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l Photo-­‐detector	
  development	
  for	
  a	
  large	
  volume	
  
detector	
  

l Requirement	
  of	
  photo-­‐detector	
  

l Proof	
  test	
  of	
  hybrid	
  photo-­‐detector	
  and	
  high	
  
quantum	
  efficiency	
  

l Development	
  of	
  new	
  50cm	
  Φ	
  photo-­‐detectors	
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l Physics	
  target	
  in	
  water	
  Cherenkov	
  detector	
  	
  

▶ 	
  Massive	
  detec4on	
  volume	
  and	
  long	
  opera4on	
  period	
  are	
  
required	
  to	
  detect	
  these	
  rare	
  events.	
  

¡ Charged	
  par4cle	
  is	
  observed	
  as	
  Cherenkov	
  ring	
  in	
  water.	
  

▶ 	
  Many	
  photo-­‐detectors	
  with	
  large	
  aperture	
  are	
  required.	
  
■  Performance	
  of	
  photo-­‐detectors	
  is	
  cri4cal	
  to	
  physics	
  sensi4vity.	
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Ring	
  light	
  paOern	
  provides	
  	
  
various	
  informa4on	
  such	
  as	
  	
  
momentum,	
  par4cle	
  type	
  	
  
and	
  coun4ng,	
  4ming,	
  etc.	
  	


Imaging	
  sensors	
  with	
  good	
  performance	
  are	
  required.	
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only	
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New	
  physics	
  
beyond	
  standard	
  model	


Measure	
  neutrino	
  property	
  	
  
such	
  as	
  neutrino	
  oscilla;on	
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n~1.33,	
  θ~42o	


In	
  water	

e,	
  μ,	
  etc.	


Cherenkov	
  	
  
	
  	
  	
  radia4on	
  cone	


←	
  Ring	
  image	
  	
  
	
  	
  	
  on	
  detector	
  wall	


θ	




l  Time	
  informa4on	
  is	
  used	
  to	
  reconstruct	
  vertex,	
  and	
  to	
  discriminate	
  
signal	
  from	
  background	
  or	
  par4cle	
  decays.	
  →	
  a	
  few	
  nsec	
  resolu;on	
  

l  Charge	
  resolu4on	
  is	
  important	
  for	
  low	
  energy	
  physics,	
  such	
  as	
  solar	
  
neutrino	
  and	
  super	
  nova,	
  in	
  several	
  MeV	
  and	
  sensi4ve	
  to	
  energy	
  
resolu4on	
  and	
  par4cle	
  iden4fica4on.	
  →	
  Good	
  photon	
  coun;ng	
  

l  Event	
  trigger	
  by	
  PMT	
  hit	
  coincidence.	
  →	
  low	
  (a	
  few	
  kHz)	
  single	
  rate	
  
New	
  type	
  with	
  high	
  performance	
  is	
  possible	
  now	
  for	
  future	
  experiments.	
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l  Many	
  of	
  photo-­‐detectors	
  detect	
  a	
  water	
  Cherenkov	
  light	
  photons.	
  
Imaging	
  by	
  11129	
  50-­‐cm	
  Φ	
  	
  
	
  	
  	
  photomul4plier	
  tube	
  (PMT)	


Photon	
  coun4ng	
  is	
  possible	
  with	
  a	
  large	
  aperture	


R3600	
  by	
  Hamamatsu	
  Photonics	
  K.K.	
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Develop	
  new	
  photo-­‐sensor	
  	
  
	
  	
  	
  	
  	
  	
  	
  with	
  low	
  cost	
  and	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  high	
  performance	
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0.56	
  (0.99)	
  Mton	


~0.6GeV !µ"
295km�

x25 Larger ν Target

higher intensity ν by 
upgraded J-PARC

Quest for CP Violation 
in lepton sector

0.0225	
  (0.05)	
  Mton	


Super-­‐Kamiokande	
  
(since	
  1995)	


Hyper-­‐Kamiokande	
  

x	
  25(20)	

Fiducial	
  (Total)	


Large	
  water	
  Cherenkov	
  detector	
  
Planned	
  in	
  Kamioka,	
  Japan	
  

+	
  Improvement	
  with	
  a	
  new	
  technology	
  
such	
  as	
  photosensor	
  (R&D	
  within	
  3-­‐5	
  years)	


39.3m	
  φ	
 54
m
	
41

.4
m
	
 Based	
  on	
  established	
  

	
  technologies	
  
(Large	
  water	
  tank,	
  
Electronics,	
  Calibra4on,	
  etc.)	


Super-­‐K	
 Hyper-­‐K	


Inner	
  detector	
  
	
  (for	
  ν	
  detec4on)	


11,129	
  	
  
(50cmΦ)	


99,000	
  	
  
(50cmΦ)	


Outer	
  detector	
  
	
  (for	
  cosmic-­‐ray	
  veto)	


1,885	
  	
  
(20cmΦ)	


25,000	
  	
  
(20cmΦ)	
  	


Photo-­‐coverage	
 40%	
 20%	


QE	
  (quantum	
  efficiency)	
 22%	
 ~30%	


←	
  20-­‐inch	
  PMTs	
  inside	
  Super-­‐K	


Outer	
  detector	


Inner	
  detector	


PMT	


	
  =	
  Super-­‐K	
  ×	
  9,	
  
	
  	
  	
  1/4	
  of	
  total	
  cost	


Details	
  in	
  
	
  	
  	
  next	
  talk	


(SK)	
 (HK)	




l  2	
  new	
  photo-­‐detectors	
  were	
  developed.	
  
¡ 50cm	
  Φ	
  high-­‐QE	
  PMT	
  
¡ 20cm	
  Φ	
  HPD	
  

l  50cm	
  Φ	
  high-­‐QE	
  HPD	
  and	
  box&line	
  PMT	
  are	
  under	
  tes4ng.	
  
¡ Evaluated	
  performance	
  of	
  1st	
  prototype	
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Used	
  in	
  Super-­‐Kamiokande	
  

PMT	
  (Box	
  &	
  Line	
  type)	
   Hybrid	
  Photodetector	
  (HPD)	
  

+	
  High	
  Quantum	
  Efficiency	
  (QE)	
  op4on	
  for	
  all	
  candidates	


New	


Challenging	
  
BeIer	
  performance?	


Safety	


Proof	
  test	
  in	
  a	
  water	
  Cherenkov	
  detector	
  	
  
	
  	
  	
  	
  	
  	
  has	
  started	


Current	
  status	


New	


Development	
  →	
  proof	
  test	


PMT	
  (VeneUan	
  Blind	
  type)	
50cmΦ	


and	
  20cmΦ	
  
	
  	
  	
  	
  	
  	
  	
  	
  for	
  1st	
  R&D	


Vene4an	
  Blind	
  Dynode	


Box&Line	
  Dynode	

Avalanche	
  diode	


→	
  Also	
  tested	
  in	
  water	
  soon	




Wave Length [nm]
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QE

l High	
  Q.E.	
  study	
  starts	
  with	
  PMT,	
  later	
  for	
  HPD.	
  
¡ Study	
  (especially	
  for	
  the	
  trigger	
  and	
  stability)	
  is	
  required,	
  
	
  because	
  photocathode	
  (related	
  to	
  dark	
  rate)	
  is	
  changed.	
  

l  50cmΦ	
  high-­‐QE	
  PMT	
  	
  
¡ Completely	
  same	
  design	
  
	
  and	
  material	
  as	
  SK	
  PMT,	
  	
  
except	
  for	
  photocathode.	
  

¡ 22%	
  →	
  30%	
  QE	
  typ.	
  
¡ Within	
  10%	
  uniformity	
  
¡  	
  8	
  high-­‐QE	
  PMTs	
  	
  
are	
  provided	
  and	
  	
  
5	
  of	
  them	
  are	
  tested	
  	
  
in	
  the	
  1st	
  proof	
  test.	
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SK	
  PMT	
  
(R3600,	
  HPK)	


QE	
  of	
  8	
  High-­‐QE	
  PMTs	
  at	
  Kamioka	

High-­‐QE	
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l  High	
  performance	
  and	
  low	
  cost	
  
l  Factors	
  to	
  be	
  considered	
  for	
  viability	
  in	
  Hyper-­‐Kamiokande:	
  

¡  	
  Dark	
  noise	
  from	
  AD	
  +	
  Amp.,	
  HV	
  around	
  8kV,	
  low	
  gain,	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  thermal	
  dependence	
  of	
  AD	
  gain,	
  No	
  prior	
  experience	
  using	
  	
  	
  

	
  

ｅ	
ｅ	


Metal dynode�

1-2kV ~8kV 

Avalanche Diode (AD)�

x ~ 15 �

~1600 50~200 Avalanche	
  gain	
Bombardment	
  gain	


     ΔV ~ 2-300V Bombardment	
  gain	


Amp	


×	
  Amp	
  gain	


High	
  voltage	
  around	
  8kV	
  is	
  required	
  
	
  	
  	
  	
  	
  	
  	
  to	
  collect	
  electrons	
  in	
  the	
  small	
  region	
  of	
  AD	
  (5-­‐20mm)	
  	
  
	
  	
  	
  	
  	
  	
  	
  to	
  increase	
  gain	
  at	
  electron-­‐bombardment	
  	


HPD	
 PMT	

HV	
 ~8kV	
 1-­‐2kV	

Gain	
 ~104	
  -­‐	
  105	
 ~107	

C.E.	
 ~95%	
 ~80%	


Hybrid	


×	
  dynode	
  
	
  gain	


→	
  Fast	
  response,	
  
	
  	
  	
  	
  	
  BeOer	
  CE,	
  etc.	


→	
  BeOer	
  S/N	


→	
  Low	
  cost	
  
→	
  BeOer	
  uniformity	
  	
  
	


×	




l  By	
  Hamamatsu	
  Photonics	
  
l  HV	
  module	
  and	
  
preamplifier	
  are	
  packed	
  
and	
  waterproofed.	
  
¡  Operated	
  in	
  water	
  without	
  

high	
  voltage	
  line.	
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Preamp	
  board	
  

AD	
  out	
  /	
  Amp	
  in	


Amp	
  out	


photocathode	


High	
  voltage	
  module	
  
(2ch	
  10kV/500V	
  Max)	


10V	

Signal	
5mm	
  φ	
  	
  

	
  
avalanche	
  diode	
  (AD)	


Cable	


30cm	


20cm	

Spectral response	
 300 - 650 (420 max.) nm 

Photocathode	
 Bialkali	


Window material	
 Borosilicate glass	


Gain	
 4 - 9 ｘ104 

Time	
 Rise	
 1.7 ns 

Fall	
 2.7 ns 

T.T.S.	
 0.62 ns （σ） 

Dynamic range	
 100 pC (1.5ｘ104 p.e.) 

Specifica4on	
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Control	

Coaxial	


LV	


1	
  p.e.	


	
  10	
  mV	
  

filter�

filter�

（+8kV）�

（+8kV  -  ΔV）�
AD�

Diff.	
  
amp	


	
  100	
  ns	
  

I-­‐V	
  invert.	
  	
  
	
  amp.	


10ch	
  control	
  Power	
  Supply	


Signal	
  from	
  amplifier	


5V←10V	


No	
  HV	
  line	
  in	
  water!	


filter�

（+8kV）�

AD�

Diff	

I-­‐V	


Amplifier	

ΔV  =  2-300V�

HV:  8kV,  Bias:  260V�

rise  time  :  1.7ns�

fall  time  :  2.7ns�2  mV/Div.�

5  ns  /Div.�

20	
  ns	
   20	
  ns	
  

Signal	
  is	
  shaped	
  
	
  	
  	
  	
  	
  by	
  amplifier	


Output	
  of	
  amplifier	
Output	
  of	
  HPD	


1	
  pe	


Timing	
  resolu4on	
  0.62	
  ns	
  σ	


1.2	
  ns	
  σ	




l  Gain	
  of	
  all	
  samples	
  was	
  measured.	
  	
  
l  Adjust	
  HPD	
  gain	
  by	
  AD	
  bias	
  voltage.	


15/Apr/2014� DDeevveellooppmmeenntt  ooff  nneeww  pphhoottoo--ddeetteeccttoorrss  ((NNiisshhiimmuurraa))  11	

HV [V]

310 310×2

G
ai

n

610

710

810
ZP0007
ZP0012
ZP0014
ZP0015
ZP0021
ZP0022
ZP0024
ZP0025

Bias	
  voltage	
  [V]	


Gain∝Vα	


	
  	
  HV	
  –	
  gain	
  curve	


Avalanche diode bias voltage [V]
200 220 240 260 280 300 320 340 360 380

1 
ph

ot
o 

el
ec

tro
n 

pe
ak

 [p
C

]

0

2

4

6

8

10

12

14 EHD073
EHD074
EHD078
EHD080
EHD083
EHD084
EHD092
EHD094
EHD095

Avalanche	
  bias	
  V：
292V	
  

8kV	
  
fixed	


Gain	
  ∝1/{1-­‐(V/Vbreakdown)α}	


	
  gain	
  =	
  Bombardment	
  gain↑	
  	
  	
  	
  
	
 	
  ×	
  ↓Avalanche	
  gain	
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Pedestal	


1	
  p.e.	
  	


Valley	


1p.e.	
  ResoluUon	


Pedestal	
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Dark rate [kHz]Peak/Valley	
  ra4o	

High-­‐QE	
  PMT	


1	
  p.e.	


Pedestal	


Valley	

Peak	


Normal	
  QE	
  PMT	
  
High	
  QE	
  PMT	
  
20cmΦ	
  HPD	


BeOer	
  separa4on	
  
	
  for	
  HPD	


Measured	
  all	
  	
  
photo-­‐detectors	
  	
  
for	
  the	
  proof	
  test	
  
before	
  installa4on	




PMT (Normal QE)
PMT (High QE)  
HPD (8-inch)   

l  Test	
  new	
  photodetectors	
  in	
  the	
  200-­‐ton	
  water	
  tank.	
  

l  2	
  types	
  have	
  been	
  installed.	
  
l Other	
  new	
  photo-­‐detectors	
  are	
  	
  
also	
  tested	
  as	
  soon	
  as	
  it	
  becomes	
  ready.	
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Evaluating Gadolinium’s Action on Detector Systems	

200-­‐ton	
  test	
  tank	
  to	
  demonstrate	
  the	
  GADZOOKS!	
  Idea.	


240	
  photodetectors	


Main	
  water	
  
circula4on	
  
system	


Transparency	
  
measurement	
  

Pre-­‐treatment	
  
system	


(Gadolinium	
  An4neutrino	
  Detector	
  Zealously	
  Outperforming	
  Old	
  Kamiokande	
  Super!)	


1000m	
  underground,	
  
Kamioka	
  mine	


νe	
 p	

n	


e+	

Visible	
  
	
  in	
  EGADS	
Gd	


Cherenkov	
  
	
  ring	


Delayed	
  γs	
  
(~8	
  MeV)	


An4-­‐neutrino	
  tagging	
  by	
  neutron	


Compared	
  with	
  227	
  
	
  	
  	
  	
  	
  	
  	
  	
  PMTs	
  used	
  in	
  Super-­‐K	


8	
  	
  20cm-­‐Φ	
  HPDs	
  
5	
  	
  50cm-­‐Φ	
  high-­‐QE	
  PMTs	
  



l All	
  photodetectors	
  were	
  installed	
  in	
  Aug.	
  2013.	
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Inside	
  of	
  200-­‐ton	
  water	
  tank	
  viewed	
  from	
  top	
 EGADS	
  200t	
  tank	


~ 7	
  m	


227	
  Super-­‐K	
  PMT	
  
+	
  5	
  High-­‐QE	
  PMT	
  
+	
  8	
  HPD	
  (20cmΦ)	
  	


Started	
  a	
  long-­‐term	
  
proof	
  test	
  for	
  a	
  few	
  
years.	


(50cmΦ)	
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l  Trigger	
  is	
  issued	
  by	
  sum	
  of	
  hits	
  with	
  all	
  photo	
  detectors.	
  
¡  1	
  hit	
  =	
  1	
  HPD	
  (PMT)	
  with	
  1	
  p.e.	
  or	
  more	
  signal	
  

l  In	
  same	
  DAQ	
  system,	
  electronics	
  of	
  HPD/HQE	
  PMT	
  is	
  separated.	
  
¡  1	
  p.e.	
  level	
  differs	
  between	
  PMT	
  and	
  HPD.	
  
¡  Photons/p.e.	
  differs	
  between	
  normal	
  and	
  high	
  QE.	
  

2	
  Power	
  supply	
  lines	
  (10V)	
  
•  For	
  HV	
  unit	
  and	
  Pre-­‐amp.	
  

(<500mA）+	
  GND	
  
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	
 70m	
  	
  
Low	
  voltage	
  (10V)	
  	
  
+	
  control	
  cable	
  (5V)	


70m	
  signal	
  cable	


HV	


Amp.	


~8kV	


Water	
  tank	


HPD	
 ×8	


ATM	
  (Analog	
  Timing	
  Module)	

ATM (Analog Timing Module) 

� 12#channel#input#

� 2TAC+2QAC/channel,##1ADC/board#

� ADC#process#speed#:#5.5�sec/hit#
� Dynamic#range#:#~450#pC#

� Read#the#data#via#TKO#bus#and#VME#

� HITSUM:#200ns###O15mV#

threshold#

12ch	
  x	
  (2TAC+2QAC)→ADC	


1	
  board	
  for	
  HPD	
  (8/12ch)	
  
1	
  for	
  HQE	
  PMT	
  	
  	
  (5/12ch)	
  

For	
  	
  
PMT	


For	
  	
  
HPD,	
  
HQE	
  
PMT	


NOT	
  for	
  Hyper-­‐K	
  case	


PMT	
  
HV	


HPD	
  PS	


*)	
  ATM	
  replaced	
  with	
  QBEE(current	
  SK	
  board)	
  later	


10V	


Trigger	
  threshold	
  is	
  set	
  	
  	
  
	
  	
  by	
  each	
  board	
  (0-­‐12mV)	
  
Set	
  threshold	
  separately	
  	
  
	
  	
  	
  (0.25p.e.	
  in	
  PMT	
  case)	
  

	
  	
  	
  	
  	
  	
  	
  Calibrated	
  HPD/HQE	
  PMT.	


and	
  SK	
  /HQE	
  PMTs	


	
  used	
  in	
  
	
  old	
  SK	




Charge [pC]
-2 0 2 4 6 8 10 12 14 160

5000

10000

15000

20000

25000

Charge [pC]
-5 0 5 10 15 20 250

1000

2000

3000

4000

5000

l  1	
  p.e.	
  peak	
  is	
  recognized	
  in	
  the	
  200-­‐ton	
  tank.	
  
l  Broad	
  pedestal	
  at	
  HPD	
  will	
  be	
  cut	
  out.	
  

¡  Threshold	
  is	
  set	
  to	
  cut	
  pedestal	
  out.	
  
l  BeOer	
  p.e.	
  resolu4on	
  of	
  HPDs.	
  

¡  PMT	
  40-­‐50%,	
  HPD~30%	
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1	
  p.e.	

1	
  p.e.	


Check	
  performance	
  in	
  tank	


Pedestal	
  (w/	
  >1.5mV	
  cut)	
 Pedestal	
  	
  
(w/	
  >0.3mV	
  cut)	


Measured	
  with	
  laser	
  diode	
  (λ	
  =	
  405nm,	
  500Hz),	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  70m	
  cable,	
  13	
  oC	
  in	
  water	


charge	
  integrated	
  in	
  400ns	
  window	




0 10 20 30 400

500

1000

1500

2000

2500

3000

l Mul4	
  photoelectron	
  peaks	
  
were	
  clearly	
  seen.	
  	
  

l About	
  30%	
  σ	
  at	
  1	
  p.e.	
  peak	
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Number of photoelectrons
0 1 2 3 4 5

Ch
ar

ge
 [p

C]

0
2
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 / ndf 2r   1.32 / 2

p0        0.01833± 0.07892 

p1        0.01093± 3.722 

 / ndf 2r   1.32 / 2

p0        0.01833± 0.07892 

p1        0.01093± 3.722 

Number of Photoelectrons
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]m
Pe
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ion
 [

0.05
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0.15

0.2

0.25
 / ndf 2r  13.03 / 2

Prob   0.001479
p0        0.008992± 0.3653 
p1        0.00676± -0.09764 

Output	
  linearity	


Peak	
  resolu4on	

Charge	
  [pC]	


1	
  p.e.	

2	
  p.e.	


3	
  p.e.	


4	
  p.e.	
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0 2 4 6 8 10
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Threshold [mV]
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un

t ra
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-110
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10
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l  Event	
  is	
  triggered	
  by	
  hit	
  coincidence.	
  Threshold	
  is	
  set	
  to	
  take	
  1	
  p.e.	
  	
  
¡  Low	
  dark	
  count	
  rate	
  is	
  essen4al	
  to	
  take	
  low	
  energy	
  event.	
  

l  Dark	
  rate	
  is	
  stabilized	
  gradually	
  in	
  years.	
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1	
  p.e.	

1	
  p.e.	


Threshold	
  
	
  for	
  DAQ	
Threshold	
  for	
  DAQ	


Noise	
  from	
  	
  
	
  	
  	
  	
  AD,	
  amp.	

Flat	


(count	
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  8mV	
  	
  
at	
  13mV/p.e.)	
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PMT (Normal QE) 
PMT (High QE) 
HPD (8-inch) 

Dark rate PMT 02014	
  Mar	
  in	
  the	
  water	
  tank	

Installa4on	
  in	
  	
  
	
  	
  	
  summer	
  2013	
  
Constant	
  opera4on	
  
	
  	
  started	
  in	
  Feb	
  2014.	
 Ke

ep
	
  	
  

m
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g	
  
	
  	
  	
  
	
  fo

r	
  a
	
  y
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Si
ng
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  d
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by
	
  c
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  h
it	
  
th
re
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d	


Stabilizing..	


	
  PMT	
  (Normal	
  QE)	
  
	
  PMT	
  (High	
  QE)	
  
	
  HPD	
  (20cmΦ)	


HPD/HighQE	
  PMT	
  is	
  newly	
  manufactured.	
  
Need	
  more	
  4me	
  for	
  stabiliza4on?	




l  Hamamatsu	
  Photonics	
  is	
  developing	
  2	
  new	
  50cmΦ	
  photodetectors	
  
of	
  HPD	
  and	
  PMT	
  with	
  box	
  and	
  line	
  dynode	
  type.	
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Vene4an	
  
blind	
  dynode	


Avalanche	
  
diode	


Box	
  and	
  
line	
  dynode	


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


C.E.	
 80%	
 95%	
 93%	


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


Bias	
  voltage	
 2	
  kV	
  bias	
 8	
  kV	
  bias,	
  20mm	
  φ	
  AD	
 2	
  kV	
  bias	


l  Prototype	
  of	
  the	
  2	
  photodetectors	
  was	
  prepared	
  with	
  high	
  QE.	
  
l  Basic	
  performance	
  was	
  measured.	
  

50
.8
	
  c
m
	
  φ
	


Mounted	
  in	
  
Super-­‐	
  
Kamiokande	


New	
 New	


Calculated	
  value	
  
in	
  simula4on	




l Good	
  photon	
  collec4on	
  by	
  box	
  shape	
  1st	
  dynode	
  
l  Fast	
  4me	
  and	
  constant	
  gain	
  by	
  linear-­‐focused	
  dynode	
  	
  

¡ New	
  design	
  of	
  box	
  and	
  line	
  dynode	
  and	
  High	
  QE	
  on	
  it	
  demands	
  
well	
  op4mizing	
  and	
  manufacturing	
  process.	
  
▶ Performance,	
  noise,	
  response	
  uniformity	
  and	
  usability	
  must	
  be	
  confirmed.	
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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. e	
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15/Apr/2014� DDeevveellooppmmeenntt  ooff  nneeww  pphhoottoo--ddeetteeccttoorrss  ((NNiisshhiimmuurraa))  21	


10%	
  -­‐	
  90%	
   HPD	
   B&L	
  PMT	
   SK	
  PMT	
  
Rise	
  4me	
  (ns)	
   7.4	
   6.2	
   10.6	
  
Fall	
  4me	
  (ns)	
   11.5	
   6.3	
   13.1	
  
Width	
  (FWHM,	
  ns)	
   25.5	
   16.7	
   31.4	
  

l  Recovery	
  shape	
  is	
  determined	
  
by	
  electronics	
  
¡  Bleeder	
  circuit	
  or	
  preamplifier	
  is	
  

not	
  final.	
  
l  Original	
  waveform	
  of	
  HPD	
  is	
  
fast	
  (1.9ns	
  rise	
  4me,	
  etc.).	
  
¡  Shaped	
  by	
  preamplifier	
  	
  

l  Measured	
  HPD	
  prototype	
  with	
  
5mmΦ	
  AD	
  smaller	
  than	
  
20mmΦ	
  in	
  final	
  design	


Both	
  new	
  
photodetectors	
  
show	
  faster	
  	
  
response.	




l  	
  Confirmed	
  all	
  photo-­‐detector	
  prototypes	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  working	
  with	
  proper	
  gain	
  level.	
  	
  

→	
  Evaluate	
  detec4on	
  performance	

15/Apr/2014� DDeevveellooppmmeenntt  ooff  nneeww  pphhoottoo--ddeetteeccttoorrss  ((NNiisshhiimmuurraa))  22	


HV (V)
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 / ndf 2χ  28.22 / 7

Prob   0.0002004

p0        2.443e-14± 3.039e-13 

p1        0.01029±  5.96 

 / ndf 2χ  28.22 / 7

Prob   0.0002004

p0        2.443e-14± 3.039e-13 

p1        0.01029±  5.96 

20-inch high-QE B&L PMT

Super-K PMT

AD bias voltage (V)
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610×

 / ndf 2χ  24.77 / 7
Prob   0.000832
p0        7.131e+06± -2.694e+07 
p1        9.029± 400.4 
p2        0.233± -1.716 

 / ndf 2χ  24.77 / 7
Prob   0.000832
p0        7.131e+06± -2.694e+07 
p1        9.029± 400.4 
p2        0.233± -1.716 

l  Started	
  R&D	
  and	
  measurement	
  with	
  a	
  few	
  photo-­‐detector	
  
prototypes.	
  	
  
¡  Electronics,	
  all	
  design	
  is	
  s4ll	
  under	
  development.	
  

50cm	
  Φ	
  HPD	
  (w/	
  5mmΦ	
  AD,	
  preamp)	
 Box	
  &	
  Line	
  PMT	
  and	
  SK	
  PMT	


Change	
  avalanche	
  diode	
  gain	
  
at	
  fixed	
  8kV	


β/{1-­‐(V/Vbreakdown)α}	

Gain=βVα	


β	
  
Vb	
  
α	


	
  	
  β	
  	
  
	
  	
  α	




l  BeOer	
  p.e.	
  resolu4on	
  is	
  obtained	
  in	
  new	
  photo-­‐detectors.	
  

l  HPD	
  performance	
  is	
  limited	
  by	
  current	
  amplifier	
  design.	
  
¡  Amplifier,	
  readout	
  and	
  avalanche	
  diode	
  R&D	
  are	
  going	
  on.	
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1	
  photoelectron	
  
peak	


HPD	
 B&L	
  PMT	
  
(50cm	
  Φ)	


SK	
  PMT	
  
(50cm	
  Φ)	
(50cm	
  Φ)	
 (20cm	
  Φ)	


Resolu4on	
  (σ/mean)	
 16%	
 12%	
 35%	
 53%	


Peak	
  /	
  Valley	
  ra4o	
 3.9	
 5.2	
 4.3	
 2.2	


Charge (pC)
-4 -2 0 2 4 6 8 100

0.2

0.4

0.6

0.8

1

1.2

1.4 Box & Line PMT

Venetian Blind PMT

Charge (pC)
-2 0 2 4 6 8 100

50

100

150

200

250

300

350

400

P/V=3.8998

50cm	
  Φ	
  HPD	
  (w/	
  5mmΦ	
  AD,	
  preamp)	

Good	
  resolu4on	
  by	
  	
  
	
  	
  high	
  bombardment	
  gain	
  	
  1600	
  >>	
  15	
  (PMT)	


Box	
  &	
  Line	
  PMT	
  and	
  SK	
  PMT	

Pedestal	
 Pedestal	


1	
  p.e.	
 1	
  p.e.	


Charge (pC)
-5 0 5 10 15 20 25 300

100

200

300

400

500

600

700

800

900
20-inch HPDMul4-­‐p.e.	
  also	
  iden4fied.	

1	


2	

3	




Time (ns)
-15 -10 -5 0 5 10 15 20 250

0.2

0.4

0.6

0.8

1

l  BeOer	
  4me	
  resolu4on	
  is	
  obtained	
  in	
  new	
  photo-­‐detectors.	
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HPD	
 B&L	
  PMT	
  
(50cm	
  Φ)	


SK	
  PMT	
  
(50cm	
  Φ)	
(50cm	
  Φ)	
 (20cm	
  Φ)	


Resolu4on	
  in	
  σ	
  [ns]	
 1.4	
  ns	
 1.1	
  ns	
 1.1	
  ns	
 2.1	
  ns	


FWHM	
  [ns]	
 3.4	
  ns	
 3.3	
  ns	
 4.1	
  ns	
 7.3	
  ns	

(Calcula4on)	
 (0.75	
  ns)	
 (0.62	
  ns)	
 (2.7	
  ns)	
 (5.5	
  ns)	


HPD	
  (w/	
  5mmΦ	
  AD,	
  preamp.)	
  

σ FWHM	
  

Fit	
  with	
  Gaussian
+Exponen4al	
  

Box	
  &	
  Line	
  PMT	
  and	
  SK	
  PMT	
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2012	
2013	
2014	
2015	
2016	
2017	
2018	
2019	
2020	
2021	
2022	
2023	
2024	
2025	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


　	

　	


Tunnels	

Cavity	
  excava4on	


Wall	
  construc4on	


Photodetector	
  supporter,	
  installa4on	
Photodetector	
  R&D	


Prepara4on	
 Photodetector	
  produc4on	


Water	
  filling	


Opera4on	


Hyper-­‐K	
  ;me	
  scale	
 Goal	
  of	
  R&D	


Other	
  ν	
  experiments	
  plan	
  to	
  use	
  many	
  50cm	
  Φ	
  photodetectors.	


(Jiangmen	
  Underground	
  Neutrino	
  Observatory)	
	
  	
  
	
  	
  	
  in	
  China	


15000	
  PMTs	


a�er	
  DayaBay	
  	
  
experiment	


底部開口
55cmΦ

2m

4m

75kCi 144Ce
第4世代ニュートリノ探索

大型バルーン
Xe 1000kg超

KamLAND KamLAND2
修理

クレーン強化
床補強
開口部拡大

大光量シンチレータ
集光ミラー
高量子効率PMT
（発光フィルム）
（撮像装置）

外水槽水漏れ補修
外部PMT交換修理

高性能化

汎用化

NaI 1 ton
暗黒物質探索

●二重β崩壊：136Xe（逆階層構造全体）　　　　 ●
●多核種測定：CdWO4, CaF2, Nd-LSなど　　　   ○
●第4世代ニュートリノ探索：75kCi 144Ce　　 　 ○
●暗黒物質探索：高純度NaI　　　　　　　　　　  ○
●太陽CNOニュートリノ（ν天体物理）　　　　　○
　地球反ニュートリノ（ν地球物理）　　　　　　 ●
　第4世代ν精密測定：サイクロトロン 　　　　　 ●

KamLAND2で
付加される目標

継続的運転が必
要なもの

５年
各５年
２年
２年
３年
１０年
５年

併存できないものがある ↑

KamLAND2での展開
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  in	
  Japan	


l  Our	
  R&D	
  purpose	
  and	
  goal	
  match	
  other	
  neutrino	
  experiments.	


Pre-­‐test	




l Development	
  of	
  new	
  photo-­‐detectors	
  is	
  going	
  on.	
  
¡ HPD	
  and	
  new	
  PMT	
  with	
  high	
  quantum	
  efficiency.	
  

l  Proof	
  test	
  started	
  with	
  20cm-­‐Φ	
  HPD	
  and	
  50cm-­‐Φ	
  high-­‐QE	
  
PMT	
  in	
  the	
  200-­‐ton	
  water	
  tank.	
  

l  Prototypes	
  of	
  50cm-­‐Φ	
  high-­‐QE	
  HPD	
  and	
  PMT	
  with	
  box	
  and	
  
line	
  dynode	
  show	
  beOer	
  resolu4on	
  in	
  both	
  charge	
  and	
  
4me	
  than	
  Super-­‐K	
  PMT.	
  
¡ Studying	
  on	
  noise,	
  dark	
  hit,	
  a�er	
  pulse	
  and	
  response	
  uniformity	
  
¡ Development	
  of	
  electronics	
  is	
  in	
  progress.	
  	
  

l All	
  R&D	
  and	
  test	
  will	
  finish	
  in	
  2016.	
  
¡ Select	
  the	
  best	
  photo-­‐detector	
  for	
  Hyper-­‐K	
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