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that can be e�ciently used as mission ground stations.
Table 1 also includes the most important system requirements such as the satellite attitude recon-

struction, telemetry budget, and pointing capability. e-ASTROGAM is a multi-purpose astrophysics
mission with the capability of a very flexible observation strategy. Two main scientific observation
modes are to be managed by the MOC:

• pointing mode;
• survey mode.
The pointing mode can be implemented either in a fixed inertial pointing or in the more e�cient

double-pointing per orbit mode. In the latter case, the e-ASTROGAM satellite is required to be able
to perform two sky pointings per orbit, lasting approximately 40 minutes each. The survey mode can
be activated at any time in principle, and depending on the scientific prioritization and on the mission
schedule foreseen by the Science Management Plan, can lead to an optimized all-sky survey.

Requirements for the Ground Segment are standard for an observatory-class mission. Target of
Opportunity observations (ToOs) are required to follow particularly important transient events that
need a satellite repointing. The e-ASTROGAM mission requirement for ToO execution is within 6–12
hours, with the goal of reaching 3–6 hours.

4 The Scientific Instrument

4.1 Measurement principle and payload overview

Interactions of photons with matter in the e-ASTROGAM energy range is dominated by Compton
scattering from 0.3 MeV up to about 15 MeV in silicon, and by electron-positron pair production in
the field of a target nucleus at higher energies. e-ASTROGAM maximizes its e�ciency for imaging
and spectroscopy of energetic gamma-rays by using both processes. Figure 11 shows representative
topologies for Compton and pair events.

For Compton events, point interactions of the gamma-ray in the Tracker and Calorimeter produce
spatially resolved energy deposits, which have to be reconstructed in sequence using the redundant
kinematic information from multiple interactions. Once the sequence is established, two sets of infor-
mation are used for imaging: the total energy and the energy deposit in the first interaction measure
the first Compton scatter angle. The combination with the direction of the scattered photon from the
vertices of the first and second interactions generates a ring on the sky containing the source direction.
Multiple photons from the same source enable a full deconvolution of the image, using probabilistic
techniques. For energetic Compton scatters (above ⇠1 MeV), measurement of the track of the scat-
tered electron becomes possible, resulting in a reduction of the event ring to an arc, hence further
improving event reconstruction. Compton scattering angles depend on polarization of the incoming
photon, hence careful statistical analysis of the photons for a strong (e.g., transient) source yields a
measurement of the degree of polarization of its high-energy emission (e.g. [49]).

!
Figure 11: Representative event topologies for Compton events without (left) and with electron track-
ing (center) and for a pair event (right panel). Photon tracks are shown in black, and electron and/or
positron tracks in red.
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Figure 1. Schematic diagram of the LAT. The telescope’s dimensions are
1.8 m × 1.8 m × 0.72 m. The power required and the mass are 650 W and
2789 kg, respectively.
(A color version of this figure is available in the online journal.)

Many high-energy sources revealed by EGRET have not yet
been identified. The Large Area Telescope (LAT) on the Fermi
Gamma-ray Space Telescope (Fermi), formerly the Gamma-ray
Large Area Space Telescope (GLAST), launched by NASA on
2008 June 11 on a Delta II Heavy launch vehicle, offers enor-
mous opportunities for determining the nature of these sources
and advancing knowledge in astronomy, astrophysics, and par-
ticle physics. In this paper a comprehensive overview of the
LAT instrument design is provided, the preflight expected per-
formance based on detailed simulations and ground calibration
measurements is given, and the science goals and expectations
are summarized. The Fermi observatory had been launched
shortly before the submission of this paper so no details of
in-flight performance are provided at this time, although the
performance to date does not deviate significantly from that es-
timated before launch. The in-flight calibration of the LAT is
being refined during the first year of observations and therefore
details of in-flight performance will be the subject of a future
paper.

Fermi follows the successful launch of Agile by the Italian
Space Agency in 2007 April (Tavani et al. 2008). The scientific
objectives addressed by the LAT include (1) determining the
nature of the unidentified sources and the origins of the diffuse
emission revealed by EGRET, (2) understanding the mecha-
nisms of particle acceleration operating in celestial sources,
particularly in active galactic nuclei (AGNs), pulsars, super-
novae remnants, and the Sun, (3) understanding the high-energy
behavior of GRBs and transients, (4) using γ -ray observations
as a probe of dark matter, and (5) using high-energy γ -rays to
probe the early universe and the cosmic evolution of high-energy
sources to z ! 6. These objectives are discussed in the context
of the LAT’s measurement capabilities in Section 3.

To make significant progress in understanding the high-
energy sky, the LAT, shown in Figure 1, has good angular
resolution for source localization and multiwavelength studies,
high sensitivity over a broad field of view (FoV) to monitor
variability and detect transients, good calorimetry over an
extended energy band to study spectral breaks and cutoffs,

Table 1
Summary of LAT Instrument Parameters and Estimated Performance

Parameter Value or Range

Energy range 20 MeV–300 GeV
Effective area at normal incidencea 9,500 cm2

Energy resolution (equivalent Gaussian 1σ ):
100 MeV–1 GeV (on-axis) 9%–15%
1 GeV–10 GeV (on-axis) 8%–9%
10 GeV–300 GeV (on-axis) 8.5%–18%
>10 GeV (>60◦ incidence) !6%

Single photon angular resolution (space angle)
on-axis, 68% containment radius:

>10 GeV !0.◦15
1 GeV 0.◦6
100 MeV 3.◦5

on-axis, 95% containment radius < 3 × θ68%
off-axis containment radius at 55◦ < 1.7× on-axis value
Field of View (FoV) 2.4 sr
Timing accuracy < 10 µs
Event readout time (dead time) 26.5 µs

GRB location accuracy onboardb < 10′

GRB notification time to spacecraftc <5 sec
Point source location determinationd < 0.′5
Point source sensitivity (>100 MeV)e 3 × 10−9 ph cm−2 s−1

Notes.
a Maximum (as a function of energy) effective area at normal incidence. Includes
inefficiencies necessary to achieve required background rejection. Effective area
peak is typically in the 1 to 10 GeV range.
b For burst (<20 s duration) with >100 photons above 1 GeV. This corresponds
to a burst of ∼5 cm−2 s−1 peak rate in the 50 – 300 keV band assuming a
spectrum of broken power law at 200 keV from photon index of –0.9 to –2.0.
Such bursts are estimated to occur in the LAT FoV ∼10 times per year.
c Time relative to detection of GRB.
d High latitude source of 10−7 cm−2 s−1 flux at >100 MeV with a photon
spectral index of –2.0 above a flat background and assuming no spectral cutoff
at high energy; 1σ radius; one-year survey.
e For a steady source after one-year sky survey, assuming a high-latitude diffuse
flux of 1.5 × 10−5 cm−2 s−1 sr−1 (>100 MeV) and a photon spectral index of
–2.1, with no spectral cutoff.

and good calibration and stability for absolute, long term flux
measurement. The LAT measures the tracks of the electron
(e−) and positron (e+) that result when an incident γ -ray
undergoes pair-conversion, preferentially in a thin, high-Z foil,
and measures the energy of the subsequent electromagnetic
shower that develops in the telescope’s calorimeter. Table 1
summarizes the scientific performance capabilities of the LAT.
Figure 2 illustrates the sensitivity and FoV achieved with the
LAT for exposures on various timescales. To take full advantage
of the LAT’s large FoV, the primary observing mode of Fermi
is the so-called “scanning” mode in which the normal to the
front of the instrument (z-axis) on alternate orbits is pointed
to +35◦ from the zenith direction and towards the pole of the
orbit and to −35◦ from the zenith on the subsequent orbit.
In this way, after two orbits, about 3 hr for Fermi’s orbit at
∼565 km and 25.◦5 inclination, the sky exposure is almost
uniform. For particularly interesting targets of opportunity, the
observatory can be inertially pointed. Details of the LAT design
and performance are presented in Section 2.

The LAT was developed by an international collabora-
tion with primary hardware and software responsibilities at
Stanford University, Stanford Linear Accelerator Center, Agen-
zia Spaziale Italiana, Commissariat à l’Energie Atomique,
Goddard Space Flight Center, Istituto Nazionale di Fisica
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In addition to addressing its core scientific goals, e-ASTROGAM will achieve many serendipitous
discoveries (the unknown unknowns) through its combination of wide field of view (FoV) and sen-
sitivity, measuring the spectral energy distributions of nearly a thousand Galactic and extragalactic
sources per year, including solar flares and terrestrial gamma-ray flashes, thereby becoming an im-
portant contributor to multi-wavelength time-domain astronomy. The mission has outstanding
discovery potential as an Observatory facility that is open to a wide astronomical community.
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Figure 1: Point source continuum sensitivity of di↵erent X- and �-ray instruments. The curves for
INTEGRAL/JEM-X, IBIS (ISGRI and PICsIT), and SPI are for an observing time T

obs

= 1 Ms. The
COMPTEL and EGRET sensitivities are given for the time accumulated during the duration of the
CGRO mission (T

obs

⇠ 9 years). The Fermi/LAT sensitivity is for a high Galactic latitude source
over 10 years. For MAGIC, VERITAS, and CTA, the sensitivities are given for T

obs

= 50 hours. For
HAWC T

obs

= 5 yr, for LHAASO T
obs

= 1 yr, and for HiSCORE T
obs

= 1000 h. The e-ASTROGAM
sensitivity is for an e↵ective exposure of 1 year for a source at high Galactic latitude.

e-ASTROGAM is designed to achieve:

• Broad energy coverage (0.3 MeV to 3 GeV), with one-two orders of magnitude improvement in
continuum sensitivity in the range 0.3 MeV – 100 MeV compared to previous instruments;

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

• Large FoV (>2.5 sr), ideal to detect transient sources and hundreds of gamma-ray bursts (GRBs);

• Pioneering polarimetric capability for both steady and transient sources;

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

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

e-ASTROGAM will operate as an Observatory with the data policy established by ESA. The
satellite is designed to operate in both pointing and survey modes. The observation schedule will be
decided based on core science and guest investigator programs.

The core of the e-ASTROGAM team is EU-based; scientific and technical contributions from extra-
EU countries (USA, Russia and Japan in particular) are envisaged.
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e-ASTROGAM is designed to achieve:

• Broad energy coverage (0.3 MeV to 3 GeV), with one-two orders of magnitude improvement in
continuum sensitivity in the range 0.3 MeV – 100 MeV compared to previous instruments;

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

• Large FoV (>2.5 sr), ideal to detect transient sources and hundreds of gamma-ray bursts (GRBs);

• Pioneering polarimetric capability for both steady and transient sources;

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

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

e-ASTROGAM will operate as an Observatory with the data policy established by ESA. The
satellite is designed to operate in both pointing and survey modes. The observation schedule will be
decided based on core science and guest investigator programs.

The core of the e-ASTROGAM team is EU-based; scientific and technical contributions from extra-
EU countries (USA, Russia and Japan in particular) are envisaged.
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5-year, > 1 GeV

6.5-year, > 50 GeV (2FHL)
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Table 6. LAT 3FGL Source Classes

Description Identified Associated
Designator Number Designator Number

Pulsar, identified by pulsations PSR 137 · · · · · ·
Pulsar, no pulsations seen in LAT yet · · · · · · psr 29
Pulsar wind nebula PWN 9 pwn 2
Supernova remnant SNR 12 snr 11
Supernova remnant / Pulsar wind nebula · · · · · · spp 51
Globular cluster GLC 0 glc 15
High-mass binary HMB 3 hmb 0
Binary BIN 1 bin 0
Nova NOV 1 nov 0
Star-forming region SFR 1 sfr 0
Compact Steep Spectrum Quasar CSS 0 css 1
BL Lac type of blazar BLL 18 bll 642
FSRQ type of blazar FSRQ 38 fsrq 447
Non-blazar active galaxy AGN 0 agn 3
Radio galaxy RDG 3 rdg 13
Seyfert galaxy SEY 0 sey 1
Active galaxy of uncertain type AGU 5 agu 578
Normal galaxy (or part) GAL 2 gal 6
Starburst galaxy SBG 0 sbg 4
Narrow line Seyfert 1 NLSY1 2 nlsy1 3
Soft spectrum radio quasar SSRQ 0 ssrq 3
Total · · · 232 · · · 1809

Unassociated · · · · · · · · · 992

Note. — The designation ‘spp’ indicates potential association with SNR or PWN (see
Table 7). Designations shown in capital letters are firm identifications; lower case letters
indicate associations. In the case of AGN, many of the associations have high confidence.
Among the pulsars, those with names beginning with LAT were discovered with the LAT.

– 32 –

6. Morphology and spectral variations

The average spectrum of the bubbles is an important characteristic, but it may be insu�cient

for distinguishing among the models of the bubbles’ formation and the mechanisms of the gamma-ray

emission. In this section, we calculate the spectrum of the bubbles in latitude strips, and estimate

the significance and the spectrum of the enhanced gamma-ray emission in the south-eastern part of

the bubbles, called the “cocoon” (Su & Finkbeiner 2012). We search for a jet inside the bubbles and

determine the location and the width of the boundary of the bubbles.

6.1. Longitude Profiles
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Fig. 22.— Residual intensity integrated in di↵erent energy bands for the baseline model derived with GALPROP

templates in Section 3.2 (top) and for the example model derived with the local templates analysis in Section 4.3

(bottom).

To give a general idea about the morphology of the bubbles, we present the profile plots of the

residual intensity corresponding to the Fermi bubbles at di↵erent latitudes integrated in three energy

bands: 1 - 3 GeV, 3 - 10 GeV, 10 - 500 GeV. The residual intensity is shown in Figure 22. There is

an L-shaped over-subtraction at low energies in the GALPROP residuals in the low latitude part of the

northern bubble. This residual is spatially correlated with the star forming region ⇢ Ophiuchi, which

might have a di↵erent CR spectrum compared to the average. Notice that this feature is not present in

the residuals obtained from the local template analysis, which allows the adjustment of the normalization

of the CR density in local patches. The profile plots in 10� latitude strips are shown in Figure 23.

An excess of emission in the southern bubble for latitudes �40�
< b < �20� and longitudes 0�

<

` < 15� corresponds to the cocoon proposed by Su & Finkbeiner (2012). There is also a slight excess of

emission for 20�
< b < 40� around ` = 10�. At some latitudes, the width of the boundary of the bubbles

is approximately or smaller than 5�. We study the width of the edge in more detail in Section 6.3.
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FIG. 5: Positron fraction measured by the Fermi LAT and by
other experiments [10, 14, 35]. The Fermi statistical uncer-
tainty is shown with error bars and the total (statistical plus
systematic uncertainty) is shown as a shaded band.

the electron spectrum is (2.07±.13 × 10−2 GeV−1 m−2

s−1 sr−1)( E

20GeV )−3.19±0.07. The uncertainties are deter-
mined by including the total (statistical plus systematic)
uncertainty of each energy bin. The fitted indices are con-
sistent with the index we reported previously for the total
electron plus positron spectrum (3.08±0.05) [19, 20].

Conclusion. We measured the CR positron and elec-
tron spectra separately between 20 and 200 GeV, using
a novel separation technique which exploits the charge-
dependent displacement of the Earth’s shadow due to the
geomagnetic field. While the positron fraction has been
measured previously up to 100 GeV [15] and the absolute
flux has been measured previously up to 50 GeV [9, 36],
this is the first time that the absolute CR positron spec-
trum has been measured above 50 GeV and that the
fraction has been determined above 100 GeV. We find
that the positron fraction increases with energy between
20 and 200 GeV, consistent with results reported by
PAMELA [14]. Future measurements with greater sen-
sitivity and energy reach, such as those by AMS-02, are
necessary to distinguish between the many possible ex-
planations of this increase.
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2 Science Case

Using Silicon detector technology that is backed by substantial space heritage and industry know-how,
e-ASTROGAM will open the MeV region for exploration, with an improvement of one-two orders of
magnitude in sensitivity (Fig. 1) compared to the current state of the art, much of which was derived
from the COMPTEL instrument more than two decades ago. e-ASTROGAM will also achieve a
spectacular improvement in terms of source localization (Fig. 2) and energy resolution, and will allow
to measure the contribution to the radiation of the Universe in an unknown range (Fig. 3). At higher
energies, reaching to GeV and beyond, the sensitivity of e-ASTROGAM will reveal the transition
from nuclear processes to those involving electro- and hydro-dynamical, magnetic and gravitational
interactions.

Figure 2: An example of the capability of e-ASTROGAM to transform our knowledge of the MeV-
GeV sky. The upper left figure shows the 1-30 MeV sky as observed by COMPTEL in the 1990s; the
lower shows the simulated Cygnus region in the 1-30 MeV energy region from e-ASTROGAM. On
the right, comparison between the view of the Cygnus region by Fermi in 8 years (top) and that by
e-ASTROGAM in one year of e↵ective exposure (bottom) between 400 MeV and 800 MeV.

An important characteristic of e-ASTROGAM is its ability to measure polarization in the MeV
range, which is a↵orded by Compton interactions in the detector. Polarization encodes information
about the geometry of magnetic fields and adds a new observational pillar, in addition to the temporal
and spectral, through which fundamental processes governing the MeV emission can be determined.
The addition of polarimetric information will be crucial for a variety of investigations, including accret-
ing BH systems, magnetic field structures in jets, and the emission mechanisms of GRBs. Polarization
will provide definitive insight into the presence of hadrons in extragalactic jets and the origin of
ultra-high-energy cosmic rays.

In the following sections, the core science questions to be addressed by e-ASTROGAM are pre-
sented. The requirements that flow from the scientific objectives, and that drive the instrument design,
are presented in Section 3.

Seyfert galaxies 
(Gilli 2007) 

All blazars 
(Giommi &  

Padovani 2015) 

Star-forming galaxies 
(Lacki et al. 2014) 

Radio galaxies 
(Inoue 2011) 

Adapted from Ackermann et al. (2015) 

e-ASTROGAM 
Figure 3: Compilation of the measurements
of the total extragalactic gamma-ray inten-
sity between 1 keV and 820 GeV [12], with
di↵erent components from current mod-
els; the contribution from MeV blazars is
largely unknown. The semi-transparent
band indicates the energy region in which e-
ASTROGAM will dramatically improve on
present knowledge.
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by a typical Band function [23] with ↵ = �1.1, � = �2.3, and E
peak

= 0.3 MeV, and the response
of e-ASTROGAM to linearly polarized GRBs has been simulated at several o↵-axis angles in the
range [0�; 90�]. The number of GRBs with polarization measurable with e-ASTROGAM has then
been estimated using the Fourth BATSE GRB Catalog [88]. We see in Figure 18 that e-ASTROGAM
should be able to detect a polarization fraction of 20% in about 42 GRBs per year, and a polarization
fraction of 10% in ⇠16 GRBs per year. This polarization information, combined with spectroscopy
over a wide energy band, will provide unambiguous answers to fundamental questions on the sources
of the GRB highly relativistic jets and the mechanisms of energy dissipation and high-energy photon
emission in these extreme astrophysical phenomena.

5 Mission Configuration and Profile

5.1 Orbit and launcher

The best orbit for e-ASTROGAM is an equatorial LEO of altitude 550 – 600 km. Particle background
properties are optimum for this orbit, as already determined by the AGILE mission (which has an
orbit of altitude 520 – 550 km and 2.5� inclination with respect to the equator). An equatorial orbit
(required to have an inclination i < 2.5�, and eccentricity e < 0.01) will make use of the ESA ground
station at Kourou as well as the possible use of the ASI Malindi station in Kenya.

The foreseen launcher for e-ASTROGAM is Ariane 6.2.

5.2 Spacecraft and system requirements

The e-ASTROGAM system is composed of a satellite in an equatorial Low Earth Orbit and a ground
segment that includes the ESA ground station at Kourou and possibly the ASI Malindi station in
Kenya. These stations are in charge of performing the spacecraft control, monitoring, and the acqui-
sition of scientific data. The e-ASTROGAM spacecraft is observing the sky according to a predefined
pointing plan uploaded from ground. Di↵erent pointing profiles can be selected in order to observe
selected sky regions or to perform a scanning that can cover a large fraction of the sky at each orbit.

The spacecraft platform is made of a structure that mechanically supports the e-ASTROGAM
instrument and hosts internally the payload electronic units and all the platform subsystems. The
payload is attached to a mechanical structure at a distance of about 90 cm from the top of the platform.
The space between the payload and the platform is used to (i) host the time-of-flight (ToF) unit of
the payload (P/L) Anticoincidence (AC) system, (ii) host the P/L PSU, PDHU and BEE modules
(Tracker, Calorimeter and AC BEEs), and (iii) accommodate the two fixed radiators of the thermal
control system. In addition, this mechanical design has the advantage of significantly reducing the
instrument background due to prompt and delayed gamma-ray emissions from fast particle reactions
with the platform materials.

Figure 19: e-ASTROGAM spacecraft in deployed configuration.
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3 Scientific Requirements

e-ASTROGAM’s requirements, such as angular and energy resolution, the field of view, the e↵ective
area and continuum sensitivity, the line sensitivity, and polarization sensitivity, to achieve its core
science objectives are summarized in Table 1.

The requirements reflect the dual capacity of the instrument to detect both Compton scattering
events in the 0.3 – 10 MeV range and pair-producing events in the 10 MeV - 3 GeV energy range. The
main instrument features of e-ASTROGAM necessary to meet the scientific requirements in Table 1,
are described in Sect. 4.2.

The sensitivity performance is consistent with the requirement of an equatorial orbit of altitude
in the range 550 – 600 km. An equatorial orbit in that altitude range is preferred for a variety of
reasons. It has been demonstrated to be only marginally a↵ected by the South Atlantic Anomaly and
is therefore a low-particle background orbit, ideal for high-energy observations. The orbit is practically
una↵ected by precipitating particles originating from solar flares, a virtue for background rejection.
Finally, both ESA and ASI have satellite communication bases near the equator (Kourou and Malindi)

Table 1: e-ASTROGAM scientific requirements.e-ASTROGAM Scientific Requirements 

Parameter Value 

Energy bands: 0.3 MeV − 3 GeV     (Gamma-ray imager: Tracker + Calorimeter) 
30 keV − 200 MeV   (Calorimeter burst search) 

Gamma-ray imager FOV  
(at 100 MeV) ≥ 2.5 sr 

Gamma-ray imager  
Continuum flux sensitivity 
at 3σ confidence level 

< 2×10-5 MeV cm-2 s-1 at 1 MeV (Tobs = 106 s effective observation time) 
< 5×10-5 MeV cm-2 s-1 at 10 MeV (Tobs = 106 s, high-latitude source) 
< 3×10-6 MeV cm-2 s-1 at 500 MeV (Tobs = 106 s, high-latitude source) 

Gamma-ray imager  
Line flux sensitivity           
at 3σ confidence level 

< 5×10-6 ph cm-2 s-1 for the 511 keV line (Tobs = 106 s effective obs. time) 
< 5×10-6 ph cm-2 s-1 for the 847 keV SN Ia line (Tobs = 106 s) 
< 3×10-6 ph cm-2 s-1 for the 4.44 MeV line from LECRs (Tobs = 106 s) 

Gamma-ray imager angular  
resolution  

≤  1.5°  at  1 MeV      (FWHM of the angular resolution measure) 
≤  1.5°  at  100 MeV  (68% containment radius) 
≤  0.2°  at  1 GeV       (68% containment radius) 

AC particle background 
rejection efficiency > 99.99 % 

Polarization sensitivity  MDP < 20% (99% c.l.) for a 10 mCrab source (0.3-2 MeV, Tobs = 1 yr) 
Detection of a polarization fract. ≥ 20% in more than 20 GRBs per year 

ΔE/E (Gamma-ray imager) 2.5% at 1 MeV 
30%  at  100 MeV  

ΔE/E (Calorimeter burst) 
< 25% FWHM  at    0.3 MeV 
< 10% FWHM  at       1 MeV 
<   5% FWHM  at     10 MeV  

Time tagging accuracy 2 microseconds (at 3 sigma)  
Impulsive event acquisition 
logic (Calorimeter burst) sub-millisecond trigger and photon-by-photon acquisition capability 

Orbit Low Earth Orbit, equatorial with inclination i  < 2.5°, eccentricity e < 0.01, 
altitude: 550-600 km 

Average scientific 
telemetry > 1.4 Mbit/s (after data compression) 

Satellite attitude 
reconstruction 1'  (at 3 sigma) 

Satellite pointing modes 1. pointing mode (1 or 2 pointings per orbit);  
2. survey zenith pointing mode. 

Target of Opportunity 
observations within 6 − 12 hours from alert (goal of 3 − 6 hours) 

Mission duration 3 years + provision for a 2+ year extension 
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Figure 17: Left panel – e-ASTROGAM on-axis angular resolution compared to that of COMPTEL and
Fermi/LAT. In the Compton domain, the presented performance of e-ASTROGAM and COMPTEL
is the FWHM of the angular resolution measure (ARM). In the pair domain, the point spread function
(PSF) is the 68% containment radius for a 30� point source. The Fermi/LAT PSF is from the Pass 8
analysis (release 2 version 6) and corresponds to the FRONT and PSF event type. Right panel – 1�
energy resolution of COMPTEL and e-ASTROGAM in the Compton domain after event reconstruction
and selection on the ARM.

In the pair-production domain, the field-of-view assessment is also based on in-flight data from the
AGILE and Fermi-LAT gamma-ray imager detectors. With the e-ASTROGAM characteristics (size,
Si plane spacing, overall geometry), the field of view is found to be > 2.5 sr above 10 MeV.

4.2.4 E↵ective area and continuum sensitivity

Improving the sensitivity in the medium-energy gamma-ray domain (1–100 MeV) by one to two orders
of magnitude compared to previous missions is the main requirement for the proposed e-ASTROGAM
mission. Such a performance will open an entirely new window for discoveries in the high-energy
Universe. Tables 2 and 3 present the simulated e↵ective area and continuum sensitivity in the Compton
and pair-production domains. The sensitivity below 10 MeV is largely independent of the source
location (inner galaxy vs. high latitude), because the di↵use gamma-ray background is not a major
background component in the Compton domain.

Figure 1 shows the e-ASTROGAM continuum sensitivity for a 1-year e↵ective exposure of a high
Galactic latitude source. Such an e↵ective exposure will be reached for broad regions of the sky after
3 years of operation, given the very large field of view of the instrument. We see that e-ASTROGAM
would provide an important leap in sensitivity over a wide energy band, from about 200 keV to
100 MeV. At higher energies, e-ASTROGAM would also provide a new vision of the gamma-ray sky
thanks to its unprecedented angular resolution, which would reduce the source confusion that plagues
the current Fermi-LAT and AGILE images near the Galactic plane (see, e.g., the 3FGL catalog [7]).

4.2.5 Line sensitivity

Table 4 shows the e-ASTROGAM 3� sensitivity for the detection of key gamma-ray lines from point-
ing observations, together with the sensitivity of the INTEGRAL Spectrometer (SPI). The latter was
obtained from the INTEGRAL Observation Time Estimator (OTE) assuming 5⇥5 dithering observa-
tions. The reported line widths are from SPI observations of the 511 and 847 keV lines (SN 2014J),
and from theoretical predictions for the other lines. Noteworthy, the neutron capture line from ac-
creting neutron stars can be significantly redshifted and broadened (FWHM between 10 and 100 keV)
depending on the geometry of the mass accretion [26].

We see that e-ASTROGAM will achieve a major gain in sensitivity compared to SPI for all gamma-
ray lines, the most significant improvement being for the 847 keV line from Type Ia SNe (see Sect.
2). With the predicted line sensitivity, e-ASTROGAM will also (i) provide a much better map of the
511 keV radiation from positron annihilation in the inner Galaxy, (ii) uncover ⇠10 young, 44Ti-rich
SN remnants in the Galaxy and thus provide new insight on the explosion mechanism of core-collapse
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Fermi/LAT. In the Compton domain, the presented performance of e-ASTROGAM and COMPTEL
is the FWHM of the angular resolution measure (ARM). In the pair domain, the point spread function
(PSF) is the 68% containment radius for a 30� point source. The Fermi/LAT PSF is from the Pass 8
analysis (release 2 version 6) and corresponds to the FRONT and PSF event type. Right panel – 1�
energy resolution of COMPTEL and e-ASTROGAM in the Compton domain after event reconstruction
and selection on the ARM.
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Institution Country Main activities Main participants 

Univ. Mainz Germany Management of Data Handling. Trigger, data 
acquisition, onboard Data Handling. 
Management of the Anticoincidence system.  ToF 
system. Contribution to Science Data Center. 
Calibrations at MAMI in 10 MeV to  several 100 
MeV. Science activities. 

U. Oberlack, C. Sfienti,  
N. Berger,  M. Alfonsi,  
A. Brogna, Q. Weitzel,   
M. Hoek, B. Sprück, M. Thiel 
 
 

KIT/IPE 
 

Germany Silicon Tracker back-end electronics. Onboard 
Data handling. P/L calibration support. 

M. Weber, M. Kleifges, M. 
Balzer  

Tübingen Germany Calorimeter back-end electronics. Contribution to 
Trigger, data acquisition, onboard data handling. 
EGSE. Contribution to Science Data Center. 
Science activities. 

A. Santangelo, C. Tenzer, G. 
Pühlhofer, T. Schanz   

Erlangen Germany End-to-end simulations . P/L calibration support. 
Onboard data handling. Science activities. 

J. Wilms,  
S. Funk  

RWTH Aachen Germany Anticoincidence system: SiPM & readout testing. 
P/L calibration activities.   Th. Bretz 

Potsdam Germany Science activities. M. Pohl 
Würzburg Germany Science activities. K. Mannheim 
MPE Germany Science activities. R. Diehl 
CSIC: ICE (CSIC-
IEEC) & IMB-CNM 
(CSIC) 

Spain Manufacturing, testing & characterization of the 
Si Tracker detectors. P/L thermal control. P/L 
calibration support. Science activities. 

M. Hernanz, J. Isern, J.L. Gálvez 
(ICE), M. Lozano, M. Ullán, G. 
Pellegrini (CNM) 

Univ. Barcelona 
(ICCUB-IEEC) 

Spain 
 

FEE development and testing (Si Tracker, 
calorimeter, AC). Science activities. J.M. Paredes, D. Gascón 

IFAE-BIST & 
PIC 

Spain 
 

P/L calibration activities. Data Handling 
development. Science activities. 

M. Martínez, John Ward (IFAE), 
M. Delfino (PIC) 

CLPU & 
Univ. Salamanca 

Spain Development and testing of Calorimeter and AC 
detectors. Science activities. 

J.M. Alvarez, L. Roso 
 

DPNC UniGe Switzerland Co-leadership of Silicon Tracker development. 
Manufacturing and AIT of the Si Tracker. 
Characterization & calibration of Si Tracker 
detectors. P/L calibration activities. Science 
activities. 

X. Wu, M. Pohl, P. Azzarello, F. 
Cadoux, M. Cole 

ISDC,  
Univ. of Geneva 

Switzerland EGSE. P/L calibration activities. Science Data 
Center. Science activities. Outreach. R. Walter 

PSI Switzerland Polarized photon beam test, P/L calibration. 
Science activities.  W. Hajdas 

KTH and Univ. 
Stockholm 

Sweden Development, production and testing of the 
anticoincidence system. General reconstruction & 
calibration activities. Science activities. 

M. Pearce (KTH), J. Larsson 
(KTH), F. Ryde (KTH), L. 
Bergström (SU), J. Conrad (SU), 
B. Andersson (SU). 

Space Research 
Center of PAS, 
Warsaw 

Poland 
 PDHU, PSU design, manufacturing, testing and 

integration with S/S and instrument. P.Orleański, W.Nowosielski 

Univ. College 
Dublin & Dublin 
City University 

Ireland Manufacturing of the Calorimeter detectors. 
P/L calibration activities. Science activities. 

L. Hanlon, S. McBreen & M. 
Chernyakova 

DTU Denmark Characterization & calibration of Si Tracker 
detectors. P/L calibration activities. Science 
activities 

I. Kuvvetli, S. Brandt, C. Budtz-
Jørgensen, A. Hornstrup, N. 
Lund 

The PO will be composed of both Consortium representatives and industrial partners. A Program
Manager (PM) will be assigned to the PO coordination, and will be in charge of periodically reporting
to the SB the technical activities. In addition, a Project Scientist is foreseen to facilitate the interface
between the Science Team and the Instrument development coordinators.

6.1 Instrument development group

The e-ASTROGAM Instrument development is based on activities of several European groups as
summarized in the Table 5. Strong scientific collaboration is also going on with several teams in the
US, Russia and Japan.
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• similar design to 
e-ASTROGAM 

• compared to Fermi/LAT:  
finer tracker, no tungsten  
GeV -> 10 MeV

Allsky Medium Energy GammaRay Observatory (AMEGO): 
A MediumEnergy Gammaray Surveyor 
Julie McEnery, Elizabeth Ferrara, Elizabeth Hays, John Mitchell, Alex Moiseev, Roopesh Ojha, Jeremy                         
Perkins, Judith Racusin, Andrew Smith, David J. Thompson (NASA/GSFC), Marco Ajello, Dieter Hartmann                         
(Clemson University), James Buckley, Henric Krawczynski, Fabian Kislat (Washington University), Regina                     
Caputo, Robert Johnson (UCSC) Valerie Connaughton (USRA) J. Eric Grove, Richard Woolf, Eric Wulf                           
(NRL) Luca Baldini (University and INFN/Pisa), Nicola Omodei (Stanford) Michelle Hui, Colleen                       
WilsonHodge (NASA/MSFC) 
 
MOTIVATION  
The MeV domain is one of the most underexplored windows on the Universe. From astrophysical jets and                                 
extreme physics of compact objects to a large population of unidentified objects, fundamental astrophysics                           
questions can be addressed by a mission that opens a window into the MeV range. The time is right for an                                         
MeV mission. Fermi LAT observations at GeV energies have opened a window to a rich and varied                               
ensemble of astrophysical sources, and demonstrate the promise of an equally rich return from opening the                               
MeV band. Secondly, we are at the dawn of the multimessenger era, with the recent discovery of high                                   
energy astrophysical neutrinos by IceCube and the first direct observation of gravitational waves by LIGO.                             
By virtue of its focus on extreme environments, a medium energy gammaray surveyor is an excellent                               
partner in these new scientific endeavors. 
 
AMEGO will provide unprecedented advances in three areas of MeV astrophysics, 1) time domain                           
astrophysics in the MeV regime, probing particle acceleration in a broad range of galactic and extragalactic                               
objects, 2) deepest view of the entire MeV sky addressing the many new questions raised by Fermi . This is                                     
particularly relevant in the MeV energy band where most Fermi sources emit their peak power, 3)                               
exploration of the nuclear line universe, probing the creation of key elements created in explosive and                               
dynamic astrophysical environments. 
 
TECHNICAL CAPABILITIES 
 
Instrument: AMEGO will detect gammarays via Compton scattering at low energies (<~10 MeV) and pair                               
production at higher energies (~>10 MeV). In the Compton regime, the use of solid state technology                               
provides substantial performance improvements relative to COMPTEL, the Compton telescope flown on the                         
Compton GammaRay Observatory (CGRO). In the pair regime, AMEGO has been optimized for peak                           
performance at lower energies relative to FermiLAT by minimizing passive material (e.g. conversion foils) in                             
the tracker and enhancing low energy readout in the calorimeter. 
 

Energy range  0.2 MeV ‒ >10 GeV 

Angular Resolution  3 o  (1 MeV), 10 o  (10 MeV),  

Energy Resolution  <1% below 2 MeV; 15% at 2100 MeV; ~10% at 1 GeV 

FieldofView  2.5 sr 

Sensitivity (MeV s1 cm 2 )  4x10 6  (1 MeV); 4.8x10 6  (10 MeV); 1x10 6 (100 MeV) 

AMEGO 
submitted to NASA/Probe
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(a)

(b)

Figure 1: (a) Compton telescope detection principle shown with COSI detector model. A gamma-
ray will scatter several times in the germanium and stop with a photoabsorption event. The position
and energy of each of these interactions can be used to determine the total initial energy, Eg , and the
initial Compton scatter angle, q . The incident direction can only be constrained to an annulus due
to the missing information of the electron recoil direction. (b) COSI GeD array before integration.

Figure 2: COSI detectorhead with a cut-away
showing the array of GeDs enclosed in the cryo-
stat. The CsI shields surround four sides and
bottom of the cryostat, reducing the instrumental
background at float.

The cryostat is surrounded on the four
sides and bottom by 4 cm thick cesium io-
dide (CsI) shield detectors. The shields, which
constrain the field of view to 25% of the sky,
passively and actively block albedo radiation,
veto high-energy charged particles, and re-
ject incompletely absorbed events, therefore
significantly reducing the instrumental back-
ground.

3.2 Readout Electronics

Each of the 888 detector strips are
read out individually through a low-noise,
low-power analog signal processing chain.
The electrode signal is fed to preamplifiers
mounted to the side of the cryostat, and then
split into two pulse-shape amplifier channels:
a fast channel (170 ns rise time and 40 keV threshold) to record timing, and a slow channel (6 µs
shaping time and 20 keV threshold) to record energy.

3.3 Pre-flight Calibrations and Performance

Calibration and performance benchmarking tests were done in Wanaka, New Zealand, prior to
launch, see Figs. 3. See [13] and [14] for an in-depth discussion of the energy and depth calibrations
for COSI, [15] for an overview of the polarization calibration, and [16] for benchmarking results.
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(a) Crab Nebula (b) Centaurus A (c) Cygnus X-1

Figure 11: Preliminary images of three compact gamma-ray sources. The accepted energies for
these images are from 0-480 keV and 530-1500 keV, to exclude the 511 keV background line.

(a) DREP event observed on May 21st, 2016. (b) Microburst event observed on May 30th, 2016.

Figure 12: Light curves of DREP and microburst events as seen by COSI. (a) The DREP event
shows classic ULF timescales and has gamma-ray emissions up to roughly 2 MeV. (b) The mi-
croburst event, in which the strong gamma-ray emission does not exceed 300 keV, is characterized
by short bursts and shows a transition to a phase with longer timescales. Both figures use 1 second
bins and are not corrected for dead-time.

of the Galactic 511 keV emission, as well as the diffuse imaging of other Galactic nucleosynthesis
lines. Furthermore, the raw data is being scanned for SGR flares and possible GRB events missed
with the in-flight trigger mechanism.

The COSI collaboration is prepared to launch the same gondola again from Wanaka, New
Zealand, in 2019. In parallel, we are working on other advances relevant to COSI and future
upgraded missions. Firstly, there is a push to go to a finer GeD strip pitch of 0.58 mm, which
is expected to achieve an angular resolution of 2.7� at 511 keV. LBNL has delivered 0.50 mm
pitch GeDs to the GRIPS solar balloon instrument [19], proving the successful development and
functionality of these detectors. Secondly, NRL is leading a NASA ROSES program to develop
a Germanium Front-End ASIC designed to meet the readout requirements of the finer-strip COSI
detectors. On the software side, Andreas Zoglauer, of the COSI collaboration, will be working on
a NASA-funded project to enhance our Compton image reconstruction capabilities.
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COSI 
balloon experiment

• detector: Ge  
(0.2 - 5 MeV) 

• cryogenic (-200 C) 

• energy resolution 
0.3% (0.66 MeV) 

• angular resolution  
6 deg (0.66 MeV) 

• first successful 
flight in 2016

The 2016 SPB flight of COSI C. A. Kierans

Figure 9: Total sky exposure from the COSI
2016 flight using a simulated effective area at
356 keV.

Figure 10: Image and lightcurve of
GRB 160530A detected with COSI.

The minimum success requirement for the COSI/SPB 2016 campaign was 14 days afloat. With
9 out of 12 of COSI’s GeDs operating for 46 days and very minor issues with other subsystems,
the flight was declared a mission success.

5. Preliminary Results

With 46 days at float over a range of latitudes, COSI had an impressive exposure of the galactic
plane, Galactic Center, and some of the brightest g-ray sources in the sky, in addition to perhaps the
most thorough study of mid-latitude gamma-ray backgrounds at balloon altitudes. The exposure
map from the entire flight, using a simulated effective area for 356 keV, is shown in Fig. 9, and the
total integrated background from the flight is shown in Fig. 8.

GRB 160530A � Bright, long GRB 160530A, Fig. 10, was detected by COSI [17] and similar
observations by Konus-Wind and IPN confirmed the COSI absolute timing. Polarization analysis
of GRB 160530A, which can reveal information about GRB emission mechanisms (Sec. 2.2), is
underway.

Compact Object Detection � The detection of bright, compact gamma-ray sources confirms
our imaging capabilities. Measuring the polarization of such compact objects is one of COSI’s
main science goals, see Sec. 2.2. Work is being done to study the spectrum and polarization of the
Crab Nebula, Cen A, and Cyg X-1, see images in Fig. 11.

Microbursts and DREP Events � COSI observed several relativistic electron precipitation
(REP) events, which marks the first time these events have been detected with an all-sky imaging
gamma-ray detector. REP events are divided into two main categories: duskside relativistic electron
precipitation (DREP) and microburst precipitation. See [18] for a review of REP events and see
Fig. 12 for two such events observed by COSI. COSI’s time resolution, spectral resolution, imaging
and polarization capabilities, unprecedented in previous REP detections, are promising for further
understanding of these events.

6. Future Prospects

In addition to the topics listed above, work is progressing on the imaging and spectral studies
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Cherenkov Telescope Array
• ~100 IACTs of three sizes: L, M, S (20 GeV - 100 TeV) 

• 2 sites selected: Chile, La Palma 
observations planned to begin around 2022 

• worldwide collaboration (combines H.E.S.S., MAGIC, VERITAS) 
Polish participation: SST-1M prototype and much more



summary
• three main gamma-ray bands: 

MeV, GeV (HE), TeV (VHE) 

• different detection principles 
different detector designs 

• space-based (MeV - TeV) - trackers, calorimeters 
ground-based (10s GeV - PeV) - air showers 

• major gap in 1 - 30 MeV band: e-ASTROGAM 

• polarimetry is possible in MeV band 

• significant Polish participation: INTEGRAL, H.E.S.S., 
MAGIC, CTA, e-ASTROGAM

thank you!


