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ABSTRACT

We present GammaTPC, a transformative 0.1-10 MeV ~-ray instrument concept featuring a tracker
using a liquid argon time projection chamber (LAr TPC) technology with the novel GAMPix high
spatial resolution and ultra low power charge readout. These enable an economical instrument with
unprecedented effective area and sensitivity. We discuss the design and technology in some detail,
including how a LAr TPC can be staged in space. Finally, we present a first study of the sensitivity of
the instrument in the Compton regime using a new framework for analyzing Compton telescope data.

1. INTRODUCTION

Of all the bands of the electromagnetic spectra of as-
trophysical sources, the least well explored is the mid-
range ~-ray regime, ~ 0.1-50MeV. While the soft-
to-medium energy X-rays are well-covered via various
imaging X-ray facilities, and the high-energy ~-ray band
is observed by the Fermi Large Area Telescope (Ajello
et al. 2009) and ground-based detectors, the sensitivity
of existing observations has limited them to observing
the very brightest sources. Previous experiments, such
as the COMPTEL and OSSE instruments on-board the
Compton ~-ray Observatory (CGRO, 1991-2000), and
the instruments flown on INTEGRAL (2002-), had a
small effective area or were background-limited for faint
sources (Schoenfelder et al. 1993; Johnson et al. 1997).
The upcoming COSI mission is very exciting and fea-
tures excellent energy resolution, but the instrument
is relatively small with modest effective area (Tomsick
et al. 2019a).

For this reason, we are developing a new ~v-ray in-
strument concept, GammaTPC, for the energy range
from below 100keV to as high as 1 GeV. Featuring a lig-
uid argon (LAr) time projection chamber (TPC) tracker
which takes advantage of the economic scalability of
TPC technology, it will enable an all-sky survey and
transient instrument with sensitivity in the Compton
regime substantially better than both COSI and the
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proposed AMEGO-X (Caputo et al. 2019) MIDEX mis-
sion, pointing and energy resolution roughly comparable
to AMEGO-X, and good polarization sensitivity. This
paper describes the instrument concept in detail, and
presents a first study of its sensitivity in the Compton
regime, for which we have developed new Compton tele-
scope analysis techniques.

1.1. MeV ~-ray Science

The discovery potential in the MeV band is tremen-
dous, because the number of sources detected in any
band scales roughly as the —3/2 power of sensitivity (for
an isotropic population). COMPTEL detected ~ 30 ce-
lestial point-like sources (Schénfelder et al. 2000), thus
an instrument that is 1000 times more sensitive would
allow for a 30000-fold increase of sources, permitting
population studies in addition to studies of individual
sources.

The ~-ray emission from celestial sources is due to
non-thermal processes, namely energetic particles inter-
acting with ambient magnetic fields (synchrotron emis-
sion), ambient photons (inverse Compton) (Rybicki &
Lightman 1986), or with other particles (proton-nucleon
collisions leading to ~v-ray emission from pion decays).
Proton-proton collisions resulting in 7° production also
result in v-ray emission. Distinct features are also
present in celestial y-ray spectra, such as lines due to
radioactive decay of nuclei or features associated with
et —e™ annihilation at 511 keV. Understanding which of
those processes operate in astrophysical sources is essen-
tial in discerning their natures and how they accelerate
particles, but this requires sensitive broad-band spectra.
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Furthermore, since production of very energetic photons
requires comparably energetic radiating particle, the -
ray studies probe the processes involving particles with
energies not accessible in terrestrial laboratories.

Many classes of y-ray emitting sources are powered
by relativistic jets (Blandford et al. 2019) produced in
active galactic nuclei, supernovae, pulsars including mil-
lisecond pulsars, and some Galactic binary sources. Syn-
chrotron radiation dominates the emission in most fre-
quency bands (radio to X-ray), while inverse Compton
produces energetic y-rays. The soft MeV band, located
at the crossroad of dominance of the two processes, con-
tains information regarding the particle content of the
jet. Specifically, the “tail end” of the synchrotron range
reveals the energies of the most energetic particles in
the jet, while the onset of the inverse Compton emis-
sion, being produced by the least energetic yet most
numerous particles, sheds light on the total energy con-
tent of the jet. Measuring both should lead to inferences
about poorly understood processes of jet launching and
particle acceleration.

Further, since synchrotron radiation is polarized while
inverse Compton radiation generally is not, our pro-
posed instrument will be able to differentiate between
the two. Comparison of v-ray vs. optical polarization
should provide important insight into both the parti-
cle acceleration processes and geometry of such sources.
Even more fundamental is the question whether such
synchro-Compton models are appropriate, or whether
hadronic processes are required. An entire class of ex-
tremely luminous flat-spectrum radio quasars (FSRQs)
formed in the early universe (redshifts z > 1) has its
inverse Compton peak in the MeV range; these MeV
blazars (Bloemen et al. 1995) are important to the ra-
diation budget of the universe yet are observed only in
the tip-of-the-iceberg sense with current instruments.

The last few years have witnessed very rapid growth
of multi-messenger astrophysics. We have evidence that
neutron star mergers can produce gravitational waves
(GW), and at least in one definite case, a merger with a
GW signal was associated with a short v-ray burst (Ab-
bott et al. 2017a). Moreover, the first source of very
high-energy neutrinos was observed in 2018, and iden-
tified with a flaring blazar (Aartsen et al. 2018). Go-
ing back a few decades, y-ray lines were observed from
SN1987A, a nearby neutrino source (Ait-Ouamer et al.
1992) associated with a supernova explosion. In all these
cases, v-ray observations were critical to understand-
ing the underlying physical phenomena driving these
extremely energetic sources. Given this rapid evolu-
tion in the field, it is no longer sufficient to simply
find and identify electromagnetic counterparts; it is cru-

cial to leverage joint electromagnetic and gravitational
wave/neutrino/cosmic-ray observations to address com-
pelling science questions on the nature of these ex-
treme sources using the unique multi-messenger data as
a probe of fundamental physics (Burns et al. 2019).

With its large effective area and high pointing accu-
racy, the envisioned instrument will detect prompt -ray
flashes coincident with gravitational wave (GW) events
in real time. By providing relatively precise localiza-
tion, it will enable follow-up observations across multiple
wavelengths, ultimately allowing for the determination
of the event’s origin and redshift (Abbott et al. 2017Db).
Moreover, medium-energy y-rays provide a unique probe
of astrophysical nuclear processes, directly measuring
radioactive decay, nuclear de-excitation, and positron
annihilation: our instrument will illuminate the pro-
cesses of element formation in extreme environments
such as supernovae and kilonovae (Abbott et al. 2017c¢).
This concept aligns with the priorities identified in the
Astro2020 Decadal Survey (National Academies of Sci-
ences, Engineering, and Medicine 2023), to maintain
capabilities across the multiwavelength spectrum and
eventually develop a probe-class mission (see L.4.3.1) in
the context of the “New Windows on the Dynamic Uni-
verse” theme. In addition, the production of very high
(energy?) mneutrinos in an AGN requires the presence
of very energetic protons, and an instrument with MeV
sensitivity could clarify the underlying jet composition.
This observatory will provide essential capabilities in the
~-ray band to enable multi-messenger astrophysics with
the next generation of gravitational waves and neutrino
observatories.

In young supernova remnants, soft X-rays can arise
either as thermal (bremsstrahlung) emission from hot
plasma, energized by the explosion, or from synchrotron
emission arising from strong shocks colliding with the
interstellar medium, or both. The situation is much
less clear regarding their y-ray emission; y-rays can be
produced by energetic electrons via the inverse Comp-
ton process, or via decay of pions produced via proton-
proton collisions (see, e.g., Funk 2017). The “smoking
gun” is the shape of the broad-band spectrum in the soft
~-ray regime, where the proposed instrument is most
sensitive.

An exciting possibility afforded by a large instru-
ment with high MeV sensitivity is to sharply improve
upon the catalog of millisecond ~-ray pulsars found by
Fermi (Smith et al. 2023) as many of these objects are
significantly brighter (in F,) at 10-100 MeV than GeV.
This could prove powerful for pulsar timing array (PTA)
sensitivity, as y-rays have no time delay from interven-
ing matter, in contrast to radio, and also will yield a



uniformly sampled set of sources which provide a better
array for timing. Note that Fermi is already within a
factor of ~ 3 of the sensitivity of the NANOGrav nano-
Hz gravity wave background (Agazie et al. 2023). More
speculatively, this enhanced pulsar sensitivity could pro-
vide a path to a new, independent measurement of the
Hubble constant (McGrath et al. 2022).

Finally, an MeV telescope with large area and good
angular resolution will be a powerful probe of dark mat-
ter in the increasingly interesting mass range below the
GeV scale (Coogan et al. 2021a; Berlin et al. 2023), and
will provide a unique test of dark matter as evaporating
primordial black holes. (Coogan et al. 2021b) In addi-
tion, by resolving the contribution to the Galactic cen-
ter y-ray excess from millisecond pulsars in the Milky
Way halo in the energy range below 100 MeV, such an
instrument could rule out or strengthen the dark mat-
ter interpretation of the Galactic center excess seen by
Fermi (Ajello et al. 2016).

1.2. The GammaTPC Instrument Concept

The MeV gamma-ray sky remains largely unexplored
due to the difficulty of detecting and reconstructing pho-
tons in this energy range. Figure 1 illustrates the com-
plexity of a Compton event, where a 1 MeV gamma-ray
undergoes multiple interactions requiring precise kine-
matic reconstruction, alongside a 100 MeV pair pro-
duction event, highlighting the scale of electron-positron
tracks. We introduce GammaTPC, a novel gamma-ray
instrument utilizing LArTPC technology, designed to
accurately detect and reconstruct such events. Achiev-
ing good angular and energy resolution requires pre-
cise measurements of interaction positions, electron re-
coil directions, and deposited energy. These allow kine-
matic tests that can reconstruct the first two Compton
scatters and define a potential source circle, which is
further refined to an arc when the initial electron re-
coil direction is known, significantly improving point-
ing accuracy. Optimized detector design minimizes
energy loss from gamma rays escaping or interacting
with dead material, ensuring efficient reconstruction and
high-resolution imaging. An efficient Compton Tele-
scope has been a long-pursued goal in y-ray instrumen-
tation (Kierans et al. 2022).

Pair production event reconstruction is more direct,
as the source direction can be inferred from the initial
et tracks. Although multiple scattering affects these
tracks, its impact diminishes with increasing energy. For
gamma rays well above 10 MeV, the initial tracks evolve
into extended electromagnetic showers, from which en-
ergy estimation is possible. Additionally, polarization
information is extracted from the azimuthal scatter an-
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gle in Compton events (Bernard et al. 2022a) and from
the et plane in pair events (Bernard 2013a).

For fixed geometry, the angular resolution and recon-
struction efficiency of a Compton instrument depend on
energy resolution, o, and spatial resolution, o4,.. In
the pair regime, angular resolution depends primarily on
Ogyz, While o plays a lesser role. While Doppler broad-
ening (Zoglauer & Kanbach 2003) imposes a fundamen-
tal limit on o, there is no foreseeable lower bound for
improvements in o, in either regime.

Gamma-ray instruments in the MeV-GeV energy
range commonly feature a skyward tracker and a
calorimeter beneath it. The tracker provides high spatial
precision measurements of Compton scatters and pair
production tracks, while the calorimeter, with its high-Z
material, ranges out and contains gamma-ray energy es-
caping the tracker. A distinctive feature of our design is
a large-area, high-mass tracker, which boosts efficiency
by maximizing the number of measured scatters and op-
timizing conversion efficiency in the pair regime. Since
Earth’s atmosphere is opaque to gamma rays in this
range, space deployment is necessary. A low-inclination,
low-Earth orbit (LEO) is then needed to minimize back-
ground and pile-up from charged particles, neutrons,
and up-going albedo gamma rays.

The main advantage of a TPC is achieving 3D imag-
ing using only 2D sensor arrays on the surfaces. For N
sensors per length, a fully segmented detector requires
N3 channels (2N? for x-y strip sensors in z layers), but a
TPC reduces this to N2 (2N), significantly cutting costs
and power demands, especially when N ~ 103 — 10%.
Its uniform medium enables precise imaging and back-
ground reduction, benefiting dark matter (Aalbers et al.
2024; Aprile et al. 2023; Li et al. 2023) and neutrinoless
BB decay (nEXO Collaboration 2018) searches. How-
ever, its slow charge drift (~1 ps/mm) and high particle
rate in space necessitate heavy segmentation to prevent
event pileup, at the cost of added dead material.

There is a history of TPC development for -ray as-
tronomy (recently reviewed in Bernard et al. (2022b)),
with most effort focused on gas phase (Tanimori et al.
2015, 2017; Takada et al. 2022; Hunter et al. 2014; Gros
et al. 2018), though the earlier LXeGRIT effort used
LXe Aprile et al. (2003). Gaseous TPCs provide very
high resolution imaging of tracks down to very low en-
ergy, and avoid the complication of cryogenics. But
this comes at the substantial cost of very low stopping
power compared to liquid phase, and hence much lower
overall efficiency. Liquid phase TPCs have emerged as
a leading technology for dark matter (Akerib & oth-
erz 2020; Aprile et al. 2023; Li et al. 2023) neutrinoless
B8 decay (nEXO Collaboration 2018), and beam-based



Y ———=—=—=—=-=-S-=-SSSoooaif

|

<*\ electron recoil
LAr direction

[
true gamma
ray direction
FEE===aq

¢o

35cm o ® l

Reflective™—_ }
field cage walls

Anode plane. O V.

== Cathode plane. - HV
SiPM array light readout

w
- ’

(wd) Z
L]
>

Wz

/ 2
dus\/ o
’/ob}“”zo \/m

0 —go —60 ~40
-100 % (cm)

Figure 1. (left) A 1.0 MeV gamma-ray undergoing multiple Compton scatters and final photoabsorption in a uniform LAr
volume configured as a TPC, along with the reconstructed sequence of interactions and event cone. The initial direction of
the first scatter’s electron recoil, if measured, reduces the cone to an arc. (right) The full set of interactions of a 100 MeV
gamma-ray in LAr, with the initial pair interaction shown in the inset.

neutrino measurements, most notably DUNE (see, e.g.,
DUNE Collaboration 2023). LAr is preferred over LXe
for v-ray detection for a number of reasons discussed in
Appendix A. These developments make it possible and
useful to stage a ~y-ray program with in-hand LAr TPC
technology, as it is being pursued by the GRAMS (Ara-
maki et al. 2020) balloon program, and the proposed
MAST concept (Dzhatdoev & Podlesnyi 2019). Our ap-
proach, by contrast, is to fully optimize LAr TPC tech-
nology for this application, including the development
of GAMPix (Shutt et al. 2024), a novel and powerful
fine-grained pixelated charge readout architecture.
Figure 2 presents the complete GammaTPC instru-
ment concept, featuring a double layer of segmented
LAr TPC cells, each 17.5 cm in height and width, along
with a CsI calorimeter. The instrument’s large 10 m?
tracker demonstrates the scalability of this technology.
The tracker’s 35 cm thickness is optimized to efficiently
contain Compton v-rays and, at approximately two ra-
diation lengths, ensures high conversion efficiency for -
rays in the pair-production regime. The tracker adopts
a hemispherical shape to contain LAr within a pressure
vessel, where a curved geometry minimizes wall thick-
ness and reduces unwanted 7-ray scattering off of inac-
tive material that would add to the background. This
design enables uniform 27 field-of-view (FOV) sky cov-
erage when orbiting, as shown in Fig. 1, while the large
area enhances etendue. Together, the shape and scale
also mitigate the effects of incomplete event containment
at the tracker’s edges. The TPC cells have hexagonal
footprints, arranged in a Goldberg polyhedron pattern
(see Dual Geodesic Icosahedron Pattern 19 at McCooey

2015).>  An anti-coincidence detector (ACD) is imple-
mented as a 5-10 mm LAr layer between the TPC struc-
ture and the vessel, with SiPM-based scintillation read-
out for background rejection. The total internal dead
mass due to segmentation is estimated to be around 5%,
as detailed in Sec. 2.5.

GammaTPC’s tracker is significantly larger and pro-
vides superior geometric information than competing
technologies. The thickness in terms of stopping power
at 1MeV (and at T=120K) is 5.8 times larger than
the Si tracker of AMEGO-X (Fleischhack 2021; Caputo
et al. 2019) or the similar eASTROGAM (De Angelis
et al. 2017), and 1.3 times the Ge tracker of COSI (Tom-
sick et al. 2019a). A 10m? area is approximately 17 and
390 times that of the AMEGO-X and COSI respectively.
The pitch of GAMPix’s pixels is 500 pym, which is the
same as eASTROGAM’s strips (De Angelis et al. 2017)
and AMEGO-X’s pixels, and finer than the 2.0 mm pitch
of COSI’s strips and GRAMS’ wires. For equivalent spa-
tial resolution, the better geometric information arises
from large distances between scatters in the lower den-
sity of LAr compared to Si and especially Ge, as explored
further in Appendix A.

Our baseline assumption for the calorimeter is a CsI
hodoscope similar to that of Fermi (Atwood et al. 2009),
though with a yet-to-be-determined thickness and level
of segmentation. In addition to helping to contain high
energy Compton events and measuring pair shower pro-
files, the calorimeter is a powerful active shield of the

1 There are also 12 smaller pentagons over a full sphere, but the sec-
tion we employ likely contains only one central pentagon, which
could be configured as either a simple scintillating cell or a com-
plete TPC.



reflecting
field-grading

Calorimeter

region

Figure 2. Schematic drawing of a large-scale implementation of the GammaTPC instrument concept, with the tracker a
double-layered set of LAr TPC cells (right inset, and here shown as rectangular but in reality with hexagonal footprint), 10 m?
in area and 4 metric tons in mass contained in a thin-walled carbon fiber shell, backed by a CsI calorimeter. The tracker overall
geometry is a section of a sphere, which provides 2r FOV (left inset), while the orbit, spacecraft orientation and profile of the

tracker maximize the uniformity of the sky coverage.

otherwise dominant up-going albedo gammas. Csl could
be operated at the cryogenic temperature of the tracker
for improved light yield (see, e.g., Mikhailik et al. 2015;
Ding et al. 2020; Clark et al. 2018). A sampling LAr
calorimeter (such as that in ATLAS (Wilkens & on be-
half ofthe ATLAS LArg Collaboration)) is also possible
and has the obvious advantage of using LAr, but has
the disadvantage of energy loss in the interspersed W
(or Pb) sheets.

In the next section of this paper, we describe in detail
the technology needed to achieve the ambitious goals of
this new instrument technology. We also look in some
detail how the challenges of staging this in space will be
overcome, and include a preliminary discussion of costs.
The subsequent section presents a first study of the sen-
sitivity of GammaTPC in the Compton regime, and also
introduces new techniques for Compton Telescope anal-
ysis. A study of the sensitivity in the pair regime awaits
a future publication.

2. GammaTPC TRACKER TECHNOLOGY
2.1. Charge and Light Signals in LAr

Production of signals in liquid nobles is complex, with
energy deposited by charged particle creating both scin-

tillation light and pairs of free electrons and ions2. The
sum of scintillation and charge is proportional to energy
deposited, as recombination results in the same excimer
states that generate scintillation light, thus recombina-
tion effectively trades charge for light on an electron-per-
photon basis. The partitioning between charge and light
depends on the particle type, the applied electric field,
and, especially for non-relativistic particles, the recoil
energy, and often results in roughly comparable quanta
of photons and electrons. Fluctuation in the strength of
recombination greatly exceed what would be expected
on the basis of binomial statistics, so measurement of
either signal alone gives poor energy resolution (Conti
et al. 2003). Instead, we estimate the initial number
of electrons ¢ and photons p from their measured values
and from these estimate the energy £ = W (q+p) where
W is the combined W value (Shutt et al. 2007). This
is unaffected by recombination fluctuations when both
q and p are well measured.

These effects have been studied in detail in LXe(see
e.g. Doke et al. 2002; Conti et al. 2003; Dahl 2009;
Szydagis et al. 2011; Akerib et al. 2019) in part because
of its importance in dark matter and neutrinoless dou-
ble beta decay experiments, and the energy resolution in

2 Unless otherwise referenced, most LAr properties used in this
paper are from the LAr properties database maintained by BNL

at https://lar.bnl.gov/properties/
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a number of detectors (Aprile et al. 2020) scales as ex-
pected from the above discussion with 1/vE o 1/v/N,
with N = g + p. Signal production has also been mea-
sured in LAr (Doke et al. 1988; Aprile et al. 1987; Doke
et al. 2002; Cao et al. 2015; Washimi et al. 2018; Agnes
et al. 2018; Kimura et al. 2019; Szydagis et al. 2021), ex-
tensively at high energies, but less so in the low energy
range important for Compton v-rays. In particular, en-
ergy resolution from combined light and charge and the
strength of recombination fluctuations have been little
studied. Nonetheless, the existing data show very sim-
ilar behavior to LXe and provide a solid basis for esti-
mating the LAr response.

A complicating factor for Compton events is that the
measured light signal in a TPC cell is from the sum of
the light from all scatters in the cell, while the charge
signals from each scatter are separately measured. Thus,
the sum of light and charge cannot be performed at the
scatter level, which is unfortunate because this means
recombination fluctuations are not fully canceled per
scatter, which directly affects event reconstruction and
pointing. However, we can partially recover as follows.
For track i we have ¢;, and for the cell qeen = > ¢,
and the light signal p.e;; the sum of the unmeasurable
p; with Eeeyp = W(qeetr + Deetr). Our best estimate of
the energy of track i is F; = qf:”Ece”, where the ra-
tio Ecerr/qeen corrects g; for the fluctuation between the
summed qeep; and peeyp in the cell. This procedure works
well in the not uncommon case of the first scatter being
dominant in a cell. These effects are included in sim-
ulations framework below (Sec. 3.1), with the strength
of recombination fluctuations conservatively assumed to
be equal to those in LXe(Dobi 2014). The resulting pre-
dicted energy resolution is discussed in Sec. 3.6.1.

2.2. Charge Readout with GAMPix

In addition to measuring the amount of charge, the
charge readout must provide the best possible spatial
resolution, ¢gy.. In the Compton regime this mini-
mizes the geometric reconstruction performance met-
ric 04y:/Ay discussed in Appendix A.? It also provides
the best possible measurement of the initial directions
of electron recoil tracks, which is a long-sought goal

3 Both energy resolution and geometric information jointly deter-
mine reconstruction performance. For a given energy resolution,
there exists a limit below which improved geometric precision
does not enhance reconstruction. However, the geometric preci-
sion is characterized by o4y=/ |rij |7 where |'r'ij | is the separation
between scatters ¢ and j. Smaller o4y. enables the utilization of
smaller |rij |, which are exponentially distributed, with smaller
separations being more probable. Furthermore, reconstruction
benefits from the full ensemble of scatters, amplifying the advan-
tage of minimizing o4y ./ {rij} for all |'rij|.

for Compton reconstruction (and further discussed in
Sec. 3.6.2), and is fundamental to event reconstruction
and angular resolution in the pair regime.

Electron recoil tracks are effectively point-like at very
low energy, but are extended structures at higher ener-
gies, as illustrated in Fig. 3 (left). Good spatial resolu-
tion for extended tracks thus requires imaging the tracks
sufficiently well to distinguish the head of the track (the
interaction location) from the tail, which has higher en-
ergy deposition dE/dx due to the Bragg peak (Workman
et al. 2022). Also shown are simulated GAMPix pixel
samples, for which by inspection we see the head of the
track can distinguished, and a measure of the initial re-
coil direction provided.

The architecture of GAMPix, which stands for Grid
Activated Multi-Scale Pixel readout, is illustrated in the
right panel of Fig. 3. We give an overview of GAMPix
in this section, with a full description in Shutt et al.
(2024). Pixels provide true 3D imaging which is su-
perior to that from commonly used crossed wires, or
strips on a circuit board. Pixels also have the advan-
tage of substantially lower sensor capacitance Cy than
for strips or wires and hence significantly lower noise,
since the readout noise with an optimized charge sen-
sitive amplifier (generally, Compiifier = Cs) scaling as
V/Cs (Radeka 2003; De Geronimo & O’Connor 2000).

GAMPix solves two difficult problems inherent to a
fine-grained charge readout in a TPC. The first is power
due to the high pixel channel count, exacerbated in our
application by the especially stringent ~ 1 W /m? power
budget set by the spacecraft cryogenics (Sec. 2.4). Key is
the power of front end amplifiers input MOSFET alone,
for which there is a basic tradeoff between power and
readout noise o, (o, is usually expressed in terms of elec-
tron equivalent noise, or ENC), which in CMOS scales
as g, « 1/4/P (De Geronimo & O’Connor 2000). With
a nominal 0.1 W/ch amplifier power, the total system
power of at least 4kW/m? is some 3 orders of magni-
tude too high.

The second problem is due to diffusion of the drift-
ing charges. Diffusion washes out the detail of electron
tracks and thus sets the ultimate limit to imaging in
TPC. But, with rms spread at most comparable to the
500 pm pixel pitch as shown in Fig. 4, this has a modest
impact on track imaging. A more subtle but funda-
mental problem is that diffusion causes signal to be lost
whenever the sensor pitch is comparable to the scale of
diffusion. This happens at the periphery of the diffused
charge distribution, where the amount of charge in many
of the sensors readily falls below threshold for plausible
values of o.. This effect is present for 1D wire/strip
readout, but is more severe for 2D pixel readout, and
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reflective field cage walls, as described in Sec. 2.5.

in this application leads to an essentially fatal loss of
signal, as detailed in (Shutt et al. 2024).

GAMPix measures the drifting electron tracks twice:
first as induction signals as the charges pass through a
set of 1 cm pitch coarse-grained and individually instru-
mented & — y wires; and second when collected on the
pixels. These are implemented as small (~ 200 pm) bare
pads on top of CMOS ASIC chips, which themselves
are mounted on printed circuit boards (PCBs). Charges
are directed to the pixel pads first by a modest focus-
ing through the coarse electrodes, and then by strong
pixel-pitch focusing from electrodes implemented on the
CMOS cover layer.

The induction signals are depth independent because
the coarse pitch is much greater than the diffusion scale,
but they are highly spatially dependent. That spatial
dependence can be corrected to better than 1% using
the track imaging from the pixels (Shutt et al. 2024).
This solves the diffusion problem. The power problem
is solved by using coarse induction signals as a trigger
to power up only the pixel chips which are expected
to collect charge, with all pixel chips powered down by
default. The coarse grid readout effectively voxelizes the
event at the cm? scale, for which triggered voxels occupy
only 1073 — 10~ of the full volume. This suppresses the
on-power by the same factor, and meets the strict power
budget. As a bonus, the pixel data is also sparsified by
the same factor.

GAMPix requires the development of a novel CMOS
ASIC chip able to power up and stabilize within a few us
of triggers (corresponding to a few mm drift). We have
developed a preliminary architecture for the complete

system-on-chip ASIC, with switched capacitor analog
memory, per pixel triggering, and multiplexed digitiza-
tion. We have also completed an initial transistor-level
design of the critical power-switched front end charge-
sensitive amplifier (CSA) alone, finding < 0.5 us settling
time and ENC of <20e~. This work builds directly
on the design of the related the CRYO ASIC (Pena-
Perez et al. 2020; Gupta et al. 2020; Pena-Perez et al.
2022) at SLAC, a multi-channel cryogenic non power
cycling system-on-chip charge readout being developed
for the nEXO experiment (nEXO Collaboration 2018),
and takes place in the context of the development sev-
eral related cryogenic ASIC readout systems developed
for DUNE (Pena-Perez et al. 2020; Dwyer et al. 2018;
Adams et al. 2020).

The coarse grid readout is simple by comparison but
does have a demanding noise requirement of <30e~
ENC per wire with a goal of 10e~. This is driven pri-
marily by the need for a low energy threshold for measur-
ing electron recoil tracks, as shown in Fig. 5. We esti-
mate ~ 2-3 pF capacitance in the coarse wires, and note
that a cryogenic CMOS ASIC for a similar capacitance
has demonstrated ~ 20e~ ENC (Deng et al. 2018).

We have studied the resolution oy, with which the
interaction locations are measured, and the accuracy
of initial track directions with machine learning (ML)
techniques (Buuck et al. 2023; Khek et al. 2022). This
is summarized in Fig. 6, where we find excellent
Ogy> <250pm over all conditions and notably only

4 Note that the charge measurement will have a higher threshold

than the scintillation measurement.
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modest dependence on drift distance. The accuracy of
the initial track direction is also outstanding at high en-
ergy and still very useful down to fairly low energy, and
has a strong drift distance dependence. While gaseous
detectors achieve track imaging at much lower ener-
gies (Takada et al. 2022), we are unaware of compa-
rable track direction measurement in any other solid or
liquid detector technology. A final benefit of GAMPix
is that the amount of diffusion can be accurately es-
timated by a comparison of the diffusion-independent
coarse and diffusion-dependent pixel signals. As we
show in Shutt et al. (2024), this provides a ~5% ac-
curate measurement of the drift distance, a “diffusion

projection depth”, which reduces confusion from pile-
up of events at high rates (see Sec. 3.4).

The 500 um pixel pitch was in part chosen for ease
of implementation in the CMOS ASIC, and as a match
to diffusion, and our studies for these <1MeV tracks
finds little benefit to smaller pitch. However, this could
be different at higher energies where tracks are much
straighter, and so the pitch should be revisited. A more
ambitious but highly speculative change to charge read-
out would be the addition of a “cooling gas” to the
LAr to suppress diffusion, a technique commonly used in
gaseous detectors (see, e.g., Blum et al. 2008). Whether
this is possible without either quenching or absorbing
the extreme VUV scintillation light is unclear, but could
be aided by the addition of Xe as an initial waveshifter.

In summary, GAMPix achieves both diffusion-limited
3D imaging and a diffusion-independent charge integral
measurement, while simultaneously accomplishing an
enormous reduction in pixel readout power and data vol-
ume. We believe the imaging capability this affords in a
large, highly uniform and inexpensive detection medium
will be a major advance in v-ray instrumentation.

2.3. Light Readout

The scintillation light comes from the decay of ex-
cimers, with a 128 nm wavelength (9.7¢eV), with decay
times of 6 ns, and 1.6 us from singlet and triplet excimer
states respectively. The primary requirement on the
measurement of this light is to maximize light collec-
tion efficiency, or LC'E, (the ratio of measured photo-
electrons to emitted photons) to improve energy resolu-
tion as discussed in Sec. 2.1. We also need timing infor-
mation, but currently see little benefit from measuring
position information.

Our design approach to achieve high LC'E is to make
each cell a “mirrored box” with waveshifter-coated re-
flective materials on all possible surfaces, apart from
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the SiPM readout array, which is dense packed and
also waveshifter-coated. The SiPM arrays are deployed
on the cathode plane, as the low mass, field-grading
cells walls are not compatible with any readout struc-
tures, and GAMPix fully occupies the anode plane.
Waveshifting is needed because there are no known
high reflectivity materials for the extreme UV 128 nm
light. This architecture is similar to that used in dark
matter detectors, such as those of the DarkSide pro-
gram (Aalseth et al. 2018), with achieved LCEs in the
range of 10% (Agnes et al. 2015) to 20% (Aoyama et al.
2022).

The baseline waveshifter choice for LAr is tetraphenyl
butadiene (TPB) whose extensive use in LAr is thor-
oughly surveyed by KuZniak & Szelc (2021). Peak emis-
sion is centered at 430nm and the re-emission lifetime
is 2ns. To obtain high efficiency, the waveshifter must
have high absorption probability, high photolumines-
cence quantum yield (PLQY'), and high transparency
to waveshifted light (i.e., a large Stoke’s shift). While
isolating and quantifying these parameters individually
remains challenging and existing measurements exhibit
significant variability (see data in (KuZniak & Szelc
2021)), the measured high values of LCE referenced
above implies that these properties must be close to their
theoretical maxima of unity. It is known that TPB dis-
solves at a low level into LAr, at least for some coating
methods, and while to our knowledge this does not cause
notable problems for detector performance (e.g., it does
not cause scavenging of drifting electrons), it might re-
quire special handling in the purification system.

The reflector deployed (underneath waveshifter) on
the field shaping walls and rib structures is a multilayer
polymer ”enhanced specular reflector” (ESR) film (We-

ber et al. 2000)°, which has remarkably high (~99%)
and largely angle-independent reflectivity over the op-
tical range® The CMOS cover layer of GAMPix’s pixel
ASIC and the coarse grids can be coated with reflective
Al or Ag cover layers (again underneath waveshifter),
with reflectivities near 90%.

SiPMs have a number of advantages of over PMTs, but
the driving feature here is their much smaller mass and
volume that enables a low-dead mass central cathode
plane. SiPMs have QFs (photo-electrons per photons
absorbed) at 430 nm that are now exceeding PMT QF's,
and a total photon detection efficiency (including both
SiPM QF and the active area fill fraction) of > 40% has
been demonstrated (Gallina 2024). The use of SiPMs in
liquid noble detectors has been expanding rapidly, with
large, dense SiPM arrays under development of > 4.5m?
in LXe for nEXO (Gallina et al. 2022), and > 20m?
and in LAr for DarkSide-20k (Aalseth et al. 2018). A
large array is currently operating in LXe as part of the
MEG II experiment (Baldini et al. 2018). The dark rate
in SiPMs is much higher than PMTs, but at temper-
atures less than ~ 150K is below 0.1 Hz/mm?, which
should allow a 2 photo-electron threshold and thus an
energy threshold (assuming an LCE above 10%) well
below that of the charge measurement. Cross-talk be-
tween channels is significant in SiPMs (Gibbons et al.

5 https://multimedia.3m.com/mws/media/13892480/
application-guide-for-esr.pdf

6 PTFE is another highly reflective material often used in liquid
noble TPCs, but is extremely electronegative and could thus ac-
cumulate surface charge which distorts the drift field. It also has
mechanical properties less suited for this application.


https://multimedia.3m.com/mws/media/1389248O/application-guide-for-esr.pdf
https://multimedia.3m.com/mws/media/1389248O/application-guide-for-esr.pdf

10

2024), but seems unlikely to present a serious problem
in this non-imaging application.

While for these reasons, SiPMs are well-matched to
this application, there are issues to address. The power
dissipation for both the nEXO and DarkSide-20k arrays
is expected to be ~ 20 W/m?, which must be decreased
by an order of magnitude (see Sec. 2.4). A likely path
forward is some version of “digital SiPMs” (Frach et al.
2009; Fischer et al. 2022; Diehl et al. 2024), which are
a new class of CMOS ASIC readout that have sepa-
rate channels for each of the SiPM diode arrays, and
promise several benefits including the needed power re-
duction (Retiere 2017). SiPMs are beginning to be used
in space and are affected by radiation damage (Garutti
& Musienko 2019; Zheng et al. 2022; Acerbi et al. 2023,;
Altamura et al. 2023; Mianowski et al. 2023), primarily
in the form of an increase in dark current increase, an ef-
fect which is minimized by cryogenic operation. Finally,
our baseline design is to have the waveshifter-coated
SiPM array itself serve as the cathode plane upon which
ions are collected. If this creates problems due to posi-
tive charge build-up, the ions could instead be collected
on a high transparency mesh electrode placed directly
in front of the SiPMs. This comes at the cost of a thin
layer with close to zero charge collection, but whose vol-
ume is a modest ~ 0.6% of the cell volume per mm of
thickness.

Timing information from the scintillation signal has
several uses.” If a science case drives it, resolution on
the scale of a ns or less could be obtained based on
the excimer singlet decay time and waveshifter lifetime.
Otherwise, the TPC depth reconstruction must at least
be as good as the ~500 ns pixel sampling time, and thus
likely ~100ns or better. This time scale also allows
robust measurement of the relative populations of single
and triplet decays to tag background neutron recoils (see
Sec. 3.5), and allows tagging of event pile up from the
presence of multiple scintillation signals (see Sec. 3.4).
The DAQ system will likely provide only the integral
signal integrals and pulse times, as waveform digitization
will be power hungry, especially for <100 ns timing.

We have studied the LCE using LightGuide, a
custom ray-tracing simulation package which includes
waveshifting and detailed treatment of interactions with

grid wires. Based on those studies (and consistent
with (Agnes et al. 2015) and (Aoyama et al. 2022)) we
adopt pessimistic, nominal and optimistic LC'E values
of 5, 10 and 30% for our instrument performance stud-
ies (Sec. 3). The optimistic value will require high SiPM
QF and fill factor, and achieving very high reflectivity
in the GAMPix readout and other structures. Due to
the mirrored box design, the spatial uniformity of the
response is better than ~10% despite the asymmetry
imposed by the use of a single light readout plane. Non-
uniform light response is readily corrected in analysis,
but recombination fluctuations on each scatter impose a
dispersion term that cannot be corrected when combin-
ing light and charge signals to find energy (Sec. 2.1). We
assess this effect to be sub-dominant with ~ 10% spatial
uniformity.

2.4. Cryogenics and Fluids

The cryogenic portions of the satellite are the LAr
tracker and associated LAr circulation and purification
equipment, and the calorimeter if it is cold. These
will be insulated by multi-layer-superinsulation (MLI),
and covered with and a micro-meteor and orbital de-
bris (MMOD) shield and a solar reflecting surface. The
Earth side of the cooled assembly will have a constant
infrared radiation load from the Earth (or other ~ 300K
parts of the spacecraft), while the space side will alter-
nately face the Sun and deep space during orbit. Cooling
will be provided by a cryocooler® applied to a circulation
loop through which LAr is circulated. The loop also al-
lows online purification of LAr to remove electronegative
impurities from outgassing of the TPC and vessel.

The cooling requirements and the power budget for
electronics and other detector components are coupled,
and we outline the contours of a final design here. Be-
cause the available cooling power increases and input
power decreases with increasing cold temperature, the
detector will likely be operated above the 87 K atmo-
spheric pressure boiling point. This elevates the pressure
as shown in Fig. 7, requiring an increase in vessel wall
thickness (see Sec. 2.5), and suggests operating in the
120-130 K and 12-20bar range. Existing space-ready
cryocoolers of pulse tube (Northrup-Grumman HEC?)
and Stirling (Sunpower CryoTel® CT-S'0) designs pro-
vide roughly 20 W cooling power at 120 K while requir-
ing less than 200 W input power. Much higher powered

7 In principle, it may be possible to obtain some measure of timing
and hence sequence of scatters from a fast singlet signal. How-
ever, there are significant obstacles to this approach: the use of
waveshifter which further delays the signal, the fact that only
a small fraction of the light arrives promptly at the SiPMs, the
high average hit count in a cell which determines the number of
summed light signals to disentangle, and the need for high speed
digitization which would require significant power.

8 We also considered passive cooling, but this would require very
large Earth and Sun shields which appear prohibitively large.

9 https://www.northropgrumman.com/space/cryocoolers/

10 https:/ /www.sunpowerinc.com/products/stirling-cryocoolers/
cryotel-cryocoolers/spacecryocoolers
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Figure 7. The equilibrium pressure and density of LAr as
a function of temperature. The circle indicates a possible
operating point with 10 K of sub-cooling.

but not yet-space-qualified versions of these technologies
are on the market (e.g., the Sunpower CryoTel® DS 30
which has 60 W cooling power at 120 K with 480 W input
power). We may benefit from developments for ”Zero-
boil oftf” liquid oxygen storage, including a high energy-
efficiency reverse-Brayton cryocooler with 150 W cooling
at 90K (Plachta et al. 2018).

The maximum radiant heat load through MLI can be
below 0.5W/m?!! and will vary as the sun exposure
changes during orbit. The mechanical connection be-
tween the cryogenic elements and the warm part of the
spacecraft must be designed for low thermal conduc-
tance, with less than ~ 10 W power appearing feasible.
Based on these effectively irreducible radiation and me-
chanical heat loads, and an expected cryocooler cooling
power in the range of 30-100 W, we have adopted pro-
visional power requirements of <1 W /m? for each layer
of charge and light readout, and any other power dis-
sipating elements of the detector, including the power
dissipated in the divider chains of the high voltage (HV)
field cage(s).

The LAr will need to be circulated both for cooling
and purification. Assuming a conservative total power
of 10 W per m? of tracker area, and that the cryocooler
cools the liquid by 5 K, this can be provided by a mod-
est LAr flow of ~0.25Ipm per m? of tracker. However,
because there will be no convection in zero gravity, the
flow of the LAr needs to be engineered to effectively
bring the cooled liquid in contact with the power dissi-
pating elements. The main power sources in each TPC

1 See, e.g., Quest Thermal Products IMLI, https://questthermal.

com/products/imli/
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cell are GAMPix on the anode plane, SiPMs on the cath-
ode plane, and the resistors of the field cage. The anode
plane is readily cooled by flowing cold through the thin
LAr layer (used as the ACD) between anode and ves-
sel wall. Cooling can be provided to the perimeter of
the cathode plane in each cell by flowing cooled LAr
through the inside of the ribs which form the structural
backbone of the TPC cells structure. Lateral transport
in the plane to the perimeter will require likely require
a metallic layer in the circuit boards, with, for example,
a ~ 200 um thick Be sheet reducing any gradient to be-
low a Kelvin. The cooling flow through the ribs directly
cools the resistor divider chains for the field cage walls,
as the interior of the rib is the natural location for the
divider chains. Finally, while the pixel ASIC on-power
is a very high ~W/cm?, the short (<100 us) on time
and chip heat capacity combine to give only a mK-scale
temperature rises per cycle.

Purification is needed to remove dissolved gasses
which can degrade both charge and light collection,
and which arise from outgassing of plastics and other
materials. Techniques for removing dissolved gasses
have been extensively developed for both LAr (see, e.g.,
Adamowski et al. 2014) and LXe. The primary concern
is O and H30, which are now routinely suppressed to
well below 0.1 ppb, resulting in no appreciable light loss
and little charge loss over multi-meter distances. We
plan continuous liquid circulation through an appropri-
ate getter or similar filter material, which is the baseline
design in most LAr systems. The system requirements
are modest given our small ~20cm TPC cells, and the
LAr circulation rate through the detector is probably
driven by the cooling requirements instead of purifica-
tion.

There is a broad range of commercially available
spacecraft fluid-handling components including pumps,
valves and instrumentation, much of which is used to
handle propellants such as LO2. We have more stringent
leak tightness requirements than propellant handling,
but much easier chemical compatibility requirements.
There are two commonly used purifier materials, the
first a commercial zirconium alloy non-regenerable get-
ter (SAES ST707) usually used in gas phase at elevated
temperature, but recently demonstrated in LXe Plante
et al. (2022). The other, used routinely for LAr, is Cu
impregnated alumina spheres (BASF Cu-0226 S) that
can be regenerated at high temperature under a H2/Ar
gas stream. The capacity of the getter, or inventory
of regeneration gas, will presumably be minimized by
pre-outgassing of the detector.

There is one significant way in which the combined
cryogenic and fluid handling system in space must dif-


https://questthermal.com/products/imli/
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fer from a ground-based system, namely the absence of
gravity. The key issue here is that if the only control
were the liquid temperature fixed by the cryogenic sys-
tem, the Ar would naturally sit at its equilibrium satu-
ration pressure (see Fig. 7), with the total inventory of
Ar present determining the amount of Ar in the liquid
and gas phases. A liquid-only state would require an
unattainable exact matching of the actual Ar inventory
to that needed to exactly fill the system with liquid. On
the ground, gravity separates any gas from the liquid,
but in space the location of the gas will not be controlled,
which is unacceptable for the TPC operation.

We propose to solve this by use of an expandable mem-
brane, like that used in propellant tanks (Hartwig 2016).
One side is in contact with the LAr while the other is
pressurized with a gas (likely with N2) to enforce a sin-
gle phase of liquid argon at fixed pressure. With the
pressure set at a higher value than the equilibrium pres-
sure corresponding to the fluid temperature established
by flow through the cryogenic system, the LAr is in a
sub-cooled state. This suppresses boiling at the elec-
tronics and other power dissipating elements. As shown
in Fig. 7 sub-cooling well above the sub-kelvin gradi-
ent expected in the SiPM array (the likely hottest part
of the detector) can readily be achieved, and in fact is
larger and more uniform than what obtains in ground
based detectors due to the AP = pgh pressure increase
with depth. A final fluid issue is how the liquid is han-
dled during launch. If the LAr is in the detector, any
sloshing would readily damage or destroy the lightweight
TPC structure. A more attractive option is to store the
liquid in a separate tank (possibly a large toroid below
the main instrument) during launch and to transfer it
to the detector once in orbit, possibly using the same
membrane system used to establish the fluid state.

This cryogenic system will be integrated into the
spacecraft’s full thermal control system which handles
all ~ 300 K power loads from electronics and other space-
craft systems, as well as the cryocooler. That conven-
tional system is beyond the scope of this paper.

2.5. Tracker Geometry and Mechanics

The radius of the hemispherical section (of fixed thick-
ness) can be adjusted to optimize the sky coverage
uniformity and etendue. Competing factors drive the
tracker thickness, with increased thickness given higher
Compton event containment, but shorter cell height re-
ducing both diffusion (Sec. 2.2) and event pile-up and
space charge (Sec. 3.4). This leads to the double-layer
geometry, which also naturally isolates the large nega-

tive HV cathode layer from the grounded vessel wall'?,
though at the cost of doubling the readout systems and
adding dead material. The buffer volume at the perime-
ter of the hemisphere provides a natural location to stage
the HV feedthrough, fluid handling elements, and other
services, and is readily instrumented with SiPMs as an
active shield.

The TPC cell structure should have minimum mass,
but must be robust enough to survive launch, accommo-
date a wide range of temperatures, and maintain dimen-
sional accuracy for imaging. PCB ribs line all edges of
the TPC cells, and the PCB planes are rigidly fixed to
this (see Fig,3), forming a stiff lightweight hemispher-
ical honeycomb structure. The thermal expansion of
that structure will likely not match that of the field
cage walls and vessel. The thin cell walls, likely poly-
imide sheet coated with ESR reflectors, could be held
taut using leaf springs in the ribs, and the overall TPC
structure could likewise be suspended in the vessel with
a stiff spring arrangement. The interior of the ribs will
house the GAMPix’s coarse grid mechanics and readout
(Fig. 3), the SiPM array cabling, resistors for the field
cage, and mechanical items, and will route fluid flow for
cooling and purification (Sec. 2.4).

The readout plane PCBs are lined with CMOS or
SiPMs on one side, and on the other mostly Si capaci-
tors. Signal and power traces are routed in buried lay-
ers to interconnects on the board edges housed in the
ribs. Standard PCB manufacturing a thickness between
~0.7 and 1.8mm (6 - 14 board layers). The many ca-
pacitors needed for buffering power could be low mass
and temperature-stable Si capacitors'® with thicknesses
between 60 and 400 pm.

The vessel wall thickness and the areal density of the
micro-meteor and orbital debris (MMOD) shield will be
minimized to reduce dead mass. The vessel wall thick-
ness is determined by the strength of the vessel material,
the radius of curvature, and the internal pressure. Con-
servatively using the ultimate tensile strength of generic
carbon fiber composite (higher performance composite
materials are available), and the NASA guideline pres-
sure safety factor of 1.5 (Holladay et al. 2004), we have
2.2 and 4.3mm wall thicknesses at 10 and 20 bar, re-
spectively. The MMOD design and requirements will
depend on factors such as the orbit and orientation
of the tracker, with a likely mass in the range of 0.2-
1.0g/cm? (see, e.g., Arnold et al. 2009). At the upper

12 The vessel wall should be a Faraday cage if for no other reason

than coping with the large particles flux in orbit.

13 From, e.g., Murata Capacitors, https://www.murata.com /en-us,/

products/capacitor/siliconcapacitors
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end of this range, it would be the dominant dead mass,
and so will need to be carefully optimized.

In Table 1 we show preliminary estimates of the dead
mass in several subsystems. Events with lost energy in
internal ribs, planes and walls have compromises recon-
struction, whereas events with energy lost in the vessel
and MMOD have unaffected reconstruction, but form a
background of incorrectly pointed 7-rays. In the simu-
lations below we use less extreme values (Sec. 3.1) than
the high and low totals here, as the probability of all
component values being at their extrema is small.

Table 1. Fractional Dead Mass Across Components and
Scenarios

Dead Mass Percent

Component Low Medium High
Ribs 0.15 0.59 1.33
Planes + Walls 0.79 1.57 3.93
Vessel Wall + MMOD  1.20 2.60 6.00
Total 4.10 8.80 16.60

2.6. Fields, High Voltages, and Particle Flux

High fidelity imaging requires careful control of the
electric field throughout the TPC, achieved by field
grading structures that cover the cell walls and ribs.
These focus electrons away from the ribs and distribute
them uniformly over the GAMPix plane. They also
shield the drift region from the interior of the ribs, where
conductors in the readout and mechanical elements will
result in highly non-uniform fields. The field grading
will likely be implemented as metalized traces on a poly-
imide film layer, with resistor divider chains housed in
the ribs. With 1mm trace pitch, the resulting volume
with non-uniform fields which can lead to charge loss is
only ~0.5% of the total'*

Our 0.5 kV/cm drift field target is now regularly
achieved in various large DUNE prototypes, but here
only requires handling <10kV bias voltage compared
for instance to 180kV in ProtoDUNE (Abed & others.
DUNE Collaboration 2021), and as noted above the ge-
ometry is favorable for implement this. Electronics for
pixels, wires and SiPMs are staged at different -HV lev-
els with fiber and cable interconnects. Fields are highest
where focused onto the pixels, which could readily be
damaged by sparking, but we note successful operation

14 An alternative scheme with resistive films and no ladder has been
studied for DUNE (Berner et al. 2019) and could be used here.
But the very high resistivity needed to manage heat loads (likely
>1010 Guw/sq) is challenging, and cooling appears difficult.
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of large arrays of LArPix readout Dwyer et al. (2018)
which has a similar field configuration and CMOS read-
out.

The high particle flux (Sec. 3.4) places special de-
mands on the design, including careful consideration of
component aging. In separate sections, we discuss acti-
vation (Sec. 3.5), SiPM degradation (Sec. 2.3), pile-up
and space charge (Sec. 3.4) and backgrounds (Sec. 3.5).
With on-board purification (Sec. 2.4) LAr is effectively
immune to radiation damage, and CMOS circuitry is ex-
tensively used at much higher doses than LEO in collider
experiments. Aging has not been an important factor in
LAr scintillation readout over many experimental con-
figurations to date (Kuzniak & Szelc 2021), but this will
have to be verified for the flux expected in orbit.

De spite the large number of pixels in the instrument,
the amount of data produced, processed and communi-
cated to with the ground does not appear prohibitive.
We estimate a triggered pixel sample rate for 100keV
cosmic y-rays at ~ 300 K-samples/m? /s, and a triggered
coarse wire sample rate a factor of several smaller. We
expect the data samples rates from charged particles
and albedo gammas to be lower than this because of
online event vetoing from the ACD and calorimeter, re-
spectively. On board processing, such as reducing the
pixel samples to interaction locations and electron track
directions, could substantially reduce the data volume.

2.7. Costs and Development

We expect the development of the GammaTPC tech-
nology to follow the track record of liquid noble TPCs,
quickly and economically scaling to large size after the
core technology is developed and proven at a small scale.
For example, core aspects of LXe TPC dark matter de-
tectors were developed at the 100 gm scale, (Aprile et al.
2006; Dahl 2009) while the first world-leading exper-
iments were contemporaneously staged at the ~10kg
scale (Angle et al. 2008; Alner et al. 2007; Lebedenko
et al. 2009). This mass increased by a factor of 1000 to
10 tons in just over 15 years (Aalbers et al. 2023; Aprile
et al. 2023), with closer to an order of magnitude in-
crease in detector cost. Here, much of the instrument
cost will be in the development of the CMOS ASICs
for GAMPix and the probable CMOS ASICs for SiPM
readout, and in creating space-ready versions of other-
wise conventional tracker readout mechanical structures
and LAr fluid handling and cryogenics. Demonstration
of zero-g operation of the tracker can be done with a
single TPC cell in a small launch vehicle.

The production cost of the 130nm CMOS process
used for GAMPix is currently ~ 0.3 M$/m?, and we ex-
pect similar cost/area for the SiPM arrays and read-
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out, such that the hardware cost of the tracker is likely
~1-2M$/m?. Given semiconductor trends, these cost
are if anything likely to fall over time. The remaining
hardware costs are in the less complex Csl calorimeter,
cryogenics and fluid handling, along with conventional
electronics and the spacecraft. The calorimeter cost will
scale with mass, but we expect the cryogenics and fluid
handling costs to scale only weakly with detector mass.
Note that while the cryocooler may need to be adapted
from a conventional model (see Sec. 2.4), the NASA In-
strument Costing Model (Mrozinski & DiNicola 2017)
estimate for this with a 120 K base temperature is only
~2MS§$.

While the scale and cost of an eventual mission is not
yet clear, a key performance metric efficiency of event
containment in the tracker, set by its thickness and area.
The cost scales with area, but is independent of thick-
ness. Events within dr ~ 20 cm of the lateral edges will
typically not be contained. The fractional area with
compromised containment is 2§r/r (approximating the
geometry as planar), which for instrument diameters of
1, 2 and 3m is 40, 20 and 14% respectively. This favors
a diameter well above 1 m, for which the mass is on the
scale of tons.

Historically, space mission costing assumes a strong
dependence with mass, with multi-ton missions well out-
side the MIDEX scale. However most of our tracker
mass is in the inert and essentially zero cost LAr, with
the cost-driving internal structures only ~ 5% of the of
LAr mass (see Sec. 2.5). Moreover, the cost of launching
both large and small masses to space has been dramat-
ically declining with the advent of commercial launch
capabilities. Low cost LAr TPC technology is uniquely
suited to take advantage of this, both during develop-
ment and in the final instrument, whose size can be read-
ily tailored to the scientific opportunities and funding
landscape.

3. INSTRUMENT PERFORMANCE
3.1. Simulation Framework

To assess the performance of the GammaTPC in-
strument for Compton events up to 10 MeV, we con-
ducted detailed simulations combining multiple tools
and methodologies. Event generation was performed
using Cosima, a Geant4-based Monte Carlo (MC) mod-
ule within the MEGA1ib software suite (Zoglauer 2019).
Background fluxes of photons and particles in Low Earth
Orbit (LEO) were based on the average values from
LEOBackground (Cumani et al. 2019), while activation-
induced radioactivity was simulated using Cosima. We
have not yet incorporated time dependence of the par-
ticle flux.

Hexagonal
TPC cells

Segmented
Calorimeter

ACD

Figure 8. Cross-sectional view of the 3D model of the in-
strument used in simulations, with dimensions given in Ta-
ble 2.

The detector response was modeled with GAMPy'®, a
custom Python-based framework incorporating detailed
treatments of charge and light signals as described in
Sec. 2.1. The tracker’s spatial resolution and the direc-
tionality of electron tracks were parameterized based on
the simulation results shown in Fig. 6. A uniform light
collection response was assumed for the tracker and anti-
coincidence detectors (ACDs). The simulated geometry,
illustrated in Fig. 8, includes a double layer of hexagonal
TPC tracker cells and a CsI calorimeter. The tracker is
modeled with a simplified planar geometry, which gives
only an approximate treatment of the sky coverage and
FOV. Also, for simplicity, the inert materials within
the tracker were modeled as inert LAr, with dimensions
adjusted to preserve the correct dead mass. The spatial
information in the calorimeter signals was not yet used
in this study.

The major parameters of the simulated detector are
shown in Table 2. Individually varying all parameters
is impractical, so we adopt a set of pessimistic, nom-
inal and optimistic values. While with effort we may
approach or achieve some optimistic values, the proba-
bility of the full set of parameters being at the optimistic
or pessimistic values is presumably low.

The simulation workflow is illustrated in Fig. 9. Far-
field monoenergetic point sources at various energies and
incident angles were simulated, along with contributions
from cosmic, albedo, and activation-generated photons.
GAMPy was used to apply the readout response, providing
the position and energy of each scatter, as well as the
recoil electron directions. Signals in the ACD were used
to suppress background particle events.

15 https://github.com/tashutt/Gampy/
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Table 2. Varied Instrument Geometry and Response Parameters for Different Scenarios.

Simulation Parameters

Optimistic Nominal Pessimistic

Geometry

Instrument diameter (m) . 3

Tracker cell height and flat-to-flat width (cm) 17.5

Number of tracker cells 374

LAr mean ACD thickness (mm) 9.5

Csl calorimeter thickness (cm) 10.0

Anode and cathode plane thicknesses (mm) 0.7 1.2 2.0
Ribs + planes + walls mass fraction (%) 1.4 2.2 4.0
Total dead mass fraction (%) 2.5 5.6 9.7
Readout

Spatial resolution multiplier 0.75 1.0 1.5
e~ direction error multiplier 0.8 1.0 1.2
Light collection efficiency 0.3 0.1 0.05
Recombination fluctuations strength parameter 0.04 0.05 0.06
Coarse grids noise ENC (e™) 10 20 40

3.2. Reconstruction

The primary objective of the reconstruction process
is to identify which of the multiple Compton scatters
in a single event occurred first and second, as these ini-
tial interactions determine the incident y-ray direction.
This process is commonly achieved through Compton
Kinematic Discrimination (CKD), which systematically
evaluates every possible sequence of Compton scatters in
search of the most probable one. Early implementations,
such as those by Aprile et al. (1993), relied on analytic
constraints derived from Compton scattering kinemat-
ics, while Boggs, S. E. & Jean, P. (2000) introduced more
sophisticated statistical approaches to account for un-
certainties in detector response. More recently, Zoglauer
& Boggs (2007) demonstrated neural network solutions
that learn complex scattering patterns from simulated
data, leading to further improvements in reconstruction
accuracy.

At the reconstruction stage, we chose not to adopt ma-
chine learning methods in order to maintain a transpar-
ent analytic approach that can be thoroughly validated.
Early testing revealed that purely angular-based error
minimization is not robust near scattering angles of 0 or
7. There, our instrument’s positional (i.e., geometric)
readouts are often more precise than its energy mea-
surements, making an energy-centric error formulation
more reliable. Consequently, we developed a modified
CKD algorithm that minimizes discrepancies between
measured and predicted energies at each scatter, while
penalizing sequences deemed statistically unlikely or in-
compatible with the electron track readout. Details of
this energy-based minimization strategy and its regular-
ization are presented in Appendix B.

To further enhance the reconstruction, we exploit a
key advantage of our instrument: many events are fully
contained within the detector. That allows comparison
of the total measured energy from all scatters to the
energy calculated from the first three interactions. Fol-
lowing Aramaki et al. (2020), we define

Es E2 mec?Fo
Bonte = By 4+ 2 4 (|22 4 NP2 1
cale 1+ 2 + 4 +1—00502’ (1)

where F7 and F are the energies deposited at the first
and second Compton scatter sites, and 65 is the Comp-
ton scattering angle at the second interaction, defined by
the vectors connecting the first-to-second and second-to-
third scatter locations.

3.3. Classification

Comparing F,. with the total measured event en-
ergy helps identify invalid sequences that fail basic en-
ergy consistency checks. However, this alone does not
resolve all ambiguities, as some invalid sequences can
closely mimic valid ones. Additionally, we aim to cate-
gorize events by origin—whether they are cosmic y-rays
or backgrounds from the atmosphere or the detector it-
self. Consequently, we introduce a dedicated classifi-
cation stage that integrates multiple quality metrics in
addition to the energy comparison.

Quality Metrics—Once the most probable scatter se-
quence is identified for each v-ray event, we compute a
set of quality metrics, which serve both as quality cuts
and as inputs to the classification algorithm. These met-
rics capture event characteristics beyond simple energy
matching, and help to distinguish legitimate, correctly
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Figure 9. Key stages of the performance simula-
tion pipeline. Simulated monoenergetic sources and cos-
mic/activation backgrounds from MEGAIlib are parsed for
spatial and temporal information, filtered for ACD anti-
coincidence, followed by simulation of signal production
and readout processes including fluctuations, efficiencies and
readout noise. Tracker, calorimeter and ACD signals are
feed into the reconstruction phase, which includes the CKD
test, energy-direction calculations, and classification. The
outputs include energy and angular resolutions, background
flux, pileup rate, and effective area, leading to the evaluation
of line and continuum sensitivities.

MEGALIlib & LEOBackground}

reconstructed ~y-ray interactions from non-cosmic back-
ground events.

1. Cumulative Energy Error: The square root of
the sum from Equation B10 (Appendix B), rep-
resenting the total discrepancy between measured
and calculated energy of the incoming ~-ray.

2. Calculated Energy: The energy derived from
the energies of the first two scatters and the ge-
ometric scattering angle at the second scatter 6.
This is computed using Equation 1.

3. Klein-Nishina Probability Pk.n: The product
of the Klein-Nishina probabilities for each scatter
in the event, assessing the physical plausibility of
the observed sequence:

N
Pyn = H Py (2)
i=0

4. Electron Recoil Angle Mismatch: The
squared sum of angular errors between the plane
defined by three consecutive scatters and the di-
rection of the electron recoil track at the middle
scatter (Appendix B, Equation B9).

5. Minimum Scatter Distance: The shortest dis-
tance between any two consecutive scatters in the
sequence.

6. Initial Scatter Distance: The distance between
the first and second scatters. This metric is crucial
for angular resolution, as errors in this distance
propagate to the inferred Compton scatter angle.

EN(

. Calculated Incoming Compton Angle: The
Compton scattering angle at the first scatter, 61,
determined using the Compton formula:

MeC? 1 1
0, = 1— == _ 3
1 arccos[ ( ) )} ( )

where E is the total energy obtained by summing
the energies of all the hits in the event and E; is
the energy of the first scatter.

For classification, we use a Random Forest Classifier
trained on a subset of data annotated by source type (in-
cluding line sources, backgrounds, and activation) and
evaluated on a separate test set. The detector records
events from both cosmic -rays and various background
sources. Our goal is to accept only those events that (i)
originate from cosmic y-rays and (ii) are reconstructed
correctly.



A walid event thus meets all of the following criteria:
(1) The event is confirmed to be a cosmic y-ray rather
than a non-cosmic background source; (2) The first three
scatters are correctly identified; (3) The total measured
and calculated energy are consistent within expected un-
certainties; (4) The sequence adheres to physically plau-
sible Compton kinematics and electron track topology.

Any event failing any of these conditions is considered
tnwalid, which includes correctly reconstructed but non-
cosmic events, as well as misreconstructed cosmic events.

Under this definition, the classifier achieves an over-
all accuracy of approximately 93%, where accuracy is
the fraction of all events correctly identified as valid or
invalid. Furthermore, it attains a contamination rate
of 5% (i.e., 5% of events labeled as valid are actually
invalid) and a misclassification rate of 3% (i.e., 3% of
genuinely valid events are mistakenly flagged as invalid).
Table 3 shows the relative importance of each classifica-
tion feature used in the classifier.

Table 3. Relative Importance of Classification Features

Feature Importance
Energy From Sum Er 0.23
Cumulative Energy Error 0.15
Minimum Scatter Distance 0.15
Calculated Energy Using Eq. 1 0.14
Klein-Nishina Probability 0.14
Incoming Compton Angle 0.13
Number of Scatters 0.06

3.4. Pile-up and Space Charge

We now use this framework to study the effects of
the charged particle flux in equatorial LEO, which is
shown in Fig. 10. One of the core challenges to cosmic
~v-ray detection is readily apparent: the cosmic ~-ray
flux is subdominant to all other fluxes except at the
lowest energies, creating a large set of backgrounds, and
potentially causing event pile-up.

Pile-up manifests itself in two primary ways. First,
Compton imaging becomes unreliable when two or more
events produce hits in the same cell within the 170 us
maximum charge drift time, because assigning the cor-
rect scintillation signal and hence start time and depth
to individual scatters becomes ambiguous. The proba-
bility of this happening depends on event rate, and on
the number of cells with hits from an individual event.
The latter is a rapidly increasing function of energy,
with high energy particle showers occupying a signifi-
cant fraction of the detector. The depth estimate from
GAMPix’s diffusion projection (see Sec. 2.2) resolves
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Figure 10. The average flux of particles and ~-rays in equa-
torial 550 km LEO from (Cumani et al. 2019), shown as the
integral flux above a given threshold energy.

much of those confusions when the level of pile-up is
modest. Combining these effects, we find pileup over all
energies of ~5%, which is reduced to ~ 1% using the
diffusion-projection depth discussed in Sec. 2.2 for the
average fluxes in Fig. 10.

Secondly, event pile-up causes Compton reconstruc-
tion and hence pointing to fail. In this case, the energies
and times of the piled-up events is still provided by the
scintillation signals alone, though with a modest loss of
energy resolution (see Sec. 2.1). This means that the
temporal flux and energy distribution will be measured
up to rates on the scale of 107 Hz for bright ~-ray bursts
(assuming ~ 100 ns time resolution, see Sec. 2.3). Point-
ing we be measured when the flux falls below ~ 100 times
the average total particle flux. Thus, despite the TPC’s
relatively slow readout, very bright transients will be
well measured.

Another potential concern arising from the particle
flux is the buildup of space charge, given the very slow
drift velocity of ions at 8 mm/us. This effect has been
observed in the large MicroBooNE LAr TPC operated
on the Earth’s surface (Mooney 2015), with a combined
cosmic ray and neutrino beam particle flux that is lower
than in low Earth orbit (LEO). However, the effect of
space charge is strongly dependent on the TPC cell size,
which is much smaller in GammaTPC. Our simulations
find that the field generated by space charge is less than
1072 of the applied 500 V/cm drift field. This ratio
is comparable to the maximum possible geometric in-
formation from o,,, ~ 100 um measured over a maxi-
mum ~ 20 cm cell dimension, and we expect any errors
to be further reducible by in-situ calibrations (see, e.g.,
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Mooney 2015). Thus, we anticipate the impact on event
reconstruction to be minimal.

3.5. Backgrounds

Backgrounds are the other challenge posed by the var-
ious fluxes shown in Fig. 10, all of which exceed the
cosmic y-ray flux above 100keV. Charged particles are
not an important background in the Compton regime
because they will be tagged with high efficiency by the
ACD. Also, they are mostly outside that energy window,
and have topologies that are distinct from ~-rays. A
much more significant background comes from radioac-
tive activation of the detector materials by the hadronic
particles (p, n, a), which subsequently decay and in gen-
eral emit y-rays in the 0-few MeV energy range. Neu-
trons with energies below ~ 10 MeV will mostly elasti-
cally scatter on nuclei with interaction lengths compara-
ble to those of Compton -rays. These events have sim-
ilar geometries to 7y-rays, though with lower deposited
energy due to the mass mismatch between neutrons and
Ar nuclei, and should be powerfully rejected by the very
different light pulse shapes of nuclear recoils from neu-
trons in LAr (Ajaj et al. 2019) (a fact that is central to
the use of LAr for dark matter searches). Inelastic scat-
ters of higher energy neutrons can also induce prompt -
rays. Upward going albedo v-rays from the atmosphere
exceed the cosmic v-ray rate by 1-2 orders of magni-
tude. These are actively vetoed by the calorimeter, and
any untagged energy that manages to punch through
the calorimeter is mostly reconstructed as coming from
below.

Any cosmic ~y-ray that is incorrectly reconstructed be-
comes a background, as do cosmic v-rays which scatter
in the inert vessel or MMOD material, altering their
trajectory. Finally, any otherwise good ~-ray serves as
a background for other y-rays due to the relatively poor
pointing of the Compton telescope technique, especially
at low energy where the electron recoil direction mea-
surement is absent or poor. That background, which is
ultimately dominant, is intrinsic to a Compton telescope
and can only be reduced by improving the instrument’s
angular resolution.

We have completed a Monte Carlo of the resulting
backgrounds for a point source for up to 10 MeV, with
the results shown in Fig. 11. This background is the
set of events reconstructed (Sec. 3.2) as ~-rays, both
before and after the application of event classification
(Sec. 3.3). Note that while activation ~-rays are a sig-
nificant (though not fully dominant) in the raw spectra,
they are rendered fully sub-dominant after the event
classifier described below is applied. This leaves a
mostly featureless background, which means that this
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Figure 11. Background flux as a function of energy for cos-
mic rays, albedo photons, and activation decays, both before
(raw) and after (classified) application of event classification.
The final total background (dark blue) is significantly below
the raw total background (light blue). Backgrounds from
activation alone are separately shown (orange), where the
suppression power of classification is evident. The final back-
grounds is mostly featureless.

instrument will be powerful for measuring nuclear lines
and 511 ~-rays.

Activation backgrounds merit further discussion since
they can be the dominant background in a Compton
telescope. Activation creates radioactive daughters that
subsequently beta decay (primarily 8, but some 37),
usually accompanied by one or more v-rays. The total
energy of the decay, or QQ value, depends on the nucleus
but is typically in the few to ~ 5 MeV or higher range,
and is shared between the invisible neutrino, the 8, and
the y-rays. The amount of activation varies by mate-
rial, but in general higher Z materials have higher acti-
vation. Here, activation in Ar and Csl dominates, since
these are the largest masses in the instrument. However,
activation events from Csl are largely self vetoed, and
for those that are not, their non-Cosmic origin is recog-
nized by reconstruction. While our simplified geometry
does not yet accurately include all the materials in TPC
structures, most notably fiberglass, we don’t expect a
more accurate treatment to substantially alter these re-
sults given the small masses and generally low Z of those
components.

For the LAr target, there is the additional question of
where the radioactive isotopes are located, as they are
mostly ionized with positive charge following the initial
decay, and live long enough to be neutralized or even
negatively charged via electron capture. If charged, they
will drift to one of the readout planes, and the circula-



tion of LAr can also transport these daughters. Here
we have assumed the daughters remain at their creation
location. In this case, the ~MeV energy deposited by
the beta particle will be measured for decays in LAr or
Csl. This extra energy causes the events to be rejected
as external-origin y-rays by the classifier. The many iso-
topes with multiple y-rays per decay are even more pow-
erfully kinematically distinguished from a single v-ray.
Together, these effects explain the powerful reduction
of activation backgrounds in Fig. 11. If the daughters
are instead transported to either the anode or cathode,
the location of that decay provides an additional pow-
erful tag, offset by the loss of beta energy deposited in
the readout plane. A rough estimate of these competing
effects suggests rejection on the scale of that in Fig. 11.

The full set of possible spallation interactions that
generate radioactive daughters are often not measured,
and the treatment in code relies on semi-empirical pre-
dictions. Future work will include cross-checking these
results against ACTIVIA (Back & Ramachers 2008), a
purpose-built activation code used widely by low back-
ground experiments. Careful attention will also be given
to the related process of prompt y-rays being created by
inelastic scattering of the substantial >MeV neutron
flux. Fortunately, the rates for this process on Ar for
1-30 MeV neutrons have recently been measured (Mac-
Mullin et al. 2012).

In the higher energy pair regime, the cosmic ~y-ray
rate is increasingly sub-dominant, but the ACD and
the different topologies of particle-generated events and
gammas will powerfully tag these backgrounds. Rare
processes, such as those involving imperfections in the
ACDs, or bremsstrahlung 7-rays from glancing particle
interactions in the vessel, will be comparatively more
important, and the study of these effects awaits a future
publication.

3.6. Results
3.6.1. Energy Resolution

The detector’s energy resolution depends on the com-
bined performance of the light and charge readout, as
described in Sec. 2.1, 2.2 and 2.3. In Fig 12 we show
the simulated resolution for the three sets of readout
performance parameters listed in Table 2.

Energy resolution plays a critical role in the study of
nuclear vy-ray lines, as it determines the precision with
which individual lines can be identified and their prop-
erties analyzed. For astrophysical applications, such as
supernova (SN) remnants, the ability to resolve lines
with high precision enables the investigation of isotope
production and decay processes. Percent level resolution
is sufficient to identify prominent nuclear lines, and as
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Figure 12. Energy resolution as a function of -ray energy
for monoenergetic point sources with normal incidence. Re-
sults for off-axis incidence angles are consistent with those
shown.

seen if Fig. 11 we expect few backgrounds lines from ac-
tivation. This technology does not, however, approach
the 0.1%-level resolution possible with high purity Ge
of COSI (or CZT) detectors and thus have access to the
science enabled by that (Tomsick et al. 2019b).

3.6.2. Angular Resolution

The angular resolution of a Compton telescope is com-
monly described by the Angular Resolution Measure
(ARM), traditionally defined as the Full Width at Half
Maximum (FWHM) of the angular deviation distribu-
tion between the reconstructed and true photon direc-
tions. However, as demonstrated by Tanimori et al.
(2015), incorporating the electron track direction mea-
sured provides an additional kinematic constraint and
can significantly improve the angular resolution - even
when measurements of the electron recoil (quantified by
the Scatter Plane Deviation, SPD) are suboptimal.

In this work, we introduce a modified ARM definition
that explicitly accounts for the electron recoil SPD. A
detailed derivation of this modified ARM, along with
its consistency with image-based reconstruction meth-
ods, is presented in Appendix C. While the standard
ARM formulation remains valid at lower ~-ray energies,
the impact of incorporating the electron recoil becomes
increasingly significant above ~2 MeV.

As the energy of the incoming ~-rays increases, the
uncertainties in the Compton scattering angle, 6, de-
crease, resulting in a more precise determination of the
source direction and consequently an enhanced angu-
lar resolution. This improvement stems from two key
factors: first, the relative energy resolution, AE/FE,
improves approximately as 1/ VE, as discussed in
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Figure 13. Angular resolution as a function of incoming
~-ray energy. The shaded region indicates the range of po-
tential systematic error in treatment of the electron recoil
direction measurement as discussed in the text.

Sec. 2.1; second, higher-energy ~-rays are more forward-
scattered, reducing the angular spread. When the en-
ergy of the initial electron scatter exceeds ~300 keV, the
inclusion of electron recoil direction readout leads to a
significant further improvement in the ARM. Note that
the energy shown on the x-axis of Figure 13 represents
the total energy of the incoming ~-ray, which is typically
a factor of 2 or more greater than the energy of the first
scatter.

The parameterization of the electron recoil track di-
rection as a function of energy and drift distance used
in this study is based on the machine learning (ML)
analysis described in Sec. 2.2. These parameteriza-
tions rely on simulations limited to track energies of up
to 1 MeV. As computationally intensive simulations for
higher-energy tracks have not yet been performed, we
extrapolate the results to higher energies as follows. In
Appendix A, we find a scaling of A « (8p)~%/? with a
simple analytical argument, while Bernard (2013b) ar-
gues for a similar scaling of A o« p=3/%. Here p is
the electron momentum, (3 is the relativistic velocity,
p « E in the relativistic regime, and Bp x E in the
non-relativistic regime. Xy is the radiation length of
the material. These are close to Fermi’s result of E~078
at higher energy.

We thus adopt E—3/4 scaling as a baseline, and show
this with the solid lines in the graph, both here and in
the sensitivity results below. The shaded region repre-
sents possible uncertainty in this extrapolation, ranging
from E~! to E~!/2. Moreover, as shown in Appendix C
and Fig. 19, even if the electron track readout accuracy
does not improve above 1 MeV, the orthogonal geomet-
ric constraints provided by electron tracking still lead

to significant improvements in angular resolution and
sensitivity.

3.6.3. Effective Area

The effective area of the instrument is the product
of the geometric area and the reconstruction efficiency,
defined as the ratio of correctly reconstructed to total
simulated y-rays. For the 7 m? design (illustrated in
Fig. 8) and a reconstruction efficiency of approximately
25% below a few MeV, the resulting effective area for
continuum sensitivity is estimated to be 18,000, cm?.

The current reconstruction framework is optimized for
~-rays near 1MeV. Efficiency declines at higher ener-
gies due to increasing event complexity. The number of
Compton scatters increases with energy, and especially
above ~2MeV leads to a significant number of events
with more than 10 scatters, for which reconstruction is
difficult. Additionally, higher-energy ~-rays are more
likely to penetrate deeper into the detector, with the
initial interactions occurring in the calorimeter rather
than the tracker. These events are currently excluded
from reconstruction due to the current framework limi-
tations. Finally, bremsstrahlung photons and pair pro-
duction become increasingly significant at high energies,
and while properly simulated, neither is yet properly
handled by our reconstruction algorithms.
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Figure 14. Effective area as a function of v-ray energy.
The result for the nominal scenario around 1 MeV is roughly
25% of the tracker’s area. At higher energies, a decline in
efficiency is observed due to both physical effects and the
current reconstruction framework’s limitations.

3.6.4. Sensitivity

The sensitivity of an instrument refers to its ability to
detect faint sources of y-rays. This property is typically



described using two main metrics: continuum and line
sensitivity.

Continuum sensitivity quantifies the instrument’s
ability to detect a broad, continuous spectrum of ~-
rays over a range of energies. It assumes a background-
limited observation and is expressed as:

DzAQ0
E)=3,/-—2=""_ 4
Seont (E) =3 AqTogAE’ (4)

where @ is the background flux (illustrated in Fig. 11),
AQ is the solid angle corresponding to the angular res-
olution (depicted in Fig. 13), Aeg is the effective area
(described in Fig. 14), AFE is the energy range under
consideration (often taken as 0.5F, where E is the cen-
tral energy), and Tog is the effective observation time
(Aramaki et al. 2020).

Line sensitivity characterizes the instrument’s capa-
bility to detect narrow spectral lines and is given by:

P AQAE’
ine E) = A7 T
SiuelE) =3[ P52 6

where Al is a modified effective area that accounts for
the additional requirement of correctly reconstructing
the vy-rays’ energy within the full width at half maximum
(FWHM) range. That energy resolution AE’ is shown
in Fig. 12 (Aramaki et al. 2020).

The effective observation time, T.g, considers the field
of view, estimated to cover 40% of the sky, and an ob-
servation duration of 3 years. While the planar geom-
etry used in these simulations does not fully account
for uniform response across all source locations, the im-
pact is limited. Apart from regions near the detector’s
outer edge, where the approximate planar geometry per-
forms worse than the true hemispherical geometry, the
performance metrics show only a weak dependence on
the incidence angles of v-rays. We attribute this to the
TPC’s uniform 3D imaging. The shaded regions again
represent the uncertainty in extrapolating electron recoil
direction accuracy described in Sec. 3.6.2.

These remarkable results in the largely unexplored
Compton regime highlight the transformative poten-
tial of this technology. For comparison, at 1 MeV, our
continuum sensitivity is approximately 40 times better
than AMEGO-X, implying a net improvement of up
to 1600-fold when factoring in Aeg, Tog, P, and AQ
(as defined above). Strong suppression of activation at
1 MeV—reducing the total background by half—and the
implementation of electron tracking (which limits back-
ground contributions from a full ring to an arc) together
yield an approximately fivefold improvement in back-
ground rejection. Additionally, enhanced angular res-
olution further reduces the background flux, while the
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explicit angular term in the sensitivity equations pro-
vides an additional factor of ~2.

Our hemispherical design, covering nearly half the
sky compared to AMEGO-X’s ~20% sky coverage, ef-
fectively doubles the observation time. Furthermore,
the instrument’s large active area — eight times larger
than AMEGO-X and 400 times larger than COSI in
this study — combined with a thick tracker volume, en-
sures a high fraction of fully contained events that are
efficiently reconstructed. The uniform tracker geome-
try further enhances reconstruction efficiency, while the
ability to measure the direction of electron tracks sig-
nificantly sharpens the point-spread function, especially
above ~2MeV (Appendix C). Background contamina-
tion from mis-reconstructed ~y-rays, albedo photons, and
activation is also minimized through a combination of
efficient reconstruction techniques, calorimeter measure-
ments, and advanced classification and tagging.

Since these sensitivities are background-limited, they
scale with the square root of the factors driving detector
performance (Egs. 4 and 5). However, short-duration
transients will not be background-limited, meaning that
the ~ 102-fold improvement in long-exposure sensitiv-
ity over AMEGO-X or COSI should translate into an
impressive ~ 10%-fold gain in sensitivity for transient
events.

3.6.5. Future Studies

Work remains to fully characterize the instrument’s
capabilities, with both improvements to the simulations
and analysis framework, and further sensitivity stud-
ies. The main improvements to the simulations are im-
plementing segmented readout of the CsI calorimeter,
and working with of the full hemispherical 3D geometry
needed to correctly estimate sky coverage. The current
reconstruction framework is an initial prototype which
provides a conservative performance baseline, but has
ample room for improvement.

Here one focus is implementing systematic optimiza-
tion methods, similar to the SensitivityOptimizer
tool in MEGAlib (Zoglauer 2019), which iterates over
analysis parameters to identify optimal configurations.
The current approach is designed to maximize the ef-
fective area, however, that is not necessarily the opti-
mal approach for maximizing sensitivity. For instance,
limiting acceptance of photons with large scatter dis-
tances between their first two interactions can boost an-
gular resolution and sensitivity, but decrease the effec-
tive area. It’s worth noting that such events are more
likely in a curved, hemispherical geometry (see Fig. 2),
where photons may traverse vacuum between interac-
tions. Hence, we expect that implementing the full 3D
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Figure 15. Continuum (left) and line sensitivity (right) in the Compton regime, along with sensitivities of other instruments,
demonstrating the transformative potential of the GammaTPC instrument concept.

geometry in the simulations will further improve the per-
formance metrics. Similarly, selecting events with signif-
icant energy deposition near the pixel readout plane can
leverage superior electron-tracking capabilities.

At higher energies, the challenge of using CKD-based
methods becomes increasingly complex to compute
(O(N1)) due to the higher multiplicity of Compton scat-
ters, as well as the additional presence of bremsstrahlung
and pair-production interactions. Initial studies lever-
aging electron recoil directions to deduce the sequence
of scatters, with a computational complexity of O(N?),
have shown promising results but require further refine-
ment. Additionally, with sufficiently precise measure-
ment of the angle between the electron recoil direction
and the incident v-ray trajectory, both energy resolution
and source localization can be improved.

The most important future work is to study the sen-
sitivity of the instrument in the pair regime. The high
spatial resolution of the tracker should provide powerful
imaging of e* tracks, and we can expect a large effective
area. We note that Bernard (2013b), in a comprehensive
study of liquid and gas TPCs using a simplified readout
model, found the angular resolutions of LAr detectors
to be 3-5 times better than Ferm:. Finally, we need to
study the sensitivity to polarization.

4. CONCLUSION

We have introduced a powerful new 0.1-1000 MeV ~-
ray all sky imager based on LAr TPC technology. The
sensitivity in the Compton regime shown in Fig. 3.6.4
for a 10 m2-class instrument is transformative, and will if
anything be comparatively more impressive for short du-
ration transients. While not yet studied, we can expect
good polarization sensitivity in the Compton regime,
good sensitivity in the pair regime. Such an instrument

will have enormous discovery potential, and will enable
a broad and powerful science program.

This leap in science capability rests upon the
widespread development and adaption of liquid noble
TPC technology, which has a core advantage of econom-
ically scaling to the large mass necessary for measuring
MeV——GeV ~-rays with high efficiency. To that tech-
nology basis, we add the novel GAMPix charge readout,
which provides unprecedented spatial resolution over a
large volume at very low power. While any new v-ray
technology will likely have other applications, includ-
ing medical imaging, it is notable that our development
comes at a time when the cost of launching large mass
into space is dropping in a dramatic fashion. This new
instrument is uniquely suited to exploit the opportunity
this provides for a scientific purpose.

We would like to thank Seth Digel, Nicola Omodei,
Carolyn Kierans and Andreas Zoglauer for useful dis-
cussions. This work was supported by NASA grant
NNH21ZDAOOIN-APRA, the Kavli Institute for Parti-
cle Astrophysics and Cosmology, and SLAC.
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APPENDIX

A. DETECTOR MATERIAL CHOICE

In this section, we explain our choice to use LAr rather
than LXe for our Compton telescope. We also compare
LAr with other detector materials commonly employed
in y-ray detection. This discussion parallels the analysis
by Bernard (2013b), who evaluated the performance of
liquid and gaseous TPCs in the pair-production regime.
We start by considering various material properties and
parameters. The first parameter to consider is the scat-
tering length, which we characterize by the mean free
path A, (see Fig. 16). In the figure, A, is presented
both as a physical distance and as a mass attenua-
tion coefficient (in units of g/cm?). When expressed
in terms of mass attenuation, the scaling with atomic
number Z and atomic mass A depends on the interac-
tion process. Specifically, for photoabsorption, the scal-
ing is approximately ~ A/Z*%; for Compton scattering,
it scales as ~ A/Z; and for pair production, it follows
~ A/[Z(Z + 1)] (Hubbell 1969; Workman et al. 2022).

Following from the discussion above, we can see that
~y-rays are most penetrating in the Compton regime,
where the mass attenuation )\, scales approximately as
A/Z (roughly ~ 1/2) and shows only a weak dependence
on Z. This means that, for a fixed detector mass (and
with thickness chosen to avoid excessive self-shielding),
the stopping efficiency is largely independent of the spe-
cific material.

However, the choice of material strongly influences the
energy range over which Compton scattering dominates.
At low energies, photoabsorption becomes the dominant
process; while this leads to more compact events, it pro-
vides no pointing information. At high energies, pair
production does enable source localization, but in the
transition region between Compton scattering and pair
production the angular resolution for pair events is at
its worst (even though it is best for Compton events).
As illustrated in Fig. 16, the energy span over which the
Compton fraction exceeds 0.5 is roughly two orders of
magnitude in log(FE) for argon (a factor of ~ 100), com-
pared to only about one order of magnitude (a factor
of ~ 10) for xenon. This is a key argument in favor of
using a low-Z material—specifically, LAr over LXe—for
the tracker.

Low-Z and low-density materials offer significant ad-
vantages for spatial imaging of events. In these mate-
rials, the individual Compton scatters tend to be more
spread out, which makes their geometric configuration
easier to measure. Moreover, electron recoil tracks are

generally longer and straighter. This not only improves
the pointing accuracy in the pair-production regime but
also enhances the precision in determining the interac-
tion locations and the initial directions of the recoil elec-
trons in the Compton regime, as can be seen in Fig 6.

On the downside, low-Z, low-density materials exhibit
a considerable increase in the number of low-energy scat-
ters because event-ending photoabsorption is strongly
suppressed until much lower energies. This suppression
leads to a modest loss of containment for a given detec-
tor mass (particularly for events that exit through the
front, where additional mass cannot compensate) and
introduces extra low-energy scatters that can compli-
cate the reconstruction process.

To quantify these arguments, we begin with the sim-
plifying assumption (ansatz) that the instrumental spa-
tial resolution, og,.—which is determined by the sen-
sor pitch—is independent of the detector material. Al-
though this is not strictly true in every case, the sensors
in GammaTPC, AMEGO-X, and ASTROGAM all have
the same pitch and this ansatz enables straightforward
comparisons; adjustments can be made later if different
Ozy- values need to be considered.

In Table 4 we list the physical interaction length A,
at 1 MeV for a variety of materials along with other
key properties. One important property is the size of
the recoiling electron tracks, which are easier to image
when they are larger. Because these tracks are not per-
fectly straight—and tend to be particularly curled at
low energies—a useful measure of their size is provided
by the continuous slowing down approximation (CSDA)
length. Denoted as [, the CSDA length is calculated
by lc = [ dE/(dE/dxz) which represents the “unrolled”
length of the track and is typically larger than the actual
spatial extent by a factor that depends on how much the
track curls.'®

We also include a measure of diffusion, which is critical
for TPCs and should be minimized. For comparison,
we evaluate the rms spread due to diffusion, op(A,),
since the detector thickness is chosen to scale with the
physical length )\, for a given Compton efficiency.

Next, we define the following unitless benchmark ra-
tios that ideally should be minimized:

16 More sophisticated measures can be obtained from tracks simu-
lated in detail with PENELOPE, such as the largest length from
a principal component analysis. However, we find that those re-
sults scale with energy and material in a similar way to CSDA.



24

Gamma ranges - gm/cm?

Gamma ranges - Length

Compton scatter fraction

Fraction

& -
§ £
2 3]
S et
z E=
5 [N
o 5 10° 1
5 10% 3
- —— LAr - Photoabsorption g
c
S LAr - Compton =
=] —— LAr - Pair %
B — LAr - Total o
= —— Si-Total g
3 c
= —— L¥Xe - Total -
£ —— Csl - Total |
10° T T T T 10° T T
1071 100 10! 102 103 1071 10°

Energy (MeV)

T T T T T
10! 102 103 1071 10° 10! 102
Energy (MeV)

Energy (MeV)

Figure 16. (Left) y-ray interaction lengths expressed in g/cm? for various processes in LAr and for all processes in LXe and
other detector materials. (Center) The corresponding physical interaction lengths. (Right) The fraction of interactions occurring
via Compton scattering as a function of energy, with photoabsorption dominating at low energies and pair production at high
energies. Note that the curves for Csl and LXe are nearly indistinguishable in the left and right panels.

® 0,y./\y, which governs the precision in measuring
the various vectors used for kinematic reconstruc-
tion in the Compton regime.

® 04y./le, which quantifies the effect of the in-
strumental spatial resolution on imaging electron
tracks.

e 0p(Ay)/le, which measures the impact of diffusion
on electron track imaging.

To compare different materials, we compute each ratio
for a given material and then form a “ratio of ratios”
by dividing by the corresponding value for LAr (with
lower values indicating better performance). As shown
in Table 4, LAr exhibits superior performance compared
to the other materials considered.

A final geometric measure is the straightness of the
electron recoil tracks in the face of “multiple scatter-
ing”, which is important for electron recoil directions in
the Compton regime (see Sec. 3.6.2, and appendix C),
and directly determines angular resolution in the pair
regime. Multiple scattering is described by Moliére the-
ory (Workman et al. 2022), which tells us that over
a distance x, the track path is altered by an angle
0o ~ po/(Bep)y/x/X,, where p, = 13.6MeV/c, p is
the electron momentum, [ is its relativistic velocity,
and X, is the material’s radiation length (a parame-
ter also important for bremsstrahlung and pair produc-
tion and listed in Table 4). A key issue is choosing the
appropriate distance x. Here we proceed with the fol-
low heuristic argument. With a spatial resolution of

azyzw, the error on the measurement of the track di-
rection over a distance z is approximately A#,, = %
We then choose x so that Af,, = 60,, that is, we sam-
ple a distance along the track over which the measure-
ment error is equal to the track deviation. Eliminating
x, we have A0 ~ (p,/Bcp)?/3(04y./X,)"/3. A similar
treatment by Bernard (2013b), following Innes (1993),
finds a modestly different dependence on X, and p:
A o (1/p)*/*(1/X,)?/8, while Fermi found a scaling
of E7978 at high energies.

The ratio of Af for each material, which should be
minimized, to that for LAr is again shown in Table4,
and once again favors LAr. We include tungsten (W) in
the table because it was the main conversion material
in Fermi, and is clearly poor in this respect. In the pair
regime, this is an incomplete comparison with detectors
like Fermi or AMEGO-X that have gaps between read-
out/absorber layers. These gaps provide a roughly 10:1
lever arm to aid in the geometric measurement, but also
boost the effect of multiple scattering, as the local value
of 6, is greater than the value of 6, averaged over a
distance of travel. We do not attempt a more rigorous
analysis of these effects.

In the Compton regime, energy resolution is also im-
portant for the kinematic reconstruction. As this is a
complicated topic, depending on the quanta of signal
generated, the Fano factor, signal transport and readout

17 This Ozyz is not in general the same as that defined above, rather
it is a measure of how well the lateral location of the ends of a
segment of track can be measured. It arises from the centroid
measurement of the track lateral location from a set of pixel
samples at a given point along the length of the track. How-
ever, following the ansatz about position resolution used in his
appendix, we presume this o4y. is linearly proportional to the
value used elsewhere in this section and is material independent.
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Table 4. Material Properties and Performance Benchmarks

A p Ay le Xo op(N\y) Benchmark values
Material Z (g/mole) (g/em®) (em) (mm) (cm) (um) Zp=  Zes 7o) Ag
Ar 18 40.0 1.16 14.9 5.1 16.8 500 1.0 1.0 1.0 1.0
Xe 54 131 2.94 5.9 2.4 2.9 470 2.5 2.0 1.9 1.8
Si 14 28.1 2.33 6.7 2.3 94 2.2 2.2 1.2
Ge 32 72.6 5.35 3.3 1.2 2.3 4.5 4.1 1.9
Csl 4.51 3.8 1.6 1.9 3.9 6.9 2.1
A\ 74 184 19.3 0.4 3.6

Notes: The performance benchmark values ogy. /Ay, 0zy:/le, op(Ay)/le and AB are relative to LAr, with smaller values being
better. Assumed are LAr/LXe=120/165K, l.=1MeV, and op(A\,) evaluated at E,=1MeV and E=0.5kV/cm. We assume,
crudely, that oy, is the same for all materials, which should be kept in mind when interpreting this table.

noise, we settle for a brief discussion. LAr and LXe can
be compared, ignoring Fano factors and assuming equiv-
alent light and charge collection for each, by noting that
energy resolution scales as § E/E,c VN o +/1/W
where N is quanta of light and charge generated. By
this metric, LAr with W measured either as 19.5eV for
scintillation or 23.6 eV for charge is only modestly worse
than LXe with W measured as 13.7¢eV(Dahl 2009) or
11.5eV (Anton et al. 2020).'® Ge and Si detectors have
smaller W values of 2.9eV and 3.6 eV respectively, and
Ge detectors have much better energy resolution than
LAr (or LXe), and is a major advantage for COSI. Other
factors limit the resolution Si detectors, and the pro-
jected energy resolution for Amego-X and ASTROGAM
is similar to our predictions for LAr (Sec. 3.6.1).

Related to energy resolution is Doppler broaden-
ing (Zoglauer & Kanbach 2003), whereby the velocities
of the bound atomic electrons involved in Compton scat-
tering give an additional broadening term for and set the
fundamental limit to the angular resolution in a Comp-
ton telescope. This effect most strongly favors the lower
columns in the period table and disfavors the noble el-
ements, but also favors low Z over high Z. Thus, Ar
is favored over Xe, but Si is more strongly favored over
Ar.

The geometric considerations above that favor low Z
and low density raise the question: why not use LHe or
LNe, or gaseous He, Ne, or Ar? As noted in Sec. 1.2
gaseous detectors have superb imaging down to low en-
ergies (Bernard et al. 2022b), but have substantially less
stopping power than liquids. LHe and LNe have a num-
ber of practical challenges such as very high energy scin-
tillation light, and much larger demands on the cryogen-

18 We have a combined W value (see Sec. 2.1) for the better-studied
LXe system, but only separate measurements of W for scintilla-

tion and charge for LAr.

ics, but a more fundamental reason rules these elements
out. In both, free electrons form ”bubbles” of excluded
space around them and acquire drift velocities similar
to ions (see, e.g., Maris 2008; Bruschi et al. 1972), ren-
dering TPCs with either completely impractically given
the event rates in space. For completeness we note that
while a LKr TPC is otherwise well behaved, Kr is con-
taminated by radioactive 8°Kr at a prohibitive level of
1 MBq of decays per kg Kr (Bollhofer et al. 2019). A
final consideration between LXe and LAr is cost, which
on average is 1K-2K USD/kg or more for Xe, and negli-
gible for Ar. This Xe cost is a nuisance in a laboratory
development setting, but not a major factor for a space
borne mission.

B. MODIFIED ENERGY MINIMIZATION CKD

This appendix details the novel energy minimization
approach introduced for the CKD reconstruction pro-
cess. The total energy of an incoming v-ray, Fiotal, 1S
assumed to be the sum of individual energy depositions
across various locations in the detector:

No
Etotal = § E’ia
=1

where F; denotes the energy deposited at the i-th inter-
action point, and Ny is the total number of scattering

(B1)

events.
For a given interaction sequence, the outgoing ~-ray
energy after the k-th scatter is computed as:

k
Eout = Eiotal — Z Eia (BQ)
i=1

and the corresponding incoming energy, Fi,, is given by
the outgoing energy prior to the k-th scatter.

The validity of a sequence is evaluated by comparing
the observed outgoing energy, E,u:, with the predicted
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outgoing energy, Fout pred, Which is calculated using the

Compton scattering formula:

E;
1+ (Ein/(mec?)) (1 — cosb)’

Eout,pred = (BS)
where m, is the electron mass, c is the speed of light,
and the scattering angle 6 is determined geometrically
from the interaction points:

(ry —rg) - (rg —r3)
lr1 —raf[ry —r3|

cosf = (B4)

The error for a given sequence is quantified as the
summed squared difference between the observed and
predicted outgoing energies:

N
. AN 2
error = 3 (B prea = ESi) . (B5)

j=1

where IV represents the number of scattering events in
the sequence taken into account. A similar approach
is used in Takada et al. (2011) to discriminate events
(with N=1).

Attempts to normalize this error metric using the sum
of squared errors of measured and calculated energies
did not yield significant improvements. To enhance ro-
bustness, we incorporate a regularization term (inspired
by machine learning loss functions) where the error met-
ric is augmented by a penalty term based on the Klein-
Nishina probability, PI(QN, which represents the physi-
cal likelihood of a given scattering event:

N . N 2 .
erors = 3 [ (B~ B) 10 P

j=1
(B6)
where A (set empirically to 1 eV) controls the influence
of the penalty term. This term penalizes physically im-
probable events by assigning larger errors to configura-
tions with low P}@N values.

For sequences where the initial electron recoil direc-
tion, R, can be estimated (requiring a scatter energy
of more than ~300 keV), a geometric constraint is im-
posed. Specifically, R is required to lie close to the plane
defined by the first three scattering points ri, rs, and
r3. The mismatch parameter, A®, is defined as:

_ IR - v]|

Ap = VL
R[]IVl

(B7)

where v is the cross product of the vectors spanning the
plane:
v=(ry—r1) X (rs—rp). (B8)

If R were to lie exactly in the plane, A® would be zero.

This geometric constraint is incorporated into the to-
tal error metric via an additional penalty term:

G AD
! A5 (B9)
where Af accounts for the resolution limitations of R
and depends on the energy and depth of the scatter,
as discussed in Sec. 2.2. The parameter a? (with units
of eV?) is chosen empirically to maintain dimensional
consistency with other terms.

The complete error metric, incorporating both the
Klein-Nishina penalty and the geometric constraint, is
expressed as:

N
total evor = 3~ | (L) s~ £

j=1
APU)

2
AGD) } (B10)

-\ log P}@N +«

To identify the most probable interaction sequence,
one would ideally evaluate all possible permutations of
interaction orders, selecting the sequence with the low-
est total error as defined in Equation B10. This exhaus-
tive approach is the most accurate but computationally
prohibitive due to the factorial growth in permutations,
scaling as Ny!.

An alternative, less computationally demanding ap-
proach is to focus only on identifying the initial three
scatters, disregarding the order of subsequent events.
This reduces the problem to selecting the optimal triplet
of scatters, scaling as Ny!/(No—3)!, but is not as reliable
due to the lack of consideration for the full interaction
sequence.

A practical middle ground is to evaluate the order of
the first N scatters, typically setting NV to 5 or 6. This
approach, scaling as Ny!/(Ng — N)!, balances computa-
tional feasibility and reliability, as searching deeper into
the sequence increases the robustness of the reconstruc-
tion. Overall, the Modified Energy Minimization CKD
ensures that the reconstructed sequence is both phys-
ically plausible and consistent with the observed data
while remaining computationally manageable.

C. ANGULAR RESOLUTION OF GAMMA-RAY
TELESCOPES

The angular resolution of a y-ray Compton telescope
quantifies its ability to reconstruct the direction of in-
coming gamma rays. Traditionally, this is measured us-
ing the Angular Resolution Measure (ARM), defined as
the Full Width at Half Maximum (FWHM) of the dis-
tribution of angular differences between the true and



reconstructed photon directions. This standard ARM
calculation effectively evaluates the instrument’s preci-
sion but assumes no additional constraints beyond the
cone geometry derived from Compton scattering.

Electron tracking allows the determination of the re-
coil electron trajectory, reducing the ambiguity in the
reconstructed photon direction. This transforms the al-
lowable photon directions from a ring to an arc. Con-
sequently, the traditional ARM definition becomes less
suitable in such scenarios.

Modified Definition of ARM—To address this limitation,
we propose a modified ARM definition that incorporates
the additional constraints provided by electron tracking.
The traditional ARM is calculated as:

ARM = FWHM (P(A#)), (C11)

where 0¢ is defined as the reconstructed scattering an-
gle relative to the line connecting the first and second
scattering events, 6y represents the true scattering an-
gle, and A8 = 6 — 6y denotes the angular deviation
(illustrated in Fig. 17). The symbol P represents the
distribution of angular deviations across multiple scat-
tering events.

Electron track detection enhances angular resolution
by providing an additional geometric constraint. When
the Compton electron’s path is accurately reconstructed,
it defines a plane containing both the scattered photon
and the electron’s trajectory. This restricts the possible
incoming direction of the v-ray photon, reducing it from
a conical distribution to a smaller arc. To reflect this
constraint, we introduce a secondary angular deviation,
ApB, which quantifies the difference between the actual
and measured electron recoil track planes. As shown
in Fig. 17, AB corresponds to the opening angle of the
Scatter Plane Deviation introduced in Tanimori et al.
(2015).

To optimally account for both measurements, we re-
define the ARM as:

ARM poq = FWHM (P (min(A6, AB))).  (C12)

This modified definition ensures that the smaller angular
deviation, whether from the Compton scattering (A6)
or from the electron recoil plane (Af), is utilized for
each event. The motivation for this approach lies in the
observation that, for certain events, the electron track
reconstruction offers greater accuracy than the photon
scattering angle measurement, thereby providing a more
reliable constraint on the ~-ray’s incoming direction.

Comparison of the Modified ARM with 2D Lorentzian F'it-
ting—To assess the accuracy of the modified ARM defi-
nition, we compare it with the ”gold standard” method:
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Figure 17. Geometric interpretation of angular constraints
in Compton imaging. The incoming ~-ray undergoes a
Compton scattering interaction at the first scatter point,
resulting in a photon with a new trajectory and a recoil-
ing electron. The angle 6 is the true Compton scattering
angle, while A0 represents the angular deviation between
the reconstructed scattering angle, ¢, and the true angle.
The electron recoil direction provides an additional geomet-
ric constraint by defining a plane that includes both the re-
coiling electron’s trajectory and the scattered photon path.
Ap quantifies the deviation between the reconstructed and
true electron recoil planes, referred to as the Scatter Plane
Deviation. Together, these angular deviations constrain the
possible incoming direction of the «-ray, reducing the source
localization from a conical surface to a smaller arc. The mea-
surement uncertainty of the electron recoil direction directly
translates to the AB uncertainty, which corresponds to the
projection of the cone opening angle onto the plane.

fitting a two-dimensional Lorentzian function to an im-
age of the source. For this validation, an image is gen-
erated by projecting the arcs (or cones in the absence
of electron tracking) created by individual events onto
a map. The intensity peak at the intersection of these
arcs corresponds to the location of the event source. The
two-dimensional Lorentzian function used for fitting is
defined as:

I
r—x0)?/v2+ (y—v0)?/vi+ 1

flz,y) = ( +7r, (C13)

where (20, yo) represents the source position, v, and -,
are the widths of the distribution along the z and y
axes, I is the intensity at the peak, and r accounts for
a uniform background offset. From this fit, the ARM is
determined using the relationship:
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Figure 18. Image of a source generated by overlapping rings
from individual Compton events. The rings intersect at the
source location, forming a bright spot. A 2D Lorentzian fit
to this image provides a highly accurate measure of angular
resolution.

1 3/2
ARMay = — (%;”y) . (C14)
Vs

An example of such an image is shown in Fig. 18,
where the overlapping rings correspond to individual
Compton events. The intersection of these rings at the
source location produces a bright spot. Although fitting
a 2D Lorentzian function provides a precise measure of
angular resolution, it is computationally expensive.

Evaluation of the Modified ARM Through Simulations—
Simulations were conducted to evaluate the performance
of the modified ARM definition and compare it to both
the traditional ARM and the ARM derived from a 2D
Lorentzian fit. The simulation involved generating cir-
cular scattering patterns on a spatial grid, with each
event characterized by an angular deviation (A#) and a
random radial distance r. Additionally, Scatter Plane
Deviations (Af) were introduced with varying distribu-
tion widths, tailored to different simulation scenarios to
account for varying electron track readout accuracy.

For each simulated event, the minimum angular sepa-
ration, min(Af, AS), was computed and analyzed using
the modified ARM definition. The traditional ARM was
obtained by fitting a Lorentzian distribution to the Af
values, while the 2D Lorentzian ARM was determined

through a fit to the spatial density distribution of events
on the erid.

101{ Nominal ARM: 11.85°

ARM [degrees]

— ARM from A8
—— ARM from min(A8, AB)
2D Lorentzian Fit

10 10! 102
Electron Track Direction Accuracy [degrees]

Figure 19. Comparison of the modified ARM and the ARM
derived from the 2D Lorentzian fit, demonstrating strong
agreement across different simulation scenarios. The results
highlight the robustness and efficiency of the modified ARM
definition for quantifying angular resolution.

Fig. 19 presents the simulation results, demonstrat-
ing strong agreement between the modified ARM and
the 2D Lorentzian ARM across a range of electron track
readout accuracy scenarios, defined by the maximum
Ap. The simulations validate that the modified ARM
effectively incorporates the geometric constraints pro-
vided by electron tracking, resulting in a robust and
computationally efficient metric for angular resolution.
By closely matching the results of the computationally
intensive 2D Lorentzian fitting, the modified ARM of-
fers a practical and precise alternative for performance
evaluation in y-ray Compton telescopes.

Impact of Electron Tracking on Angular Resolution—The
uncertainty in Compton scattering spreads the possi-
ble source direction over a solid angle proportional to
2nAf. Electron tracking provides an orthogonal con-
straint by defining the electron recoil plane, reducing
the uncertainty area to A - AS. This interplay of con-
straints rapidly enhances angular resolution, as shown
in Fig. 19. Even for poor electron track accuracy (e.g.,
~ 100°), where the ARM remains dominated by A#,
the inclusion of AS reduces the effective uncertainty by
approximately a factor of 5, consistent with findings of
Tanimori et al. (2015). At higher electron track accu-
racy (e.g., < 10°), the modified ARM converges closely
with the 2D Lorentzian fit, demonstrating the power of
combining these orthogonal constraints to significantly
improve angular resolution.
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