 49.1%

0.69mV 4.47mV 2.59 64.1%

(Pulse Height)

(Pulse Height)

(Charge)

(Charge)

HV: 11kV
LV: 415V
BW: 20MHz
AD:15mmΦ

To reduce the high 
frequency noise level

Photo Det 2015 @ Moscow

Charge Distribution Pulse Height Distribution

w/o trans

w/ trans

20ns
5mV

The 1 p.e. response of the HPD w/o
trans cannot be seen @8kV 

Decoupling transformer can improve the performance
• Faster response and better 1p.e. resolution
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→	
  Amplifier	
  design	
  becomes	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  difficult	
  in	
  50cm	
  HPD.	




→	
  Test	
  HQE	
  Box&Line	
  PMT	
  and	
  cover	
  
l High	
  pressure	
  resistance	
  

¡ Test	
  of	
  iniCal	
  design	
  for	
  the	
  35	
  PMTs	
  
▶ All	
  above	
  70m	
  water,	
  weak	
  PMTs	
  have	
  thin	
  glass	
  

¡  Improved	
  design	
  showed	
  no	
  implosion	
  at	
  1.5MPa	
  
▶ For	
  ten	
  PMTs	
  for	
  first	
  samples,	
  sCll	
  conCnuing	
  

■  Other	
  two	
  with	
  thin	
  glass	
  imploded	
  between	
  1.25-­‐1.5	
  MPa.	
  

l  Cover	
  design	
  and	
  chain	
  implosion	
  test	
  
¡ Cover	
  to	
  prevent	
  shockwave	
  from	
  going	
  outside	
  without	
  broken.	
  

▶ New	
  design	
  is	
  	
  
being	
  studied.→	
  

¡ Chain	
  implosion	
  
test	
  will	
  start	
  in	
  	
  
deep	
  60-­‐80m	
  water	
  in	
  early	
  2016.	
  
▶ Nine	
  aligned	
  PMTs	
  with	
  cover	
  are	
  monitored	
  during	
  imploded.	
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PMT	
  mounCng	
High	
  pressure	
  
water	
  vessel	


SK	
  
(13mm)	


15mm	

20mm	


More	
  safety	
  design	
  is	
  required	
  in	
  HK	
  (SK	
  ~40	
  m	
  →	
  HK	
  ~50m).	


Fiber	
  reinforced	
  plasCcs	
 Stainless	
  steel	
 Thick	
  acrylic	


+	

SK	
  PMT	
  cover	
 (One	
  of	
  iniCal	
  design)	
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2012	
2013	
2014	
2015	
2016	
2017	
2018	
2019	
2020	
2021	
2022	
2023	
2024	
2025	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


Tunnels	
Cavity	
  excavaCon	
Tank	
  construcCon	


Photodetector	
  installaCon	
Photodetector	
  R&D	


PreparaCon	

Photodetector	
  producCon	


Water	
  filling	


OperaCon	


Engineering	
  test	


7	
  years	
  construcCon	


Survey,	
  Detailed	
  design	


~200	
  photodetectors	
  	
  
	
  	
  in	
  HK	
  (200t)	
  prototype	


Test	
  possible	
  candidates	


(Assuming	
  budget	
  approval,	
  not	
  determined	
  yet)	

NoConal	
  Cmeline	


Prepare	

ProducCon	


Construct	

Start	


HQE	
  20”	
  HPD	


20”HPD	
  in	
  water	
  tank	
 ~200PDs	


Construc4on	
  of	
  HK	
  prototype	


2015	
 2016	
 2017	
 2018	


PreparaCon	
  &	
  Test	


Photodetector	
  R&D	
  and	
  test	


Most	
  related	
  R&D,	
  design	
  for	
  PD	


Electronics	
  and	
  DAQ	
  R&D	


To	
  be	
  ready	
  for	
  HK	
  prototype	


DeterminaCon	
  of	
  HK	
  PD	


…	

Ready	
  in	
  a	
  coming	
  few	
  years	
  for	
  HK	




l New	
  50	
  cm	
  photodetectors	
  showed	
  high	
  performance.	
  	
  
l  Remaining	
  R&D	
  items	
  

¡ High-­‐QE	
  Box&Line	
  PMT	
  
▶ Ready	
  for	
  HK	
  arer	
  high	
  pressure	
  test	
  and	
  implosion	
  test	
  with	
  cover.	
  

¡ High-­‐QE	
  HPD	
  
▶ Preamplifier	
  design	
  is	
  necessary.	
  Ready	
  soon	
  and	
  tested	
  in	
  early	
  2016.	
  	
  

l  	
  2nd	
  HK	
  Proto-­‐CollaboraCon	
  MeeCng	
  on	
  31/Jan	
  –	
  2/Feb	
  
¡ hRp://indico.ipmu.jp/indico/conferenceDisplay.py?confId=79	
  
(Under	
  preparaCon,	
  open	
  soon)	
  
▶  Join	
  HK	
  proto-­‐collaboraCon	
  if	
  you	
  aRend.	
  

l Any	
  cooperaCon	
  would	
  be	
  appreciated.	
  	
  
¡ Contact	
  HK	
  photodetector	
  conveners	
  (Y.Nishimura	
  and	
  
S.Nakayama)	
  freely.	
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Goal	
  in	
  2015	
 HK	
  ideal	
  target	


Charge	
  gain	
 140	
 500	


(IV	
  gain)	
 (200V/mA)	
 (200V/mA)	


Input	
  charge	
  /	
  1	
  PE	
 10fC	
 5fC	


Output	
  pulse	
  height	
  /	
  1	
  PE	
 12mV	
 8mV	


Rise/Fall	
  Cme	
  
(Arer	
  amp,	
  10-­‐90%)	


12ns	
  /	
  18ns	
 4ns	
  /	
  4-­‐20ns	


Ringing	
  (Pulse	
  height	
  raCo)	
 <	
  20	
  %	
 <	
  5	
  %	


Recovery	
  Cme	
  (Baseline	
  to	
  
be	
  within	
  0.5mV)	


<	
  150	
  ns	
 <	
  40	
  ns	


Noise	
  (Pk-­‐Pk	
  RMS)	
 0.3	
  mV	
 0.1mV	


Noise	
  (Pk-­‐Pk	
  Max、<1Hz)	
 2mV	
 1mV	


Linearity	
  range	
  (10%)	
 -­‐1.5V	
 -­‐4V	


Dynamic	
  range	
 -­‐	
  2V	
 -­‐	
  6V	


Life	
  Cme	
  (<1%	
  failure)	
 >	
  2	
  years	
 >	
  15	
  years	




l High	
  QE	
  is	
  applied	
  for	
  all	
  Box&Line	
  PMTs.	
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QE	
  of	
  Box&Line	
  PMT	
  is	
  similar	
  to	
  that	
  of	
  high-­‐QE	
  Super-­‐K	
  PMT	


Wavelength (nm)
300 350 400 450 500 550 600 650 700

Q
ua

nt
um

 e
ffi

cie
nc

y 
(%

)

0

5

10

15

20

25

30

35

40
High-QE Box&Line PMT

High-QE Super-K PMT

Normal-QE Super-K PMT

Quantum Efficiency vs. Wavelength

HQE	
  Box&Line	
  PMT	
  
HQE	
  SK	
  PMT	
  
SK	
  PMT	
  

SK	
  PMT	
  

26.5MPa	


28.5MPa	


0.01MPa	

Loose	
  	
  
curvature	


0.002MPa	

Box&Line	
  

l  Safety	
  design	
  	
  
¡ Good	
  high	
  pressure	
  tolerance	
  

Stress	
  analysis	
  (0.75	
  MPa	
  loading)	


l  Same	
  material	
  outside	
  and	
  size	
  except	
  for	
  curvature	
  as	
  SK	
  
PMT	
  →	
  No	
  problem	
  for	
  use	
  in	
  Gd	
  water	
  

Stress	
  value	
  
	
  	
  	
  greatly	
  reduced	


Up	
  to	
  65m	
  water	
 Up	
  to	
  112m	
  water	


16.6MPa	


22%→30%	


QE	


Also	
  actually	
  tested	
  in	
  0.9MPa	
  water	
  for	
  1	
  day	

Up	
  to	
  250m	
  for	
  HPD	




l  Setup	
  to	
  measure	
  resoluCon,	
  transit	
  Cme,	
  …	
  	
  
is	
  under	
  preparaCon.	
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Simula4on	
  
(Hamamatsu)	
 R3600	
  SK	
  PMT	
   HQE	
  Box&Line	
  PMT	
  

Gain	
  ×	
  CE	
  uniformity	


Dynode	
  Along	
  (X)	
 Dynode	
  Cross	
  (Y)	
 Dynode	
  Along	
  (X)	
 Dynode	
  Cross	
  (Y)	


C.E.[％]	
 86.0	
 98.2	


CollecCon	
  efficiency	
RelaCve	
  QE	
  uniformity	


Uniform	
  response	
  	
  
	
  	
  &	
  high	
  efficiency	
  
confirmed	
  in	
  measurement	


Measurement	
  (Hamamatsu)	


←90%	

↑	
  Y	


→	
  X	


Diameter	




l  Concern	
  on	
  Box&Line	
  PMT	
  about	
  arer	
  pulse	
  rate.	
  
¡  Intrinsically	
  more	
  than	
  SK	
  PMT	
  in	
  its	
  design.	
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-610

-510

-410

-310

-210

-110
50cm	
  Φ	
  PDs	
  
	
  	
  HQE	
  Super-­‐K	
  PMT	
  
	
  	
  HQE	
  Box&Line	
  PMT	
  
	
  	
  HQE	
  HPD	
  (w/5mmΦAD)	

NOTE	
  :	
  HPD	
  w/5mm	
  Φ	
  AD	
  	
  
prototype	
  has	
  less	
  	
  
collecCon	
  efficiency,	
  	
  	
  
half	
  than	
  its	
  design	
  (20mmΦ).	
  
Need	
  evaluaCon	
  in	
  final	
  design.	


Photon	

e-­‐	


Gas	
  	
  
ionizaCon	


In	
  charge	
  integraCon	
  window	
  (500ns)	
 Delayed	
  signal	
  region	
  (50μs)	


reflecCon	


rin
gi
ng

	


4.1    Basic Characteristics of Photocathodes
43

4.2
Basic Characteristics of Dynodes

This section introduces typical dynode types currently in use and describes their basic characteristics:
collection efficiency and gain (current amplification).

4.2.1
Dynode types and features

There are a variety of dynode types available and each type exhibits different gain, time response, unifor-
mity and secondary-electron collection efficiency depending upon the structure and the number of stages. The
optimum dynode type must be selected according to application. Figure 4-11 illustrates the cross sectional
views of typical dynodes and their features are briefly discussed in the following sections. MCP-PMT's incor-
porating a microchannel plate for the dynode and photomultiplier tubes using a mesh dynode are respectively
described in detail in Chapter 9 and Chapter 10. The electron bombardment type is explained in detail in
Chapter 11.

Coarse mesh
Fine mesh

(8) Eelectron Bombadment Type

ElectronElectron
Electron

Electron

Electron

AD

(1) Circular-cage Type

(3) Linear-focused Type

(5) Mesh Type

(2) Box-and-grid Type

(4) Venetian Blind Type

(6)  Microchannel Plate Type

(7) Metal Channel Dynode Type
THBV3_0411EA

Figure 4-11: Types of electron multipliers

© 2007 HAMAMATSU PHOTONICS K. K.

Box&Line	
 VeneCan	
  blind	
  
(Super-­‐K)	


PosiCve	
  gas	
  ion	


Cs	

CH4,	
  
N2,O2	


(Before	
  reducCon	
  of	
  HQE	
  Box&Line	
  arer	
  pulse)	
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Charge	
  [pC]	


BeRer	
  Cme	
  resoluCon	
  	
  
	
  	
  	
  was	
  confirmed	
  in	
  wide	
  range	


SK	
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Box&Line	
  PMT	


(1p.e.	
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  error	
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Using	
  2	
  laser	
  diodes	


Output	
  =	
  Q(input)	

A	
  :	
  Variable	
  	
  
B	
  :	
  Fixed	
  (10pe)	


with	
  coincident	
  or	
  	
  
individual	
  pulse	


Box&Line	
  PMT	


Gain	
  stability	
  in	
  two	
  conCnuous	
  pulses	




l  Gain	
  recovery	
  was	
  also	
  measured	
  
	
  	
  	
  	
  	
  with	
  two	
  conCnuous	
  pulse.	
  	
  
¡  Observed	
  change	
  of	
  delay	
  pulse	
  charge	
  

=	
  (Delay	
  w/	
  main)	
  /	
  (Only	
  delay	
  pulse)	
  
¡  No	
  significant	
  change	
  was	
  observed	
  so	
  far,	
  	
  

within	
  1.5%.	
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Signal	


High-­‐rate	
  background	
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  drop	
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Baseline	
  	
  
voltage	
  	
  
shir	


Baseline	
  	
  
voltage	
  	
  
shir	


Baseline	
  is	
  shired	
  due	
  to	
  RC	
  in	
  bleeder	
  circuit.	
  	
  
→	
  Comparable	
  level	
  with	
  SK	
  PMT.	
  
Shir	
  depends	
  on	
  integraCon	
  Cme	
  range	
  and	
  	
  
	
  	
  	
  readout	
  electronics.	
  	


Delay	


Main	


Two	
  LDs	


w/	
  varied	
  delay	
  
	
  	
  	
  and	
  charge	




Maximum	
  efficiency	
  loss	
  
l  Bx	
  100mG	
  :	
  20%	
  loss	
  
l  By	
  100mG	
  :	
  30%	
  loss	
  
l  Bz	
  100mG	
  :	
  5%	
  loss	
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  in	
  its	
  design	


Plan	
  to	
  measure	
  effect	
  on	
  gain,	
  transit	
  Cme,	
  resoluCon,	
  …	
  in	
  all	
  sensors	
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(2014.9	
  -­‐)	


1st	
  proof	
  test	
  (2013.8	
  -­‐)	


2012	
 2013	
 2014	
 2015	
 2016	
 2017	
 2018	

	
  	


	
  	
  
for	
  SK	
  PMT	


Proof	
  test	

8	
  HPDs	


Installed	
  3	
  HQE	
  Box&Line	
  PMTs	
  in	
  summer.	
  	
  
Started	
  2nd	
  phase	
  test	


1st	
  test	
  with	
  	
  
5	
  HQE	
  PMTs	
  and	
  
	
  8	
  20cm	
  HPDs	
  	
  
over	
  half	
  a	
  year	
  so	
  far	


Many	
  thanks	
  
	
  to	
  EGADS	


(Under	
  preparaCon)	


Determine	
  HK	
  photosensor	
  in	
  2016	



