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We present simulations of the instrument performance of the Advanced Particle-astrophysics
Telescope (APT), amission concept of a W-ray and cosmic-ray observatory in a sun-Earth Lagrange
orbit. The key components of the APT detector include a multiple-layer tracker composed of
scintillating fibers and an imaging calorimeter composed of thin layers of CsI:Na scintillators.
The design is aimed at maximizing effective area and field of view for W-ray and cosmic-ray
measurements, subject to constraints on instrument cost and total payload mass. We simulate a
detector design based on 3-meter scintillating fibers and develop reconstruction algorithms for
W-rays from a few hundreds of keV up to a few TeV energies. At the photon energy above 30 MeV,
pair-production/shower reconstruction is applied; the results show that APT could provide an
order of magnitude improvement in effective area and sensitivity for W-ray detection compared
with the Fermi Large Area Telescope (LAT). A multiple-Compton-scattering reconstruction at
photon energies below 10 MeV achieves sensitive detection of faint W-ray bursts (GRBs) and
other W-ray transients down to ∼ 0.01 MeV/cm2 with degree-level to sub-degree-level localization
accuracy. The Compton analysis also provides a measurement of polarization where the minimum
detectable degree of polarization for ∼ 1 MeV/cm2 GRBs is below 20%. In addition to the
APT simulations, we present the simulated performance of the Antarctic Demonstrator for APT,
a 0.5m-square cross section balloon experiment that includes all of the key elements of the full
APT detector.
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1. The Advanced Particle-astrophysics Telescope and the Antarctic Demonstrator

The Advanced Particle-astrophysics Telescope (APT) is a high-energy W-ray and cosmic-ray
mission concept. The instrument design is aimed at maximizing effective area and field of view for
MeV-TeV gamma-ray and cosmic-ray measurements. Considering the limits to the payload mass
and instrument cost, we propose a detector design based on 3-meter scintillating fibers read out by
Silicon photomultipliers (SiPMs). The APT detector includes a multiple-layer tracker composed
of scintillating fibers and an imaging calorimeter composed of thin layers of sodium-doped CsI
(CsI:Na) scintillators and wavelength-shifting (WLS) fibers. The CsI:Na crystals are coupled to
crossed planes of wavelength shifting fibers to localize energy deposition to ∼mm accuracy. With
about half of the number of electronic readout channels of the Fermi Gamma-ray Space Telescope
(FGST) Large Area Detector (LAT) and a relatively shallow (< 6 radiation length) calorimeter,
our simulations show that the critical performance requirements can be met within a reasonable
payload mass for available launch vehicles. The Antarctic Demonstrator for APT (ADAPT) is a
balloon experiment with a 1/2 meter square aperture, and 4 fully instrumented tracker/imaging-CsI-
calorimeter (ICC) layers The ADAPT experiment will demonstrate the potential of our instrument
concept and test our W-ray and cosmic-ray reconstruction algorithms as well as providing some
measurements of GRBs that occur during the long-duration balloon flight. The major scientific
goals of the APT experiment include fast, all-sky, and large effective area detection and localization
of W-ray bursts (GRBs) and other W-ray transients such as gravitational wave counterparts (e.g., [1]).
Another key objective is to conduct a search for thermal dark-matter particles over the entire natural
range of masses and total annihilation cross section. A more detailed description of the APT and
ADAPT science goals, instrument design, and project status can be found in [2].

In this paper, we present simulations of the instrument performance of the APT for incident
W-rays with energies from 0.3 MeV to 1 TeV. The detector simulation is calibrated by laboratory
measurements of prototype scintillating fiber and CsI detectors. Multiple-Compton-scattering
reconstruction is used in the low-energy range (< 30 MeV) and pair-production reconstruction is
applied at the photon energy ≥ 30 MeV. The simulated instrument performance shows significant
improvements not only in effective area and geometry factor, but also in position localization
for MeV transients, increased sensitivity for low energy pair events, and sensitivity and angular
resolution for high energy (∼100) GeV astrophysical sources.

2. Detector Construction

The baseline APT detector has a uniform, multi-layer structure. Each layer of the detector
consists of an array of cylindrical, multi-clad scintillating fibers that serve as a tracker (there is both
an G and H-fiber plane in each layer, each composed of two interleaved layers of close-packed fibers),
supporting materials (possibly serving as a transition-radiation radiator), a thin CsI:Na crystal layer
coupled to a top (G) and bottom (H) plane of 2 mm square WLS fiber that behaves as both a pair-
converter and a calorimeter. The baseline instrument has a 3 m × 3 m active area with 20 − 40
detector layers, limited by the size of the fairings (and lift capacity) of existing launch vehicles. The
instrument is symmetric with respect to upward or downward going particles, doubling the effective
field of view for a high (e.g., Lagrange point) orbit. Additionally, the use of a fully active detector
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volume consisting of CsI crystals and scintillating fibers and a relatively modest calorimeter depth
(∼ 5.8 radiation lengths, for 20 detector layers with 5 mm-CsI crystals including mechanical support
structure) in place of the passive tungsten trackers, silicon strips, and CsI crystal blocks used in the
Fermi-LAT (with & 10 radiation lengths of depth) would make it possible to achieve the required
performance goals while limiting the weight of the instrument. Figure 1 shows the geometry of
the APT main detector. A single 3 m × 3 m 20-layer instrument of 5.8 radiation lengths would
weigh approximately 7,200 kg. The recent success of the SpaceX Falcon-heavy rocket increases our
confidence that the total instrument weight should not exceed the lift capacity to a high (Lagrange)
orbit.

Figure 1: Top: the APT main detector. Bottom:
one layer of the APT detector prototype. (Left: solid
model of the detector geometry. Right: a small cross
section constructed out of actual scintillating fibers and
an aluminum honeycomb for demonstration.)

The current design of the ADAPT includes
four layers of scintillating-fiber-tracker and ICC
modules of 45 mm × 45 mm. We will also
place photo detectors on the edges of the CsI:Na
crystal to collect the totally-internally reflected
scintillation light that is not transmitted into the
WLSfibers (a potentialmodification of theAPT
design under consideration). On the bottom of
the 4-layer imaging detector, there will be 4
additional layers of CsI:Na calorimeter with-
out wavelength-shifting fibers to increase the
radiation length of the detector for GeV W-ray
observations.

3. APT Instrument
Simulation and Event Reconstruction

To validate and optimize our detector ap-
proach for electromagnetic-shower tracking and
multiple-Compton reconstruction, we devel-
oped a software package (APTsoft1) including
scripts to generate geometry/configuration files,
Geant4[3] code to simulate W-ray and cosmic-
ray interactions with the detector, optical sim-
ulation code of light collection and electronics
detection, and W- and cosmic-ray analysis tools to calculate instrument performance. The simulated
APT geometry with a normal-incident 1 GeV W-ray is shown in Figure 2, where the optical signals
are collected on the sides of the detector, as illustrated. The specifications of the detector response
for the simulations are derived frommeasured performance parameters from prototype tracker fibers
and a prototype of the CsI detector. We include a simple detector simulation where we assume the
SiPM signals are registered by waveform digitizers with similar parameters to the Target C ASICs
used in our prototype instruments.

1The software is available from the corresponding authors upon reasonable request.
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The instrument performance is calculated by statistically evaluating the difference between the
simulated W-ray event parameters with the reconstructed event parameters. At energies above ∼ 30
MeV, pair production is the dominant photon interaction in the detector material. At lower energies
(. 10 MeV), incident W-rays experience multiple Compton scatterings until depositing their total
energy in the detector (or escaping). The APT instrument will function both as a pair telescope for
30 MeV to ∼ 1 TeV W-rays and as a Compton telescope with excellent sensitivity down to ∼ 0.3
MeV. The Compton- and pair-events are reconstructed differently with an energy gap at ∼ 10 − 30
MeV, where event acceptances of the instrument in these two detection modes vanish and the pair-
and Compton-events can not be easily distinguished.

Figure 2: Simulated geometry of the APTmain detec-
tor (3 m × 3 m × 1.6 m) for the simulation. Simulated
particle shower and optical signals (as shown on side-
walls of the detector) for a normal-incident W-ray event
at 1 GeV is shown.

We developed a simple trajectory/shower-
fitting algorithm for the pair-event reconstruc-
tion. For energy reconstruction of pair events,
the energy deposition of an incident W-ray in
the CsI crystal can be described by a function
of the propagation distance in units of radiation
length (-0). The normalized profile of the ex-
pected energy deposition for a W-ray event at
energy � is given by

5 (G, �) = 1
2Γ(n)

(
Ĝ

2

) n−1
4−Ĝ/2, (1)

where Γ(G) is the gamma function, n = 2 + B +
ln(�)/2, and Ĝ = G/-0. Even if the detector
only captures a small fraction of the incident
energy, the algorithm based on the fitting of the
particle shower can still reconstruct the incident
energy up to ∼ 1 TeV.

In the lower-energy Compton regime, an incident W-ray may experience multiple Compton
scatterings until its energy is fully deposited in the detector. For a sequence of : signal groups
located at %1, %2, ..., %: with energy deposition �1, �2, ..., �: , we find that the reconstructed angle
\8 for the 8-th Compton scattering is given by

\8 = arccos

[
1 −

(
�4∑:
9=8 � 9

) (
�8∑:

9=8+1 � 9

)]
. (2)

Clearly, \1 is the position angle of the incident W-ray (the angle of the first Compton scatter), which
is used to reconstruct the source position. The detector cannot distinguish the real sequence of
the multiple Compton scatterings, thus :! possible sequences must be given for : signal groups.
Fortunately, most of the resulting \8 values from those possible sequences are not self-consistent,
i.e., ∃8 ∈ {2, 3, ...: − 1} that ∠%8−1%8%8+1 ≠ \8 . As a result, we only have a few valid solutions
for each event. Moreover, the solutions that do not correspond to the true incident W-ray event
are randomly distributed throughout the reconstructed sky, serving as a uniform background. The
reconstructed energy of a Compton event is derived by integrating the waveforms from the ICC
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detector WLS fibers (and edge detectors) and then summing over all signal groups The uncertainty
of the energy reconstruction is assumed to be dominated by Poisson processes during the generation
and transport of the optical photons.

For polarized incident W-rays, the distribution of the Compton-scattering secondary W-rays
can be described by the Klein-Nishina differential cross-section formula. In the case of a linearly
polarized W-rays, the probability for the photon to be scattered at a polar angle \ and an azimuthal
angle q to the polarization vector is given by

df
dΩ

=
1
2
A2

0n
2
(
n + n−1 − sin2 \ cos2 q

)
, (3)

where A0 is the classical electron radius and n is the ratio between the scattered and incident W-ray
energies. Polarization of GRBs can be measured from the anisotropy of the scattered W-rays in the
APT detector.

4. Performance

4.1 Geometry factor and effective area

Figure 3 shows the acceptance (or geometry factor) of the omnidirectional-incident W-ray events
and the effective area of the normal-incident W-ray events as functions of the incident W-ray energy
(solid black curves). Compared to the Fermi performance (shown in Figure 3 with dashed red
curves) [4], APT provides more than an order of magnitude larger effective area and acceptance
than Fermi-LAT. Moreover, the effective area of the APT instrument reaches several m2 in the
MeV regime, which is orders-of-magnitude larger than the previous experiments. COMPTEL, e.g.,
had an effective area of ∼ 10 − 50 cm2 [5]. We also include the normal-incident effective area
distribution for an AMEGO-like instrument [6] in Figure 3. ADAPT’s effective area and geometric
factor are about two orders of magnitude smaller than the APT, consistent with its size compared
to the full detector. However, the effective area of the ADAPT is comparable with the Fermi-GBM
detectors in the MeV regime and exceeds that of the LAT in the .30 MeV pair regime.

4.2 Angular and energy resolution

The left panel in Figure 4 shows the 68% containment angle for the PSF as a function of energy
(note that the angular deviation for a Compton reconstruction is defined as the shortest angular
distance between the Compton ring and the real event location). As we can see, APT achieves
a comparable angular resolution to Fermi Pass 8 SOURCE events. The right panel in Figure 4
shows the 68% containment of the fractional energy deviation Δ�/� as a function of the incident
W-ray energy. The APT energy reconstruction provides < 20% uncertainty (a standard deviation,
assuming a normally distributed reconstruction error) for nearly the whole detecting energy range,
where the performance is better than 10% in the ∼ 1 − 4 MeV and ∼ 0.1 − 1 GeV energy ranges
(as shown in Figure 4). To limit payload mass, the APT calorimeter is relatively shallow with 5.4
radiation lengths of active CsI (∼ 5.8 radiation lengths including fibers and support structure) along
the normal direction, which is much smaller than Fermi’s ∼ 10 radiation lengths. Although the
APT energy resolution is worse than Fermi’s at > 1 GeV energies, by fitting to the longitudinal
profile of showers detected by APT’s imaging calorimeter, the instrument still provides acceptable
measurements up to TeV energies.
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Figure 3: Acceptance/geometry factor (left) and normal-incident effective area (right) versus energy. The
lower energy solid black curves denote APT Compton reconstruction and the higher denote APT pair
reconstruction. Dashed red and dash-dotted green curves are for Fermi P8R2_SOURCE_V6 events and
AMEGO, respectively. Dashed blue and cyan curves show the Fermi-GBM effective area for the BGO and
NaI detectors, respectively.

100 101 102 103 104 105 106

E (MeV)

10 1

100

101

102

6
8

%
 c

o
n
ta

in
m

e
n
t 

a
n
g
le

 (
)

Angular resolution

APT (normal-incident)

APT (omnidirectional-incident)

ADAPT (normal-incident)

Fermi (acceptance weighted)

AMEGO (normal-incident)

100 101 102 103 104 105 106

E (MeV)

0.0

0.2

0.4

0.6

0.8

1.0

E
/E

(6
8

%
 c

o
n
ta

in
m

e
n
t)

Energy resolution

APT (normal-incident)

APT (omnidirectional-incident)

ADAPT (normal-incident)

Fermi (acceptance weighted)

AMEGO (normal-incident)

Figure 4: Angular resolution (left) and energy resolution (right) as shown by the 68% containment versus
energy. Solid and dash-dotted black curves are for APT with normal- and omnidirectional-incident events.
Dashed black, red, and dash-dotted green curves are for ADAPT, Fermi P8R2_SOURCE_V6 events, and
AMEGO, respectively.

4.3 Gamma-ray burst localization and polarization

Each Compton reconstruction results in a measure of the polar Compton angle, but no deter-
mination of the azimuthal angle of the scatter, resulting in a ring-shaped uncertainty region on the
sky. A transient event (e.g., GRB) can be localized by finding the centroid of the brightest region
resulting from the pile-up of Compton rings in the sky map. We simulated a large number of
GRBs with spectral energy distribution described by a typical Band function [7], a range of fluence
values and a distribution off incident directions with inclination angles > 45◦ from the detector’s
X-Y plane. For each fluence value, we simulate a number of GRBs and calculate the offset of the
reconstructed position from the true source direction. The 68% containment of the offset angle
is plotted as a function of fluence, as shown in Figure 5. The estimated fluence of GRB170817A
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(an electromagnetic counterpart of the gravitational-wave event GW170817 [1]) in the APT energy
range is shown as the red dashed line in Figure 5. As we can see, APT has degree-level accuracy
of localizing faint GRBs. For bright GRBs with fluence > 1MeV/cm−2, the APT and ADAPT
have localization accuracy at sub-degree and degree levels. The right panel in Figure 5 shows an
example sky map of Compton rings for a 1 MeV/cm−2 GRB detected by the ADAPT.
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Figure 5: Left: Error in reconstructed direction of a Band-spectrum GRB versus fluence. The red solid and
dashed line shows the estimated fluence of Swift sensitivity limit and GRB170817A/GW170817 event in the
APT energy range. Histogram shows the count rate of GRBs from the first Fermi-GBM catalog [8] in the
energy range from 10 keV to 1 MeV. Right: An example Compton sky map of a 1 MeV/cm−2 GRB detected
by the ADAPT.

Our simulation team also developed an independent Compton reconstruction algorithm that
can provide fast, real-time event localization using a low-power flight computer. For a typical bright
GRB with fluence of 1 MeV/cm2, the fast algorithm can localize the event within 180ms on a single
Raspberry Pi system with an localization error of ∼ 0.5◦, comparable to the result from APTsoft.
A detailed description of this work can be found in [9].
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Figure 6: 3-fDOPsensitivity of theAPTandADAPT
as a function of the GRB fluence.

Measurement of the MeV W-ray polariza-
tion is important to understand the geometry
of emission, magnetic fields and electromag-
netic processes in the collimated jets of GRBs.
The large effective area enables the APT de-
tector as a very powerful Compton polarimeter
to measure the W-ray polarization from GRBs
at MeV energies. We estimate the significance
of the polarization measurement by evaluating
the significance of getting a maximum counts
value at a position angle perpendicular to the
polarization vector where the count rate is mini-
mized. For a 3-f detecting significance, Figure
6 shows the degree-of-polarization (DOP) sen-
sitivity for a GRB with a power-law spectrum
as a function of the GRB fluence. As we can
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see in Figure 6, polarization of typical long GRBs with fluence & 1 MeV/cm2 can be significantly
detected by the APT with DOP down to . 10%. While for a GRB as faint as the GW170817A
counterpart, the polarization can still be measurable if the W-ray beam is highly polarized (DOP
∼ 40%).

5. Summary

Using multiple layers of a scintillating fiber tracker and a distributed ICC with a total thickness
of . 6 radiation lengths, APT trades energy resolution for a very large detecting area and nearly
instantaneous all-sky coverage. The imaging calorimeter allows the instrument to function both
a pair telescope and a Compton telescope with excellent sensitivity from energies of 0.3 MeV up
to 1 TeV. The effective area of the APT instrument reaches several m2, which is much larger than
previous experiments. Although the angular and energy resolution in the Compton regime would
be somewhat limited, its large effective area and high detection efficiency would improve the MeV
W-ray sensitivity by orders of magnitude. This would result in a dramatic improvement in the
localization of short W-ray bursts compared to any extant instrument.
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