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Positron Emission Tomography with 
Pixelized Liquid Argon Detectors
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Outline

• Brief reminder of Liquid Argon Time Projection Chambers 
(LArTPCs) and Positron Emission Tomography (PET)
• Using a pixelized LArTPC to perform PET 

• Preliminary studies and R&D work

• Future plans
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Liquid Argon Time Projection Chambers (for neutrinos)
Past ~15 years has seen great progress in operational experience at increasingly 
larger sizes (e.g. ArgoNeuT (0.25 tons) through ProtoDUNE-SP (~1000 tons)).
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Liquid Argon Time Projection Chambers (for neutrinos)

75 cm
Run 3493 Event 41075, October 23rd, 2015 

Refs:
1.) https://microboone-exp.fnal.gov/public/approved_plots/index.html
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Liquid Argon Time Projection Chambers (for neutrinos)
• Recent developments in replacing TPC wireplanes with pixels and integrated 

custom electronics (e.g. LArPix, Q-Pix). 

• Integral to plan for eventual DUNE Near Detector LArTPC.
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Figure 2. A cross-section diagram of the readout plane. Ionization electrons were collected on gold-plated
copper pads on the Pixel PCB. The signals from each pad were transmitted via wire bonds to a unique input
channel on a 32-channel LArPix ASIC. The ASIC amplified, digitized, and multiplexed the digital signals
out of the system. The Data PCB provided power as well as data input and output routing for the ASIC. The
shielding layer reduced the cross-talk from the Data PCB digital activity to the Pixel PCB.

Figure 3. Left: Photograph of the TPC-facing side of a pixelated readout system. A total of 832 pads are
etched on a standard two-layer circuit board. Ten di�erent pad configurations are included in order to assess
their relative performance. Right: Photograph of the back side of the readout assembly. Four LArPix ASICs
are mounted on a two-layer data PCB responsible for routing system power and digital communication. For
this readout system only 128 of the pads are instrumented, each wire bonded to a unique analog input of the
ASICs through oblong cavities cut in the data PCB.

Communication with the DAQ computer occurs via standard 802.11 WiFi techniques, facilitating
electrical isolation of the entire TPC readout system from the external environment.

– 7 –

Refs:
1.) “LArPix: Demonstration of low-power 3D pixelated charge readout for liquid argon time projection chambers”, D. A. Dwyer et al, JINST 13 P10007 (2018)
2.) “Q-Pix: Pixel-scale Signal Capture for Kiloton Liquid Argon TPC Detectors: Time-to-Charge Waveform Capture, Local Clocks, Dynamic Networks”, D. Nygren and Y. Mei, arXiv:1809.10213 (2018) 
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Figure 2. Photograph of the Module-0 detector interior as seen from the bottom, with annotations of
the key components.

pixel-readout LArTPC. Each of the anode planes on opposite sides of the central cathode is 76

comprised of a 2⇥ 4 array of anode tiles. Each tile is a large-area printed circuit board (PCB) 77

containing a 70 ⇥ 70 grid of 4,900 charge-sensitive pixel pads with a 4.43 mm pitch. On the 78

back of each PCB is a 10 ⇥ 10 grid of custom low-power, low-noise cryogenic-compatible 79

LArPix-v2 application-specific integrated circuits (ASICs) [8], as shown in Fig. 3. Each ASIC 80

is a mixed-signal chip consisting of 64 analog front-end amplifiers, 64 analog-to-digital 81

converters, and a shared digital core that manages configuration and data I/O. Each pixel 82

channel functions as an independent self-triggered detector with nearly 100% uptime. The 83

LArPix ASIC leverages the sparsity of LArTPC signals. The chip is in a quiescent mode 84

when not self-triggering on ionization activity higher than O(100) keV. Thus, it avoids 85

digitization and readout of mostly-quiescent data. At liquid argon temperatures, the rate 86

of accumulation of spurious charge (leakage current) is about 500 electrons/second. Each 87

channel periodically resets to discard spurious charge that has collected at the input. In 88

total, Module-0 comprises 78,400 instrumented LArTPC pixels. 89

Figure 3. Front (left) and back (right) of a TPC anode tile. The front contains 4,900 charge-sensitive
pixels with 4.43 mm pitch that face the cathode, and the back contains a 10 ⇥ 10 array of LArPix
ASICs. The dimensions are 31 cm ⇥ 32 cm, with the extra centimeter providing space for the light
system attachment points.
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Liquid Argon Time Projection Chambers (for neutrinos)
• Capability has been demonstrated to reconstruct energy depositions down to 

O(100 keV) in wire-based TPCs that were not optimized for this regime.

• Signals are a mix of de-excitation photons, neutron scatters, Ar-39, etc…6
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FIG. 4. Left: A raw data neutrino event display with one track reconstructed as a muon and with photon activity (isolated blips).
The top image is the collection plane, and the bottom image is the induction plane. Wire number is indicated on the horizontal axis.
The vertical axis indicates time sample number. Color indicates amount of charge collected. Right: The same event after hit finding
and reconstruction. Each square denotes a reconstructed hit. Color indicates whether or not a hit was removed and by which cut
(see text). Hits that pass all cuts are in red.

Following this selection, we grouped signal hits into
clusters and attempted a reconstruction of clusters’ posi-
tions and energies. A cluster is defined as a collection of
one or more signals on adjacent wires that occur within
40 samples on these wires. This value was determined
by examining a simulation of electrons with energies in
the range of interest. If a cluster spans an unresponsive
wire, each section was considered as a separate cluster. A
total number of 553, 319 and 4537 plane-matched clus-
ters were reconstructed, yielding an average of 1.00, 0.16
and 1.12 clusters per event in the selected neutrino, back-
ground and MC events, respectively. In neutrino events,
most of the clusters (75%) are composed of just one hit,
23% are two hit clusters, and only 2% are clusters with
more than two hits.

B. Position Reconstruction

We reconstructed the 3D position of a cluster by
matching the furthest upstream collection plane hit in a
cluster to the furthest upstream induction plane hit in the
matched cluster. This yielded a coordinate on the yz-
plane. We then included the x-coordinate of the collec-
tion plane hit to obtain a 3D position and calculated the
distance of each cluster with respect to the neutrino inter-
action vertex. While a cluster may span more than one
wire in a plane, the distance traveled by the presumed
Compton-scattered electron creating the cluster is negli-
gible when compared to the distance from the vertex.

C. Charge to Energy Conversion

To reconstruct the energy associated with each recon-
structed cluster, first the measured pulse area (ADC ⇥
time) of each hit was converted to charge (number of ion-
ization electrons) by an electronic calibration factor, then
a lifetime correction was applied to account for ioniza-
tion electron loss due to attachment on impurities in the
liquid argon during drift, as described in [7].

Calorimetric reconstruction in a LArTPC requires
converting the collected charge to the original energy de-
posited in the ionization process. This requires applying
a recombination correction which depends on charge de-
position per unit length dQ/dx [27]. The low-energy
photon-induced electrons in the present analysis result in
just isolated hits or clusters of very few hits, not extended
tracks, so the effective length of the electron track seen
by a wire cannot be determined.

A different method to estimate the energy from the de-
posited charge which relies on the assumption that all
hits passing cuts are due to electrons has been developed.
The method uses the NIST table that provides the ac-
tual track length for electrons in LAr at given energies
(ESTAR) [31], from 10 keV to 1 GeV. Using this table,
we can thus approximate the deposited energy density
dE/dx by dividing the energy by the track length for
each row in the table. Using the Modified Box Equa-
tion [32] to model the recombination effect, we can cal-
culate the expected dQ/dx and by multiplying by the
track length (i.e. dx), we obtain the expected amount
of charge freed from ionization processes by an electron
at a given energy, as shown in Fig. 5 (left). By using
the result of a fit, also shown in the Figure, we can now
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FIG. 4. Left: A raw data neutrino event display with one track reconstructed as a muon and with photon activity (isolated blips).
The top image is the collection plane, and the bottom image is the induction plane. Wire number is indicated on the horizontal axis.
The vertical axis indicates time sample number. Color indicates amount of charge collected. Right: The same event after hit finding
and reconstruction. Each square denotes a reconstructed hit. Color indicates whether or not a hit was removed and by which cut
(see text). Hits that pass all cuts are in red.

Following this selection, we grouped signal hits into
clusters and attempted a reconstruction of clusters’ posi-
tions and energies. A cluster is defined as a collection of
one or more signals on adjacent wires that occur within
40 samples on these wires. This value was determined
by examining a simulation of electrons with energies in
the range of interest. If a cluster spans an unresponsive
wire, each section was considered as a separate cluster. A
total number of 553, 319 and 4537 plane-matched clus-
ters were reconstructed, yielding an average of 1.00, 0.16
and 1.12 clusters per event in the selected neutrino, back-
ground and MC events, respectively. In neutrino events,
most of the clusters (75%) are composed of just one hit,
23% are two hit clusters, and only 2% are clusters with
more than two hits.

B. Position Reconstruction

We reconstructed the 3D position of a cluster by
matching the furthest upstream collection plane hit in a
cluster to the furthest upstream induction plane hit in the
matched cluster. This yielded a coordinate on the yz-
plane. We then included the x-coordinate of the collec-
tion plane hit to obtain a 3D position and calculated the
distance of each cluster with respect to the neutrino inter-
action vertex. While a cluster may span more than one
wire in a plane, the distance traveled by the presumed
Compton-scattered electron creating the cluster is negli-
gible when compared to the distance from the vertex.

C. Charge to Energy Conversion

To reconstruct the energy associated with each recon-
structed cluster, first the measured pulse area (ADC ⇥
time) of each hit was converted to charge (number of ion-
ization electrons) by an electronic calibration factor, then
a lifetime correction was applied to account for ioniza-
tion electron loss due to attachment on impurities in the
liquid argon during drift, as described in [7].

Calorimetric reconstruction in a LArTPC requires
converting the collected charge to the original energy de-
posited in the ionization process. This requires applying
a recombination correction which depends on charge de-
position per unit length dQ/dx [27]. The low-energy
photon-induced electrons in the present analysis result in
just isolated hits or clusters of very few hits, not extended
tracks, so the effective length of the electron track seen
by a wire cannot be determined.

A different method to estimate the energy from the de-
posited charge which relies on the assumption that all
hits passing cuts are due to electrons has been developed.
The method uses the NIST table that provides the ac-
tual track length for electrons in LAr at given energies
(ESTAR) [31], from 10 keV to 1 GeV. Using this table,
we can thus approximate the deposited energy density
dE/dx by dividing the energy by the track length for
each row in the table. Using the Modified Box Equa-
tion [32] to model the recombination effect, we can cal-
culate the expected dQ/dx and by multiplying by the
track length (i.e. dx), we obtain the expected amount
of charge freed from ionization processes by an electron
at a given energy, as shown in Fig. 5 (left). By using
the result of a fit, also shown in the Figure, we can now
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FIG. 5. Left: Energy deposited vs collected charge. Red curve indicates fit used to perform energy calculations from collected
charge. Right: Reconstructed energy vs true electron energy using the charge method for a sample of simulated electrons with
energies between 0 and 5 MeV. Events where the electron was not detectable are excluded.

convert collected charge from the individual hit to de-
posited energy. The total energy in a cluster is the sum
of the deposited energy reconstructed for each individ-
ual hit forming the cluster. To test the efficacy of this
method, we applied it to a sample of GEANT4 simulated
electrons propagating in LAr in the energy range of in-
terest. Figure 5 (right) indicates that it works well. We
find a detection efficiency of 50% and energy resolution
of 24% at 0.5 MeV, and an efficiency of almost 100%
and energy resolution of 14% at 0.8 MeV.

D. Systematic Uncertainties

There are three primary sources of systematic uncer-
tainty associated with hit and energy reconstruction in
this analysis. As the electron lifetime varies between
runs, we expect a variation and uncertainty in the num-
ber of near-threshold hits that are selected as signal. De-
spite having precise measurements of electron lifetime
for all runs, we conservatively account for electron life-
time uncertainties by re-running FLUKA with a ±25%
change in electron lifetimes; the resultant spread in re-
constructed multiplicities and energies is treated as the
systematic uncertainty from this source. A second sys-
tematic uncertainty arises from the choice of a true un-
derlying functional form for the recombination correc-
tion. To account for this uncertainty, we consider recon-
struction of simulated events using the unmodified Box
Model as described in [32]; deviation from the default
selection is treated as an uncertainty contribution from
this source. Finally, there is a 3% error associated with
the utilized calorimetric calibration constants, which are
fully correlated between all runs. Any multiplicity or en-
ergy variation arising from a ±3% shift in thresholds and
reconstructed energies is treated as an uncertainty from
this source. Systematic uncertainties in reconstructed po-
sitions are expected to be small and were not considered

in this analysis.

VI. RESULTS

A. Comparison of Neutrino and Background Datasets

Table II shows a comparison of neutrino and back-
ground datasets. Comparing the different metrics leads
to the conclusion that we have observed a statistically
significant sample of neutrino-induced MeV-scale pho-
tons. Hit and cluster multiplicities are found to be sig-
nificantly higher in the neutrino dataset than in the back-
ground dataset, with 1.30±0.07 and 0.21±0.02 hits per
event, respectively. This difference corresponds to a 15�
statistical excess of signal in the neutrino dataset. The
higher neutrino dataset multiplicity is also accompanied
by a larger per-event signal occupancy (54± 4% in neu-
trino events versus 12 ± 2% in background events) and
total signal energy per event (1.1 MeV in neutrino events
versus 0.19 MeV in background events). This can be
interpreted as evidence of neutrino-induced MeV-scale
energy depositions.

B. Comparison to MC Simulations

A comparison of reconstructed per-event signal multi-
plicity and total signal energy for data and FLUKA MC
simulation are shown in Figs. 6 and 7, respectively.

In both data and MC, around half of the events have
no signal clusters, as expected based on the small Ar-
goNeuT detector size and the previously-mentioned siz-
able number of predicted product nuclei in the ground-
state. Overall, there is good agreement between data and
FLUKA MC predictions. We find a �2/ndf of 7.81/12
(p-value 0.80) for the total reconstructed energy dis-
tributions, and a �2/ndf = 12.6/6 (p-value 0.05) for

Refs:
1.) “Demonstration of MeV-Scale Physics in Liquid Argon Time Projection Chambers Using ArgoNeuT”, ArgoNeuT Collaboration, Phys. Rev. D 99, 012002 (2019)
2.) “MeV Scale Physics in MicroBooNE”, A. Bhat, PhD Dissertation (Syracuse University), 2021.



Syracuse University 7

Positron Emission Tomography
• Radioactive tracers (e.g. F-18) ingested in patient undergo 𝛽!decay, and subsequent 

positron annihilation produces two back-to-back 511 keV gammas.  
• Traditional PET scanner surrounds patient with a ring of scintillation crystals (e.g. BGO, 

LSO) coupled to photodetectors.
• Coincident hits in scanner form lines-of-responses, which can be utilized to reconstruct 

position of annihilation candidates, and eventually show function of organs.

6 PET: Physics, Instrumentation, and Scanners

be detected and localized externally, the line joining the detected locations passes
directly through the point of annihilation (Figure 2A). This was originally re-
ferred to as electronic collimation.2 Because the point of annihilation is very close
to the point of positron emission, this also gives a good indication (again to
within a line) of where the radioactive atom was in the body. Contrast this with
radioactive decay schemes that result in emission of a single photon. Although
a single detector can be used, the detection and localization of a single photon
tells nothing about where it came from in the body (Figure 2B). The direction
of the photon can only be determined by the using a form of absorptive colli-
mation, which only allows photons emitted in a certain direction to impinge on
the detector (Figure 2C). This reduces the number of events that are detected
for a given amount of radioactivity in the body by at least 1 to 2 orders of mag-
nitude compared with electronic collimation. Electronic collimation also allows
events to be collected from many different directions simultaneously leading to
the capability of rapid tomographic imaging (see Image Reconstruction, p. 70).
Third, all positron-emitting radionuclides, independent of the element involved,
or the energy of the emitted positrons, ultimately lead to the emission of two
back-to-back 511 keV photons; that is, a PET scanner can be designed and 
optimized for imaging all positron-emitting radionuclides at this single energy.
One drawback to this, however, is that it is not possible to perform dual-
radionuclide studies with PET and distinguish between the radionuclides based
on the energy of the emissions. Because the annihilation photons fall in the gamma-
ray region of the electromagnetic spectrum, the terms photons and gamma-rays
are often used interchangeably when referring to the annihilation photons. An-
nihilation photons is technically the correct term because the radiation does not

FIGURE 1. The process of
positron emission and subse-
quent positron-electron annihi-
lation results in two 511 keV
annihilation photons emitted
180° apart. The site of annihi-
lation is usually very close to
the point of positron emission
because the emitted positrons
rapidly lose their energy in tis-
sue (see Figure 5).

Refs:
1.) “PET: Physics, Instrumentation, and Scanners”, Magnus Dahlbom and Simon Cherry, pages 1–117. 01 2006.
2.) US National Institute on Aging. https://www.nia.nih.gov/.
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LArTPCs for PET
• Leveraging technological advances in LArTPCs from neutrino (and 

elsewhere) for PET scans offers potential for significant improvements.
• Several goals: 

– Faster scans (“full body” instead of segmented) with lower dose required.
– Better resolution resulting in enhanced diagnostic information.
– Cheaper?  Would be great if so, but far too early to make any claims. 

Refs:
1.) “PET: Physics, Instrumentation, and Scanners”, Magnus Dahlbom and Simon Cherry, pages 1–117. 01 2006.
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LArTPCs for PET
•Working concept is full-body length cylindrical cryostat with central bore.
• Dual-drift TPC with central cathode, and pixelated anodes on either end.
• Photosensors integrated with field cage to provide “S1” timing. 
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LArTPCs for PET
• Annihilations from source(s) inside excluded region of TPC yield 511 keV gamma into the TPC.  

• Gammas will undergo Compton scatter(s), producing low-energy electrons and scintillation light.

• Want thickness of surrounding LAr sufficient to guarantee at least one scatter for most photons. 
Multiple scattering allows direction of incident gamma to be determined standalone, which may 
offer other advantages.
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Preliminary Simulation Studies
• Have made a preliminary GEANT4 simulation of a LArTPC for PET, inspired heavily 

from existing simulation package from DUNE ND-LAr.  Includes signal formation on 
pixels due to drifting charge, same as considered for LArPix ND-Lar simulation. 
• Looking at reconstruction of signals seen on simple 64-channel pixelized LArTPC, for 

two different pixel arrangements (“square” and “packed”), and using charge-averaging 
to reconstruct position of charge liberated in Compton scatters.  

Square Packed
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Preliminary Simulation Studies
• Comparing position resolution of traditional PET (left) against LAr PET (right), as a function of 

photosensor/pixel size.  Shows promise for improvement. 

•  Graphs show performance for 1st, 2nd, 3rd , 4th Compton scatter sites for incident 511 keV gamma.  
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Preliminary Simulation Studies
• Simulate detector response to array of sources as specified by NEMA IEC Body Phantom Set, which is used to 

qualify real PET scanners.
• Six sources of varying diameter arranged in hexagonal pattern each produce 511 keV gammas, and figures 

shown are LOR (right) collected by detector, reconstructed objects (bottom) after processing., and Truth (top).

Refs:
1.) National Electrical Manufacturers Association. NEMA Standards Publication NU 2–2007, Performance measurements of positron emission tomographs. Rosslyn, VA. 26–33, 2007.



Syracuse University 14

Prototyping Efforts
• Working on miniature 64-pixel TPC augmented with a few Hamamatsu VUV-

sensitive Multi Pixel Photon Counters (MPPCs).  Planning for Q-Pix electronics. 
• External 𝛽! source (e.g. Na-22) separated from chamber by thin titanium window.
• External photodetector (CAEN gamma stream with NaI scintillator) coupled to 

source via collimator provides trigger for TPC (in conjuncton with MPPCs). 
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Future Plans
• Need much better capability to create and maintain a volume of ultrapure liquid 

argon for this, and other, LArTPC research.  This is age old tale, sadly.  

• Good news! Have worked with Cryomech, whose headquarters happens to be near 
campus in Syracuse, to develop a university lab-sized LAr recirculation and 
purification system.  Arriving summer 2024.
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Future Plans
• PET TPC with central bore will reside in experimental dewar.
• Considering 2 mm pixel size, but this will be a function of cost/channel, and 

realistic production schedule of 10,000+ channels of electronics. 
• Need “excluder” flange for source deployment, minimizing material thickness.    
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Conclusions

• LArTPCs offer very attractive capabilities for PET, and we are focusing on 
developing an approach that emphasizes charge collection with pixels.  
• Have created a preliminary simulation using realistic geometry and pixel 

signal formation.

• This coming year we will perform small-scale tests (64 channels) with Na-
22 source and Q-Pix electronics.

• Anticipating new LAr recirculation and purification system in summer 
2024 to enable a larger scale test of this concept.
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