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Photodetector Systems

•Large Water/Scintillation Detectors
•TOF Systems
•RICH and DIRC
•Atmospheric Cherenkov Arrays

•Low Rate
•High Rate Detectors

Photodetector Contexts
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Needed Capabilities

•Cost Per Unit Area
•Imaging Capabilities
•Precision Timing
•Single Photon Counting
•Noise and Radiopurity
•Rate Handling
•Robustness

•mechanical
•low T
•rad hardness
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M. Sanchez - ISU/ANL

Photodetector R&D
All groups working on neutrino 
detectors have considered 
photodetector technology in 
the market at this time. 

Collaborations working on 
characterization and design of 
larger/cheaper/more 
efficient photosensors.

Also working with Hamamatsu 
(sole manufacturer on many 
cases) on development of new 
options. 

6

Building your detector within the next few years

Significant R&D work done/being done by LBNE, HyperK, Daya Bay II, LENA

More on developments
• sensors
–20 inch Hybrid PD
–New 20inch PMT
–prototype in a year

• proof test by 8inch HPD from this 
summer

• water-proof system for DAQ 
electronics

• detector calibration method
–quick, easy way

• software
–HK simulation & reconstruction
–Physics sensitivity studies 14

M. Shiozawa

Thursday, April 18, 13
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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 be a lower 
price.

12

  

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
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generic

Building your detector in the next decade

Cost Per Unit Area
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Photodetector R&D
All groups working on neutrino 
detectors have considered 
photodetector technology in 
the market at this time. 

Collaborations working on 
characterization and design of 
larger/cheaper/more 
efficient photosensors.

Also working with Hamamatsu 
(sole manufacturer on many 
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options. 
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Building your detector within the next few years

Significant R&D work done/being done by LBNE, HyperK, Daya Bay II, LENA

More on developments
• sensors
–20 inch Hybrid PD
–New 20inch PMT
–prototype in a year

• proof test by 8inch HPD from this 
summer

• water-proof system for DAQ 
electronics

• detector calibration method
–quick, easy way

• software
–HK simulation & reconstruction
–Physics sensitivity studies 14

Significant cost

Thursday, April 18, 13



M. Sanchez - ISU/ANL

8

Navy Undersea Warfare Center 
(NUWC) Facility

Pressure Tank

● Cooperation between BNL and NUWC through 
Cooperative Research And Development Agreement 
(CRADA)
● 15m diameter
● 500,000 gallons of water 
● Rated for 100 psi at the center

Photodetector R&D
Reduced number of phototubes requires 
additional light collection technologies:

Winston cones and Wavelength shifting 
plates R&D done by Drexel and Colorado 
State groups for LBNE. 

Phototubes in large detectors are subject to 
high pressure environment. 

Testing program has been completed at 
NUWC by Brookhaven for LBNE.

Up to 300 psi. 

Designed housing. 

Other studies include glass R&D.

LENA has similar process 
of characterization and design. 

32

PXPS12 Stefano Perasso - Winston Cones for WCD 5

First prototypes

Al Ag Al

Profile: Winston Cone

Metal Coat: Al

60° opening angle

Rmin at the edge 
of Photocathode 
guaranteed by 

Hamamatsu
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Profile: Ellipsoidal

Metal Coat: Al + coating

60° opening angle

Wider rmax (16.5”)

Rmin at the equator

PXPS12 Stefano Perasso - Winston Cones for WCD 5

First prototypes

Al Ag Al

Profile: Winston Cone

Metal Coat: Al

60° opening angle

Rmin at the edge 
of Photocathode 
guaranteed by 

Hamamatsu

Profile: Winston Cone

Metal Coat: Ag

60° opening angle

Rmin at the edge 
of Photocathode 
guaranteed by 

Hamamatsu

Profile: Ellipsoidal

Metal Coat: Al + coating

60° opening angle

Wider rmax (16.5”)

Rmin at the equator

16

Multiple PMTs Experimental Setup

High speed 
camera

Donor PMT

Side tube survived in the 
shock wave

● 5 10” Hamamatsu R7081 tubes with prototyping 
housing are mounted on the cables
● Tubes are separated by 50cm from center to 
center
● 2 High speed cameras (4000f/s and 2000f/s)
● 10 Water proof pressure sensors (PCB ICP)
● 9 accelerometers are installed on the cables 

Technical demands 
• Site:   4000mwe rock overburden, cavern 

 excavation + stability, reactor neutrinos, 
 neutrino beam → LAGUNA design study 

• Tank:  Shape, water shielding, buffer, optical 
 shielding, radiopurity, chemical compatibility, 
 cost 

• Construction:   Excavation, instrumentation, 
 purification, filling + liquid handling 

• Scintillator:   Light yield, scattering + absorption 
 lengths, fast, particle identification, 
 radiopurity, lifetime, toxicity, flammability 

• Photosensors:   Optical coverage, detection 
 properties, homogeneity of p.e. yield, low 
 background materials, pressure, chemical 
 compatibility, lifetime, cost 

LENA 
 Marc Tippmann  
 Technische Universität München 

Physics potential 7/20 

S. Perasso (Drexel)

J. Ling (BNL)

for LBNE/LENA

7

Cost Per Unit Area

Thursday, April 18, 13
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Photodetector R&D
12-inch photomultiplier tubes (Hamamatsu 
R11780) were chosen for LBNE Water 
Cherenkov design. 

Detailed characterization work done by the 
UPenn group for LBNE shows transit times 
varying by as much as 3ns face of detector. 

Need changes to dynode structure.

8

Comparison between R7081 10’’ and 12’’ R11780 

10 inch
R7081

12 inch
R11780�253 mm

12-inch PMT has larger effective area ratio.

�305 mm

Round
ShapeMushroom

Shape

Higher Pressure-resistance

�220 mm

�280 mm
Diff.=33 mm

Diff.=25 mm

Comparison between
R11780 & R7081

Effective Area: 1.62
Price: less than 1.5

“Price per unit area”
is lower than R7081.

• R7081 10-inch PMT well characterized and currently in use by 
neutrino experiments such as IceCube

Saturday, June 16, 12

Position Dependence: 12’’ PMT

Saturday, June 16, 12

Position Dependence: 12’’ PMT
Anthony LaTorre

(University of Chicago)

Saturday, June 16, 12

S. Grullon (UPenn)

Timing resolutions 
~ 1-2  ns. 
QE 21 & 32% 
available.
NIM paper 
describing 
characterization:

arxiv:1219.2765

for LBNE

Thursday, April 18, 13
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Photodetector R&D

9

)))))))))Hybrid))PhotoWDetector)

Avalanche)Photodiode)(APD))

5(mm(

photoelectron)

APD)

×1000W5000)

∼20)kV)

<100)ps)
Mming)

)))))))Micro))Channel)Plate)

BUT…)
Most)important)for)Large)Area)Cost)EffecMve)Proton)Decay)Detectors:)COST)(and)light)collecMon))

E. Kearns

Large-Area Photodetector options

Large Area

or MCP

Building your detector within this decade
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10M. Sanchez - ISU/ANL

Photodetector R&D
Hyper-K planning to use 
either: 

20-inch hybrid 
photodetector (HPD) or 
a 20-inch improved PMT 
provided by 
Hamamatsu.

Expected production 
time for 99K 
photosensors is 4 years. 

The R&D projected time 
is about the same!

10

for Hyper-K

13

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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!  -4&'()"&5#-6&(,-)#0+"#-5#75-(,-8&5#"-
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Preparation @ Kamioka
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M. Shiozawa/ T. Nakaya
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LAPPD concept

5

 What is the LAPPD Concept

SNS Neutrino Workshop 2012

LAPPD detectors:
•Thin-films on borosilicate glass
•Glass vacuum assembly
•Simple, pure materials
•Scalable electronics
•Designed to cover large areas

Conventional MCPs:
•Conditioning of leaded glass 
(MCPs)
•Ceramic body
•Not designed for large area 
applications

Thursday, April 18, 13
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Microchannel Plates

6

SNS Neutrino Workshop 2012

Thursday, April 18, 13
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Microchannel Plates

7

SNS Neutrino Workshop 2012

Thursday, April 18, 13



14

Microchannel Plates

8

SNS Neutrino Workshop 2012

Thursday, April 18, 13
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Microchannel Plates

9

SNS Neutrino Workshop 2012

Thursday, April 18, 13
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M. Sanchez - ISU/ANL

Photodetector R&D
Daya Bay II is looking at 15K 20” 
PMTs for an optical coverage of 
70-80%. Possibly combining 
with 8” PMTs with better timing.

Options: 

20” UBA/SBA photocathode 
PMT from Hamamatsu QE 
35-43% (does not exist?).

Design new hybrid PMT.

Use MCPs and trasmission/
reflective photocathodes to 
improve photon detection 
efficiency by x2. 

Obtain cheap (rejects) MCPs 
from night vision goggle industry. 

11

for Daya Bay II
1) Using two sets of Microchannel plates (MCPs) to replace the dynode chain
2) Using transmission photocathode (front hemisphere)

and reflective photocathode (back hemisphere)

High photon detection efficiency Single photoelectron Detection Low costˇ ˇ

20% * 60% = 12% 

70% * 40% *  60% = 17%

¾Total Photon Detection Efficiency: ~30%

¾ The new design of a large area PMT 

Photon Detection Efficiency: 14% Æ 30%  ;  h~2  at least !

~ 4˭ viewing angle!!

Transmission cathode: 20%

Reflection cathode: 40%

¾MCP CE: 60%

QE

PDE

5”(8”) 
prototype

transmission

5”(8”)
prototype

Transmission
+Reflection 

20”
prototype

Transmission
+Reflection 

Design

MCPPhotocathode

Photomultiplier Glass

Prototype

vacuum 
equipment

PreAMP
& Base SPE

¾ The R&D plan of the MCP-PMT

Sen Qian (IHEP)

Thursday, April 18, 13
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Photocathodes

05/05/10 RICH 2010

LAPPD Collaboration: Large Area Picosecond Photodetectors

Photocathode Fabrication
Two parallel efforts:

• Work at UC Berkeley (SSL) to scale conventional multi-alkali photocathodes to 
large-area, flat geometries.

K. Broughton, E. Indacochea (UIC), X. Li, R. Dowdy (UIUC), B. Adams, M. Chollet, Z. Insepov, S. Jokela, A. Mane, Q. Peng, T. Prolier, M. Wetstein, I. Veryovkin, Z. Yusof, A. Zinovov 
(ANL), O. Siegmund, J. McPhate, S. Jelensky, A. S. Tremsin, J. V. Vllerga (Berkeley, SSL), V. Ivonov (Muons Inc)

• Work at Argonne to develop a 
fabrication and testing chamber

• to complement Berkeley’s multi-
alkali work

• further the fundamental 
understanding of photocathode 
materials 

• look into novel photocathode 
designs (advanced materials, 
nano-structures...)

Possible long-term photocathode center at ANL

Major area for innovation
Basic physics poorly understood

K. Attenkoffer

see:
https://psec.uchicago.edu/workshops/2nd_photocathode_conference/

The Three Criteria: 

3

High efficiency
& bandwidth 
optimization

Long lifetime of the 
device & easy to 
assembly

“Good” noise 
behavior

What is the best structure 
for a good and cost-efficient
Photocathode?

Thursday, April 18, 13
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Timing II

13

 Factors That Determine Time Resolution 

CMS Forward Calorimetry Task Force

At the Front End:
• Sampling rate (fs)

Nyquist-Shannon Condition
• Analog bandwidth (f3DB)
• Noise-to-signal (!u/U)

Intrinsic to the MCP:
• Operational voltages
• Gain
• Geometry

• Pore size

• Continuous vs discrete
dynode

see: workshop on factors that limit time resolution in photodetectors: http://psec.uchicago.edu/workshops/fast_timing_conf_2011/ 

credit: Stafan Ritt (Paul Scherrer Institute)

B Adams (APS-ANL), M Chollet (APS-ANL), A Elagin (Uo!C/ANL), R
Obaid (UofC), A Vostrikov (UofC), M Wetstein (UofC/ANL)

Precision Timing

Thursday, April 18, 13
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~44 psec

Demonstrated gains of O(107)

Timing in the many-photoelectron limit 
approaching single picoseconds

Single photoelectron time resolutions of ~40 
picoseconds.

Thursday, April 18, 13
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Imaging

Instrumentation Frontier Workshop - April 18, 2013
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simultaneous space and 
time is important (4-
vectors) for complete 
event reconstruction

Single PE counting

Important for low E, low rates
Energy resolution in WC detectors

Thursday, April 18, 13
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14

Rate Limitatons I

14

 Factors That Determine Rate Limitations 

CMS Forward Calorimetry Task Force

• The rate capacity of MCPs is primarily driven by pore capacitance and
resistance (RC circuit)

• Sctive pores will deplete some charge from their neighbors, decreasing the
overall relaxation time

• Rate capacity depends not only on the event frequency, but the spatial
distribution

• Rate capacity can be improved
• by reducing MCP resistance
• reducing pore size
• operating at lower gain

• Some commercial plates are
already capable of stable operation
at MHz rates and are being tested
for use in accelerator applications.

• See work by
• J Va’vra, Anton Tremsin, Ossy

Siegmund
• PANDA Collaboration
• (among others…)

From Fred Uhlig’s talk at NDIP Lyon 2011 

Thursday, April 18, 13
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Lifetime of latest generation Microchannel Plate PMT’s

�

A. Britting

1
, W. Eyrich

1
, A. Lehmann

† 1
, F. Uhlig

1
, and PANDA Cherenkov group

1Physikalisches Institut IV, Universität Erlangen-Nürnberg, Erwin-Rommel-Str. 1, D-91058 Erlangen

Introduction

Multi-anode microchannel plate (MCP) PMTs have su-
perior performance characteristics compared to standard
dynode PMTs: they are very compact, they can be oper-
ated in magnetic field environments up to 2 Tesla, and they
show an excellent time resolution of <50 ps. These are the
main reasons why MCP-PMTs are the preferred option for
both PANDA DIRCs.

Over the past few years our group has studied the char-
acteristics of many of the commercially available types
of MCP-PMTs. During this time their two main draw-
backs, rate capability and lifetime, were improved step by
step [1, 2]. Still, until recently the lifetime of these de-
vices was not enough for the anticipated period of opera-
tion inside PANDA of � 10 years. At the focal plane of
the PANDA DIRCs photon rates up to � 5 MHz/cm2 are
expected which may add up to an integrated anode charge
of several C/cm2/year. During 2010, new models of MCP-
PMTs became available whose lifetimes are getting close
to the requirement of � 5 C/cm2 for the barrel DIRC.

Techniques to Increase the Lifetime

A diminishing quantum efficiency (QE) of the photo
cathode (PC) is the primary cause for the aging of MCP-
PMTs. The 3 main manufacturers of MCP-PMTs apply
different techniques to prolong the lifetime. Hamamatsu’s
approach for their R10754X is a very thin protection layer
of aluminium oxide between the 1st and the 2nd channel
plate to stop feedback ions from hitting the PC. BINP cre-
ates an improved vacuum inside the tube and the MCP sur-
faces are scrubbed with electrons. In addition the PC is
treated in vapors of antimony and cesium which seems to
significantly improve its hardness against feedback ions.

A quite different technique is applied in the latest MCP-
PMT prototype (XP85112) of Photonis. To reduce the out-
gassing of the lead glass MCPs, these are coated with a
thin layer of a secondary electron emissive material directly
on the pores using an atomic layer deposition (ALD) tech-
nique. Currently this seems to be the most promising ap-
proach to increase the lifetime of MCP-PMTs.

Results

Our group is presently in the process of simultaneously
measuring the lifetimes of several types of MCP-PMTs of
the 3 manufacturers listed above. The illumination of all
tubes is done in parallel with an intensity comparable to

� Work supported by BMBF and GSI
† lehmann@physik.uni-erlangen.de

that expected inside PANDA. In time intervals of several
days the quantum efficiencies are measured as a function
of the wavelength; in addition, every several weeks a scan
of the position dependence of the QE across the PC is done.

The current status is shown in Fig. 1, where the QE of
all investigated MCP-PMTs is plotted as a function of the
integrated anode charge. Obviously all of the latest models
show a very significant improvement in the lifetime.

In Fig. 2 the same plots are shown for different wave-
lengths. At least for the XP85112 the QE behaves the same
for all wavelengths still at 1 C/cm2. This is different to for-
mer observations where aging caused the QE to drop faster
for longer wavelengths than for shorter ones [3]. We see
this as a positive sign that the tube will stand more charge.
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Figure 1: QE at 400 nm for old (open) and new generation
(solid dots) MCP-PMTs as function of the anode charge.
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Figure 2: Relative QE for different wavelengths normalized
to 300 nm for the XP85112 and R10754X MCP-PMTs.
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Lifetime Issues

Lifetime of latest generation Microchannel Plate PMT’s

A. Britting1, W. Eyrich1, A. Lehmann† 1, F. Uhlig1, and PANDA Cherenkov group
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Efforts

•LAPPD
•MLAP
•Light collectors
•QE development
•Hybrid APDs
•Rad Hardness Developments for Colliders?
•Ring Imaging and DIRC systems?
•Cosmic Frontier?

Thursday, April 18, 13
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LAPPD concept

5

 What is the LAPPD Concept

SNS Neutrino Workshop 2012

LAPPD detectors:
•Thin-films on borosilicate glass
•Glass vacuum assembly
•Simple, pure materials
•Scalable electronics
•Designed to cover large areas

Conventional MCPs:
•Conditioning of leaded glass 
(MCPs)
•Ceramic body
•Not designed for large area 
applications

Thursday, April 18, 13
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Microchannel Plates

6

SNS Neutrino Workshop 2012
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Microchannel Plates
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Microchannel Plates
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Microchannel Plates
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Microchannel Plates

10

 Microchannel Plates 

SNS Neutrino Workshop 2012

Differential Time 
Resolution ~9 psec

Gains better than high 
performance commercial 

plates (>10e5)
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 Photocathode 

Photocathode

8” Tile-Assembly Chamber (UCB)

The “Chalice” (ANL)

SNS Neutrino Workshop 2012
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Anode

Anode Design: Delay Lines

SNS Neutrino Workshop 2012

Channel count (costs) scale with length, not area
Position is determined:

•by charge centroid in the direction perpendicular to 
the striplines
•by differential transit time in the direction parallel to 
the strips

Thursday, April 18, 13
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 Front-end Electronics 

Front End ElectronicsPsec4 chip:
•CMOS-based, waveform 
sampling chip
•17 Gsamples/sec
•~1 mV noise
•6 channels/chip

Analog Card:
•Readout for one side of 30-strip anode
•5 psec chips per board
•Optimized for high analog bandwidth (>1 GHz)

Digital Card:
•Analysis of the individual pulses (charges and 
times) 

SNS Neutrino Workshop 2012

Central Card:
•Combines information from both ends of 
multiple striplines

Thursday, April 18, 13
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 scope-in-a-box 

Front End Electronics

SNS Neutrino Workshop 2012

We are now able to test the psec4 chip 
integrated with our detector system.

Scope-in-a-box is a six channel 
oscilloscope, built around our  psec4 
chip and digital electronics. 
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The Big Picture

Big Picture

SNS Neutrino Workshop 2012
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The Big Picture

Big Picture
32”

24”

SNS Neutrino Workshop 2012

Supermodule:
•Multiple MCP detectors share a single delay 
line anode.
•Reduced channel count (slight loss of 
bandwidth)
•Fully integrated electronics
•Minimal cabling
•Thin!
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The Big Picture

Big Picture

SNS Neutrino Workshop 2012
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 Status and Next Steps 

Status and Next Steps

SNS Neutrino Workshop 2012

•Many of the individual components 
are now working
•Next Challenges:

•Integration
•Commercialization

Now testing the 
“demountable tile”:

•Test tile consisting entirely of 
LAPPD made parts
•Close to a final product except:

•Aluminum PC
•Top window sealed with an 
O-ring
•Active Pumping

•Active components under 
vacuum as of this week.
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LAPPD Project in pictures...
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mock-up of a “Super Module (SuMo)
Testing a working SuMo slice with 90cm anode
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15

Rate Limitatons II

15

 Rate Limitations of ALD-MCPs 

CMS Forward Calorimetry Task Force

• ALD-based MCPs are expected to perform similarly to commercial plates with
comparable parameters.

• Several properties of ALD-MCPs may even be advantageous in high rate
contexts

•Resistance is in the surface not bulk (potentially faster relaxation time):
•MCPs are made of pure materials (potentially less ion feedback, longer
photocathode lifetimes)

•MCP gain behavior seems more stable with time (so far)

•This needs to be tested
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A random smattering of backup slides
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M. Wetstein

mm
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8” Program

• To demonstrate full-sized detector 
systems.

• To study operation with the “frugal 
anode” design (silk-screened silver 
microstrip delay lines)

• To benchmark some of the key 
resolutions to be expected in sealed-
glass LAPPDs
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Differential time resolution between 
two ends of an optimized anode (~10 

PE): ~9 psec (~1mm)

8” Program

Slope = 2/3c   signal 
propagation speed

Difference in arrival time as a 
function of laser positionPhoton position is determined by signal centroid in the transverse direction 

and difference in signal arrival time in the parallel direction.
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8” Program

With improved fitting to the 
rising edge of the MCP pulses, 
we reconstruct an even 
narrower TTS!
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8” Program

With improved fitting to the 
rising edge of the MCP pulses, 
we reconstruct an even 
narrower TTS!

Currently editing the rough draft of a 
NIM paper on first 8”x8” results
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SuMo Slice - Full PSEC Readout

PRE
LIM

INARY

Position in the transverse direction, reconstructed even using a naive, out-of-the-box 5-
strip centroid algorithm gives us resolutions consistently below 1 mm.
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LAPPD (Large-Area Picosecond 
Photodetector) Project:
Make large-area MCPs with low-cost, bulk 
materials and batch industrial techniques

•We’re attacking all aspects 
of this problem from the 
photocathode to the MCPs 
to vacuum sealing 
technology

•Goal is not just proof of 
principle...It’s the 
development of a 
commercializable product.

 New Developments in Water-Based Detectors: 
 Large Area, High Resolution MCP-PMTs

SNS Neutrino Workshop 2012
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Intro 2

3
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What is an MCP

SNS Neutrino Workshop 2012
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 Advantageous Characteristics for Neutrino Detection 

Advantages

SNS Neutrino Workshop 2012

Excellent Photon Counting Compactness

Don’t need to rely on charge only:
•Can see individual photons based 
on where and when they hit.
•Could mean improved energy 
resolution.

Thursday, April 18, 13



5120

Work by Alexander Vostrikov (U. Chicago)

Operation in a Magnetic Field

Operable in a Magnetic Field

SNS Neutrino Workshop 2012

MCPs can operate in a magnetic field. Bend magnets could be used to 
determine sign.
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Timing and Spatial Resolution - Imaging Capabilities

Time and space resolution - 1

Work by Tian Xin (Iowa)

SNS Neutrino Workshop 2012

Optical scattering broadens the tail of 
the timing residual but sharpens the 
rising edge

Forward scattering of muons can have 
shape effects on the timing resolution.

Shape of rising edge depends on 
distance and color composition, as well 
as detector resolution
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SNS Neutrino Workshop 2012

22

Timing and Spatial Resolution - Imaging Capabilities

Time and space resolution - 2
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ANT 2011

23

 Comparing Isochron 
Reconstruction....

If I hand draw track hypotheses 
through these transforms...
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ANT 2011

24

With True Tracks

They match very nicely with the truth-
level tracks/shower constituents
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ANT 2011
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Timing and Spatial Resolution - Imaging Capabilities

Time and space resolution - 3

SNS Neutrino Workshop 2012
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ANT 2011

26

Timing and Spatial Resolution - Imaging Capabilities

Time and space resolution - 4

SNS Neutrino Workshop 2012
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 Next Steps and Conclusions

Next Steps and Conclusion

SNS Neutrino Workshop 2012

•LAPPD detectors open up the possibility for 
advanced water and scintillator based 
neutrino detectors.
•Commercialization is the crucial first step.
•An important parallel step is to develop a 
strong simulations/reconstruction program. 
This work has already started
•It is also an interesting time to start thinking 
about application specific uses.
•Could they be useful in SNS-based 
experiments?

Work by Subhojit Sarkar
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