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Abstract

We propose a mission concept for a space-based gamma-ray and cosmic-ray explorer known as
the Advanced Particle-astrophysics Telescope (APT). We consider two realizations of the instru-
ment; a 3m×3m detector that would fall just under the $500M threshold for a small instrument,
and a larger 3m×6m instrument that would be a candidate for a probe-class mission. The instru-
ment design was driven by two scientific objectives: (1) to confirm or rule out the thermal WIMP
dark matter paradigm and (2) to promptly localize the electromagnetic counterparts of gravity-
wave/neutron-star mergers. These goals motivate a gamma-ray instrument with ten times the
sensitivity of Fermi at GeV energies, simultaneously providing sub-degree MeV transient local-
ization over the largest possible field of view. A Sun–Earth Lagrange orbit for the instrument
would remove Earth obscuration, allowing a view of the entire sky. The very large area needed
to achieve this sensitivity coupled with a high-Earth orbit dictate the use of an electromagnetic
calorimeter with limited depth (<6 radiation lengths) to reduce mass. Such an instrument would
also be a powerful cosmic-ray detector capable of measuring the elemental abundances of very
rare, ultra-heavy r-process cosmic-ray nuclei for material originating outside our solar system,
connecting to the n-star merger science. With the addition of foam radiators, the CsI detectors
could detect the transition radiation X-rays from very-high-energy light cosmic rays, specifically
Boron and Carbon, needed to differentiate models of cosmic ray propagation of importance to
indirect dark matter detection. The APT detector design would incorporate 20 layers of 5mm
thick CsI:Na with crossed wavelength shifting fiber (WLS fiber) readout, interspersed with 20
x− y scintillating optical fiber tracker (SOFT) layers using interleaved 1.5mm round scintillat-
ing fibers. The 3m×3m×2.5m detector volume consisting of passive plastic scintillating fibers
and CsI crystals would be read out on the sides with SiPM photodetectors and analog-pipeline
waveform digitizers. Detailed simulations and laboratory measurements show that the APT
instrument could achieve ~10 times the sensitivity of the Fermi LAT for pair-events from 60
MeV–TeV gamma-rays and provide more than an order of magnitude improvement in sensi-
tivity over any other proposed gamma-ray experiment in the MeV energy range with prompt
GRB source localization to better than 1◦ uncertainty. Likewise, the cosmic-ray detector would
improve statistics on rare heavy elements and rare very-high-energy lighter nuclei by orders of
magnitude compared to any extant experiment.
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1 Introduction
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(a) Pair production. (b) Transition radiation. (c) Compton scattering.

Figure 1: Top: APT in Falcon-9 faring. Bottom: APT
detection modes.

We propose a small (<$500M) to midsize
(∼ 1G$) mission aimed at two key scien-
tific objectives: (1) detecting or ruling out
thermal WIMP dark matter (DM) over
the entire natural parameter space and (2)
providing instantaneous all-sky electro-
magnetic coverage and prompt localiza-
tion of gravitational wave sources. These
goals led to the development of a straw-
man concept for a future mission known as
the Advanced Particle-astrophysics Tele-
scope (APT). While the APT design is
optimized for γ-ray performance, the in-
strument would also provide key CR mea-
surements that address the same scien-
tific questions: (1) The MeV–TeV γ-ray
measurements would provide an order of
magnitude improvement in DM upper lim-
its from stacked Dwarf galaxy observa-
tions compared with Fermi; at the same
time, very high energy measurements of
the Boron to Carbon ratio could provide
key constraints on CR propagation models essential for using positron and antiproton data to
look for a DM signal. (2) The excellent sensitivity, large instantaneous field of view (fov), and
sub-degree point source localization of APT in the MeV range (from Compton imaging) will
provide efficient alerts for multimessenger follow-ups of gravitational wave sources and short
GRBs. At the same time APT will provide measurements of the elemental abundances of ultra-
heavy elements in the galactic CRs, providing a key method to distinguish between a supernova
or neutron-star origin for r-process elements.

The most challenging requirement to achieve these scientific goals is the need to dramatically
increase the effective area and instantaneous fov of a future instrument without increasing the
cost of the mission compared with current generation experiments like Fermi. The APT mis-
sion concept began as a probe-class γ-ray experiment (See the NASA Physics of the Cosmos
Program Analysis Group whitepapers). Subsequently we descoped the mission concept to fit in
a small or MIDEX-sized experiment budget envelope. The cost and mass constraints motivate
the development of alternatives to Si-strip detectors and deep electromagnetic calorimeters used
in similar instrument designs; while these can achieve excellent position or energy resolution
(essential for some science programs) there is no practical way to scale these to meet the re-
quirements for DM and transient science. Here we propose using very long scintillating fibers
read-out by modern solid-state photodetectors (SiPM) around the perimeter of a large detector
volume. The detector volume is a simple stack-up of scintillator (plastic and CsI crystals) with
no need for internal electrical connections and no dead space between detector elements. Unlike
Si detectors, the channel count scales with the surface area rather than detector volume, and
challenging noise problems are mitigated by using detector devices with avalanche gain.

Laboratory tests of small prototypes of the SOFT and ICC detectors coupled with simulations
demonstrate that most of the requirements for Compton and pair imaging can be met. Accelera-
tor beam tests of a larger scale prototype that vertically integrates all of the detector components
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are underway. In parallel with these measurements, a piggy-back balloon instrument is being
constructed for an Antarctic balloon flight this year. Together, these measurements should ad-
vance the technical readiness level of the concept, allowing formulation of a detailed proposal in
a three year time-scale.

If the different detection modes (multiple-Compton scattering, pair tracking, transition radia-
tion, and multiple differential ionization energy loss dE/dx for heavy ions - see Fig. 1) can be
demonstrated, given the scalable detector design, we can confidently extrapolate performance
to a large volume detector. Coupled with the good heritage of scintillating fibers in space, this
should result in a simple detector design with minimal technical risk but very high scientific
impact in astroparticle physics.

2 Scientific Objectives

Figure 2: Estimated sensitivity of APT to DM.

Analysis of Fermi LAT data on Milky-Way
satellite dwarf galaxies has resulted in some
of the most powerful constraints on models of
WIMP dark matter up to >100 GeV masses [6]
and underscores the important role of indirect
detection on solving the dark matter problem.
With more than an order of magnitude improve-
ment in exposure factor in the GeV range and
with extended coverage of the continuum spec-
trum down to MeV energies, APT would be in a
position to detect or rule out the entire natural parameter space for a thermal WIMP up to TeV
mass scales (see Fig.2). Observational capabilities in the MeV would enable both multiwave-
length searches for the inverse-Compton counterpart to emission from massive DM candidates,
and the search for sub-GeV candidates, which remain largely unexplored to-date. The recent
discovery of gravitational waves (GWs) from a neutron-star merger by the LIGO collabora-
tion [2] points to the potential for GW experiments and the importance of all-sky instruments
for multi-wavelength/multi-messenger astronomy. These n-star mergers, like short γ-ray burst
(GRB) sources, are difficult to study given the lag in re-pointing narrow-field instruments. In-
stantaneous all-sky coverage is key to detection and localization of these events; the γ-ray band
is one of the few wavebands (over the entire electromagnetic spectrum) in which such coverage is
possible. The very large effective area of APT in the MeV to multi-GeV regime would be ideal
for detecting emission from short GRBs and GW sources. For GRBs, the Fermi LAT has only
detected the brightest events near the high end of the fluence distribution; thus an improvement
in effective area is as important as the larger instantaneous FoV.

APT makes use of multiple layers of long scintillating fibers and thin Sodium-doped CsI
(CsI:Na) tiles covering an area of 3m×3m. With a thickness of <∼ 6 radiation lengths (r.l.),
APT trades energy resolution for a very large effective area and fov. By replacing the passive
converter layers (e.g., the tungsten foils employed in Fermi) with imaging CsI detectors, the
instrument will function both as a pair telescope for 60 MeV to ∼ 1 TeV γ-rays and as a Comp-
ton telescope with excellent sensitivity down to ∼300 keV. Thus, in addition to constraining
the most compelling WIMP models, the excellent energy resolution for low energy pair events
would make it possible to resolve spectral features from light MeV to GeV dark matter (e.g.,
from meson intermediate states). The very large area Compton telescope would extend energy
coverage down to lower energy continuum emission and/or lighter MeV dark matter.

At >10 GeV energies, where effective area rather than background begins to become the
dominant factor determining sensitivity, the much larger instrument would result in an order
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of magnitude improvement in sensitivity compared with Fermi. While the Compton angular
resolution would be somewhat limited compared to semiconductor-based Compton telescopes,
the enormous effective area and high detection efficiency would result in an improvement in
sensitivity in the ∼0.3 MeV to 20 MeV regime by orders of magnitude compared to any extant
instrument. In the Compton regime, the higher detection statistics would more than compensate
for the slightly reduced resolution for localization and spectral measurements of transient sources
(see Fig. 3). The novel up-down symmetry of the instrument (and Lagrange-point orbit) would
allow particles to enter from the top or bottom of the instrument, providing close to a 4π-sr
field of view, making this a uniquely capable instrument for multi-messenger observations of
astrophysical transients.

Figure 3: Compton event localization error versus
fluence. Inset shows simulation corresponding to the
GW170817 event.

Another unique feature of the instrument
concept is incorporation of transition radia-
tion (TR) detectors by using foam materials
(with numerous interfaces) for the compos-
ite support structure between the CsI planes.
Preliminary calculations and past studies in-
dicate that with the use of high-energy TR
detectors (with thick TR converter layers and
CsI detectors for >100 keV X-rays) could po-
tentially provide energy measurements of light
CR nuclei up to 50 TeV/nucleon [13, 41]. The
capability of APT to measure the high energy
spectrum of light CRs also has a bearing on
the primary DM science driver. A number
of CR experiments show evidence for a rising
positron fraction at GeV energies [4, 5, 7]. This observation is difficult to explain from standard
models for CR propagation [28]. The solution to these problems could come in the form of
new models for CR propagation and secondary production [15, 25], could point to contributions
from local pulsars [20], but might also point to new physics (e.g., leptophillic dark matter or
a nearby DM density enhancement [14]). Using TR detection, the instrument would provide
measurements of CRs with energies approaching the knee in the all-particle spectrum (Fig. ??).
In particular, this capability could result in the measurement of the secondary to primary ratio
of CRs up to ∼tens of TeV energies. High statistics measurements of the B/C ratio at energies
> 3 TeV/nucleon (i.e., Lorentz γ > 3000) are key to distinguishing between different scenarios
for CR propagation and secondary positron production [15, 25]. APT, with its geometry factor
∼30 m2sr (an order of magnitude larger than that of the proposed ISS-CREAM instrument or
AMS-02) and TR measurements up to γ ∼ 105 would provide definitive data to distinguish
between these various scenarios.

APT would provide other CR measurements that complement the MeV gamma-ray detections
of n-star mergers. For many years it has been thought that ultra-heavy (Z > 30) r-process
nuclei were synthesized in core-collapse supernovae (CCSNe). However, in recent years there
have been a flood of papers suggesting that a large fraction, or even all, of r-process nuclei are
synthesized instead in binary neutron star mergers (BNSM) [17, 22–24, 31, 42–44]. Current
supernova models are not able to produce the abundances of r-process ultra-heavy nuclei in the
second (Z = 51 − 55) and third (Z = 75 − 79) r-process peaks that are consistent with solar
system abundances [21, 39, 44]. Additionally, observations of metal-poor stars in the galactic
halo of the Milky Way show that r-process abundances in the second and third r-process peaks
are consistent with solar system abundances. This requires a second source of r-process nuclei in
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addition to CCSNe [42]. Although CCSNe are ∼ 1000 times more frequent than BNSM in the
Milky Way, the amount of r-process material ejected in a BNSM is much larger than for CCSNe
[23]. Measurements of r-process nuclear abundances in CRs provide a unique method, based
on measurement of the abundances of the actinides (Th, U, Pu, and Cm), of testing whether
CCSNe or BNSM are responsible for the heaviest r-process nuclei in the contemporary cosmic
rays. If the source of the actinide nuclei is CCSN, 94Pu (half-life 81 Myr) and 96Cm (half-life
16 Myr) should be present in the early solar system abundances relative to 90Th since they
would not have decayed. On the other hand, if BNSMs with lifetimes 100 Myr [22] are the
source of these nuclei, then 96Cm should be essentially completely decayed and 94Pu should be
partially decayed (Fig. ??). In addition, measurements of the r-process groups Z = 51 − 55,
Z = 62 − 69, Z = 76 − 78 as well as Z = 34 − 37 (which are roughly half produced by the
r-process [29]) can be used to distinguish between the various models of r-process production by
BNSMs. APT measurements of elemental abundances through measurements of dE/dx versus
total E could provide an increase in statistics on ultra-heavy abundances orders of magnitude
above the sensitivity of current experiments.

3 Technical Description of the APT Mission

WLS fibers

WLS fibers

CsI:Na

Figure 4: Top: First prototype
CsI/WLS fiber detector. Bottom: Illus-
tration of x−y imaging with WLS fibers.
A similar setup with a single 50mm CsI
tile was used for the CERN beam test but
with a modified version of the VERITAS
500 Msps FADC electronics.

The straw-man APT instrument module has a cross-
sectional area of 3m×3m and a height of 2.5m, consist-
ing of 20 x − y tracker and calorimeter layers (Fig. 1) A
probe-class instrument would include 2 such modules, but
we focus the discussion (and simulation results) on a single
3m-square instrument. The tracker layers are formed from
2 close-packed, staggered layers of 1.5mm diameter round
scintillating fibers, aligned by a comb-like structure. Close-
packing the fibers allows improved position resolution (from
centroiding pulse heights from overlapping layers) and very
high detection efficiency. In place of passive pair converter
layers 20 layers of CsI:Na detectors are interleaved between
the tracker layers. Green (or red/green) wavelength shifting
(WLS) fibers (2mm square) covering thin (∼5mm) CsI tiles
are used to collect and shift the UV/blue emission from the
CsI:Na and pipe a fraction of the isotropically re-emitted
light to the SiPMs. Fibers are bonded to the tiles using a
UV transparent silicone or epoxy that also acts to hermet-
ically seal the mildly hygroscopic scintillator. For better
light collection, WLS fibers on the CsI can be split into two
1.5m long fibers with a mirrored central surface, and a 3mm
SiPM at each end. The addition of a second layer of red
fibers reclaims some of the escaping green light, piping it
to the same SiPM for the green layer. Laboratory attenuation length measurements (included
in our GEANT simulations) have yielded attenuation lengths of >1.0 m for both green and
red-green fibers. Centroiding the light collected by the orthogonal WLS fibers bonded to either
side of the CsI crystals provides the x− y coordinates of the interaction (see Fig. 4). The use of
long scintillating fibers read out at the edges of the instrument with SiPMs allows the very large
passive volume to be read-out by a total of 380,000 channels, less than half that for the Fermi
instrument (∼800,000). This approach also allows for higher tracker conversion efficiency and
imaging calorimetry. The design has no gaps or embedded electronics in the detector volume,
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dramatically simplifying the distribution of signals and power.
A composite structure (doubling as the TR radiator) supports the weight of each plane allowing

each to be handled as a stand-alone module. The support structure consists of two 0.7mm carbon
fiber plates sandwiching a 5cm thick foam core. A single layer of CsI with a mass of 203 kg
would result in ∼ 300µm deflections at the center of a 3m detector plane. An external space
frame rigidly bolts to inserts in each composite layer, and provides the mounting points for the
electronics and the anticoincidence detector (ACD). The ACD would likely consist of tiles of
1m×1m by 1cm thick plastic scintillator with embedded 2mm square WLS fiber (the presence
of the ACD material is included in all simulations). The ACD is segmented and read out by
programmable logic to allow one to identify γ-ray or CR events, without vetoing γ-ray events
when the electromagnetic shower extends beyond the detector volume. Fibers spaced every
1-2 cm placed in groves will be merged into a set of SiPMs and readout electronics identical to
that used for the tracker. Two 3m-square modules fit in the faring of a Falcon 9 rocket (Fig. 1).

The APT readout electronics would consist of front-end ASICs (including preamplifiers, com-
parators with programmable thresholds, and SiPM bias voltage control) followed by analog-
pipeline waveform digitizing ASICs. These ASICs closely follow on past designs of the T5TEA
trigger ASIC and the TARGET C ASIC designed by Co-I Varner, and used in our prototype
electronics [8, 10, 18, 26, 34, 40]. The SiPMs have high gain (∼ 106) and high quantum effi-
ciency (∼50%) alleviating the need for very low-noise electronics. The readout electronics design
is somewhat challenging due to the combination of fast signals from the plastic scintillating fibers
combined with the relatively long decay time of the CsI:Na fluorescence signals. The dynamic
range requirements for detecting both minimum-ionizing particles (MIPs) and high-Z nuclei are
also a challenge. However, the long timescale of the CsI fluorescence and very high level of
oversampling of the slow CsI signal has been shown to dramatically extend dynamic range. The
analog pipeline ASICs store charge on a series of analog memory cells (capacitors) controlled
by a high speed clock that sequentially connects the input signal to the capacitors and forms a
continuously overwritten analog ring buffer. After a trigger, a region of interest in the analog
buffer is addressed and digitized using a number of simple Wilkinson run-down ADCs. These
devices can realize very low power operation since, only after a trigger signal arrives is the analog
to digital conversion started (bias currents on comparators are only turned on when required
for acquisition). With NASA APRA funding we are redesigning the existing TARGET ASICs
to use lower sampling speeds (∼100 Msps) and lower power with a realistic design goal of <5
mW/ channel.

The front-end ASICs will come in two variants, one for the fast, small dynamic range signals
from SOFT detector or ACD system, and one for the CsI/WLS (ICC) fiber signals. The analog
sum and comparator design would be based on the TARGET 7 and T5TEA designs [8, 10,
18, 26, 34, 40]. Using techniques developed for the SiREAD ASIC, DACs inside these ASICs
would provide bias voltages to the SiPMs. We anticipate that all high-level triggers will be
formed by sending serial hit data to FPGAs. A pair-event trigger (PET) would be formed
from a coincidence of hits in the tracker fibers in a single x − y plane, coincident with a hit
in an adjacent plane. With a minimum expected signal of 15 p.e., a 4 p.e. threshold would
provide 99.91% detection efficiency in a single 1.5mm fiber. The same threshold would give a
single fiber dark trigger rate of 0.56 Hz if one assumes an 89 kHz dark count rate for a 2mm
square SiPM passively cooled to 5◦C and a 5% afterpulse/crosstalk fraction for the SiPM. For a
simple trigger formed by a coincidence in any of the 20 x−y planes, the rate would be 3 Hz for a
40 nsec coincidence window. A Compton-event trigger (CET) would be formed by first summing
the signal from 8 adjacent fibers then sending this to a comparator to form the Level-0-CET
trigger (similar to the T5TEA design). The CET would require coincidences between the L0
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signals from corresponding x and y plane forming the L1-CET trigger. A further coincidence
of multiple planes would form the final CET. Assuming a threshold of 6 p.e. in the summed
signal from each group of fibers (L0) and a coincidence time of 5µsec, one obtains an accidental
coincidence rate of 0.11 Hz. Thus, to a good approximation, raw trigger rates are dominated by
CR background events. We calculate a raw average CR trigger rate of 350 kHz (660 kHz) for
a 51 deg low-Earth orbit at solar max (solar min) and 950 kHz (1900 kHz) for an L1 orbit at
solar max (minimum). The ACD together with the other detector data would be analyzed to
identify the relatively low rate of high-Z CR events, forming a third Cosmic-Ray Trigger (CRT).
Following either a CET, PET or CRT trigger, buffered signals from tracker and WLS channels
would be read out by GHz serial links to the DAQ FPGAs. Buffered events would then be sent
to the telemetry system using real-time pipelined FPGA-based processing to select good events
from the topology of tracker, CsI and ACD hits. An analog pipeline with 5 µsec depth (500 cells)
would be sufficient to provide enough trigger latency to postpone integration and digitization
until after the formation of the delayed CET, dramatically reducing power consumption and
simplifying event buffering.

Scintillating fibers have been used successfully on numerous experiments flown on satellites and
high-altitude balloons following their development in the 1980s [12, 16] In space, WU fibers have
been used as a hodoscope and trigger on the Cosmic Ray Isotope Spectrometer (CRIS) launched
on the NASA Advanced Composition Explorer (ACE) spacecraft in 1997 [33]. After more than
20 years in space, the instrument continues to acquire excellent data for the detection of nuclei
with charge Z ≥ 3. WU fibers are being used on the Fermi γ-ray telescope as part of the anti-
coincidence detector [9]. Most recently, the Calorimetric Electron Telescope (CALET) (launched
to the International Space Station (ISS) August 2015) CALET uses scintillating fibers for the
imaging calorimeter that tracks particles (electrons, protons, and nuclei) and serves as the front
end (first 3 radiation lengths) of the calorimeter [36, 37]. On high-altitude balloons, scintillating
fibers have been used on several detectors. The Trans-Iron Galactic Element Recorder (TIGER)
instrument which detected heavy and ultra-heavy CRs, used fibers for the hodoscope [30] for
two flights over Antarctica. Its successor, the SuperTIGER experiment, which flew on a record
long 55-day balloon flight over Antarctica in 2012-2013, also used scintillating fibers for the
very large hodoscope. This was a very large hodoscope which had dimensions for each plane
of 1.15 m×2.4 m produced in the WU fiber lab by Binns [11]. Calculations performed using
the SPENVIS program indicate that for a 10 year mission in a 550km, 28.5 degree inclination
orbit, the dose in space is <1kRad near the edge of the detector, assuming a shielding of 1.25
cm Aluminum equivalent. Radiation damage studies on blue-emitting fibers indicate that we
should not expect significant damage for that level of radiation [1, 35]. Valls et al. [38] found a
small degradation in green emitting fibers in radiation damage studies for this dose level. So it is
possible that over a 10 year period there might be small signal shifts, but they would be easy to
compensate for using in-flight calibration. The Valls et al. result should be considered a worst
case since the dose in space is accumulated over a long period of time, allowing the scintillator
to recover spontaneously as free radicals recombine.

Simulations of this baseline APT design were performed in Geant4 using measured performance
parameters from prototype tracker fibers and a prototype of the CsI detector (see Fig.5) Geant4
is used to calculate energy deposition in the various detectors including full particle and γ-
ray interactions. To speed simulations, we use simple approximations for the optics including
results of laboratory measurements for light output from scintillating fibers in response to singly
charged minimum ionizing particles (MIPs) and the measured light output of WLS fibers on
our CsI detector prototypes (see Fig.6). The 5mm CsI layers result in a total thickness of 5.4
radiation lengths of active CsI.
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Figure 5: (a) Acceptance/geometry factor and (b) normal-incident effective area vs. energy. (c) Angular
resolution with inset scatter plot of individual event reconstruction errors. (d) Energy resolution comparison.
The solid black curves denote APT Compton and Pair reconstruction for the 3m×3m MIDEX concept. Dashed
red, dash-dotted green, and dash-dotted blue curves are for Fermi P8R2 SOURCE V6 events, AMEGO, and
e-ASTROGAM, respectively.

The foam layers between CsI detectors provide numerous interfaces for the production of
transition radiation. To bracket the possible configurations, we simulated an instrument with
Al foam and dielectric foam radiators in 3 varieties: (1) Al foam with 80 layers of 0.05mm Al +
0.6mm gaps, Al foam with 14 layers of 0.5mm thickness and 2mm gap and Mylar foam with 100
layers 0.02mm thickness and 0.4mm gaps). Even with the thicker Al foam material, simulation
results of the angular resolution for pair events are comparable to Fermi Pass-8 source-class
events, and Compton resolution for individual events is negligible (although the effective area is
reduced).

From the scatter plot in the inset of left Fig. 5, it is likely that we will be able to apply data
quality cuts to identify events with substantially better angular resolution than Fermi (similar
to the front events for the Fermi instrument). Given the large increase in effective area, APT
would also provide many more high-energy events than Fermi and thus have a substantially
better resolution depending for typical source spectra.

We note that all of our simulated performance plots use the same set of fully reconstructed
events (not, e.g., a subset of events with the best resolution). We also note that we include
radiator material in all simulations (Compton angular reconstruction), and use conservative
estimates for light collection efficiency based on laboratory measurements.

CsI:Na has a scintillation light spectrum that peaks in the blue at around 420nm. Fibers
using green K-27 WLS dye can efficiently absorb 420nm CsI:Na scintillation light, isotropically
re-emitting green light of which about 4% is collected at each end of the fiber. By using crossed
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2mm fiber planes (one in the x-direction on top and one in the y-direction on the bottom of the
crystals) and a UV-transparent silicone to bond the crystals to the fibers, one achieves sufficient
light collection. Fibers formed of two layers of green and red WLS (in a single 2mm square
fiber) have been fabricated at WU and were used in the CERN beam test. The red fiber layer
can almost double the light collection efficiency, reclaiming some of the large fraction of light
that escapes the green WLS region (this improvement is not included in our simulation studies).
The acceptance cone corresponding to the total internal reflection angle subtends a number of
fibers, allowing one to centroid the interaction point in the CsI.

The Compton angular reconstruction depends on the energy resolution and hence on light
collection efficiency. The principal limitation of using thin CsI comes from the error in this
angle produced by the finite energy resolution. As energies increase, the probability for multiple
Compton scatters increases and analysis becomes complicated by ambiguities in identifying
the order of scatters. For the simulation study we use an algorithm where we consider every
possible ordering up to 10 scatters and demand consistency in positions and corresponding
energy deposition. Energy is reconstructed using the total signal measured in the CsI detectors.
To construct a 2-D PSF, one needs to combine the ring-like regions (with radius corresponding
to the Compton angle) for each event. For our simulation study, we used a simple algorithm
where one uses the minimum distance to the ring for each event. To determine the error in
the resulting source position, we assumed a source location and fluence with a typical GRB
Band spectrum, then ran multiple trials where we reconstructed the source position; using this
method we derived an explicit Monte-Carlo calculation of the reconstructed source location
error (Fig. 3). The on-axis effective area for Compton imaging peaks at ∼1m2 (200 times larger
than that of COMPTEL effective area [32] and 30 times larger than the geometric area of the
proposed AMEGO instrument [27]). While future missions like AMEGO should offer reduced
backgrounds and improved energy resolution especially important for studying galactic sources,
for transients like short GRBs backgrounds should be negligible. The effective area and fov are
the most important attributes for transient sources like γ-ray bursts, where sensitivity should
scale almost directly with area and the number of detected sources should scale directly with
solid angle. In Fig. 3 we show the sensitivity of GRBs of varying fluences (measured in the 0.3-10
MeV band) for a typical burst spectrum. Given the relatively flat νFν spectrum, this fluence is
comparable to that measured in the Swift band. Sensitivity would extend to much lower fluences
than detectable with Swift (10−8erg cm−2 in the 15-150 keV band) perhaps revealing new, as
yet undiscovered, source populations. Also shown is a simulation of the n-star merger event
GW170817/GRB170817A, using the estimated spectrum [3, 19]. For this event, even using our
very simple algorithm for point source localization (see inset) APT would provide a positional
uncertainty of ≈1◦ much better than ∼ 15◦ GBM error circle.

Following this simulation study, additional work was done to develop new high-speed algorithms
for sequencing multiple scatters and producing a weighted reconstruction of arrival directions.
Using optimized algorithms we can reconstruct 50,000 events (giving arrival direction and energy
of each photon) in 1 second on a quad-core 1.4GHz Arm Cortex processor. Binning weighted
rings on a tesselated 10k-vertex sphere allows combining these event to localize a source to
better than a degree in less than 1 second. Remarkably, a single flight computer (similar to
a Raspberry Pi) can provide a source localization within 1 second for prompt notifications to
ground stations and to the multi-messenger community.

For ultra-heavy CRs, the CsI detectors in APT provide measurements of the energy deposition
∆E of an incident particle in each detector layer of r.l. ∆x. The so-called dE/dx−E technique
can be used to identify the charge and mass of energetic nuclei of the incident particle. Neglecting
saturation effects, the light yield in the first layers is proportional to Z2. The results of our
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Geant4 simulations show good separation of elements up to a Z ∼ 92 with a supervised machine
learning algorithm used to correct for energy losses in passive materials. Results of a CERN
heavy ion beam test of one APT CsI detector layer confirm these simulation results, and further
indicate that saturation effects (up to Pb nuclei) are minimal in the CsI detector.

4 R&D Work
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Figure 6: Top: Prototype CsI detector,
preamp and TARGET ASIC board. Bot-
tom: Traces captured with oscilloscope
from a single SiPM, and with the TAR-
GET ASIC from all 8 SiPMs but limited
to a 512 nsec window (single p.e. pulses
are clearly visible in both traces). The
data are consistent with ≈240 p.e. per
662 keV in one WLS fiber plane.

A funded NASA APRA grant supports construction of a
working prototype of a 4-layer instrument that integrates
all of the components of APT including a scintillating fiber
tracker, CsI crystals readout by WLS fibers and SiPMs us-
ing prototype electronics incorporating TARGET ASICs
of a similar design to those required for a flight instru-
ment, the redesign of a lower power readout ASICs, and
accelerator tests of the prototype detectors. Recently, we
were also approved to fly a piggy-back instrument testing
a single 150mm square CsI detector and 120 channels of
TARGET readout electronics on a long-duration balloon
flight (the SuperTiger CR instrument). Triggers coincident
with SuperTiger will provide additional data on detector
response to CR (Fe-group) nuclei, as well as providing data
on upward going MeV gamma-rays from atmospheric inter-
actions.

A number of laboratory measurements have already been
made to test the detector elements. Detection efficiency
and attenuation length measurements have been made for
both the tracker fibers (in response to 90Sr electrons) and
wavelength-shifting fibers (in response to a pulsed LED).
A first simple prototype CsI detector consisting of a single
plane of Saint-Gobain WLS fibers bonded to the top of a
5mm thick 50mm square CsI:Na tile was used to determine
parameters for simulations. A PMT bonded directly to the
bottom of the CsI tile provided a reference trigger. We
tested the device using a collimated 17 mCi Cs-137 source
with a 662 keV X-ray line. The summed output from 8
WLS fibers was read-out with a Hamamatsu 1390 PMT.
Correcting for the difference in QE of the R1398 (15% av-
eraged over the WLS output spectrum) and the Hamamatsu SiPMs planned for use in the
beam-test instrument we derived a light output of 128 p.e from a single CsI layer for the total
absorption of a 662 keV X-ray. Simulations of an identical prototype geometry were used to
calibrate the light collection efficiency.

We retested the prototype detector with an array of 8 3mm Hamamatsu S14160-3050 SiPMs
on a carrier board, with a custom 8-channel preamplifier board (Fig. 6). Signals from the 8
preamplifier outputs were readout by a TARGET C (TC) evaluation board produced (designed
by the UE group). The TC evaluation board incorporates the TARGET C ASIC (developed
by Co-I Varner) as well as a custom trigger ASIC (T5TEA), a control FPGA and Gbit fiber-
optic data interface to a data acquisition computer. (These boards were recently modified to
instrument 32 channels and fit in a 4U form-factor for the beam test instrument.) Data was
with the Cs-137 source and using the R7600 to provide the external trigger for the TC board.
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Fig. 6 shows a typical event where one can count single p.e.s (the fast dips in the SiPM signals).
For a CERN HI beam test, we used a similar setup with a revised preamp design, and covering

30 fibers with SiPMs and readout electronics. To cover the additional channels, we used a
revised version of the 8bit 500 Msps FADC boards developed by the WU group for the VERITAS
experiment. Even with limited dynamic range, we were able to reconstruct the charge of the
heaviest ions (Pb) in the CERN beam, but using the (unsaturated) tail of the pulse. A similar
technique will be used to extend the dynamic range using the TARGET ASICs.

5 Budget and Schedule

At a JPL A-team review in May 2015, we verified that for a simple extrapolation of the Fermi
detector to a 7 r.l. 3m×6m APT concept, the instrument weight and volume was compatible
with a Dragon 9 launch to LEO Fig. 1 and the total cost could plausibly fit in the ∼1G$ probe-
class mission. As part of this study, we determined that an acceptable radiation exposure could
be obtained in either a low Earth orbit, or a Sun-Earth L1 or L2 orbit for a 10 year mission life.

Subsequently, we revised the design to employ a shallower calorimeter and reduced the de-
tector active area by half. While we have not conducted another NASA costing exercise, we
used a conservative grass-roots cost estimate using (quoted) small quantity costs of tracker and
calorimeter fibers as well as 150mm×150mm×5mm tiles. All detectors (including the Tracker,
WLS fibers and ACD tiles) use essentially the same SiPM photodetectors, preamp ASICs and
digitizer electronics, simplifying the enginneering design. We include 15 FTE years for engineers
and 20 FTE years for technicians. This results in a total scientific payload cost of 50M$ for the
instrument.

The largest cost uncertainty comes from the launch vehicle and payload mass. For a mass
estimate we use the density of CsI and polystyrene to calculate the active detector mass. To
this we add the mass of the foam/carbon fiber support panels needed to make each detector
plane self supporting, as discussed above. We include a very rough estimate for the mechanical
support structure, the spacecraft bus and solar panels. Rough estimates of the weight of the
anticoincidence system, electronics, and micro-meteorite shield are also included to obtain a
payload mass of 8000-9000 kg.

The spacecraft requires no active repointing but must be able to determine absolute pointing
to <0.5 arcmin, maintain attitude for solar panels and passive radiators (for electronics cooling)
and must be able to maintain an L1 orbit for up to 10 years. Solar panels should provide 5-
10kW of power. The biggest uncertainty of the cost comes from the launch vehicle needed to
lift such a heavy instrument into a high orbit. Space-X has successfully launched two Falcon
9 Heavy launch vehicles, improving the chances that such a large instrument could be lifted to
a low Earth orbit. The advertised lift capacity of the Falcon Heavy should be sufficient to lift
a 9000 kg into a high orbit, but the details of such a launch (e.g., effect of partial recovery of
boosters on cost, or methods of achieving a Lagrange orbit) have not been determined. Descope
options include reduction in the depth of the calorimeter (reducing the maximum energy reach),
or launch to a low-Earth orbit (resulting in a factor of 2 reduction in total field of view and
hence exposure).

After completing our three-year RD study (Oct 2018 to Sept 2021) we will apply for one-
year funding to complete a design study. During this period we hope to finalize the design
of the readout electronics, support structure, and to complete specifications of the spacecraft
design. At this point, a proposal will be developed for a MIDEX or Probe opportunity. Delivery
of fibers and CsI would take approximately 3 years. Integration of the instrument should be
relatively straightforward, given the small number of detector subsystems, in-flight calibration,
and modularity of the design.
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