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ANNIE: Accelerator Neutrino Neutron Interaction Experiment 

ANNIE is a neutrino experiment deployed on the Booster Neutrino Beam 
• A physics measurement aimed at better understanding neutrino-

nucleus interactions 
• An R&D effort to develop and demonstrate new neutrino detection 

technologies/techniques 
• First application of LAPPDs in an HEP experiment - culmination of over 

a decade of work

We have an international collaboration, 16 full-member institutions, 45 collaborators
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ANNIE in pictures
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ANNIE Technological Program
• ANNIE is an R&D platform to test neutrino detection technologies 
• In December 2020, ANNIE became the first Gd-loaded water neutrino experiment 
• This week, ANNIE will become the first HEP experiment to use LAPPDs 
• In the near future ANNIE intends to study WBLS 

• First on a small subvolume (possibly deployed this summer) 
• Phase III would fill the active volume with WBLS

LAPPD #25 Measurement & Rest Report

Page 2 of 18

Packing

The LAPPD is wrapped in foil and placed in a Pelican case with antistatic foam (Figure 1). The foil helps manage
static charging, which could be harmful to charge-sensitive electronics that will be attached to it. It also keeps
unnecessary stray light from exciting the photocathode, and charging the entry MCP.

Figure 1. Left: The LAPPD is wrapped in foil to manage static charging, and to keep stray light from the
photocathode. Right: the LAPPD is enclosed in an ultem housing with high voltage connectors, and mounted
on a backplane for signal access.

Connectivity

An ultem housing and a backplane are provided with each LAPPD (Figure 1). The backplane connects the strips
to SMA connectors with near-50 ohm impedance. The ultem housing provides the high voltage connections.
They consist of SHV panel mount connectors on the outside, and Mill-Max spring-loaded ball tip pins on the
inside. The pins touch the high voltage pads on the LAPPD envelope. The 5 high voltage connectors are labeled
according to their function. The shields on the SHV connectors simply terminate the high voltage cable shield,
and minimize unwanted signal pickup in the detector. They do not close any high voltage current paths.

High voltage connection diagram

The high voltages may be connected as shown in Figure 2 and 3 for maximum control of the LAPPD. This
recommended approach separates the current paths of the entry and exit MCPs, so anomalies in either may
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First LAPPD in ANNIE

• LAPPD-40 
• Complete LAPPD module built, 

thoroughly tested and vetted 
• Has been operated underwater, 

passed bucket test 
• Ready for first deployment this week
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Steps to Operating LAPPDs in ANNIE

•Characterizing the LAPPDs (QA/QC) 

•Developing a deployable package 
• Trigger and readout 
• Slow controls 
• Mechanical  
• Software and firmware development 
• Iterative cycle of design, implementation, testing 

• Gradual integration of system components 
into LAPPD characterization system  

• Parallel development of calibration, analysis 
chain 

•Integrating LAPPDs with the full detector 
• Integration with DAQ and timing system 
• Calibrating LAPPDs in-situ (laser + diffuser ball) 



LAPPD Workshop - 2022             7

Standalone LAPPD characterization

• Built a new test facility at Fermilab  
• Informed by prior work testing the earliest LAPPDs 
• More adapted to systems-level testing 
• QE scanning with pico-ammeters 
• Gain and timing: 

• PiLAS laser (30 ps pulse duration) 
• 2D Motor scanning stage 

multiple pulses due to near-simultaneous PEs lead to multiple
pulses arriving at the two sides of a stripline, and ambiguities
about time and location may result.

For n left-side pulses and m right-side pulses, we create a
likelihood matrix Λ to evaluate all possible left–right pair combi-
nations Λij, where = …i n1 and = …j m1 :
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Individual pair likelihoods Λij are the product of 3 component
likelihoods: amplitude likelihood Λa, time probability Pt, and lo-
cation likelihood Λy:
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The highest likelihood elements in each row (if there are less
rows than columns) or column (if there are less columns than
rows) are used to match up each left-side pulse with the most
similar right side pulse. Pair likelihoods must exceed a certain
threshold to reduce false positives. This threshold is determined a
priori by Monte Carlo modeling of the LAPPD in its intended target
environment (Fig. 1).

2. Our test setup

We assembled a laser test [9] at the Argonne National Lab
(ANL) Advanced Photon Source (APS) to gather empirical data on
LAPPD performance. The setup, pictured in Fig. 2, consists of a
prototype LAPPD with a high gain photo-cathode attached to
continuously operating vacuum pumps. The prototype LAPPD had
two MCP layers with 20 μm pores at an 8° bias angle, with 60 L/D
ratio (1.2 mm MCP thickness) and a 2.29 mm gap between the
second MCP and the anode [9]. The LAPPD voltages are set by the
relative resistances in each stack:

! 5 MΩ across the photocathode gap,
! 5 MΩ across the gap between the MCPs,
! 10 MΩ across the anode gap,
! 40 MΩ across each MCP.

At 2700 V High Voltage (HV), that means there would be 135 V
across the photocathode gap and inter-MCP gap and 270 V across
the anode gap.

A pulsed laser delivered photons to a targeted location on the
LAPPD surface, and an external trigger fed 10 PSEC4 [10] chips,
5 on each side, which each recorded 256 samples along 6 channels
of 12 bit digitized (10.5 Effective Number of Bits, (ENOB) [10]) data
covering all 26 anode-strips (both sides) on the LAPPD. The sam-
pling rate was 10 Gs/s, or 100 ps between samples, for a total lis-
tening time of 25.6 ns. The noise level observed on the PSEC4 was
about 1 mV with saturation occurring at 71.1 V, equivalent to
3 PEs. Each laser pulse produced 2"26 waveforms, each with 256
samples digitized at 10 bits.

We used multiple laser pulses to characterize the LAPPD Single
Photon Response (SPR), including the distribution of the charge
cloud signals (both along and across the anodes), amplitude dis-
tribution, propagation speed v down the strips ( ≈v 0.6c), and
20 μm MCP Transit Time Spread (TTS) of ∼60 ps [13] 1s. We then
modeled Monte Carlo (MC) SPRs from these distributions, and
assumed analog linearity when extrapolating to a multiple photon
response (single-PE charge clouds with average amplitudes of
about 400 mV were linearly added if they overlapped, though our
PSEC4 digitizer model ensured the total signal was clipped at
71.1 V, or about 3 PEs). Our validated SPR is employed throughout
this paper to model both single and multiple photons on an
LAPPD.

Fig. 1. The stripline-anode pattern on an LAPPD, consisting of 30 4.62 mm-wide
striplines separated by 2.29 mm gaps. PE locations are determined by the differ-
ence in arrival time between the two ends of the strips. Transverse position is
determined by a charge centroid.

Fig. 2. LAPPD þ PSEC4 [10] test setup at Argonne National Lab [9].

G.R. Jocher et al. / Nuclear Instruments and Methods in Physics Research A 822 (2016) 25–3326

ANNIE currently uses Gen I LAPPDs. 
May use Gen II in the future.
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LAPPD QA Results

The ANNIE collaboration ordered 6 LAPPDs 
• 5 in-hand to go in this beam year 
• A sixth to be chosen from recent Incom 

units and deployed for the next beam 
year

All 5 LAPPDs meet ANNIE specifications 
• Uniform QE>20% 
• Uniform gain > 10e6 
• Intrinsic time resolution ~50ps
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The Challenges of Transition from Tabletop to Experiment

One single LAPPD rivals the complexity of the entire rest of the ANNIE



LAPPD Workshop - 2022             10

LAPPD System Elements 
•Trigger and readout 

• Surface to water comms (7-10 m cable distances) 
• 60-channel readout close to LAPPD (noise and thermal issues) 
• Timing synchronization and gates from beam 
• Precision self-triggering 

•Slow controls 
• Environmental monitoring 
• HV delivery to LAPPD (voltage divider needs to be tuned for each 

LAPPD) 
• LV delivery to readout electronics 

•Mechanical design 
• Waterproof housing, cables 
• Deployment mechanism 
• Temperature management 
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Our Success in Meeting Those Technical Challenges
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Achieving Timing Precision Goals 

Timing precision = LAPPD innate performance + all other system elements 
σLAPPD ⊕ σTrigger ⊕ σPulse ⊕ σtrigger board jitter ⊕ σalgorithmic limitations  


Intrinsic LAPPD res 
50 psec

Reference signal uncertainty 
Probably << 100ps

Laser pulse 
30 psec self-trigger response 

Not fully known but 
upper limit of 250ps… 

Probably better

Will eventually be 
small but currently 
may be over 100 ps

Target resolution: 
• <200ps for global timestamp 
• <100ps for relative time 

resolution within a single 
LAPPD
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Operating LAPPDs for a larger range of Use Cases
• Physical scale:  

•  Use cases which require communications 
over longer distances have special 
requirements 

•  Grounding is critical (and cable length 
matters) 

•  AC-coupled comms wherever possible 
•  Where not possible: receivers that 

accommodate wide voltage swings 

• Consider temperature management holistically for 
confined space  

• Board design/power delivery 
• Switching power supplies + linear 

regulators over small voltage gap 
• Heat sinks 
• Thermal conductivity of waterproof housing 

• Lessons in scaleability (# LAPPDs) 
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Importance of Building Community Standards

• Changing some interfaces requires special certification 
• e.g HV 
• e.g Analog-to-digital bridge 

• Optical interface concerns 
• An “API” with modular components addresses 

scaleability concerns 

Similarly, we would benefit from software 
and simulations standards

• This same system is being used by U Chicago and FNAL at the Fermilab testbed 
• Collaborators in the UK will be reproducing and helping improve on this system 

We need to develop shared interfaces, standards for LAPPD & electronics 
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Progress and Next Steps in Simulation
ANNIE currently approaches LAPPDs in 
two steps: 

• Record the truth level photon 
hits on a square glass sensitive 
area in geant 

• Generate and digitize the 
LAPPD response in a separate 
step

A standalone simulator/digitizer 
class exists and will be publicly 
available (will likely be adapted for 
pixel readout)
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Progress and Next Steps in Reconstruction

the LAPPD. Time resolution is measured as the σ1 of the dt be-
tween true and reconstructed PE pairs. Efficiency is simply the
ratio to reconstructed to true PE counts. If a pulse is larger than
twice the mean amplitude, it is broken down into a number of
smaller pulses consistent with the total amplitude observed, each
with identical position and time estimates. 1000 MCs are run for
each table row.

6.2. Nominal LAPPD anode

To see how PE resolutions and efficiencies are impacted by
increased PE density on the LAPPD we run a Trade Study (TS) over
PE count. We collect PE's on one of the scintillation detector
LAPPDs from a centered, isotropic scintillating point source. Pho-
ton emission times are consistent with Eljen EJ-254 plastic scin-
tillator (0.9 ns rise, 2.2 ns fall time). The point source is 7.5 cm
distant from the LAPPD center.

We run 1000 Monte Carlo (MC) simulations at each TS point to
determine the PE position x and time t resolutions, as well as the
disambiguation efficiency. This efficiency is simply the number of
matched left–right pulse pairs divided by the total number of PEs
on the LAPPD. For example if 5 PEs land on the LAPPD and we
resolve 3 matches, our disambiguation efficiency would be 0.60.

Table 1 shows the result of our LAPPD scintillation PE count
trade study. Measurement resolutions worsen and efficiencies

drop as PE count increases. This drop in performance is probably
due to mismatches in PE pairing in the Λij matrix, as well as in-
ability to deconvolve heavily overlapping PEs in signal space S.
Overall spatial and temporal resolutions seem to remain accep-
table for many scintillator detector applications such as particle
vertex tracking.

6.3. Double-density LAPPD anode

Table 2 shows the performance of a hypothetical 52-strip
LAPPD variant in comparison to the 26-strip LAPPD in Table 1. This
52-strip variant has twice the strip count, half the strip width, and
half the charge cloud size (2 mm vs. 4 mm). The charge cloud size
may be manipulated by varying the gaps between the MCP layers
and the anode strips. A shorter gap should reduce the charge cloud
size, which should maximize the benefit of an increased strip
count for the purposes of disambiguating higher occupancy
events.

As expected, we find these modifications produce a dramatic
improvement in performance when comparing Tables 1 and 2,
particularly in spatial resolution.

7. Conclusion

In this paper we have established a method for solving multiple PE
arrivals simultaneously on stripline-anode MCPs. Our disambiguation
method relies on comparisons of left–right pulse amplitude similarity
Λa, time similarity Pt, and location similarity Λy.

We show modeled performance metrics for small scintillator
detectors as well as large water-Cherenkov detectors. We note in-
creased difficulties with Cherenkov disambiguation (Figs. 9, 11, A1,
A2, A3) vs. scintillation PE disambiguation (Figs. 6, 8, A4) due to the
tighter arrival time distributions of the Cherenkov light. Our trade
study results show reliable disambiguation of scintillation PEs at le-
vels of up to 4 PEs/strip, and LAPPD time and position resolutions
which should suffice for many real-world particle physics applica-
tions. We conclude that our disambiguation method is a reliable,
practical way to expand the performance envelope of stripline anode
MCPs such as the LAPPD into higher PE density territory than the
single-PE occupancies they were initially conceived for.
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Fig. 11. ANNIE water-Cherenkov disambiguation example showing muon PE de-
positions on 1 single LAPPD (LEFT and RIGHT anode strip sides shown). Crosses
indicate resolved PEs, and circles indicate successful left–right pairing of resolved
PEs. 13 matches were found from the 16!14 pulse matrix Λij. Match position and
time resolutions are 12 mm and 65 ps at 30% efficiency (13 matches/43 PEs).

Table 1
26-strip LAPPD PE position x and time t MC σ1 resolutions and efficiencies for a
scintillating point source in the center of the neutron detector. 60 ps TTS [13]
included in these numbers. Position resolution x combines the 2 along and across-
strip resolutions into a single range resolution.

PE # Efficiency x (mm) t (ns)

1 1.00 0.9 0.060
5 0.95 2.2 0.064
25 0.74 5.1 0.079
100 0.53 12.8 0.108

Table 2
52-strip LAPPD PE position x and time t MC σ1 resolutions and efficiencies for a
scintillating point source in the center of the neutron detector. 60 ps TTS [13]
included in these numbers. Position resolution x combines the 2 along and across-
strip resolutions into a single range resolution.

PE # Efficiency x (mm) t (ns)

1 0.98 0.6 0.060
5 0.98 1.3 0.062
25 0.84 3.9 0.075
100 0.64 7.8 0.087

G.R. Jocher et al. / Nuclear Instruments and Methods in Physics Research A 822 (2016) 25–3330

5.2. ANNIE – water Cherenkov detector

The Accelerator Neutrino Neutron Interaction Experiment [11]
(ANNIE), shown in Fig. 9, is a large water-Cherenkov detector
being deployed at the Fermilab beam line to search for neutron
multiplicities in high energy interactions. Up to 100 LAPPDs de-
ployed around the edge of the detector will measure Cherenkov
light. We use our model to determine PE densities (shown in
Fig. 10) and disambiguation capabilities (Fig. 11) of the proposed
design.

6. Disambiguation trade study: 1–100 PEs

6.1. Efficiency and resolution metrics

The information ‘linking’ a true PE to its causal original ‘true’ PE
is lost during our disambiguation process, and is unrecoverable at
the higher occupancies as many times a ‘reconstructed’ PE is

actually made up of several ‘true PEs’. The alternative we use in-
stead is free matching from each reconstructed PE to the nearest
true PE. ‘Nearest’ in this case means the shortest 4D [ ]dxdydzdt
distance, where dx is in mm and dt is converted from ns to mm at a
rate of 180 mm/ns (c/scintillator refractive index of ≈n 1.6). We do
not enforce unique matches. Every reconstructed PE finds a match,
but not every true PE is matched as the true PE count nearly al-
ways exceeds the reconstructed PE count (very few false positives).

Position resolution is measured as the σ1 of the euclidean 2D
ranges between the true and reconstructed PEs on the surface of
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Fig. 7. GEANT4 [6] and MATLAB [7] Monte Carlo results of LAPPD PE occupancy for
3 MeV neutrons in the neutron scintillation detector, showing that most LAPPDs
receive about 100–200 PEs per event.

Fig. 8. Neutron scintillation detector disambiguation example showing 3 MeV
neutron PE depositions on 1 single LAPPD (LEFT and RIGHT anode strip sides
shown). Crosses indicate resolved PEs, and circles indicate successful left–right
pairing of resolved PEs. 59 matches are seen here from the original 73!75 pulse
matrix Λij. Match position and time resolutions are 14 mm and 80 ps at 42% effi-
ciency (59 matches/141 PEs).

Fig. 9. Simulated event display for a 10 GeV muon traversing the ANNIE [11] water
Cherenkov detector. The image is captured 12 ns after the muon enters the de-
tector. About 2500 PEs are collected over the 96 ANNIE LAPPDs per muon event.

Fig. 10. GEANT4 [6] and MATLAB [7] Monte Carlo results of LAPPD PE occupancy
for muons traversing ANNIE, showing that most LAPPDs receive about 10–20 PEs,
though a small fraction are saturated by >75.

G.R. Jocher et al. / Nuclear Instruments and Methods in Physics Research A 822 (2016) 25–33 29

• ANNIE has a standalone LAPPD simulator class which 
will soon be made publicly available 

• Analog response 
• Digital response 
• Could be generalized for pixelated readout 

• We also have tools for multi-photon pileup and 
pattern recognition (machine learning) 

• Next step: apply these tools to real data

The community would benefit from share software 
and simulations standards.
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We’re happy to be a resource

• LAPPDs are now a deployable 
technology 

• We have learnt many lessons that we 
are ready to share with the community 

• There are many benefits to 
establishing common frameworks and 
transferring knowledge 

• We welcome collaboration on 
addressing existing challenges with 
Incom and other interested parties

Thank you
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