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Grid Activated Multi-scale Pixel readout
arXiv: 2402.00902

- Novel charge readout architecture 
for liquid argon time projection 
chambers 

- Combines coarse induction grids 
with fine-pitch pixel arrays for 3D 
imaging 

- Achieves diffusion-limited spatial 
resolution while preserving charge 
measurement 

- Ultra-low power operation via 
power-cycled pixel chips triggered 
by coarse grids

https://arxiv.org/abs/2402.00902


Supernova Neutrinos
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• Core-collapse supernovae: 
the end of the star’s lives

• A hurricane of nuclear 
reaction, distributing C, Fe

• Create ~1058 MeV-scale 
neutrinos

• Neutrinos carry information 
about the supernova

• First detection in 1987



DUNE

• Aim to measure:

• CP violation in lepton sector, ν mass ordering

• neutrinos from supernovae, nucleon decays, etc.

• GeV-scale νμ from Fermilab accelerator

• Deep underground far detector based on Liquid 
Argon Time-Projection Chambers (LArTPCs)
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Total 4x17k tons, 2x17k ton by 2030

1300km



MeV-scale Physics in DUNE
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Astrophysical neutrinos: e.g.
Supernova and solar neutrinos

(MeV scales)

MeV γs from neutron scattering and 
nuclear deexcitation in GeV-ν 

oscillation experiments (e.g. DUNE)

arXiv: 2203.00740 PRD 99, 036009 (2019)

https://arxiv.org/abs/2203.00740
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.036009


MeV-scale γ Astronomy
A. De Angelis et al. / Journal of High Energy Astrophysics 19 (2018) 1–106 7

Fig. 1.0.1. Point source continuum differential sensitivity of different X- and gamma-ray instruments. The curves for JEM-X, IBIS (ISGRI and PICsIT), and SPI are for an effective 
observation time Tobs = 1 yr, which is the approximate exposure of the Galactic center region accumulated by INTEGRAL since the beginning of the mission. The COMPTEL 
and EGRET sensitivities are given for the typical observation time accumulated during the ∼9 years of the CGRO mission (see Fig. 1 in Takahashi et al., 2013). The Fermi-LAT 
sensitivity is for a high Galactic latitude source in 10 years of observation in survey mode. For MAGIC, VERITAS (sensitivity of H.E.S.S. is similar), and CTA, the sensitivities 
are given for Tobs = 50 hours. For HAWC Tobs = 5 yr, for LHAASO Tobs = 1 yr, and for HiSCORE Tobs = 100 h. The e-ASTROGAM sensitivity is calculated at 3σ for an effective 
exposure of 1 year and for a source at high Galactic latitude.

resolution to detect line emissions in the keV–MeV range, and
a variety of issues will be resolved, in particular: (1) origin of 
the gamma-ray and positron excesses toward the Galactic in-
ner regions; (2) determination of the astrophysical sources of 
the local positron population from a very sensitive observation 
of pulsars and supernova remnants (SNRs). As a consequence 
e-ASTROGAM will be able to discriminate the backgrounds to 
dark matter (DM) signals.

• Nucleosynthesis and the chemical enrichment of our Galaxy
The e-ASTROGAM line sensitivity is more than an order of 
magnitude better than previous instruments. The deep expo-
sure of the Galactic plane region will determine how different 
isotopes are created in stars and distributed in the interstel-
lar medium; it will also unveil the recent history of supernova 
explosions in the Milky Way. Furthermore, e-ASTROGAM will 
detect a significant number of Galactic novae and supernovae 
(SNe) in nearby galaxies, thus addressing fundamental issues 
in the explosion mechanisms of both core-collapse and ther-
monuclear SNe. The gamma-ray data will provide a much bet-
ter understanding of Type Ia SNe which, in turn, will allow to 
predict their evolution in the past, a pre-requisite for their use 
as standard candles for precision cosmology.

In addition to addressing its core scientific goals, e-ASTROGAM 
will achieve many serendipitous discoveries (the unknown un-
knowns) through its combination of wide field of view (FoV) 
and improved sensitivity, measuring in 3 years the Spectral En-
ergy Distributions (SEDs) of thousands of Galactic and extragalactic 
sources, and providing new information on solar flares and terres-
trial gamma-ray flashes (TGFs). e-ASTROGAM will become a key 
contributor to multi-wavelength time-domain astronomy. The mis-
sion has outstanding discovery potential as an Observatory facility 
that is open to a wide astronomical community.

e-ASTROGAM is designed to achieve:

• Broad energy coverage (0.3 MeV to 3 GeV), with one-two or-
ders of magnitude improvement in continuum sensitivity in 
the range 0.3–100 MeV compared to previous instruments (the 
lower energy limit can be pushed to energies as low as 150 
keV, albeit with rapidly degrading angular resolution, for the 
tracker, and to 30 keV for calorimetric detection);

• Unprecedented performance for gamma-ray lines, with, for ex-
ample, a sensitivity for the 847 keV line from Type Ia SNe 70 
times better than that of INTEGRAL/SPI;

• Large FoV (>2.5 sr), ideal to detect transient sources and hun-
dreds of GRBs;

• Pioneering polarimetric capability for both steady and tran-
sient sources;

• Optimized source identification capability obtained by the best 
angular resolution achievable by state-of-the-art detectors in 
this energy range (about 0.15◦ at 1 GeV);

• Sub-millisecond trigger and alert capability for GRBs and other 
cosmic and terrestrial transients;

• Combination of Compton and pair-production detection tech-
niques allowing model-independent control on the detector 
systematic uncertainties. 

e-ASTROGAM will open the MeV region for exploration, with 
an improvement of one-two orders of magnitude in sensitivity 
(Fig. 1.0.1) compared to the current state of the art, much of which 
was derived from the COMPTEL instrument more than two decades 
ago. It will also achieve a spectacular improvement in terms of 
source localization accuracy (Fig. 1.0.2) and energy resolution, and 
will allow to measure the contribution to the radiation of the 
Universe in an unknown range (Fig. 1.0.3). The sensitivity of e-
ASTROGAM will reveal the transition from nuclear processes to 
those involving electro- and hydro-dynamical, magnetic and gravi-
tational interactions.

An important characteristic of e-ASTROGAM is its ability to ac-
curately measure polarization in the MeV range, which is afforded 
by Compton interactions in the detector. The achievable Minimum 
Detectable Polarization (MDP) at the 99% confidence level is 10% 
for a 10 mCrab source in the 0.2–2 MeV range after 1 year of ef-
fective exposure (see Section 1.3). Polarization encodes information 
about the geometry of magnetic fields and adds a new obser-
vational pillar, in addition to the temporal and spectral, through 
which fundamental processes governing the MeV emission can be 
determined. The addition of polarimetric information will be cru-
cial for a variety of investigations, including accreting black hole 
(BH) systems, magnetic field structures in jets, and the emission 
mechanisms of GRBs. Polarization will provide decisive insight into 
the presence of hadrons in extragalactic jets and the origin of 
Ultra-High Energy Cosmic Rays (UHECRs).

1.1. Scientific requirements

e-ASTROGAM’s requirements to achieve its core science objec-
tives, such as the angular and energy resolution, the field of view, 
the continuum and line sensitivity, the polarization sensitivity, and 
the timing accuracy, are summarized in Table 1.1.1.

• The very large spectral band covered by the telescope in the 
standard gamma-ray acquisition mode will give a complete 

MeV gap

Journal of High Energy Astrophysics 19 (2018) 1–106
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• Pulsars,Transients and multi-messengers, etc., Primordial black holes 
(arXiv: 2007.10722, 2010.04797)

https://doi.org/10.1016/j.jheap.2018.07.001
https://arxiv.org/abs/2007.10722
https://arxiv.org/abs/2010.04797


MeV γs in LAr
• Ar: relatively low Z

• Maximize the Compton 
energy window

• Events spreading out

• Reduced Molière scattering
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GammaTPC
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Modular LArTPC:10 m2, 4 ton configuration
arXiv: 2502.14841, founder: Tom Shutt

https://arxiv.org/abs/2502.14841
mailto:tshutt@slac.stanford.edu


LArTPC
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E = 500 V/cm

Cathode

Anode
ν

Scintillation light

Ionization e-

Incoming 
neutrino 

interacting 
with LAr

Charged secondary 
particles ionize LAr, 
producing electrons 
and scintillation light



LArTPC
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E = 500 V/cm

Cathode

Light collected by 
photon detectors 

(10-100ns), 
determining 
event time t0

Anode



LArTPC
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E = 500 V/cm

Cathode

Drift e-

Anode

Electrons drift 
towards anode
(drift time at ms 

scale)



LArTPC
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E = 500 V/cm

Cathode

Anode

Electrons detected 
by the wire planes 

at anode, 
providing the 

spatial, kinematic 
information.

2 induction planes
1 collection plane



LArTPC
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E = 500 V/cm

Cathode

Anode

Electrons detected 
by the wire planes 

at anode, 
providing the 

spatial, kinematic 
information.
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75 cm
Run 3493 Event 41075, October 23rd, 2015 
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MeV γ Direction
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⃗r1, E1

⃗r2, E2

⃗r3, E3

electron recoil 
direction

true γ ray 
direction θ

LAr

35 cm



MeV Particle Energy
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Pixelated Charge Readout
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Drift

⃗E

pixels
pixel 
chip

electron
 track

• True 3D charge 
distribution

• Challenges of pixels:

• Naive power ~kW/m2

• 104 ch/m2, data volume

• Specific requirements

• 0.5-5mm granularity

• Low noise level (high 
power needed)

• Issues of TPCs

• Charge loss owing to 
diffusion

Detecting MeV-electrons from 
νe-Ar CC interactions and 

Compton scatterings of MeV-γs



Electron Cloud Diffusion

σD threshold
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Electron clouds diffuse while 
drifting to anode.  

Charge loss when the diffusion 
is on the scale of the sensors.



GAMPix
• Coarse grid chips:

• Triggers for pixels

• Measure charge 
integral, σe~15e-

• Pixel chips:

• Power up in <1µs 
when triggered

• Image tracks

• Solves both the issues 
of power consumption 
and charge diffusion

• Measures drift length
19

Drift
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Grid Activated Multi-
scale Pixel readout
arXiv: 2402.00902

https://arxiv.org/abs/2402.00902


Fast Power Switching ASIC

• Being designed by SLAC TID-IC team

• Cryogenic system-on-chip ASIC development

• 130nm CMOS process (foundry+SLAC custom cryo models)

• Digital logics for timing, pixel configurations, and data readout
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Spec for GammaTPC
• Current estimate per 

pixel:

• On-power: ~0.22mW

• Off-power: ~280nW

• Full pixel ENC: ~40e-

• 10-bit ADC

• Tape out on Nov. 1st 
2025!

• Prototype: 5×5 mm2 
(8×8 pixel array)

• DUNE spec study got 
started

21

Param Value

Temperature LAr (87 K)
Technology 130 nm
Pixel size 500 um x 500 um
Pad size ~ 200 um
Pad capacitance ~ 500 fF
Noise requirement < 50 e-
On-power < 0.250 mW/pixel
Off-power < 300 nW/pixel
Dynamic range 7000 e- (Qin = ~1.12 fC )
Settling time after trigger < 5 us
Sampling rate 2.0 MS/s
Resolution 10 bit

RC filter 150ns – 600ns 
(programmable)



GAMPix Drawing
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GAMPix Prototype
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Potential on DUNE
• 5mm-pixels, 10cm-wires/grids

• Small charge deposition (blips) 
retained 
→ lower detection threshold 
(sub-MeV) and better energy 
resolution

• Drift length determined  
→ improve background rejection

• Expect to improve the supernova 
neutrino measurements and the 
energy resolution in all the 
measurements

24

Wire/Strip [800 ENC] 
Pixel Based [1000 ENC]



Dual Readout

σD
thresholdch
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Pixel sensors

wire/grid

Compare the amount of 
charge detected by the 
coarse and the fine-pitch 
readout planes

→Measure the diffusion 
effects

→Infer the drift lengths 
cluster-by-cluster
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Supernova ν + Radiologicals
• Garching supernova neutrino νe 

flux

• Normal mass ordering

• DUNE official radiological 
sample for VD 1x8x14

• Upper module, full drift 
distance, 6.5m

• Include cavern γ, n

• 25cm LAr above upper 
charge readout plane (CRP)

• Thanks to Juergen 
Reichenbacher & Gleb Sinev!!

26

6.5x3x3m3

1.875ms



Charge on Pixel vs Grid
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Charge Ratio = Charge(detected by pixel)/Charge(detected by grid)

Recombination, 
electron 

lifetime not 
considered 

here 
Analysis by 

Bahrudin Trbalic



Drift Length Analysis
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Analysis by Bahrudin Trbalic



Estimated Error
• Proof-of-concept analysis by Bahrudin Trbalic

• No recombination and electron lifetime considered now

• DBSCAN to cluster charge deposits

• Neutral network to predict drift lengths by charge ratio

• Refine and improve the results underway
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Current Progress

• More sophisticated detector simulation and 
machine-learning based analysis

• Optimizing the pixel pitches to physics 
performance

• Team: Yun-Tse Tsai (SLAC), Dan Douglas 
(SLAC), Boxun Yu (Peking U.), Sanjay Dev (U. 
of Washington), Shih-Chieh Hsu (U. of 
Washington)

30



Summary

• MeV-scale physics in LArTPCs not largely explored.  
Unique opportunities, e.g.

• Supernova νe measurements in DUNE

• γ-rays in space (GammaTPC)

• Detector R&D underway optimized to MeV physics

• GAMPix R&D at SLAC

• Looking for collaborators

31



Backup
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What We Can Learn from SN ν
• Test supernova models

• Search for new physics

• Neutrinos produced in 
extreme conditions

• Sensitivity to all the neutrino 
flavors is desirable

• Total 24 neutrinos detected 
in 1987, thousands of papers

• all the detectors were 
sensitive to νe

11 neutrinos

8 neutrinos

5 neutrinos

33



νe-Ar Cross Sections
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νe-Ar from MARLEY, others from JCAP, 0408:001, 
2004 and J. Phys., G29:2569–2596, 2003

IBD: Inverse 
Beta Decay



νe Cross Sections
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νe-Ar from MARLEY, νe-O from Phys. 
Rev., D66:013007, 2002, νe-C from 

Nucl. Phys., A652:91–100, 1999

IBD: Inverse 
Beta Decay



MeV-scale Physics in DUNE
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Astrophysical neutrinos: e.g.
Supernova and solar neutrinos

(MeV scales)

MeV γs from neutron scattering and 
nuclear deexcitation in GeV-ν 

oscillation experiments (e.g. DUNE)

arXiv: 2203.00740 PRD 99, 036009 (2019)

https://arxiv.org/abs/2203.00740
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.036009


Astrophysics & Dark Matter
• Pulsars

• r-process

• Transients and multi-
messengers, etc.

• Primordial black holes

•
• arXiv: 2007.10722, 

2010.04797

• Sub-GeV thermal relics

• Decay through mesons to γs

• Pulsars as axion factories?

Eγ ∼ 1/MBH

37
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FIG. 3. All constraints on the fraction of DM in the form of PBHs, fPBHs, with mass MPBH, coming from PBH evaporation,
microlensing, gravitational waves, PBH accretion and dynamical constraints. Each region shows the envelope of constraints
from the corresponding panel in Fig. 2. Digitised bounds and plotting codes are available online at PBHbounds.

H. Indirect constraints

In this subsection we look at constraints on the amplitude of large primordial perturbations, which lead to indirect
constraints on the abundance of PBHs formed via the collapse of large density perturbations during radiation domi-
nation (Sec. II A). These constraints do not apply to PBHs formed via other mechanisms (see Sec. II D). As discussed
in Sec. IIA, there are large uncertainties in the calculation of the abundance of PBHs formed from a given primordial
power spectrum.

First order scalar perturbations generate tensor perturbations at second order [247, 248]. If the density perturbations
are su�ciently large then the amplitude of the resulting ‘scalar induced gravitational waves’ (SIGWs) is larger than
that of the GWs generated by the primordial tensor perturbations. Constraints on the energy density of stochastic
GWs, from e.g. Pulsar Timing Arrays, therefore limit the abundance of PBHs formed via the collapse of large
density perturbations [249]. These constraints depend on the shape of the primordial power spectrum, and also the
assumed probability distribution of the density perturbations, and are therefore (inflation) model dependent [250–
252]. Models which produce a broad peak in the primordial power spectrum are most tightly constrained [251, 252].
For PBHs forming from large density perturbations during radiation domination, Refs. [59, 108] find fPBH < 1 for
10�2 . MPBH/M� . 1. Reference [109] finds, using data from NANOGrav, fPBH < 10�23 for MPBH = 0.1M� and
fPBH < 10�6 for 0.002 < MPBH/M� < 0.4. However this calculation makes approximations which have a huge e↵ect
on the constraint on fPBH (including setting the PBH formation threshold equal to unity, and �

2 = A). There are
also tight constraints on the abundance of light, MPBH ⇠ 1013�15 g, PBHs from limits on SIGWs from LIGO [253].
Such light PBHs are expected to have evaporated by the present day, however if Hawking evaporation is not realised
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Figure 4. Discovery reach for PBHs with future MeV gamma ray telescopes. In the top row, the PBH density is
assumed to track an Einasto density profile (left) and an NFW profile (right) fit to the Milky Way’s DM distribution. In the
lower panels we consider the Draco dwarf spheroidal and M31 as targets. For all targets we assume a 5� circle around the
central region.

as done e.g. in Ref. [19], which leads to a significant over-
estimate of the particles’ fluxes. In this current work,
correctly accounting for the secondary spectrum impact
constraints on low-mass PBHs from telescopes sensitive
to low-energy gamma rays (e.g. GECCO; c.f. fig. 1).

COMPTEL Bounds & discovery reach. To set con-
straints with COMPTEL data, we find the largest value
of fPBH such that the photon flux from PBHs in the re-
gion |b| < 20�, |`| < 60� does not exceed the observed
flux plus twice the upper error bar in any energy bin:

"Z
E

(i)
high

E
(i)
low

dE�

d��

dE�

#
 �(i)

�
+ 2��(i)

�
, i = 1, . . . , nbins.

(7)
The integral ranges from the lower to upper bound of
each bin, indexed by i. This procedure yields conserva-
tive limits since it makes no assumptions about the astro-
physical background. However, with background model-
ing we expect the constraints to improve by less than an

order of magnitude [41].

For analyzing the discovery potential for future tele-
scopes, we require the signal-to-noise ratio over the
observing period to be larger than five: N� |PBH =
5
p

N� |bg. Given a signal or background flux d�
dE

, the
number of photons detected is given by

N� = Tobs

Z
Emax

Emin

dE� Ae↵(E�)

Z
dE0

�
R✏(E� |E0

�
)

d�

dE�

.

(8)
Here Ae↵ is the energy-dependent telescope’s e↵ective
area (c.f. fig. 1). The function R✏(E|E0) is a Gaussian
with mean E0 and standard deviation ✏(E0) E0 that ac-
counts for the telescope’s finite energy resolution. We
ignore energy dependence in Tobs.

For targets oriented away from the Galactic center
(Draco and M31), we adopt an empirical power law
background model fit to high-latitude COMPTEL and

GammaTPC

https://arxiv.org/abs/2007.10722
https://arxiv.org/abs/2010.04797


MeV-scale γ in LArTPCs

3m

GammaTPC: 
LArTPC in 

space detecting 
MeV-scale γs

Measure ν-Ar cross section 
with Eν~O(10 MeV) in 
LArTPCs for DUNE

Eν = 42 MeV
Eγ ~O(MeV)

38

arXiv: 2502.14841
Paper in 

preparation

https://arxiv.org/abs/2502.14841


Why LArTPC?
• LAr: large interaction rate 

• Modular and scalable

• Nearly fully instrumented

• 3D information from 
1-2D instrumentation

• Millimeter resolution

• Calorimetric measurement

• Low detection threshold 
for protons

• Supernova νe (E~10 MeV)
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75 cm
Run 3493 Event 41075, October 23rd, 2015 

γ
γ

200cm

Run 3493, Event 
41075, October 

23rd, 2015

Leading shower dE/dx [MeV/cm]

C. Electron-photon separation

A key requirement of any analysis searching for electron
neutrinos is the ability to differentiate electrons originating
from νe CC interactions from photons originating from any
backgrounds. The two main features that separate inter-
actions containing electrons from those with photons are
the dE/dx at the start of the shower and the distance
between the shower and the interaction vertex. The latter is
only well defined when another charged particle is present
at the interaction vertex. Electron-photon separation in a
LArTPC has previously been demonstrated using a semi-
automated reconstruction chain [35] and only leveraging
the dE/dx.
In this measurement, we demonstrate for the first time

both of the electron-photon separation techniques that the
LArTPC technology offers using a fully automated analy-
sis chain.
The distribution of the dE/dx at the start of the shower, at

the stage listed in Table I, is shown in Fig. 11. In this figure,
a notable feature is the large population of leading showers
with a dE/dx of nearly 0 MeV=cm. This population is
caused by tracks and showers that are nearly perpendicular
to the z axis of the TPC (60° < θ < 120°) where it is
challenging to measure dE/dx. In future analyses, this effect
can be mitigated with the use of all three wire planes to
measure dE/dx. The use of calorimetry on both collection
and induction planes is enabled by using methods such as
2D deconvolution as laid out in Refs. [32,33].
To examine the performance of the electron-photon

separation variables, we isolate the dE/dx and shower
vertex distance selection steps on the leading shower by
moving them to the end of the analysis chain; this ensures
that the upstream part of the selection chain identifies
neutrino interactions with a well-defined leading shower.
Additionally, we highlight the dE/dx separation power
performance by selecting the angular phase space which
boosts good reconstructed showers on the collection plane
alone; i.e., for this study, we require the leading shower θ to
be between 0° and 60°. This choice allows us to focus on
topologies unaffected by the absence of dynamically
induced charge in our simulation chain and with dE/dx
best reconstructed on the collection plane wires.
Figure 15 shows the stacked data versus MC prediction

where θ is between 0° and 60°. This slice of θ is the
most populated region and has considerably higher purity
than the rest of the phase space. As the dE/dx distribution
at this angular slice includes showers running roughly
perpendicular to the collection plane wires, a very small
fraction of showers have an unphysically low dE/dx, which
demonstrates the angular dependence of the dE/dx calcu-
lation in this analysis. The very good agreement between
the data and MC samples allows us to utilize the MC
sample, which provides true information about the nature
of the leading shower, to determine the power of the two
separation methods.

After applying the νe þ ν̄e CC selection without the dE/
dx and shower vertex distance selection steps, we obtain a
sample of 1995 simulated neutrino events. In this sample,
the true particle responsible for the leading shower is
an electron in 48% of cases and a photon in 39% of cases
with 13% remaining for other particles. We then examine
the individual and combined effect of applying the dE/dx
and the shower to vertex distance selection requirements
on these three groups. The value of dE/dx is required to
be between 1.4 and 3 MeV=cm and the distance between
the shower and the vertex to be less than 4 cm apart. The
combination of these two requirements selects 59% of
electron-neutrino events and rejects 81% of photon back-
grounds and over 61% of other backgrounds. When
applying the requirements individually, the dE/dx is the
significantly more powerful method of rejecting events
with photons removing 73% of those backgrounds by itself
compared to 28% for the shower distance to vertex. It is
also responsible for the bigger drop in our efficiency to
select electrons: 35% compared to 11%. We also inves-
tigate the effect of the shower to vertex distance selection
requirement on a subset of events with at least one
candidate track present. For this sample, the selection
requirement has an improved performance in rejecting
photon backgrounds with 47% rejected compared to
28% for events where we do not require the presence of
a reconstructed track. The summary of the performance for
each selection requirement applied individually and com-
bined can be found in Table II.
We find that the dE/dx variable is more effective in

removing photon-induced backgrounds. Figure 15 illus-
trates its separation power in rejecting the photonlike
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FIG. 15. dE/dx of leading showers for neutrino candidates
broken down by particle type. This plot is made for leading
shower θ between 0° and 60° where the reconstruction of showers
is good. Electrons are gathered in the MIP peak, while most
photons are around 4 MeV=cm.
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GammaTPC
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Calorimetry
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Studied by Bahrudin Trbalic (Stanford)

Total energy deposition on the coarse wires 
corrected by finer tracking from the pixels



GAMPix Simulation
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Studied by Bahrudin Trbalic (Stanford)

The field response on the wires depends on the location of the 
charge deposition with respect to the wire



Performance on γTPC
• 500µm-pixels, ENC 20e- 

• 1cm-wires, ENC 30e-

• Track imaging resolution 
~0.25mm

• Energy resolution < 1% 
for electron tracks > 100keV 
(2k e-)

• Power consumption  
~1W/m2 
Saves by a factor of 103-104

• Drift length measurements 
vis diffusion with ~5% 
accuracy
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Directionality
Use CNN to find interaction 

locations and directions

45
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Figure 4. Comparison of the direction model predicting accuracy by energy per drift length for
the 200µm pitch case. Left column: Cosine of the angle between the true and predicted initial
electron recoil directions for the initial direction model at drift lengths 1, 5, and 10 cm. Right column:
Magnified view of the left column.

resolution. Because the charges have to drift farther, they also diffuse more, which worsens 169

the definition of the charge cloud and washes out the shape of the electron track. We 170

hypothesize that this is what causes the degradation in position resolution with increasing 171

drift depth. Nonetheless, we find that the desired sub-mm accuracy is achievable for our 172

model. 173

3.2. Initial Direction Predictions 174

In contrast to the origin predictions, it is easier to estimate the initial direction of 175

gamma photons with larger energies. Energetic electron recoil events result in longer tracks, 176

therefore making the initial direction more well defined. This is exemplified in Fig. 4, 177

where our model demonstrates very strong predictive capability for higher energies and 178

is conversely not performant for low energy scatters. The model is largely incapable of 179

producing consistently correct predictions of the initial direction with 300 keV energies, 180

therefore we omit the 50 keV events in the analysis here. 181

It is also interesting to evaluate the performance of the direction model when it is 182

interpolating. Scattering events in the detector are not necessarily at the energies the models 183

have been trained on, therefore we are required to create and train a model such that it 184

maintains adequate predicting capability on a continuum of energies. Our results are 185

shown in Fig. 5. Here, we have taken the median of the errors across all tracks for each 186

matrix element in the plot. The direction model maintains performance when tested on 187

the energies it is trained on. However, it seems to have poor interpolation ability; it shows 188

suboptimal performance even for energy levels close to those it was trained on. 189

cos(δ)

Initial direction
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Figure 3. Comparison of the head model predicting accuracy by energy per drift length. Longer drift
lengths result in origins that are harder to predict due to the diffusion of charge, and hence loss of
information, before readout. Points sizes differ in order to reveal overlapping points.
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Figure 3. Comparison of the head model predicting accuracy by energy per drift length. Longer drift
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Resolution
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Sensitivity
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Cryo-CMOS at SLAC
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