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2nd	
  (2014.9	
  -­‐	
  )	


1st	
  proof	
  test	
  (2013.8	
  -­‐)	


2012	
 2013	
 2014	
 2015	
 2016	
 2017	
 2018	

	
  	


	
  	
  
for	
  SK	
  PMT	


3rd,	
  1yr	


Proof	
  test	


8	
  HPDs	


Installed	
  3	
  high-­‐QE	
  	
  
	
  	
  Box&Line	
  PMTs	
  
	
  	
  	
  in	
  2014	
  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	
  prepara<on)	


Select	
  	
  
HK	
  photosensor	
  
	
  in	
  2016	


Report	
  today	


2013	


HK	
  prototype	
  test	


Test	
  ~200	
  	
  
HK	
  sensors	


200-­‐ton	
  water	
  tank	
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l  New	
  50	
  cm	
  Φ	
  photodetectors	
  developed	
  for	
  HK.	
  

Vene<an	
  
blind	
  dynode	


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

Amplifica<on	
 Vene<an	
  blind	
  dynode	
 Box	
  and	
  line	
  dynode	
 20mmΦ	
  Avalanche	
  diode	

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


C.E.	
  (calculated)	
 80%	
 93%	
 95%	


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	
 1.4	
  yrs	
  for	
  HQE	
  now	
 0.3	
  yrs	
  now	
  from	
  Sep.2014	
 >	
  1	
  yrs	
  expected	


Mounted	
  in	
  
Super-­‐K	


Avalanche	
  
diode	


50
.8
	
  c
m
	
  φ

	


New	


High	
  QE!	

Box	
  and	
  

line	
  dynode	


New	


High	
  QE!	


By	
  Hamamatsu	
  Photonics	
  K.K.	


High	
  efficiency,	
  good	
  resolu;on	
  and	
  low	
  cost	
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50	
  cm	
  HQE	
  Box&Line	
  PMT	


l  Installa<on	
  finished	
  in	
  2014/8.	
  
l  Proof	
  test	
  restarted.	
  	


High-­‐QE	
  Box&Line	
  PMTs	


New	


Replace	
  3	
  Super-­‐K	
  PMTs	
  to	
  Box&Line	
  PMTs	


50cm	
  High-­‐QE	
  PMT	
  
20cm	
  HPD	
  
50cm	
  Super-­‐K	
  PMT	


Replaced	
  with	
  
	
  new	
  version	
  of	
  	
  
	
  	
  	
  	
  	
  	
  HV	
  module	
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 / ndf 2χ   1615 / 4
Factor    2.419e-27± 3.477e-25 

 αIndex  0.0009386± 8.098 

 / ndf 2χ   1615 / 4
Factor    2.419e-27± 3.477e-25 

 αIndex  0.0009386± 8.098 

 / ndf 2χ  548.1 / 4
Factor    1.272e-27± 1.355e-25 

 αIndex  0.001264± 8.278 

 / ndf 2χ  548.1 / 4
Factor    1.272e-27± 1.355e-25 

 αIndex  0.001264± 8.278 

 / ndf 2χ  239.2 / 4
Factor    2.032e-27± 1.491e-25 

 αIndex  0.001934± 8.255 

 / ndf 2χ  239.2 / 4
Factor    2.032e-27± 1.491e-25 

 αIndex  0.001934± 8.255 

 / ndf 2χ  18.68 / 4
Factor    2.674e-29± 3.403e-27 

 αIndex  0.001041± 8.597 

 / ndf 2χ  18.68 / 4
Factor    2.674e-29± 3.403e-27 

 αIndex  0.001041± 8.597 

 / ndf 2χ  5.556e+04 / 4
Factor    1.443e-26± 3.558e-24 

 αIndex  0.000552± 7.669 

 / ndf 2χ  5.556e+04 / 4
Factor    1.443e-26± 3.558e-24 

 αIndex  0.000552± 7.669 

 / ndf 2χ  40.49 / 4
Factor    1.452e-27± 1.141e-26 

 αIndex  0.01728± 8.576 

 / ndf 2χ  40.49 / 4
Factor    1.452e-27± 1.141e-26 

 αIndex  0.01728± 8.576 

 / ndf 2χ  17.18 / 4
Factor    3.227e-26± 1.62e-25 

 αIndex  0.02765± 8.241 

 / ndf 2χ  17.18 / 4
Factor    3.227e-26± 1.62e-25 

 αIndex  0.02765± 8.241 

 / ndf 2χ  474.9 / 4
Factor    2.53e-27± 1.563e-25 

 αIndex  0.002226± 8.206 

 / ndf 2χ  474.9 / 4
Factor    2.53e-27± 1.563e-25 

 αIndex  0.002226± 8.206 
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Gain-­‐HV	
  curve	
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  PMT	


5	
  HQE	
  SK	
  PMT	
  
	
  
3	
  HQE	
  	
  
box&line	
  	
  
PMT	


HV	
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16
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24Calibra<on	
  	


Single	
  photoelectron	
  peak	
  [pC]	


3	
  HQE	
  B&L	
  PMTs	
  
5	
  HQE	
  SK	
  PMTs	
  
SK	
  PMTs	
  •  ・	
  HV	
  of	
  SK	
  PMTs	
  in	
  EGADS	
  	
  

	
  determined	
  by	
  QE×CE×Gain.	
  
•  ・	
  Gain	
  of	
  HQE	
  SK,	
  Box&Line	
  	
  

	
  PMTs	
  adjusted	
  by	
  1	
  p.e.	
  peak	
  	
  
	
  to	
  get	
  same	
  gain	
  as	
  SK	
  PMT’s.	


Gain	
  aoer	
  calibra<on	
  (in	
  pure	
  water)	


 [ns]σTime resolution in 
2 2.5 3 3.5 4

Nu
mb

er 
of 

ph
oto
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ns

ors

1

10

TQ	
  correc<on	
  was	
  not	
  correctly	
  applied	
  for	
  Box&Line	
  PMT.	
  
Lower	
  HV	
  is	
  applied	
  for	
  HQE	
  SK	
  PMT	
  because	
  of	
  higher	
  gain.	


3	
  Box&Line	
  
	
  PMTs	


Time	
  resolu<on	
  at	
  1	
  p.e.	


Charge resolution 
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Charge	
  resolu<on	
  at	
  1	
  p.e.	


3	
  Box&Line	
  
	
  PMTs	


Good	
  performance	
  at	
  1	
  p.e.	
  was	
  confirmed.	


N
um

.	
  o
f	
  p

ho
to
de

te
ct
or
s	




Date
03/Dec 10/Dec 17/Dec 24/Dec 31/Dec 07/Jan 

C
ha

rg
e 

[p
C

]

126

127

128

129

130

l Charge	
  of	
  high	
  QE	
  PMT	
  seems	
  stable.	
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Light	
  peaks	
  from	
  Xe	
  light	
  flashing	
  were	
  monitored.	
  	


RMS	
  0.6	
  –	
  0.9%	
RMS	
  0.6%	
  	
  
(1%	
  in	
  largest)	


Peaks	
  are	
  corrected	
  by	
  reference	
  intensity	
  monitor.	
  
Water	
  quality	
  such	
  as	
  atenua<on	
  and	
  absorp<on	
  
	
  	
  	
  might	
  affect	
  peak	
  posi<on	
  if	
  there	
  was	
  change.	
  	


Light	
  source	
  intensity	
  	
  
(a	
  few	
  tens	
  p.e.	
  per	
  PMT)	


Date	
  (week/div)	




Threshold [mV]
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D
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H
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←	
  1mV	
  thres.	
  for	
  all	
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HPD (8-inch) 

Dark rate PMT 0
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Dark rate [kHz]
0 5 10 15 20 25 30 35 40

N
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r o
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to
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0

1

2 Measured	
  just	
  aoer	
  darkened	
  by	
  pre-­‐calibra<on.	


HQE	
  Box&Line	
  PMT	
  (2014)	
  
HQE	
  SK	
  PMT	
  (2013)	
  

Dark	
  rate	
  measured	
  before	
  installa<on	


At	
  1mV	
  threshold	
  by	
  pre-­‐calibra<on	
  
	
  	
  	
  	
  	
  in	
  dark	
  box	


Dark	
  rate	
  measured	
  in	
  tank	

HQE	
  Box&Line	
  PMT	
  
	
  	
  (ZB8248,	
  ZB8259,	
  ZB8246)	
  
HQE	
  SK	
  PMT	
  
SK	
  PMT	
  	
  

Comparable	
  level	
  before	
  installa<on	
  	
  	
  
	
  between	
  HQE	
  Box&Line	
  and	
  HQE	
  SK	
  PMTs	


In	
  precalib.	
  
before	
  	
  
installa<on	


Dark	
  rate	
  distribu<on	
  in	
  all	
  EGADS	
  photosensors	

HQE	
  Box&Line	
  PMT	
  
HQE	
  SK	
  PMT	
  
SK	
  PMT	
  
HPD	
  

3	
  new	
  HQE	
  	
  
	
  B&L	
  PMTs	


Dark	
  rate	
  [kHz]	


11.Nov.2014	


Box&Line	
  PMT	
  
Super-­‐K	
  PMT	
  

In	
  dark	
  box	


8.Jan.2015	


Hit	
  threshold	
  [mV]	


1	
  pe	




l  Dark	
  rate	
  was	
  largely	
  reduced	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  for	
  first	
  few	
  days	
  aoer	
  opera<on	
  started.	
  

l  There	
  is	
  an	
  individual	
  difference	
  of	
  stabiliza<on	
  as	
  well	
  as	
  SK	
  PMT.	
  
l  Dark	
  rate	
  is	
  being	
  taken	
  daily	
  and	
  monitored	
  in	
  1	
  Hz	
  dedicated	
  trigger.	
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Stabilizing..	
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PMT	
Da
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  ra
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  [k
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Da

rk
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te
	
  [k
Hz
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1	
  HPD	
  got	
  unstable	
  rate,	
  	
  
coming	
  from	
  external	
  	
  
electronics	
  noise,	
  etc.	
  	


1	
  month	


(ZP0007:HV	
  noise	
  is	
  large)	


1-­‐2oC	
  high	
  temperature	


Almost	
  flat	
  and	
  stable	


For	
  a	
  few	
  months	




l It	
  seems	
  high-­‐QE	
  PMT,	
  especially	
  Box&Line	
  PMT,	
  
shows	
  higher	
  dark	
  count	
  rate	
  than	
  SK	
  PMT	
  in	
  tank.	
  	
  

l Some	
  factors	
  might	
  cause	
  the	
  difference.	
  
¡ Environmental	
  temperature	
  
¡ Bias	
  voltage	
  
¡ Quantum	
  efficiency	
  	
  
¡ Collec<on	
  efficiency	
  (?)	
  
¡ Aoer	
  pulse	
  (from	
  dark	
  rate)	
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(Temperature	
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  at	
  this	
  posi<on)	
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3.7%/℃	
 3.2%/℃	
 2.8%/℃	
   1.8%/℃	
   4.6%/℃	


Dark	
  rate	
  depends	
  on	
  environment	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  temperature	
  especially	
  for	
  high	
  QE.	
  
Temperature	
  monitor	
  in	
  tank	
  shows	
  change	
  	
  
	
  	
  of	
  a	
  few	
  degrees	
  by	
  loading	
  Gd	
  in	
  water.	


Temperature	
  at	
  3	
  deferent	
  depth	




HV [V]
1600 1700 1800 1900 2000 2100 2200

D
ar

k 
ra

te
 [k

H
z]

10

HV [V]
1600 1700 1800 1900 2000 2100 2200

D
ar

k 
ra

te
 [k

H
z]

10

l Different	
  HV	
  set	
  brings	
  	
  
	
  	
  	
  	
  	
  	
  varia<on	
  of	
  dark	
  rate.	
  

l  There	
  is	
  s<ll	
  difference	
  even	
  if	
  	
  
	
  	
  	
  	
  	
  bias	
  HV	
  becomes	
  same.	
  

l What’s	
  other	
  factors?	
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HQE	
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HQE	
  SK	
  PMT	
  

HV	
  aoer	
  gain	
  calibra<on	


Measured	
  in	
  
	
  	
  	
  	
  proof	
  test	
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FIGURE 2.  Dark rate as a function of the operating voltage of the photomultiplier. 

 
   

Time Distribution of Dark Events 

Distribution of Spacings between Events 
Already Rodman and Smith [1] have suspected that the dark rate is ‘nonstatistical in 

character’. In order to investigate this, we study the time distribution of dark pulses at 
liquid-nitrogen temperature. To this effect we measure, for a run of N pulses, the time Δtn  
elapsed since the previous pulse (n = 1…N). The sum of all Δtn is then the duration tN of 
the run. A typical run lasts about 15 minutes, and consists of 2 to 3 104 such time 
intervals. 

The frequency distribution for a typical measurement at 81 K is shown in fig.3a. For 
random events (occurring independently of each other at an average rate ρ) the 
distribution of intervals Δt would be proportional to exp(–ρΔt). The data in fig.3a indeed 
exhibit such an exponential dependence (solid line), except for a spike in the first few 
bins, which indicates an excess of short intervals above the random expectation. This 
spike, in fact, contains the information that will be discussed in the remainder of this 
paper.  

A closer look at the spike region is shown in fig.3b. The excess of intervals above the 
random distribution (solid line), comprise about 70% of all collected events (N). It may 
be worth noting that the distribution of these excess events, to a very good 
approximation, is proportional to Δt -⅔ and thus follows a power law (dashed green line in 
fig.3b).  
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By	
  Schotky	
  effect	

HV	
  [V]	


Reference	
  :	
  	
  
	
  	
  	
  HV-­‐dark	
  rate	
  dependency	


(	
  The	
  High-­‐QE	
  SK	
  PMT	
  	
  
	
  	
  	
  	
  has	
  high	
  gain	
  and	
  	
  
	
  	
  	
  	
  	
  	
  	
  HV	
  was	
  set	
  low,	
  	
  
	
  	
  depending	
  on	
  each	
  	
  
	
  	
  	
  	
  produc<on	
  stage	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  in	
  part	
  of	
  R&D.)	


In	
  general,	
  dark	
  rate	
  depends	
  on	
  HV.	
  	


Type	
 Serial	


Dark rate [kHz]	


Constant gain	
 Same 2 kV set	


 SK	
  ZP0015 	
   9.13  (1760V) 	
 12.39 (2000V)	


 SK	
  ZP0022 	
   6.54  (1636V) 	
  9.33 (2000V)	


 SK	
  ZP0021 	
   7.16  (1660V) 	
 12.26 (2000V)	


 SK	
  ZP0012 	
  10.51  (1714V) 	
 12.93 (2000V)	


 BL	
  ZB8259 	
  22.73  (2163V) 	
 16.65 (2000V)	


 BL	
  ZB8246 	
  16.97  (1871V) 	
 23.96 (2000V)	


 BL	
  ZB8248 	
  22.95  (1798V) 	
 39.83 (2000V)	


 SK	
  ZP0007 	
   9.70  (1745V) 	
 18.91 (2000V)	


Correla<on	
  with	
  applied	
  HV	
  
is	
  clearly	
  seen.	
  	


Set	
  all	
  HV	
  	
  
to	
  2000V	


Same	
  for	
  other	
  points	




l  	
  Dark	
  rate	
  at	
  1	
  mV	
  threshold	
  by	
  se}ng	
  all	
  HV	
  to	
  2000V	
  

l  Rela<on	
  appears	
  in	
  total	
  detec<on	
  efficiency	
  rather	
  than	
  QE	
  only.	
  	
  
¡  It	
  seems	
  reasonable	
  because	
  noise	
  electron	
  comes	
  from	
  photocathode.	
  

l  It	
  might	
  be	
  beter	
  to	
  consider	
  possible	
  effect	
  of	
  extra	
  light	
  BG	
  in	
  tank.	
  
¡  In	
  dark	
  box	
  during	
  pre-­‐calibra<on,	
  no	
  difference	
  was	
  seen	
  between	
  two	
  types.	
  

	
  

	
  	
  	
  Inves<ga<on	
  is	
  required	
  to	
  know	
  how	
  much	
  high	
  detec<on	
  efficiency	
  affects	
  dark	
  rate	
  measured.	
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  1%	
  increase	
  of	
  QE	


QE	
  [%]	


Da
rk
	
  ra

te
	
  [k
Hz

]	


QE	
  ×	
  CE	
  [%]	

Da

rk
	
  ra

te
	
  [k
Hz

]	


HQE	
  SK	
  PMT	
  	
  	
  HQE	
  B&L	
  PMT	
  	
  (▲	
  Barrel,	
  ■	
  Botom	
  of	
  tank)	

CE	
  :	
  80%,	
  93%	
  assumed	
  
QE	
  :	
  HPK	
  measured	


It	
  is	
  known	
  that	
  higher	
  QE	
  tends	
  to	
  get	
  higher	
  dark	
  rate.	




l  3	
  for	
  quick	
  installa<on	
  is	
  possible	
  on	
  top	
  posi<on	
  
¡  Installa<on	
  work	
  without	
  entering	
  into	
  tank	
  
¡ Others	
  on	
  barrel	
  wall	
  require	
  work	
  	
  
in	
  tank	
  and	
  it	
  takes	
  long	
  <me.	
  	
  

l  8	
  at	
  maximum	
  in	
  total	
  
¡ Limited	
  by	
  num	
  of	
  HPD	
  cables	
  

	
  	
  

l  Plan	
  depends	
  on	
  R&D	
  progress	
  
¡ Expect	
  installa<on	
  within	
  a	
  year	
  

l  To	
  Do	
  
¡ Preamplifier	
  development	
  
¡ Op<miza<on	
  of	
  AD	
  
¡ Waterproof	
  and	
  moun<ng	
  design,	
  and	
  Gd	
  soak	
  test	
  
¡ Test	
  in	
  water	
  and	
  in	
  Gd	
  loaded	
  water	
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50cm	
  HQE	
  HPD	
  (?)	
 20cm	
  HPD	
  (8)	


50cm	
  HQE	
  PMT	
  (5)	
50cm	
  HQE	
  Box&Line	
  PMT	
  (3)	


(240	
  in	
  total)	


Map	
  on	
  tank	




l 3	
  HQE	
  Box&Line	
  PMTs	
  were	
  installed	
  in	
  Jul-­‐Aug	
  2014.	
  
¡ Properly	
  working	
  with	
  good	
  resolu<on	
  and	
  stability	
  

l HQE	
  Box&Line	
  PMTs	
  show	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  highest	
  dark	
  rate	
  level	
  in	
  all	
  types.	
  
¡ There	
  are	
  several	
  factors	
  to	
  change	
  dark	
  rate.	
  	
  
¡ Aim	
  at	
  finding	
  way	
  to	
  suppress	
  dark	
  rate	
  

l 20”	
  HPD	
  is	
  s<ll	
  under	
  development	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  and	
  will	
  be	
  ready	
  in	
  2015.	
  	
  
¡ Proof	
  test	
  starts	
  during	
  the	
  second	
  half	
  of	
  this	
  year.	
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