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A new technology for 
neutrinos: LAPPDs
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Reinventing the unit-cell of light-based neutrino 
detectors

• single pixel (poor spatial granularity)
• nanosecond time resolution
• bulky
• blown glass
• sensitive to magnetic fields

• millimeter-level spatial resolution
• <100 picosecond time resolution
• compact
• standard sheet glass
• operable in a magnetic field
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Glass body, minimal 
feedthroughs

transmission line anode

fast and economical front-end 
electronics

large area, flat panel 
photocathodes 

MCPs made using atomic layer 
deposition (ALD).

3

Key Elements of the LAPPD Detector
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 What is the LAPPD Concept

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
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 How to Make LAPPDs:
Thin Films on Pyrex Glass 

Atomic Layer Deposition

J. Elam, A. Mane

Porous Glass Substrate
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 LAPPD Characteristics 
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<60 psec, single PE resolutions

107 gains

imaging and single photon resolution
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<60 psec, single PE resolutions

107 gains

imaging and single photon resolution

3.4 cm
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 Front-end Electronics 

Front End Electronics
Psec4 chip:

• CMOS-based, waveform 
sampling chip

• 17 Gsamples/sec
• ~1 mV noise
• 6 channels/chip

AC-DC card:
• Readout for one side of 30-strip anode
• 5 psec chips per board
• Optimized for high analog bandwidth (>1 GHz)
•Analysis of the individual pulses (charges and 
times) 

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

LAPPD project covered the whole system, including readout electronics
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 LAPPD2  - What’s Next 
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 Commercialization Status (Incom) 

Plasma cleaner rec’d 9/2015 LAPPD integration and sealing tank 
rec’d 9/2015

Beneq ALD coater with load-lock 
installed 6/2015

Measurement & test station, 
commissioned 8/2015

Vacuum oven due 10/2015

Thermal evaporator 
commissioned 12/2014
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 Commercialization Status (Incom) 

1

• Mid-November: seal a mock tile at Incom that includes anode/
sidewall, glass capillary arrays (not MCPs), X-spacers, top window, no 
photocathode

• Mid-December: seal 1st LAPPD tile at Incom
• End-December: seal 2nd LAPPD tile at UC Berkeley, Space Sciences 

Laboratory
• Mid-January: seal 2nd LAPPD tile at Incom

Milestones

• Early-November: seal 1st LAPPD 
tile at UC Berkeley, Space 
Sciences Laboratory
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 ANL 6cm tiles 

1

6cm x 6cm Active Area MCP Photodetector Composition

3

Bob Wagner, Argonne, ANNIE Collab. Mtg., Fermilab, 19 Oct 2015

MCP & Grid Spacer Stack

Stack in Glass Lower Tube Assembly

Getter Strips

Completed Tube with Photocathode
Tube contains MCP pair 
arranged with 8° pore bias 
angle in “chevron” configuration

Double-ended readout via 7 or 9 anode strip lines

Top window seal made via 
thermocompression of indium wire 

GEN II Development: (UC, Incom)

• small format, glass MCP detectors based on the 
LAPPD concept.

• a number of long lived prototypes exist, more are on 
the way and available for testing.

• Address the vacuum transfer process.
• New approaches to photocathode production
• cheaper and more robust components

  18

LAPPD Status
In paralle to comercialization through Incom Inc

SSL vaccum tranfer assembly UChicago lightweight “in-situ” assembly

To follow closely behind 
the ramp up of first Incom 
tiles.
•reduce fabrication costs 

and increase volume
• improve performance
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 Early Adopters

First LAPPDs will not be “cheap” (by HEP standards)
• small volumes
• high operational costs
• small market

Good news is: LAPPD technology is viable outside of 
particle physics (medical imaging, security, neutron 
and x-ray imaging, etc)

HEP community will benefit from economy of scale.

In the mean time, Incom is very interested in 
HEP early adopters and is willing to help with 
costs and availability, especially for those 
who can provide detailed testing/feedback

Gen II could significantly reduce costs.

Successful early demonstrations are critical!
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 ANNIE: Accelerator Neutrino Neutron Interaction Experiment 
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 ANNIE: Accelerator Neutrino Neutron Interaction Experiment 

Forward Veto
Muon Range Detector

Gd-loaded water 
volume, mounted 
w/ LAPPDs and 
conventional 
PMTs
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 ANNIE: Accelerator Neutrino Neutron Interaction Experiment 

Forward Veto
Muon Range Detector

water volume
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 ANNIE: A US Based R&D Water Cherenkov Facility

• “ANNIE Hall”: A neutrino test beam!
• High intensity: ~10k CC events per cubic meter per year 
• Part of the short baseline program (high priority running)
• Relevant energy for proton decay background studies. 
• At turn-on for resonance events

Mayly Sanchez - ISU

ANNIE: A US-based R&D water 
Cherenkov facility

“ANNIE Hall”: A neutrino test beam! 

High intensity: ~10k CC events per cubic volume per year 

Part of the short baseline program (high priority running) 

Relevant energy for proton decay background studies. At turn-on for 
resonance events. 

First stage of ANNIE will measure neutron backgrounds in the hall. 
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 R&D Program 

• Demonstration of LAPPDs in a neutrino experiment
• Application of fast, waveform sampling (PSEC) electronics
• First use of Gd on a high energy neutrino beam

• A test bed for other novel photosensors
• Possible later addition of water-based liquid scintillator

• Latest batch of PSEC4s in-hand 
• new packaging:120->128 pin LQFP 
• New package (should be) 

consistent with existing hardware 
• As of today: package verification / 

chip functionality untested. 
• Will make 2 additional eval cards at 

UChicago ASAP 
• In next weeks, will ensure latest 

code / hardware is posted and 
accounted for at UC 

• What needs to be done to integrate 
with ANNIE? 
• I imagine getting the ‘TDC’ mode-

of-operation to a robust state 
would be useful. Also integration 
with new central card… 

• Any plans to run PSEC4 within 
run-1?

Mayly Sanchez - ISU

Using Gd for neutrinos
Dissolving gadolinium (Gd) in water as 
neutron absorber has been proposed: 
Beacom and Vagins PRL93, 171101. 

Increasing the cross section of the 
neutron capture and shortening the 
time delay of the capture reduces the 
background for several physics 
measurements:  

Supernova relic neutrino 

Proton decay 

Long baseline neutrino oscillations 
(wrong-sign contamination) 

Hiroyuki Sekiya                                                               TAUP2015    Torino                                                      September 7 2015

SK-Gd project 
y Identify νep events by neutron tagging with Gadolinium.
y Large cross section for thermal neutron (48.89kb)
y Neutron captured Gd emits 3-4 γs in total 8 MeV
y Gd2(SO4)3 was selected to dissolve. 

12

Beacom and Vagins PRL93,171101 (2004)
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In Super-K this requires 
dissolving  ~100 tons
of Gd2(SO4)3

Super&K&Gd/project�
=Water/Cherenkov/detector/with/Gd/dissolved/water/as/neutron/absorber//

•  High/efficient/neutron/tagging/using/
0.2%/Gd2(SO4)3/dissolved/water./

•  Delayed/coincidence/of/γ&ray/signal/from/
thermal/neutron/capture/on/Gd./ n�

Physics/targets:/
•  Supernova/relic/neutrino/(SRN)/
•  Reduce/proton/decay/background/
•  Neutrino/an:&neutrino/

discrimina:on/(Long&baseline/and/atm/
nu's)/

and/more../

thermalize/&/captured�

γ/rays/(Etot~8MeV)�
ν�

•  5yr/evalua:on/experiment/(EGADS)/tests/water/quality,/materials,/basic/techniques,../
•  On/June/27,/2015,/the/Super&Kamiokande/collabora:on/approved/the/Super&K&Gd/project./
•  Actual/schedule/including/refurbishment/of/the/tank,//Gd/loading/:me/will/be/determined/
soon/taking/into/account/the/T2K/schedule.�

T2K/beam//
(NEUT/5.1.4.2)�

�	
�

Super-K has decided on June 27, 2015 it will add Gd
see Sekiya-san’s talk - TAUP 2015
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 ANNIE: Physics 

To turn neutrino physics into a precision science we need to understand the 
complex multi-scale physics of neutrino-nucleus interactions.

ANNIE is a final-state X + Nn program to complement X + Np measurements in LAr

The presence, multiplicity and absence of neutrons is a strong handle for signal-
background separation in a number of physics analyses!

• Dominant source of systematics on future 
long baseline oscillation physics

• Source of uncertainty and controversy in 
short baseline anomalies

• We need comprehensive and precise 
measurement for a variety of targets/Eν
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 ANNIE: Physics 

To turn neutrino physics into a precision science we need to understand the 
complex multi-scale physics of neutrino-nucleus interactions.

ANNIE is a final-state X + Nn program to complement X + Np measurements in LAr

The presence, multiplicity and absence of neutrons is a strong handle for signal-
background separation in a number of physics analyses!

• Dominant source of systematics on future 
long baseline oscillation physics

• Source of uncertainty and controversy in 
short baseline anomalies

• We need comprehensive and precise 
measurement for a variety of targets/Eν
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36

There may be FSI-induced neutrons in some cases and for some modes (e.g., ⇡0 scattering in the

nucleus could occur, but K+ scattering would be rare), but it is also expected that not all nuclear de-

excitations from s1/2 states will give neutrons. In fact, more detailed nuclear calculations by Ejiri [58]

predict that only 8% of proton decays in oxygen will result in neutron emission. This means that only

0.80 x 0.08 = 6% of all proton decays in water should result in neutrons (ignoring FSI production by

proton decay daughters). Thus neutron tagging may be an e↵ective way to tag atmospheric neutrino

backgrounds for all modes of proton decay where significant momentum is transferred to the nucleus.

For ASDC we have assumed the extreme cases of 90% and 0% reduction to see the e↵ect of neutron

tagging. Since currently HK has only an 18% e�ciency for detecting neutrons with 40% coverage, it

is assumed that neutron tagging in HK with the planned 20% coverage is negligible. If HK added

gadolinium this would change, however.

FIG. 15. Estimated sensitivity of an ASDC experiment compared to Super-K. The improvement is due both to

larger size and improved background reduction. If proposed long baseline detectors are built, Hyper-K would

be better but LBNE worse for detecting this mode of proton decay. The upper ASDC curve assumes 90%

background reduction due to neutron tagging, whereas the lower curve assumes no neutron tagging.

Thus we estimate that backgrounds in an ASDC with very e�cient ('100%) neutron tagging via

the 2.2 MeV gamma from will be reduced a factor of 10 compared to SK. Figure 15 shows the expected

sensitivity at 90% c.l. for detecting proton decay via this channel in SK and in an ASDC experiment

with neutron tagging and with no neutron tagging. Somewhat arbitrarily, a 2025 start date is assumed.

Thus in this mode a 100 kT ASDC experiment would catch up with SK in sensitivity in a little over

three years, despite the fact that SK would have been running for over thirty years at that point.

If Hyper-Kamiokande is built, it would be better in this particular mode, but an ASDC experiment
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 LAPPDs are well suited for ANNIE 

 2015 Oct 19 8

Vertex (Low Energy)

● Performance:

muon pion

Good vertex reconstruction is important for 
fiducialization

Track counting is important for separating between 
CCQE-like events and non-CCQE-like events.

Later runs with full LAPPD coverage will attempt to 
reconstruct NC and CC-RES events.
 
LAPPDs provide needed time resolution and spatial 
granularity
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 LAPPDs are well suited for ANNIE 

 2015 Oct 19 8

Vertex (Low Energy)

● Performance:

muon pion
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fiducialization

Track counting is important for separating between 
CCQE-like events and non-CCQE-like events.

Later runs with full LAPPD coverage will attempt to 
reconstruct NC and CC-RES events.
 
LAPPDs provide needed time resolution and spatial 
granularity
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 ANNIE is well suited for LAPPDs 

•ANNIE is small enough to do physics 
with a small number (20) of LAPPDs.

•The event rates, time structure, and 
photon pileup are compatible with the 
nominal design of the anode and 
readout electronics.

•Time table and budget of the 
experiment match well with costs and 
availability of early LAPPD prototypes.

credit: Glenn Jocher (Ultralytics, LLC)
Shawn Usman (NGA)
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 Time Table 

Mayly Sanchez - ISU

Phased approach
• Installation
•Phase I - Test experiment:

measurement of neutron backgrounds
operate the water volume with 60 8” PMTs
ready for testing of limited number of LAPPDs 
when available

to Jun 2016

to Jun 2017

Fall 2015

to Mar 2021
•Second physics run (2 years): 

full LAPPD coverage (up to 20 LAPPDs) 
more detailed event reconstruction
compare neutron yields for CC, NC, and inelastic

•Phase II - First physics run (1 year): 
limited LAPPD coverage (up to 8), enhanced 
PMT coverage, focus on CCQE-like events

to Jun 2018

•R&D, procurement, construction, commissioning
on

-g
oi

ng

Phase I approved by FNAL PAC.  
Phase II proposed to  DOE’s Intermediate Neutrino Program
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 Conclusion 

• LAPPDs bring exciting new photosensor capabilities into 
neutrino physics.

• Now moving along in the commercialization phase.
• Limited numbers soon available for early adopters.
• Volume and markets will bring down the price, gen-II 

research could make an even bigger dent.
• Early successes for LAPPDs and other novel technologies 

in experiments like ANNIE are important.
• New collaborators and new ideas are welcome!
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(c) Red-sensitive photocathode.

FIG. 2: Photo-electron (PE) arrival times after application of the transit-time spread (TTS) for the simulation of 1000 electrons (5 MeV) with
different values of the TTS and wavelength response. PEs from Cherenkov light (black, solid line) and scintillation light (red, dotted line) are
compared. The dash-dotted vertical line illustrates a time cut at 34.0 ns. (a) Default simulation: bialkali photocathode and TTS = 0.1 ns (�).
After the 34.0 ns time cut we get 171 PEs from scintillation and 108 PEs from Cherenkov light. (b) Default simulation settings except for
TTS = 1.28 ns (KamLAND 17 in. PMTs). After the 34.0 ns time cut we get 349 PEs from scintillation and 88 PEs from Cherenkov light. (c)
Default simulation settings except for a GaAsP photocathode. After the 34.0 ns time cut we get 226 PEs from scintillation and 229 PEs from
Cherenkov light.
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FIG. 3: The angular distribution of photoelectron hits relative to the
original electron direction, cos( ) = xhit/~rhit. The sample con-
sists of 1000 events with a 5 MeV electron produced at the detector
center. Default simulation settings are used and both Cherenkov and
scintillation light are included.

Fig. 2 (b)). This shows that a low photodetector TTS is crit-
ical for directionality reconstruction and motivates the use of
novel photodetector types.

V. DETECTOR WAVELENGTH RESPONSE

In addition to decreasing the photodetector TTS to enhance
R

C/S

, it is possible to optimize the wavelength-dependence
of the photocathode. Since Cherenkov photons which pass
through meters of scintillator have on average longer wave-
lengths than scintillation photons, a photodetector which is
more sensitive at long wavelengths increases not only the ab-
solute number of PEs but also the ratio between Cherenkov-

and scintillation-induced PEs.
We have run the simulation with the QE of an extended red-

sensitive GaAsP photocathode (Hamamatsu R3809U-63)[46].
Figure 2(c) shows the results for the modified simulation
with high QE in the red spectral region. The higher abso-
lute number of photoelectrons coming from Cherenkov light
(factor of ⇡ 2) and the increased Cherenkov/scintillation ratio
(R

C/S

= 1.6) in the early time window would significantly
improve the directionality reconstruction.

VI. SCINTILLATOR EMISSION SPECTRUM

An alternative route towards increasing the separation in
time between Cherenkov and scintillation photon hits is the
tuning of the scintillator emission spectrum. Recently, the
use of quantum dots (QDs) in liquid scintillators has been
studied as a possibility to improve future large scale neutrino
experiments[17, 30]. One major motivation for quantum-dot-
doped scintillator is control of the emission spectra by tuning
the size or composition of the quantum dots; quantum dots
can also provide a mechanism for introducing an isotope for
studying double-beta decay.

The emission spectrum of commercial alloyed core/shell
CdS

x

Se1�x

/ZnS quantum dots was measured in Ref.[30].
This spectrum shows a symmetric peak centered around
461 nm with FWHM = 29 nm. In order to isolate the ef-
fect of the different emission spectrum, the other simulation
settings, including the KamLAND absorption spectrum, were
kept unchanged; we find R

C/S

= 0.17 for the default 34.0 ns
timing cut. Compared to the default case shown in Fig. 2(a)
the separation is worse (as expected) because the scintillation
light wavelengths are longer than in the KamLAND emission
spectrum.

However, advances in the production of commercial quan-
tum dot samples could yield quantum dots which have simi-
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 Additional Slides 
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 Post Scripts: PSEC4/PSEC4B • Latest batch of PSEC4s in-hand 
• new packaging:120->128 pin LQFP 
• New package (should be) 

consistent with existing hardware 
• As of today: package verification / 

chip functionality untested. 
• Will make 2 additional eval cards at 

UChicago ASAP 
• In next weeks, will ensure latest 

code / hardware is posted and 
accounted for at UC 

• What needs to be done to integrate 
with ANNIE? 
• I imagine getting the ‘TDC’ mode-

of-operation to a robust state 
would be useful. Also integration 
with new central card… 

• Any plans to run PSEC4 within 
run-1?

Batch of 400 PSEC4 chips has been 
ordered by ISU for ANNIE:

= 2400 channels
= 40 LAPPDs

Eric Oberla is working on a design for 
a PSEC4b:

• 4-fold increase the buffer depth 
to allow multi-event buffering.

• Would enable continuous 
operation for low rate 
applications (eg neutrinos)

• design is under way, but looking 
for feedback from the 
community
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M. Wetstein (ISU)

 2015 Oct 19 8

Vertex (Low Energy)

● Performance:

 2015 Oct 19 20

Ring Counting (High Energy)

● Use Hough transform to search for peaks in Hough space:

nµ CCQE event: 
● 1 µ produced
● Single ring in Hough space

NC p0 event: 
● 2 g produced
● Two rings in Hough space

M. Malek (Sheffield)

We have a standalone 
package for simulating 
LAPPD response. 

We also have a light 
detector simulation: 
WChSandBox

...and an accompanying 
reconstruction package 
(developed by Queen 
Mary, Imperial, and 
Sheffield)

Happy to share these tools 
and also interested in 
building a common 
framework
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 Commercialization Status 

1

• Plasma cleaner
– To clean GCAs before coating 
– To clean tile components before sealing

• Vacuum oven
– To bake GCAs prior to coating
– To post-anneal MCPs after ALD
– To condition indium for LAPPD sealing

• Thermal evaporator
– For electroding MCPs and metalizing LAPPD components
– Commercial coating service, e.g. for ANL and UChicago

• ALD coater
– For coating resistive and emissive layers
– Coating of 20 cm (8”) MCPs beginning in November

• Measurement & test station
– Now measuring resistance & gain on 33 mm MCPs
– Installing cross delay-line readout, 20 cm format testing,

timing measurement capability

• Integration and sealing station
– For assembly of LAPPD tiles
– Completing system installation

• Major funding provided by DOE 
under TTO and SBIR grants

• Extensive technical support from 
Argonne National Laboratory, 
University of Chicago, and UC 
Berkeley, Space Sciences Laboratory
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 LAPPD 

• As an R&D project, the LAPPD 
collaboration attacked every 
aspect of the problem of 
building a complete detector 
system, including even 
waveform sampling front-end 
electronics

• Now testing near-complete 
glass vacuum tubes 
(“demountable detectors”) with 
resealable top window, robust 
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Anode

Anode Design: Delay Lines

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
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 Anode design 

Credit: Eric Oberla

Transverse position is determined by centroid of integrated signal on a 
cluster of striplines.

Pulses on 10 striplines
Left Side

Pulses on 10 striplines
Right Side
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 Anode design 

Credit: Eric Oberla

Pulses on 10 striplines
Left Side

Pulses on 10 striplines
Right Side

Transverse position is determined by centroid of integrated signal on a 
cluster of striplines.
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Microchannel Plates
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Microchannel Plates

7
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Microchannel Plates

8
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Microchannel Plates

9
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<10 psec, differential time resolution

large signal resolutions extrapolating <2 psec

(2mm spatial resoution)

 LAPPD Characteristics 
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Resolutions improve with larger voltages 
across the gaps

 LAPPD Characteristics 
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• Pulse shape fitting gives the best time resolution (see J-F Genat et al, 
NIM A 607 (2) (2009) 387)

• It also provides a strong handle for rejecting after pulses and identifying 
double pulses.

Text

 LAPPD Characteristics 
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No shape cut
RMS = 70 psec

shape cut
RMS = 58 psec
~20% loss

chi2 per deg free

shape cut above  

 LAPPD Characteristics 
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 What we measure...Also: 

  

week weekend

Demountable Life Tests

Figure 6: The anode responses in the time domain to a step-function introduced

into one end of a strip in a multi-strip anode. The source of the reference pulse

is the calibration output from a Tektronix TDS6154C oscilloscope, which has a

risetime of 200 psec and an amplitude of 440 mV (peak-peak). The response

curves in the figure were measured with the same oscilloscope.

4.3. Measuring the Bandwidth, Attenuation, Velocity, and Impedance266

Measurements of analog bandwidth, attenuation, propagation velocity, cross-267

talk, impedance, and RF matching were made with an Agilent HP8753E network268

analyzer [33]. For each tile configuration, signals were introduced from one port269

on one end of an anode strip via a fanout card, and measured at the far end via270

a second fanout card. The power on both the near end and the far end were271

recorded as a function of frequency. The signals on both ends of neighboring272

strips were also recorded. The results are given in Sections 5, 6, and 7 below.273

5. Impedance274

The impedance of a single strip of width w separated from an infinite ground275

plane by a glass substrate of thickness h depends on the ratio of strip width to276

strip-ground plane separation, w/h [34].277

13

Figure 7: The measured real (top) and imaginary (bottom) impedance versus

frequency for 40-strip and 30-strip silk-screened anodes on a single 229.1 mm-

long glass tile base between two fanout cards. The targeted design impedance

(top) was 50⌦ .

In the case of an array of multiple strip-lines, the impedance of the lines is278

more complicated, as the geometry of the field lines is a↵ected by the adjacent279

strips. Consequently additional excitation (odd and even) modes exist, modify-280

ing the impedance of the single strip-line mode [35–37]. The impedance of the281

lines is thus not only a function of the w/h ratio but also of the width of the282

gap between the strips.283

Figure 7 shows the measured real and imaginary parts of the impedance ver-284

sus frequency for 40-strip and 30-strip silk-screened anodes on a single 229.1 mm-285

long glass tile base between the fanout cards. The targeted design impedance286

(real part) was 50⌦ . The impedances are well-matched to the few-GHz band-287

width of the present MCP’s. The imaginary part of the 30-strip anode stays288

relatively small up to the few-GHz region, well-matched to the bandwidth of289

the present LAPPD 220-mm-square 20-micron pore MCP’s.290

14

•RF properties
•Losses in anode
•Lifetime and stability issues
•Dark current
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O.H.W. Siegmund, J. McPhate, A.S. Tremsin, 
S.R. Jelinsky, R. Hemphill

Berekeley SSL

bkgd rate of 0.099 evts cm-2 sec-1 at 
1.3 kV per plate
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Typical MCP behavior- long 
scrub-times

Measured ANL ALD-MCP behavior

Measurements by

Low noise

Short break-in

Rapidly improving 
substrates (Arradiance)

Samples by
J. Elam, A. Mane, Q. Peng

ANL
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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 (Δu/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)
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Obaid (UofC), A Vostrikov (UofC), M Wetstein (UofC/ANL)
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 LAPPD  - Gain Uniformity

8” MCP pair average gain map image 
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• Two main parallel paths: 
• scale traditional bi-alkali photocathodes to 

large area detectors. Decades of expertise at 
Berkeley SSL. Significant work at ANL to study 
new methods for mass production lines.

• Also pursuing a deeper microscopic 
understanding of various conventional 
photocathode chemistries and robustness 
under conditions relevant to industrial batch 
processing. Could lead to a longer term 
photocathode program as part of the new ANL 
detector center

• Achievements:
• Commissioning of 8” photocathode 

facility at UCB-SSL
• Completion of ANL photocathode lab
• Acquisition of a Burle-Photonis 

photocathode deposition system. 
Progress in adapting it to larger 
areas.

• Successful development of a 24% QE 
photocathode in a small commercial

K. Attenkofer(ANL-APS), Z. Yusof, J. Xie,  S. W. Lee (ANL-HEP), 
S. Jelinsky, J. McPhate, O. Siegmund (SSL)

M. Pellin (ANL-MSD)

O Siegmund - 
Berkeley SSL
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 Front-end Electronics 

Front End Electronics
Psec4 chip:

• CMOS-based, waveform 
sampling chip

• 17 Gsamples/sec
• ~1 mV noise
• 6 channels/chip

AC-DC card:
• Readout for one side of 30-strip anode
• 5 psec chips per board
• Optimized for high analog bandwidth (>1 GHz)
•Analysis of the individual pulses (charges and 
times) 

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

LAPPD project covered the whole system, including readout electronics
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 Post Scripts: PSEC4/PSEC4B • Latest batch of PSEC4s in-hand 
• new packaging:120->128 pin LQFP 
• New package (should be) 

consistent with existing hardware 
• As of today: package verification / 

chip functionality untested. 
• Will make 2 additional eval cards at 

UChicago ASAP 
• In next weeks, will ensure latest 

code / hardware is posted and 
accounted for at UC 

• What needs to be done to integrate 
with ANNIE? 
• I imagine getting the ‘TDC’ mode-

of-operation to a robust state 
would be useful. Also integration 
with new central card… 

• Any plans to run PSEC4 within 
run-1?

Batch of 400 PSEC4 chips has been 
ordered by ISU for ANNIE:

= 2400 channels
= 40 LAPPDs

Eric Oberla is working on a design for 
a PSEC4b:

• 4-fold increase the buffer depth 
to allow multi-event buffering.

• Would enable continuous 
operation for low rate 
applications (eg neutrinos)

• design is under way, but looking 
for feedback from the 
community
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 New Central Card and DAQ Dev 

6U VME Format
Can work as Stand Alone

ACC  Specs
Old

9/15/2015 Mircea Bogdan 2

QSFP

8 x RJ45

RJ45

Ethernet
SMA

USB

LED

VME
P1

+5V

VME
P2

5 x SMA

16 x RJ45

or

Mircea Bogdan (UC) has a new 
design for the PSEC central card to 
allow very large channel-counts.

Prototypes boards are being 
ordered and will be tested in early 
2016.
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 LAPPDs Application Readiness (water proofing) 
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 LAPPD Water Proofing 

Exploring two paths:

• “Sous Vide”: sealing the LAPPD assembly (w/ front end) in a plastic envelope
• Water-proof box

Sous Vide

Sous Vide
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 LAPPD Water Proofing 

Sous Vide concept:

• LAPPD is packaged with front-end 
electronics mounted in the water

• Electronics are in direct thermal contact 
with the water (cooling comes free)

• Use polyethylene bags (Gd-compatible)
• thick (abrasion resistance)
• index of refraction (1.4) is between 

water and glass - nice optical 
transition 9.02”

8.66”

2” 19”

11”
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 LAPPD Water Proofing 

Sous Vide concept:

• Our student was able to make 
simple custom bags to fit the 
assembly with polyethylene exterior 
but nylon inner structure (Sous Vide 
patent) to allow easy evacuation.

• Eliminating sharp edges was 
challenging
• were able to eliminate LAPPD 

corners with round offs and RTV
• heats sinks were relplaced with 

copper ribbon
• silicone sheets placed over 

circuit boards
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Status:

 LAPPD Water Proofing 

• We got as far as sealing a test assembly and dunking it in water
• Need to work on feedthroughs (a major challenge)
• Need to study robustness
• Need an operational test

• We lost our undergraduate researcher
• Rich Northrop (UC engineer) has not begun his phase of the work
• This will start soon
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 LAPPD Reco
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Simulated location of laser spot

LAPPD Analysis Chain

• Able to realistic simulate response of 8” LAPPD 
(and PSEC digitization) to any pattern of light

• Able to quickly (10 minutes) process toy PSEC4 
data

Full LAPPD/PSEC analysis chain (D. Grzan):
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MCP Pulse Locations (Generated)Reconstructed Full LAPPD/PSEC analysis chain (D. Grzan):

• Able to realistic simulate response of 8” LAPPD 
(and PSEC digitization) to any pattern of light

• Able to quickly (10 minutes) process toy PSEC4 
data

LAPPD Analysis Chain
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laser scan positions Full LAPPD/PSEC analysis chain (D. Grzan):

• Able to realistic simulate response of 8” LAPPD 
(and PSEC digitization) to any pattern of light

• Able to quickly (10 minutes) process toy PSEC4 
data

LAPPD Analysis Chain
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Reconstructed (data!) Full LAPPD/PSEC analysis chain (D. Grzan):

• Able to realistic simulate response of 8” LAPPD 
(and PSEC digitization) to any pattern of light

• Able to quickly (10 minutes) process toy PSEC4 
dataD
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Reconstructed (data!) Full LAPPD/PSEC analysis chain (D. Grzan):

• Able to realistic simulate response of 8” LAPPD 
(and PSEC digitization) to any pattern of light

• Able to quickly (10 minutes) process toy PSEC4 
dataD
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Reconstructed (data!) Full LAPPD/PSEC analysis chain (D. Grzan):

• Able to realistic simulate response of 8” LAPPD 
(and PSEC digitization) to any pattern of light

• Able to quickly (10 minutes) process toy PSEC4 
dataD
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New imaging trials starting before November.

LAPPD Analysis Chain
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LAPPD Response Simulations
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M. Wetstein (UC)

We’ve been working on using data from the demountable testing to build 
realistic models of the LAPPD response for use in physics simulations.
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 LAPPDs can provide the needed photodetector capabilities
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 ANNIE Details 

muon pion
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 Timing and Scintillation 
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(b) Increased TTS (1.28 ns).
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(c) Red-sensitive photocathode.

FIG. 2: Photo-electron (PE) arrival times after application of the transit-time spread (TTS) for the simulation of 1000 electrons (5 MeV) with
different values of the TTS and wavelength response. PEs from Cherenkov light (black, solid line) and scintillation light (red, dotted line) are
compared. The dash-dotted vertical line illustrates a time cut at 34.0 ns. (a) Default simulation: bialkali photocathode and TTS = 0.1 ns (�).
After the 34.0 ns time cut we get 171 PEs from scintillation and 108 PEs from Cherenkov light. (b) Default simulation settings except for
TTS = 1.28 ns (KamLAND 17 in. PMTs). After the 34.0 ns time cut we get 349 PEs from scintillation and 88 PEs from Cherenkov light. (c)
Default simulation settings except for a GaAsP photocathode. After the 34.0 ns time cut we get 226 PEs from scintillation and 229 PEs from
Cherenkov light.
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FIG. 3: The angular distribution of photoelectron hits relative to the
original electron direction, cos( ) = xhit/~rhit. The sample con-
sists of 1000 events with a 5 MeV electron produced at the detector
center. Default simulation settings are used and both Cherenkov and
scintillation light are included.

Fig. 2 (b)). This shows that a low photodetector TTS is crit-
ical for directionality reconstruction and motivates the use of
novel photodetector types.

V. DETECTOR WAVELENGTH RESPONSE

In addition to decreasing the photodetector TTS to enhance
R

C/S

, it is possible to optimize the wavelength-dependence
of the photocathode. Since Cherenkov photons which pass
through meters of scintillator have on average longer wave-
lengths than scintillation photons, a photodetector which is
more sensitive at long wavelengths increases not only the ab-
solute number of PEs but also the ratio between Cherenkov-

and scintillation-induced PEs.
We have run the simulation with the QE of an extended red-

sensitive GaAsP photocathode (Hamamatsu R3809U-63)[46].
Figure 2(c) shows the results for the modified simulation
with high QE in the red spectral region. The higher abso-
lute number of photoelectrons coming from Cherenkov light
(factor of ⇡ 2) and the increased Cherenkov/scintillation ratio
(R

C/S

= 1.6) in the early time window would significantly
improve the directionality reconstruction.

VI. SCINTILLATOR EMISSION SPECTRUM

An alternative route towards increasing the separation in
time between Cherenkov and scintillation photon hits is the
tuning of the scintillator emission spectrum. Recently, the
use of quantum dots (QDs) in liquid scintillators has been
studied as a possibility to improve future large scale neutrino
experiments[17, 30]. One major motivation for quantum-dot-
doped scintillator is control of the emission spectra by tuning
the size or composition of the quantum dots; quantum dots
can also provide a mechanism for introducing an isotope for
studying double-beta decay.

The emission spectrum of commercial alloyed core/shell
CdS

x

Se1�x

/ZnS quantum dots was measured in Ref.[30].
This spectrum shows a symmetric peak centered around
461 nm with FWHM = 29 nm. In order to isolate the ef-
fect of the different emission spectrum, the other simulation
settings, including the KamLAND absorption spectrum, were
kept unchanged; we find R

C/S

= 0.17 for the default 34.0 ns
timing cut. Compared to the default case shown in Fig. 2(a)
the separation is worse (as expected) because the scintillation
light wavelengths are longer than in the KamLAND emission
spectrum.

However, advances in the production of commercial quan-
tum dot samples could yield quantum dots which have simi-
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Charged particles only produce 
Cherenkov light when v > c/n

For massive particles, the threshold 
for Cherenkov production is >100 
MeV

 Low Energy/Heavy 
Particle Sensitivity 

 More light/light below Cherenkov threshold

Proton decay – physics below Cerenkov

• Scintillation catches the K+ and its decay 
daughters.

• Cerenkov identifies the signatures of 
prompt and delay; and further suppress the 
atmospheric Q background.

BNL Particle Physics 2012 M. Yeh 8

H2O

WbLS

10-MeV proton

K+ in water and liquid scintillator

Particle Threshold

electron > 0.6 MeV
muon > 120 MeV
pion > 160 MeV
kaon > 563 MeV
proton > 1070 MeV
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Charged particles only produce 
Cherenkov light when v > c/n

For massive particles, the threshold 
for Cherenkov production is >100 
MeV

 Low Energy/Heavy 
Particle Sensitivity 

 More light/light below Cherenkov threshold

Particle Threshold

electron > 0.6 MeV
muon > 120 MeV
pion > 160 MeV
kaon > 563 MeV
proton > 1070 MeV

Water(Cherenkov( Liquid(Argon(TPC(
Efficiency( Background( Efficiency( Background(

p)→)e+π0) 45%) 0.2) 45%)?) 0.1)
p)→)νK+# 14%) 0.6) 97%) 0.1)
p)→)µ+K0) 8%) 0.8) 47%) 0.2)
nWnbar)) 10%) 21) ?) ?)

Background:)events/100)kt•yr)

No)advantage)for)LAr)over)water)for)e+pi0:)efficiency)dominated)by)nuclear)
absorpMon)of)the)pi0)–)for)both.)
)
I)should)update)this)table)with)numbers)for)LENA)(sorry))p → K+ ν

SUSY favored proton decay mode:

μ+ ν

π0 π+ 2γ μ+ ν
152 MeV

4 MeV135 MeV

Inefficient channel in water. Cannot see 
the Kaon

63.5 %

20.7 %
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Sam  Zeller, INSS, 07/08/09

Low Energy σν
• neutrinos scatter off more than free protons (IBD)

• for ex., what if you want to detect SN ν’s in Super-K (H2O)?

K. Zuber,  Neutrino Physics, IOP, 2004
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(x10)
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Sam  Zeller, INSS, 07/08/09

Low Energy σν
• neutrinos scatter off more than free protons (IBD)

• for ex., what if you want to detect SN ν’s in Super-K (H2O)?

K. Zuber,  Neutrino Physics, IOP, 2004

(x2)

(x10)

low E

(<
 1

00 M
eV)

At O(10) MeV energies, inverse beta decay (IBD) 
has the largest cross-section in water. Neutrons 
are important for tagging IBD signal events.

Important for:
• Supernova neutrinos
• Solar neutrinos
• Geo neutrinos
• Reactor neutrinos

 Low Energy/Heavy 
Particle Sensitivity 

Seeing neutrons

Atmospheric neutrino interactions can fall in the 
signal region for proton decay in the p→eπ0 channel.

Identifying neutrons is important in tagging this, the 
largest reducible background.
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 1A: LAPPD Self Triggering 

 

OTPC 

 Secondary beam 

OTPC installed at MCenter, FNAL 

Mechanical drawing courtesy of FNAL PPD division 

18 

A picture of the optical TPC installed at MCenter at Fermilab. 
Along the tube axis, 5 PSEC ACDC cards instrument 5 
Planacons in a stereo configuration. One additional 
Planacon and ACDC card instrument the front of the tube. 
This 180 channle system is controlled by two Central Cards.

Eric Oberla (UC grad student) finished implementing self-triggering in the 
PSEC electronics firmware. Operated a 180 channel system on a test 
beam experiment, using the feature. 

PSEC4

PSEC4

PSEC4

PSEC4

PSEC4

FPGA

30 PSEC4 
self-trigger bits

On-board
ACDC trigger input

40 MHz clock

Serial config. data

System trigger
System interface flag

System interface flag
Board trigger out
Serial data
Serial data

ACDC LVDS 
system interface

5 PSEC4 
trigger signals

PLL

Figure 3.5: Diagram of the ACDC level-0 (L0) trigger and low-voltage di↵erential signaling
(LVDS) system interface. The blue lines denote the ACDC trigger inputs and outputs. The
L0 trigger is made as a logical combination of the 30 PSEC4 self-trigger bits and the on-board
fast trigger input. If the L0 trigger is made in the FPGA, the 5 PSEC4 trigger signals (red
line) are sent to the PSEC4 ASICs in order to hold their analog values. Once a beam-trigger
signal is received these values are digitized.

manner as the PMs, allowing spatial and time-tagging of the out-going particle. For each

event, the digitized signal from R1 is recorded with those of R2, allowing for a time-of-flight

measurement as well.

The beam trigger signal is made with standard NIM electronics. S1, S2, and R1 are

discriminated and and fed to a coincidence unit. Two configurations were used during data

runs: (1) S1+S2+R1, and (2) S1+R1. Trigger configuration (1) is the default through-going

particle trigger. Configuration (2) allowed the recording of particles that may scatter out of,

stop, or shower within the water volume. Both digital trigger signals are sent to the OTPC

data acquisition system, which then sends these trigger signals to the front-end ACDC cards.

3.3.2 Fast level-0 trigger

The beam trigger signal is formed and returned to the OTPC electronics with a latency of

approximately 130 ns due to logic and cable signal delays. The L0 trigger is implemented

35

Diagram illustrating the level-0 system trigger for the 
OPTC, which relied heavily on coincidence with self-trigger 
bits from PSEC4 chips.
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Figure 2.5: Two 1 GeV muons simulated in the fully modeled OTPC detector using Chroma.
The muons enter the OTPC water volume at the same position, but with angles (✓, �) of red:
(0,0) and blue: (3,3) degrees. For clarity in demonstrating the principle of operation, the
OTPC detected photon response in the upper frame assumes perfect resolution. Fitting the
direct Cherenkov light for the (0,0) muon track after smearing the time response at 20 ps,
the linear residuals are shown in the bottom frame.
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 1A: LAPPD Self Triggering 

Figure 1.2: The concept of the prototype water-based OTPC. A charged particle emits
Cherenkov light in the water volume. For each time and spatial-resolving MCP-PMT (left),
a mirror is mounted on the opposing side. The mirror adds a discrete reflected set of photons
(green) that can be time resolved from the direct Cherenkov light (yellow).

4

(a)

(b)

(c)

(d)
Figure 5.1: Raw OTPC events: time-step (97 ps per bin) vs. OTPC channel. The 5 panels
in each event are the individual OTPC PMs. PMs 0, 2, and 4 constitute the OTPC normal
view, PMs 1 and 3 are in the stereo view. Each panel is scaled to the maximum signal
value with the color value indicative of the signal amplitude in PSEC4 ADC counts. (a)
Typical through-going event that is representative of most recorded events. (b) Through-
going event, in which the number of detected photons increases near the right side. (c) Track
with a large number of photons over a short extent. (d) Large signal amplitude along entire
track, peaking in the 2nd panel. Events (c) and (d) were recorded using trigger configuration
2 (§3.3.1). Events (a) and (b) were recorded using configuration 1, the through-going trigger
mode.
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Figure 2.5: Two 1 GeV muons simulated in the fully modeled OTPC detector using Chroma.
The muons enter the OTPC water volume at the same position, but with angles (✓, �) of red:
(0,0) and blue: (3,3) degrees. For clarity in demonstrating the principle of operation, the
OTPC detected photon response in the upper frame assumes perfect resolution. Fitting the
direct Cherenkov light for the (0,0) muon track after smearing the time response at 20 ps,
the linear residuals are shown in the bottom frame.
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 1A: LAPPD Self Triggering 

(a)

(b)

(c)

(d)
Figure 5.1: Raw OTPC events: time-step (97 ps per bin) vs. OTPC channel. The 5 panels
in each event are the individual OTPC PMs. PMs 0, 2, and 4 constitute the OTPC normal
view, PMs 1 and 3 are in the stereo view. Each panel is scaled to the maximum signal
value with the color value indicative of the signal amplitude in PSEC4 ADC counts. (a)
Typical through-going event that is representative of most recorded events. (b) Through-
going event, in which the number of detected photons increases near the right side. (c) Track
with a large number of photons over a short extent. (d) Large signal amplitude along entire
track, peaking in the 2nd panel. Events (c) and (d) were recorded using trigger configuration
2 (§3.3.1). Events (a) and (b) were recorded using configuration 1, the through-going trigger
mode.
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Figure 2.1: Rear-view scale drawing of OTPC detector showing the normal and stereo MCP-
PMT mounting positions. The normal and stereo mounted PMs are bisected by the x-axis
in the OTPC coordinate system by an angle �det of 32.5�. The beam comes out of the page
in the +z direction

Figure 2.2: Two renditions of the OTPC detector made using Chroma [32]. On the left
in this figure is a side view that shows the water tank with the PM ports mounted in the
normal and stereo views. The right is a view down the center of the detector tank and the
mirrors (red) mounted in the inner volume.
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• The detector setup was moved to 
FNAL

• Work on this began early in 
summer 2015, after replacement of 
several broken parts and approval 
from FNAL. 

• Demountable is under vacuum.
• Efforts were slowed by an electrical 

problem related to the HV 
assembly, external to the detector. 

• Problem was identified and fixed at 
the end of September. 

• Signal and response to UV light 
was observed by on Sept 29. 

• PSEC electronics were connected 
and tested on pulser signals and 
shown to work.

• Data taking will resume this month

 1B: New Demountable Setup at FNAL 
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 OTPC 2 
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 What is ANNIE? 

• A measurement of the abundance of 
final state neutrons from neutrino 
interactions in water, as a function of 
energy.

• A new technological path for the long-term Fermilab program
• A community that broadens the Fermilab user base

for understanding neutrino-nucleus interactions and addressing a 
limiting factor in proton decay and supernova neutrino physics

reconstructed

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

mm
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The Collaboration

34 collaborators
15 Institutions

• Argonne National Laboratory
• Brookhaven National Laboratory
• Fermi National Accelerator Laboratory
• Imperial College of London
• Iowa State University
• Johns Hopkins University
• MIT
• Ohio State University
• Ultralytics, LLC
• University of California at Davis
• University of California at Irvine
• University of Chicago, Enrico Fermi 

Institute
• University of Hawaii
• Queen Mary University of London
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 LAPPDs and ANNIE 

ANNIE Run I is in the staging phase:
• will use waveform sampling electronics and test large PSEC 

systems
• we have a commitment from Incom for 20 LAPPDs in Phase II 

(10% forward coverage)
• first application of Gd neutron tagging in a high-E neutrino beam
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 ANNIE Details 



ANIPR Meeting Hawaii - July, 2015

13

Prompt muon tracks through 
water volume, ranges in MRD

neutrons thermalize and stop 
in water

neutrons capture on Gd, 
flashes of light are detected
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 ANNIE Forward Veto 

• Forward veto 
• used to tag "rock muons"
• consists of reused CDF scintillator paddles
• assembled over the summer with student labor
• PMTs draw ~0.8 mA at full voltage
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 ANNIE MRD 

• Existing muon range detector (MRD) inherited from 
the SciBooNE experiment

• Steel and scintillator sandwich detector
• Some of the paddles have been removed
• FNAL to help ANNIE re-instrument the detector

Figure 3.7: The MRD is installed downstream of the EC. It has 12 iron plates
with thickness of 5 cm and 13 plastic scintillator planes with thickness of 6
mm.

35
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 1A: LAPPD Self Triggering 

 

OTPC 

 Secondary beam 

OTPC installed at MCenter, FNAL 

Mechanical drawing courtesy of FNAL PPD division 
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A picture of the optical TPC installed at MCenter at Fermilab. 
Along the tube axis, 5 PSEC ACDC cards instrument 5 
Planacons in a stereo configuration. One additional 
Planacon and ACDC card instrument the front of the tube. 
This 180 channle system is controlled by two Central Cards.

Eric Oberla (UC grad student) finished implementing self-triggering in the 
PSEC electronics firmware. Operated a 180 channel system on a test 
beam experiment, using the feature. 

PSEC4

PSEC4

PSEC4

PSEC4

PSEC4

FPGA

30 PSEC4 
self-trigger bits

On-board
ACDC trigger input

40 MHz clock

Serial config. data

System trigger
System interface flag

System interface flag
Board trigger out
Serial data
Serial data

ACDC LVDS 
system interface

5 PSEC4 
trigger signals

PLL

Figure 3.5: Diagram of the ACDC level-0 (L0) trigger and low-voltage di↵erential signaling
(LVDS) system interface. The blue lines denote the ACDC trigger inputs and outputs. The
L0 trigger is made as a logical combination of the 30 PSEC4 self-trigger bits and the on-board
fast trigger input. If the L0 trigger is made in the FPGA, the 5 PSEC4 trigger signals (red
line) are sent to the PSEC4 ASICs in order to hold their analog values. Once a beam-trigger
signal is received these values are digitized.

manner as the PMs, allowing spatial and time-tagging of the out-going particle. For each

event, the digitized signal from R1 is recorded with those of R2, allowing for a time-of-flight

measurement as well.

The beam trigger signal is made with standard NIM electronics. S1, S2, and R1 are

discriminated and and fed to a coincidence unit. Two configurations were used during data

runs: (1) S1+S2+R1, and (2) S1+R1. Trigger configuration (1) is the default through-going

particle trigger. Configuration (2) allowed the recording of particles that may scatter out of,

stop, or shower within the water volume. Both digital trigger signals are sent to the OTPC

data acquisition system, which then sends these trigger signals to the front-end ACDC cards.

3.3.2 Fast level-0 trigger

The beam trigger signal is formed and returned to the OTPC electronics with a latency of

approximately 130 ns due to logic and cable signal delays. The L0 trigger is implemented

35

Diagram illustrating the level-0 system trigger for the 
OPTC, which relied heavily on coincidence with self-trigger 
bits from PSEC4 chips.
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Figure 2.5: Two 1 GeV muons simulated in the fully modeled OTPC detector using Chroma.
The muons enter the OTPC water volume at the same position, but with angles (✓, �) of red:
(0,0) and blue: (3,3) degrees. For clarity in demonstrating the principle of operation, the
OTPC detected photon response in the upper frame assumes perfect resolution. Fitting the
direct Cherenkov light for the (0,0) muon track after smearing the time response at 20 ps,
the linear residuals are shown in the bottom frame.
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 1A: LAPPD Self Triggering 

Figure 1.2: The concept of the prototype water-based OTPC. A charged particle emits
Cherenkov light in the water volume. For each time and spatial-resolving MCP-PMT (left),
a mirror is mounted on the opposing side. The mirror adds a discrete reflected set of photons
(green) that can be time resolved from the direct Cherenkov light (yellow).

4

(a)

(b)

(c)

(d)
Figure 5.1: Raw OTPC events: time-step (97 ps per bin) vs. OTPC channel. The 5 panels
in each event are the individual OTPC PMs. PMs 0, 2, and 4 constitute the OTPC normal
view, PMs 1 and 3 are in the stereo view. Each panel is scaled to the maximum signal
value with the color value indicative of the signal amplitude in PSEC4 ADC counts. (a)
Typical through-going event that is representative of most recorded events. (b) Through-
going event, in which the number of detected photons increases near the right side. (c) Track
with a large number of photons over a short extent. (d) Large signal amplitude along entire
track, peaking in the 2nd panel. Events (c) and (d) were recorded using trigger configuration
2 (§3.3.1). Events (a) and (b) were recorded using configuration 1, the through-going trigger
mode.
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Figure 2.5: Two 1 GeV muons simulated in the fully modeled OTPC detector using Chroma.
The muons enter the OTPC water volume at the same position, but with angles (✓, �) of red:
(0,0) and blue: (3,3) degrees. For clarity in demonstrating the principle of operation, the
OTPC detected photon response in the upper frame assumes perfect resolution. Fitting the
direct Cherenkov light for the (0,0) muon track after smearing the time response at 20 ps,
the linear residuals are shown in the bottom frame.
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 1A: LAPPD Self Triggering 

(a)

(b)

(c)

(d)
Figure 5.1: Raw OTPC events: time-step (97 ps per bin) vs. OTPC channel. The 5 panels
in each event are the individual OTPC PMs. PMs 0, 2, and 4 constitute the OTPC normal
view, PMs 1 and 3 are in the stereo view. Each panel is scaled to the maximum signal
value with the color value indicative of the signal amplitude in PSEC4 ADC counts. (a)
Typical through-going event that is representative of most recorded events. (b) Through-
going event, in which the number of detected photons increases near the right side. (c) Track
with a large number of photons over a short extent. (d) Large signal amplitude along entire
track, peaking in the 2nd panel. Events (c) and (d) were recorded using trigger configuration
2 (§3.3.1). Events (a) and (b) were recorded using configuration 1, the through-going trigger
mode.
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Figure 2.1: Rear-view scale drawing of OTPC detector showing the normal and stereo MCP-
PMT mounting positions. The normal and stereo mounted PMs are bisected by the x-axis
in the OTPC coordinate system by an angle �det of 32.5�. The beam comes out of the page
in the +z direction

Figure 2.2: Two renditions of the OTPC detector made using Chroma [32]. On the left
in this figure is a side view that shows the water tank with the PM ports mounted in the
normal and stereo views. The right is a view down the center of the detector tank and the
mirrors (red) mounted in the inner volume.
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• The detector setup was moved to 
FNAL

• Work on this began early in 
summer 2015, after replacement of 
several broken parts and approval 
from FNAL. 

• Demountable is under vacuum.
• Efforts were slowed by an electrical 

problem related to the HV 
assembly, external to the detector. 

• Problem was identified and fixed at 
the end of September. 

• Signal and response to UV light 
was observed by on Sept 29. 

• PSEC electronics were connected 
and tested on pulser signals and 
shown to work.

• Data taking will resume this month

 1B: New Demountable Setup at FNAL 
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 ANNIE Physics 
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 How Do Neutrino’s Interact With Nucleii? 

To turn neutrino physics into a precision science we need to understand the 
complex multi-scale physics of neutrino-nucleus interactions.

ANNIE is a final-state X + Nn program to complement X + Np measurements in LAr

The presence, multiplicity and absence of neutrons is a strong handle for signal-
background separation in a number of physics analyses!

• Dominant source of systematics on future 
long baseline oscillation physics

• Source of uncertainty and controversy in 
short baseline anomalies

• We need comprehensive and precise 
measurement for a variety of targets/Eν
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 Example from Proton Decay 

36

There may be FSI-induced neutrons in some cases and for some modes (e.g., ⇡0 scattering in the

nucleus could occur, but K+ scattering would be rare), but it is also expected that not all nuclear de-

excitations from s1/2 states will give neutrons. In fact, more detailed nuclear calculations by Ejiri [58]

predict that only 8% of proton decays in oxygen will result in neutron emission. This means that only

0.80 x 0.08 = 6% of all proton decays in water should result in neutrons (ignoring FSI production by

proton decay daughters). Thus neutron tagging may be an e↵ective way to tag atmospheric neutrino

backgrounds for all modes of proton decay where significant momentum is transferred to the nucleus.

For ASDC we have assumed the extreme cases of 90% and 0% reduction to see the e↵ect of neutron

tagging. Since currently HK has only an 18% e�ciency for detecting neutrons with 40% coverage, it

is assumed that neutron tagging in HK with the planned 20% coverage is negligible. If HK added

gadolinium this would change, however.

FIG. 15. Estimated sensitivity of an ASDC experiment compared to Super-K. The improvement is due both to

larger size and improved background reduction. If proposed long baseline detectors are built, Hyper-K would

be better but LBNE worse for detecting this mode of proton decay. The upper ASDC curve assumes 90%

background reduction due to neutron tagging, whereas the lower curve assumes no neutron tagging.

Thus we estimate that backgrounds in an ASDC with very e�cient ('100%) neutron tagging via

the 2.2 MeV gamma from will be reduced a factor of 10 compared to SK. Figure 15 shows the expected

sensitivity at 90% c.l. for detecting proton decay via this channel in SK and in an ASDC experiment

with neutron tagging and with no neutron tagging. Somewhat arbitrarily, a 2025 start date is assumed.

Thus in this mode a 100 kT ASDC experiment would catch up with SK in sensitivity in a little over

three years, despite the fact that SK would have been running for over thirty years at that point.

If Hyper-Kamiokande is built, it would be better in this particular mode, but an ASDC experiment
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• Next-gen proton decay  (PDK) 
experiments will be background 
limited (from atmos. neutrinos)

• These backgrounds very often 
produce final-state neutrons, 
whereas PDKs rarely do

• The presence of neutrons 
detected with Gd-loaded water 
can be used to reject these.
(Beacom and Vagins) 

• We need data from a controlled 
beam experiment

• Fermilab can have a large impact 
on this P5 physics driver (“The 
Unknown”)
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tagging. Since currently HK has only an 18% e�ciency for detecting neutrons with 40% coverage, it

is assumed that neutron tagging in HK with the planned 20% coverage is negligible. If HK added

gadolinium this would change, however.
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larger size and improved background reduction. If proposed long baseline detectors are built, Hyper-K would

be better but LBNE worse for detecting this mode of proton decay. The upper ASDC curve assumes 90%

background reduction due to neutron tagging, whereas the lower curve assumes no neutron tagging.

Thus we estimate that backgrounds in an ASDC with very e�cient ('100%) neutron tagging via

the 2.2 MeV gamma from will be reduced a factor of 10 compared to SK. Figure 15 shows the expected

sensitivity at 90% c.l. for detecting proton decay via this channel in SK and in an ASDC experiment

with neutron tagging and with no neutron tagging. Somewhat arbitrarily, a 2025 start date is assumed.

Thus in this mode a 100 kT ASDC experiment would catch up with SK in sensitivity in a little over

three years, despite the fact that SK would have been running for over thirty years at that point.
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How much background does 
neutron tagging remove?

How much background does 
neutron tagging remove?

Background uncertainties are an 
even bigger problem if you have 
candidate events and want to 
attribute confidence.
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 ANNIE Physics 

CCQE-like: final state muon + nucleons

no final-state neutrons one or more FS neutron


