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Photodetector technologies
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Photodetector R&D
Hyper-K photosensor candidates: 

20-inch hybrid photodetector 
(HPD) 
20-inch improved or HQE PMT 

99K required for 20% coverage
58K HQE for 13% coverage
Expected time resolution 
gains for HPDs:

3

for Hyper-K
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Photo-sensor
• Candidates for ID sensor

• 20” Hybrid Photo Detector (HPD)

• Improved 20” PMT

• Proof test of 8” HPD in water tank from this summer 

• 20” HPD prototype expected in ~a year
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Hybrid Photo-detector
• Hybrid Photo-detector (HPD) is a new type of photo-

sensor with an avalanche diode, replacing metal dynode.

• HPD is a candidate of photo-sensor for Hyper-K

• HPD expected to have better performances than 
standard PMTs:
• Timing resolution: shorter e-multiplication process

• Collection efficiency: higher operating voltage (~10kV) 

• Lower cost: mechanically simple
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AD gainBombardment gain

        ΔV
 ~ -260V

pho
ton 5mmϕ AD

8”HPD 20”HPD 20”PMT
HV ~8kV ~8kV ~2kV
Gain 104-105 104-105 ~107

TTS(ns) 0.6 1.1(*) 2.2
C.E. ~97% ~95%(*) ~70%

AD dia. 5mm 20mm -
(*) expectation from field calculation. 

preliminary value➜ Total gain: 104~105
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Photodetector R&D
Large-area picosecond 
photodetectors (LAPPD) based on 
microchannel plates are being 
developed at Argonne National 
Laboratory in close collaboration 
with universities, other labs and 
private companies. 
For a neutrino application, these 
could be tuned to: 

Timing resolution of ~100 psec
(order of magnitude 
improvement)
Spatial resolution of ~1cm

Alternatively, worse timing/less 
spatial resolution could lower price.

4

  

Goals:
● Large area
● Picosecond timing
● Cheap

Applications:
● Picoseconds on       
  large area
● Neutrinos
● Kaons
● Collider
● Muon cooling
● PET scan
● X-ray
● Neutrons

           Large Area Picosecond Photo Detectors 

(LAPPD)

2012 Project X
Physics Study

A.Elagin                                                                June 16,  2012                                                                  2
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The 8-inch LAPPD glass tile

Cheap, widely available 
float glass

Anode is made by silk-
screening  

Flat panel

No pins, single HV cable

Modular design

High bandwidth 50 Ω 
object

Designed for fast timing

Alternative ceramic 
packaging also developed

8x8'' plate
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The LAPPD super-module
Microchannel plate photosensor 
in 8x8” tiles arranged in 24x32” 
super-module. 
Tiles share single line anode.
100 psec time res/1cm spatial res
Channel count optimized to large 
area/desired granularity.
Integrated electronics/double-
sided readout.
Scaled high QE photocathode.  
Thin planar glass body detector. 
No magnetic susceptibility.

6

  

Super Module

● Thin planar glass body detector

● MCPs share single delay
 line anode

● Fully integrated electronics 

2012 Project X
Physics Study

A.Elagin                                                                June 16,  2012                                                                  3

LAPPD collaboration



M. Sanchez - ISU/ANL

Testing end-to-end detector system:
complete “demountable” glass-
body 8” MCP-detector.
full readout and front-end 
electronics, 80 cm anode line.

Producing and testing separate 8” x 8” 
tile, bialkalai photocathodes with QE > 
20%
There is also 8” Sealed-Tube 
processing tank at Berkeley SSL built 
and being tested.
Psec4 chip benchmarked at:

1.6 GHz analog bandwidth,17 
Gsamples/second, ~ 1mV noise

Psec electronics system is capable of 
shape-fitting the LAPPD pulses for 
time, position, and charge at the front-
end.

7

LAPPD Status

ANL “demountable” detector system - 
glass body LAPPD

Reconstruct of a “T” below
Berkeley SSL detector system-

ceramic body LAPPD

LAPPD Photocathode Godparent Review 7/10/2011

 Sealed Tube Device Process Tank 
MCP conditioning, photocathode process 
and transfer seal. 

Process Tank Now In Conditioning Bake 

Berkeley SSL Sealed-Tube 
Processing Tank

s2
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Testing 8” x 8” (Argonne-made) 
MCPs:

Pulse height peaked at 107 gain.
Differential time resolution between 
two ends of delay-line anode <10  
psec.
 2 mm spatial resolution parallel 
to the strip direction, <1 mm in 
transverse.
Time resolution of ~50 psec 
using economical anode design.

Commercialization progress: 
$3 M awarded in SBIR funding to 
US company to commercially 
develop LAPPDs.

8
M. Wetstein/A. Elagin (UChicago/ANL)

LAPPD Status

PRE
LIMINARY

 Best Single-PE time resolution for 8” x 8”
economical, large-area anode:

~50 psec

Difference in arrival time as a 
function of laser position (mm)

Differential time 
resolution 

between two 
ends of an 

optimized anode 
(~10 PE): 

~9 psec (~1mm)

Slope ~10ps/mm 
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Using fast large-area photosensors 
for Water Cherenkov detectors
Motivated by these advances in 
photosensor technology is worth 
asking the following questions: 

Does better timing information 
improve the physics capabilities of 
Water Cherenkov Detectors?

Do photon counting (as opposed 
to integrating charge) provide a 
significant advantage?

Does improved granularity or 
coverage provide additional useful 
information?

What changes to detector and 
photosensor design are required?   

9

In order to answer these 
questions we need tools: 
simulation/reconstruction

J. Thomas

Using WCSim (C. Walter - Duke U.) simulation for these studies. Modifications in 
digitization appropriate for LAPPDs. Reconstruction developed within WCSimAnalysis 

framework used in LBNE Water Cherenkov design. 
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Exploiting better timing/spatial information in WCh

10

Using all light
(Pattern of Light)

Makes fullest use of all photon information, 
both direct and indirect light

Becomes computationally intensive as one 
tries to resolve finer structure in the event 

topology
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Reconstructed 750 MeV Pi0 (geant)

Using causality
(Generalized Hough Transforms)

Requires no initial assumptions about 
event topology

Only makes use of direct light

Fast/parametric
(Timing residuals)

Useful for seed fits and helpful 
understanding of detector tradeoffs

Limited for complex events

Timing-residual based fits to 
study:

The relationship between vertex 
resolution and detector 
parameters.

Improvements to track 
reconstruction with chromatic 
corrections.

Isochron Transform: 
Causality-based Hough 
transform for building track 
segments from photon hit 
parameters.
Exploring more detailed 
reconstruction of EM shower 
structure.

Use of pattern-of-light fit, where 
the full light pattern for each track 
hypothesis is generated.

Used in Miniboone and newer 
Super-K/T2K reconstruction. 

Use of large sample MC/scattering 
tables to address computational 
challenge.

Chroma: Reconstruct like it’s 2099 

Stan Seibert,  Anthony LaTorre
University of Pennsylvania

PXPS, June 18, 2012
1
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The application of this new 
technology could enhance 
background rejection and vertex 
resolution by improving spatial 
and timing information. 
Our studies show that beyond 100 
psec there are no further gains when 
using time residual distributions in a 
200kton detector. 
We have also found that for a given 
detector size, the uncertainties in the 
position of the leading edge become 
smaller if better photodetector 
coverage is considered. 
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M. Sanchez (ISU/ANL), M. Wetstein (U Chicago/ANL), 
I. Anghel (ISU), G. Davies (ISU), T. Xin (ISU)

T. Xin

Project funded under NSF CAREER award

Using LAPPDs for Neutrinos
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Timing-based vertex fitting 

12

s1

s2

Position of the vertex in the direction perpendicular to 
the track is fully constrained by causality

For single vertex fitting, we expect the transverse resolution to 
improve significantly with photosensor time-resolution.

casually consistent 
vertex hypothesis 

(albeit non-physical) true vertex: point of 
first light emissionT0’= T0 - dn/c
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Timing-based vertex fitting 

13

s1

s2casually consistent 
vertex hypothesis 

(albeit non-physical) true vertex: point of 
first light emissionT0’= T0 - dn/c

d

Based on pure timing, vertex position along the direction 
parallel to the track is unconstrained

Must use additional constraint: fit the “edge of the cone” (first light)
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Timing-based vertex fitting 

14

s1

s2Only one unique 
solution that can 

satisfy the 
subsequent 

timing of both 
tracks

Fortunately, multi-vertex separation is a differential measurement.

100 picoseconds ~ 2.25 centimeters

Causality arguments are sufficient to distinguish between one 
and two vertices.

s1
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Using Time Residuals

15

We build a timing 
residual-based fit 
assuming an extended 
track.
The model accounts for 
effects of chromatic 
dispersion and scattering.

Separately fit each 
photon hit with each 
color hypothesis, 
weighted by the relative 
probability of that color.

For MCP-like photon 
detectors, we fit each 
photon rather than fitting 
(Q,t) for each PMT.

T. Xin, I. Anghel, M. Wetstein
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Using Time Residuals

16

Likelihood captures the full correlations between space and time of hits 
(not factorized in the likelihood).
A simple window excludes any light that projects back to points far away from the 
vertex hypothesis.

T. Xin, I. Anghel, M. Wetstein

Using WCSim (C. Walter - Duke U.) simulation for these studies. Modifications in digitization 
appropriate for LAPPDs. Reconstruction developed within WCSimAnalysis framework used in 

LBNE Water Cherenkov design. 
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Water Cherenkov Water Cherenkov Nuetrino Nuetrino DetectorsDetectors
  The next generation of neutrino experiments will require 

massive detectors to reach the sensitivities needed to 
measure CP violation in the lepton sector and the neutrino 
mass hierarchy. 

  The The Water Cherenkov (WCh)Water Cherenkov (WCh)  
detectordetector is a well developed and 
widely used neutrino detection 
technology. It measures the 
Cherenkov light radiated by a 
charged particle that moves 
faster than the speed of light in 
that medium. By studying the 
ring-like Cherenkov light pattern 
in space and time, the direction, 
energy and flavor of a charged 
particle can be inferred. 

  One challenge for future 
WCh detectors is to achieve 
highhigh timing and spatial timing and spatial  
resolutionresolution, which are limited by current photosensor 
technologies.

Large-Area Picosecond PhotoLarge-Area Picosecond Photo--DetectorDetectorss

     

    The Large Area Picosecond Photo Detector (LAPPD, 

http://psec.uchicago.edu/) collaboration is working to develop 

new fabrication techniques based on advances in material 

science to develop micro-channel plate (MCP) detectors, 

capable of instrumenting large physics experiments. Potential 

properties of these LAPPD detectors would include:

Picosecond-level timing resolutionPicosecond-level timing resolution

Micron-level spatial resolutionMicron-level spatial resolution

Application of LAPPD to neutrino Application of LAPPD to neutrino 
experiments experiments 

    Precise timing and spatial resolution obtained using 
LAPPDs in WCh detectors could enhance the background background 
rejection and vertex reconstruction rejection and vertex reconstruction capabilitiescapabilities..

A forward π0 will decay into two ϒ's which are very close. 
The tyical perpendicular distance between the vertices of 
these two ϒ's is less than 10 cm.

Faster-timing enabled better vertex resolution could be 
able to separate the two ϒ's and reject π0.

Time ResidualTime Residual
    Time residualTime residual((δδt)t) = difference between the actual 
propagation time and the predicted propagation time. 

AActual propagatictual propagationon time  time = hitT – vtxT.

PPredicted redicted propagating timepropagating time = d2*n/c + d1/c. . (n is index of 

refraction. c is the speed of light.)

LAPPD 
super module

cherenkov ring produced by a 

muon in SuperK detector

Photomulti
plier Tube

Spatial:
10 cm → 1 cm

Time:
1 ns → 100 ps

Two vertices are separated:

at 7 degree ~ 4.9 cm.

at 15 degree ~ 9.3 cm.

Separation

Separation in angle

A muon event from SuperK experiment

Modeling Modeling the the Time Residual SpectrumTime Residual Spectrum
As the first step, we compare the time residual spectrum and 

our PDF for one of the events generated.

Fit Result: Fit Result: PMT vs LAPPDPMT vs LAPPD  (2 ns)(2 ns)

For a detector equipped with PMTPMTss, an 1818--cmcm perpendicular 

vertex resolution can be achieved.

LAPPDLAPPDss with 2.0 ns time resolution with 2.0 ns time resolution have a slightly better 

performance compared to the PMT for in the perpendicular 

direction.

Fit Result: Fit Result: LAPPD with various time resolutionsLAPPD with various time resolutions

We observed a 33×× gain in the perpendicular vertex 

resolution as time resolution improves from 2.0 ns to 0.1 ns. 

By using LAPPD with 0.1 ns time resolution, we get a ~ 3 cm3 cm 

perpendicular vertex resolution  – very promising number for 

further background rejection.

ConclusionConclusionss

We find that for 200 kton WCh detector, timing based 

vertex reconstruction does not required photosensor time 

resolution better than 100 ps.

We have reconstructed 1.2 GeV muons in 200 kton WCh 

detector taking into account chromatic dispersion. 

We conclude that better detector time resolution leads to 

better reconstructed vertex resolution. 

For LAPPDs with 0.1 ns time resolution, we achieve 3 cm 

in perpendicular vertex resolution.

Upcoming WorkUpcoming Work
Study the impact of the improvement in vertex resolution 

on the background rejection for WCh detector.

Study the optimal design for WCh detector using LAPPD 

as photosensors.

Light Transport in Water and Time ResidualsLight Transport in Water and Time Residuals
    The effects present in light transport through water are 

observable in the time residual spectrum. 

• Chromatic effectsChromatic effects:: Red light travels faster than blue. The 

actual propagation time of red light is shorter than that of blue light. 

Hence, red light will contribute more to the rising edge of the time 

residual spectrum and blue light will contribute to the tail.

• Optical scatteringOptical scattering: : Timing predictions assuming the transit of 

direct light will underestimate the propagation time of scattered 

light, resulting in large time residual values in the tail of the 

distribution.

Detector resolution effects on time residual Detector resolution effects on time residual 
spectrumspectrum

• For a detector resolution of ~ 100 ps, the time residual 

spectrum is already comparable with the distribution obtained for 

perfect timing resolution. Thus, vevertex reconstruction in a rtex reconstruction in a 

200kton WCh detector does not require tim200kton WCh detector does not require timee resolution better  resolution better 

than than 0.1 ns0.1 ns..

• The rising edgerising edge is smeared by chromatic dispersion and is 

comprised mostly of direct light. By correcting for the chromatic By correcting for the chromatic 

dispersion we can improve the vertex resolution.dispersion we can improve the vertex resolution.

Building a PDF taking into account Building a PDF taking into account 
Chromatic DispersionChromatic Dispersion

For a photon with a particular color, the PDF should be a Gauss 

function(ChromGaus) where its width is equal to the photosensor 

time resolution. Due to the chromatic dispersion effect, 

ChromGaus is spread for different colors on the time residual axis.

The final PDF (ChromPDF) is computed by summing over all 

the possible colors, taking into account initial spectrum, optical 

attenuation and quantum efficiency.

ChromPDF is ChromPDF is able to reproduce many of the variations in able to reproduce many of the variations in the the 

timtimee residual shape as a function of detector resolution. residual shape as a function of detector resolution.

This PDF is then used in a maximum likelihood method based 

vertex reconstruction algorithm.

Simulated DataSimulated Data

• We used data generated with the LBNE WCh simulation  

(WCSim, https://wiki.bnl.gov/dusel/index.php/WCSim, Chris 

Walter, Duke University), which is a Geant 4 based 
simulation validated with SuperK by the LBNE collaboration.

• We simulated data for a 200 kton WCh Detector with 13% 
photosensor coverage.

• For our studies we selected only the single muon 
processes with a muon energy of 1.2 GeV with no muon 
scattering.

Tail dominated by 
optical scattering

1 GeV single muon event for 200 kton WCh Detector

Rising edge smeared by 
chromatic dispersion

6.81 cm
(68%)

12.2 cm
(68%)

3.28 cm
(68%)

12.8 cm
(68%)

18.2 cm
(68%)

Optical scattering has not 

yet been taken into account

Our PDF models the 

rising edge very well
 (m)er * 

-50 0 50

z 
(m

)

-100

-50

0

50

100
<10 ns
10 - 20 ns
20 - 40 ns
40 - 90 ns
90 - 140 ns
140 - 190 ns
190 - 290 ns
290 - 440 ns
>440 ns

True Vertex
Reco Vertex
True Ring
Reco Ring

Run: 0  Event: 17  SubEvent: 1

It is not as sophisticated as full pattern-of-light fitting. 
However in local fits, all tracks and showers can be well-represented by 
simple line segments on a small enough scale.
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Using Time Residuals

17

Using a 200 kton simulated 
detector with 13% 
photodetector coverage (LBNE 
WCh design) using WCSim.
1.2 GeV muons uniformly 
distributed.

Our preliminary studies, indicate 
a factor of 3 to 4 gain in the 
perpendicular vertex resolution. 
Compare this vertex resolution 
to ~20 cm for LBNE WCh 
using similar fits with no 
chromatic corrections and 
standard digitization.  T. Xin, I. Anghel, M. Wetstein

More statistics, other configurations in progress 
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We observed a 33×× gain in the perpendicular vertex 

resolution as time resolution improves from 2.0 ns to 0.1 ns. 

By using LAPPD with 0.1 ns time resolution, we get a ~ 3 cm3 cm 

perpendicular vertex resolution  – very promising number for 

further background rejection.

ConclusionConclusionss

We find that for 200 kton WCh detector, timing based 

vertex reconstruction does not required photosensor time 

resolution better than 100 ps.

We have reconstructed 1.2 GeV muons in 200 kton WCh 

detector taking into account chromatic dispersion. 

We conclude that better detector time resolution leads to 

better reconstructed vertex resolution. 

For LAPPDs with 0.1 ns time resolution, we achieve 3 cm 

in perpendicular vertex resolution.

Upcoming WorkUpcoming Work
Study the impact of the improvement in vertex resolution 

on the background rejection for WCh detector.

Study the optimal design for WCh detector using LAPPD 

as photosensors.

Light Transport in Water and Time ResidualsLight Transport in Water and Time Residuals
    The effects present in light transport through water are 

observable in the time residual spectrum. 

• Chromatic effectsChromatic effects:: Red light travels faster than blue. The 

actual propagation time of red light is shorter than that of blue light. 

Hence, red light will contribute more to the rising edge of the time 

residual spectrum and blue light will contribute to the tail.

• Optical scatteringOptical scattering: : Timing predictions assuming the transit of 

direct light will underestimate the propagation time of scattered 

light, resulting in large time residual values in the tail of the 

distribution.

Detector resolution effects on time residual Detector resolution effects on time residual 
spectrumspectrum

• For a detector resolution of ~ 100 ps, the time residual 

spectrum is already comparable with the distribution obtained for 

perfect timing resolution. Thus, vevertex reconstruction in a rtex reconstruction in a 

200kton WCh detector does not require tim200kton WCh detector does not require timee resolution better  resolution better 

than than 0.1 ns0.1 ns..

• The rising edgerising edge is smeared by chromatic dispersion and is 

comprised mostly of direct light. By correcting for the chromatic By correcting for the chromatic 

dispersion we can improve the vertex resolution.dispersion we can improve the vertex resolution.

Building a PDF taking into account Building a PDF taking into account 
Chromatic DispersionChromatic Dispersion

For a photon with a particular color, the PDF should be a Gauss 

function(ChromGaus) where its width is equal to the photosensor 

time resolution. Due to the chromatic dispersion effect, 

ChromGaus is spread for different colors on the time residual axis.

The final PDF (ChromPDF) is computed by summing over all 

the possible colors, taking into account initial spectrum, optical 

attenuation and quantum efficiency.

ChromPDF is ChromPDF is able to reproduce many of the variations in able to reproduce many of the variations in the the 

timtimee residual shape as a function of detector resolution. residual shape as a function of detector resolution.

This PDF is then used in a maximum likelihood method based 

vertex reconstruction algorithm.

Simulated DataSimulated Data

• We used data generated with the LBNE WCh simulation  

(WCSim, https://wiki.bnl.gov/dusel/index.php/WCSim, Chris 

Walter, Duke University), which is a Geant 4 based 
simulation validated with SuperK by the LBNE collaboration.

• We simulated data for a 200 kton WCh Detector with 13% 
photosensor coverage.

• For our studies we selected only the single muon 
processes with a muon energy of 1.2 GeV with no muon 
scattering.

Tail dominated by 
optical scattering

1 GeV single muon event for 200 kton WCh Detector

Rising edge smeared by 
chromatic dispersion

6.81 cm
(68%)

12.2 cm
(68%)

3.28 cm
(68%)

12.8 cm
(68%)

18.2 cm
(68%)

Optical scattering has not 

yet been taken into account

Our PDF models the 

rising edge very well
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M. Wetstein

first 2 radiation lengths of a 1.5 GeV π0 → γ γ

true

mmmm

The isochron transform is a 
causal Hough transform, that 
build tracks from a pattern of hits 
in time and space.
This approach requires a seed 
vertex, but no prior assumption 
about number of tracks or event 
topology.
It connects each hit to the vertex 
through a two segment path, one 
that of the charged particle, the 
other representing emitted light. 
The rotational ambiguity is easily 
resolved, since the same track will 
intersect maximally around their 
common emission point. 
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first 2 radiation lengths of a 1.5 GeV π0 → γ γ

reconstructed

mmmm

M. Wetstein

Track-like clusters emerge from density 
of intersections:

This density is sensitive to the 
position of the vertex hypothesis.
Image sharpness can be used as a 
figure of merit for fitting the vertex.

Initial implementation tested on a 6m 
spherical detector with 100% coverage 
and perfect resolution.
Full optical effects are applied

Not yet correcting for chromatic 
dispersion.
Not using any timing-based quality 
cuts. 

Challenges for realistic implementation: 
optimization for larger detectors, 
sparser coverage, less resolution.
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first 2 radiation lengths of a 1.5 GeV π0 → γ γ

reconstructed

mmmm

M. Wetstein
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Isochron method
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Track-like clusters emerge from density 
of intersections:

This density is sensitive to the 
position of the vertex hypothesis.
Image sharpness can be used as a 
figure of merit for fitting the vertex.

Initial mplementation tested on a 6m 
spherical detector with 100% coverage 
and perfect resolution.
Full optical effects are applied

Not yet correcting for chromatic 
dispersion.
Not using any timing-based quality 
cuts. 

Challenges for realistic implementation: 
optimization for larger detectors, 
sparser coverage, less resolution.
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Conclusions
A new generation of larger area photodetectors is in development. 

Hyper-K is evaluating and developing photodetector technology 
such as HPDs which have improved timing resolution over PMTs. 

The LAPPD collaboration has made progress in demonstrating key 
innovations in producing large-area microchannel plates.  

Studies are in progress to explore the benefits of improved time 
resolution and detector coverage/granularity impact in large Water 
Cherenkov detector design. 

Fast timing as in LAPPD also of high interest for Near Detector 
(see M. Wilking talk). Isochron algorithm ideally suited for this 
application.

Time resolution gains could enhance background rejection
and improve physics capabilities of Hyper-Kamiokande


