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1. Observational techniques1. Observational techniques
forfor

GRB detection and localizationGRB detection and localization



GRB prompt emission in a nutshellGRB prompt emission in a nutshell
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α● Broad range in variability time scales
− From ms to 103 s, presence of quiescent times
− No canonical evolution in the time history

● Spectral diversity and complexity (“Band model crisis”)
− Thermal and non-thermal components,

Cf. F. Daigne's lecture

GRB 090902B



The gamma-ray domainThe gamma-ray domain

Radio, sub-mm, IR, visible, UV Soft and hard

X rays

Nuclear

γ rays

HE and VHE 

γ rays

Reflection mirrors (including grazing incidence) Space-based γ's Ground-based γ's



● Photo-electric effect: absorption of a photon of energy 
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Interaction processes (1/2)Interaction processes (1/2)

3 main interaction processes of gamma rays with matter
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Interaction processes (2/2)Interaction processes (2/2)
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● Photo effect ~ Z4-5, E-3.5

● Compton ~ Z, E-1

● Pair creation ~ Z, increases with E

● High-Z materials
− Large stopping power (more absorbant than diffusive)

− Lower critical energy: E
crit

 ~ 800 MeV / (Z+1.2)

Energy (keV)
Lead (Z=82)



● Electrons ejected or created by the incident γ rays lose energy by ionization in the detection material
− Secondary electrons also ionize the material
− Amplification effect

● Gamma-ray space detectors take advantage of ionization processes
− Commonly used detection materials: gas, semi-conductors, scintillation materials

● Semi-conductors
− CdTe, CdZnTe, Si, Ge
− Fragile, can't be made (0.1-several mm) as big as scintillators 
− Pixelized readout, one channel per pixel
− Energy resolution ~10x better than scintillators...
− ...but need complex infrastructure (cooling)

● Crystal scintillators

− Cheaper than semi-conductors, offer high-Z materials

− Organic (“plastics”)
● light generated by fluorescence of molecules
● usually fast, but low light yield

− Inorganic: NaI(Tl), CsI(Na or Tl), BGO
● light generated by electron transitions within

the crystalline structure
● usually good light yield, but slow

Detection principlesDetection principles

Ge: 0.2% @ 1 MeV

NaI (top) vs. Ge (bottom)



Properties of some inorganic scintillatorsProperties of some inorganic scintillators



Vela spacecrafts (1967-1972)Vela spacecrafts (1967-1972)

• Pairs of satellites in Vela 5a/b and Vela 6a/b on opposite sides of 
the Earth (120 000 km orbit radius)

– Six 10 cm3 CsI scintillation counters (0.2-1.5 MeV)

• Timing of events with accuracy ~0.2 s, sometimes as good as 0.05 s

• Direction could be constrained

– From relative delays b/w trigger times of the different s/c units

– ~10 deg accuracy

• The first gamma-ray burst: GRB 670702



The Inter-Planetary NetworkThe Inter-Planetary Network

● Triangulation technique
− Each pair of s/c provides an annulus
− 3 s/c → two annuli intersecting in two boxes
− 4 s/c → one unique error box

● Accurate but slow
● Current IPN: 9 s/c equipped with γ-ray detectors 

(325 GRBs / yr)
● Effectively acts as a full time, all sky monitor

− 4 s/c have no planet blocking



GRB localization with scintillatorsGRB localization with scintillators

● GRB positions determined from relative counts
● Fast, but typical error radius of a few degrees

● CGRO/BATSE
− Large Area Detectors (LADs)

● NaI(Tl) 0.5 inch thick, 2025 cm2 each
● 40-600 keV

− Spectroscopy Detectors (SDs)
● NaI(Tl) 3 inch thick, 127 cm2 each
● 0.015-20 MeV

− 8 modules (1 LAD + 1 SD) at each s/c corner

● Fermi/GBM
− 12 NaI(Tl) detectors (0.08 keV – 1MeV)
− 2 BGO detectors (150 keV – 40 MeV)
− The onboard s/w compares the NaI rates to a 

table of calculated relative rates for each of the 
1634 directions (5o resolution) in s/c coord.

− The location with the best chi2 fit is converted 
into (RA, Dec) using s/c attitude information 
and transmitted to the ground 

BATSE aboard CGRO (1991-2000)

One of the 8
BATSE modules

The 12+2 GBM detectors



Coded apertures (1/2)Coded apertures (1/2)

● Coded mask technique
− Use photon straight propagation
− Based on the “camera obscura” principle

● Mask (opaque and transparent elements)
− Element size = H
− Distance from detector = L

− Mask dimension = D
M

● Position sensitive detector (e.g., Ge or CdTe)

− Dimension < mask dimension (D
D
 <  D

M
)

− Pixel size < mask element size 
● Two fields of view

− Fully coded: the mask-modulated source signal 
reaches all parts of the detector (~ constant 
sensitivity)

Θ
FC

 = atan [(D
M
-D

D
)/L]

− Partially coded (decreasing sensitivity)

Θ
PC

 = atan [(D
M+

D
D
)/L]

● Angular resolution: ∆θ = atan (H/L)
→ few arcmin GRB positions



Coded apertures (2/2)Coded apertures (2/2)

● Encoding of a 2-dim source distribution (i,j) into 
a 2-dim data space (k,l)

● Imaging matrix algebra
− S = distribution of source intensities in the FoV
− M = distribution of mask elements
− B = background noise on the PSD
− Intensity distribution on the PSD: D = S * M + B

D
k,l

= Sum
i,j
 [ S

i,j
 . M

i+k,j+l
 + B

k,l
 ]

● The sky image W can be constructed in a 
unique way if M is invertible
− i.e. there exists G such as M * G = δ

● In practice M * G defines the PSF
− The Uniformly Redundant Array (URA) meets 

the above conditions and minimizes the bkg
− W =  D * G = S + B * G

● The deconvolution (source detection and ghost 
cleaning) is an iterative procedure
− Source models are decoded, normalized and 

subtracted from the sky image



Pair-conversion telescopes (tracker and calorimeter)Pair-conversion telescopes (tracker and calorimeter)

● Event reconstruction from CAL-TKR interplay, 
e.g., for Fermi/LAT:
− Sum energy in CAL, fit axis & moments, 

estimate leakage (parametric, profile fitting)
− Link TKR hits into tracks & fit direction in 4 

ways (VTX or not, w/ CAL constraint or not)
− Project tracks to ACD & look for hits (not 

shown below)

● Nearly ideal γ-ray candidate (Fermi/LAT)
− Starts in middle of TKR
− Extra hits near track
− CAL axis aligned with TKR track
− CAL energy confined near axis

TKR hits (x's) and tracks 
(dashed line)

CAL energy deposit (boxes) 
and event axis (blue line)

Click here to watch the video

http://svs.gsfc.nasa.gov/vis/a020000/a020100/a020122/10167_Fermi_LAT_Instrument_MPEG4_1280X720_29.97.mp4


IRFs and likelihood formalismIRFs and likelihood formalism

● Uses lots of information optimally, which is a double-edge sword
− Issues with any of the IRFs can affect fits and can be difficult to disentangle

● A hypothesis testing tool: it can only tell you about what you put into the model
− Everything you observe has to be accounted for by some aspect of the model

● Model fitting through (extended) Maximum Likelihood Estimation of source parameters
− Binned or unbinned (event by event) “forward-folding” analysis
− Instrument Response Functions (IRFs): effective area, PSF and energy redistribution function
− Telescope response is a function of photon (true, reconstructed) energies (E, E') and directions (v, v')

● Expected count rate for a source flux F and an instrument response R

● Expected counts from the sum of the flux models

● Poisson probability to see n events given M expected, and log-likelihood function (binned fit) 



Orbital environmentOrbital environment

● Space devices are exposed to high
fluxes of accelerated particles
− Produce ionization effects similar to 

those due to cosmic photons
− Produce secondary photons in the 

surrounding material

● Fermi: cosmic ray (CR) flux and LAT trigger 
rates vary with orbit
− Related to rigidity cutoff
− Many CR components,

including γ-rays from back



Dissemination of GRB alerts with the GCNDissemination of GRB alerts with the GCN

The GRB Coordinates Network system distributes:
(http://gcn.gsfc.nasa.gov/gcn/)

● Notices: locations of GRBs and other transients 
detected by spacecrafts
− Most in real-time while the GRB is still bursting
− Others are delayed due to telemetry down-link

● Circulars and Reports: follow-up observations and
analyses made by ground-based and space-based
radio to TeV (and astroparticle) observers

http://gcn.gsfc.nasa.gov/gcn/


GCN circulars on GRB 130427AGCN circulars on GRB 130427A



GCN circulars on GRB 130427A: detection / z determinationGCN circulars on GRB 130427A: detection / z determination



FermiFermi GCN circulars on GRB 130427A GCN circulars on GRB 130427A



2.a. Current high-energy space missions2.a. Current high-energy space missions



Konus-Wind (1994-?)Konus-Wind (1994-?)

● Joint Russian-American experiment
● Two NaI(Tl) detectors: 13 cm diameter, 7.5 cm height

− Opposite faces of s/c → full sky coverage
− ~20 keV – 15 MeV energy range (present time)
− Effective area: ~100-160 cm2

● Triggers (Nov. 1994 – May 2012)
− 2145 GRBs – 1782 long (83%), 363 short (17%)
− 145 Swift/BAT GRBs (21%), including GRB 080319B!
− 92 GRBs with measured redshift

● Will be followed by Konus-UF
(10 keV – 15 MeV) onboard Spectr-UF /
World Space Observatory
(to be launched in 2016)

● IPN localizations of Konus short

GRBs: distribution of 3σ half-widths
of the 164 triangulation annuli
obtained using the distant s/c data

Pal'shin et al. 2013, arXiv:1301.3740



IPN localizations of Konus short GRBsIPN localizations of Konus short GRBs

● Left: timelines of the IPN missions / instruments since the launch of Wind in 1994
● Right: number of Konus short bursts observed by each mission

− For Konus-Wind: number of bursts observed by at least one other IPN s/c

Pal'shin et al. 2013, arXiv:1301.3740



The INTEGRAL mission (2002-?)The INTEGRAL mission (2002-?)

● INTErnational Gamma-Ray Astrophysics Laboratory
− Launched in Oct. 2002 (ESA M2 mission)
− Combines imaging and spectroscopy

● SPI spectrometer: emphasis on spectroscopy
− Coded mask + 19 high-purity Ge detectors (85 K)

● IBIS imager: emphasis on imaging
− Coded mask + 2 layers of pixel detectors:

ISGRI (CdTe) and PICsIT (CsI)
● X-ray monitor JEM-X

− 3-35 keV, 4.8° FoV, localization <20′′
● Optical monitor OMC

− 5° FoV, localization <8′′
● Science operations currently approved until 12/31/2014

Instrument SPI IBIS

Energy range 15 keV - 8 MeV 20 keV - 10 MeV

∆E/E 0.2% @ 1 MeV 7% @ 100 keV

Field of view 16o fully coded 9ox9o fully coded

Angular 
resolution

2o 12'

Source location 20' <1'

Timing accuracy 100 µs 67 µs

Sensitivity (106 s) 
cm-2 s-1 keV-1

7x10-8

@ 1 MeV
4x10-7

@ 1 MeV



GRB observations with INTEGRALGRB observations with INTEGRAL

● INTEGRAL Burst Alert System: real-time localizations
− Rate increase and imaging algorithms (15-200 keV)
− Time scales from 2 ms to 100 s are searched for

● More than 90 GRBs localized in real-time (a few 
exceptions), 7 redshifts

● GRB 041219A polarization
− IBIS used as a Compton polarimeter (200-800 keV)
− Events interacting once in the upper layer (ISGRI)

and once in the lower layer (PICsIT)
− Polarization dependency of the differential cross 

section for Compton scattering

● E
0
 (E') energies of the indicent (scattered) photon

● φ azimuthal angle w.r.t. polarization direction:

− Polarization angle: P.A. = φ0  − π/2 + nπ

− Polarization fraction: Π = a
0
 / a

100
, where a

100
 is the 

amplitude expected for a 100% polarized source



The The SwiftSwift observatory (2004-?) observatory (2004-?)

Gehrels et al. 2004, ApJ 611, 1005

● Burst Alert Telescope (BAT)
− Coded mask + CdZnTe
− 15-150 keV, 2 sr FoV
− Detects >100 GRBs / yr
− Centroid accuracy: 1' - 4'

● X-Ray Telescope (XRT)
− Grazing incidence imaging telescope
− 0.2-10 keV, narrow-field (24'x24') camera
− Centroid accuracy: 5”

● UV/Optical Telescope (UVOT)
− 30 cm telescope, 6 filters, 24 mag sensitivity
− Centroid accuracy: 0.5”

● Autonomous repointing (20-100 s)



The Burst Alert Telescope (1/2)The Burst Alert Telescope (1/2)

● Coded mask
− 2.7 m2, random pattern

(50% open, 50% closed)
− 50 000 lead tiles opaque to γ rays

● Detectors
− 32 768 fine pixels
− 128 pixels / modules, 256 modules
− 5240 cm2 detector area

1 BAT detector module



The Burst Alert Telescope (2/2)The Burst Alert Telescope (2/2)



The X-Ray TelescopeThe X-Ray Telescope

● The XRT must autonomously select readout modes 
suited to observations of GRBs and afterglows

● More details in K. Page's lecture



SwiftSwift triggers triggers

● BAT rate triggers
− Take a rate history in a specific energy range

and region
− Look on many time scales for an increase that 

exceeds threshold and pick the most significant
− Then use that ∆t, E to make a detector map
− Short (<64 ms) & long rate triggers

● BAT image triggers, 15-50 keV (FFT analysis)
− 64 s image: anything new found is called a GRB
− Images of 320 s or 5-42 min: anything new found 

is called a transient

● Initial image (rather than rate) triggers may be 
indicative of high-z bursts (b/c of time dilatation)

● 747 BAT GRBs as of March 2013
− 85% with X-ray observations <300 s
− 77% with X-ray detections
− 60% with optical detections (UVOT, ground)
− 237 with redshift (41 prior to Swift), 9 above z=5
− >60 short GRBs localized (0 prior to Swift)



SwiftSwift evolving observing time evolving observing time



SwiftSwift new operations initiatives new operations initiatives

● Enhanced BAT triggering
− Fluence triggering for long transients
− Galaxy position in BAT onboard catalog

● Automated / rapid tiling observations for
large error boxes
− Fermi/LAT low significance bursts
− Advanced Ligo / Virgo triggers
− Inter-Planetary Network
− Observe all tiles within one orbit (rather than 

multiple TOOs)
− 4 configurations

● 2x2 (~0.3 deg radius)
● 7 (~0.5 deg radius)
● 19 (~0.7 deg radius)
● 37 (~1 deg radius)

− Significant observing campaign, but worthwhile for 
high priority targets

● BAT sub-threshold catalog to be released and
real-time release from then on



• Large Area Telescope (LAT)

– Large field of view (2.4 sr @ 1 GeV)

– Sees the entire sky every 3 hours

– 20 MeV to >300 GeV

– Onboard and ground burst triggers

– Localization, spectroscopy

• Gamma-ray Burst Monitor (GBM)

– Sees the entire unocculted sky (>9.5 sr)

– 8 keV to 40 MeV

– 12 NaI detectors (8 keV to 1 MeV)

• Onboard trigger, onboard and ground 
localizations, spectroscopy

– 2 BGO detectors (150 keV to 40 MeV)
● Spectroscopy

Meegan et al. 2009, ApJ 702, 791

The The FermiFermi observatory (2008-?) observatory (2008-?)

Atwood et al. 2009, ApJ 697, 1071

LAT FoV

GBM FoV



Response of GBM detectorsResponse of GBM detectors



GBM triggers and alertsGBM triggers and alerts

● Increase of the solar cycle
● New TGF algorithm on Nov. 2009

● Onboard GRB trigger
− Two or more detectors over threshold
− More flexible algorithm compared with 

BATSE → better sensitivity to very short 
GRBs and long soft GRBs

− Onboard trigger classifications (solar flare, 
particle event, GRB, etc)

● Localization of GRBs by GBM
− GRB locations computed onboard (<2 s) to 

allow re-orienting the s/c in view of LAT 
afterglow observations

− On-board locations transmitted to the ground 
and distributed (GCN notices), with a typical 
latency of ~10 s

− On-ground automated locations: more 
accurate, typical latency of few 10's s

− Somewhat longer latency using human 
intervention

GBM triggers over the mission

GBM actions on triggering



GBM localizationsGBM localizations

● Bright GBM-detected bursts: location accuracy is limited by the incomplete knowledge of 
systematic effects (e.g., scattering in the s/c and the Earth's atmosphere)

● Flight software (FSW): at least one sky location for each trigger
− May compute more, depending on the intensity and duration of the event

● Automated on-ground locations: same timescales as chosen by the FSW but GCN notices are 
distributed only if the calculated error is smaller

● One or more on-ground locations by operations personnel

● FSW → on-ground improvement:
− Different binning of angular response 

tables (5o onboard, 1o on ground)
− 3 spectral models instead of 1
− Improved treatment of scattering from 

the Earth’s atmosphere

● Systematic errors of 6.6o and 3.9o

for the on-ground automatic and manual 
localizations

● Indication of non-Gaussian errors,
with an extended tail of large outliers 

W. S. Paciesas, M. S. Briggs,
V. Connaughton, C. A. Meegan,

GRB 2013 conference (Nashville)



The IPN supplement to the GBM catalog of GRBsThe IPN supplement to the GBM catalog of GRBs

Hurley et al. 2013, arXiv:1301.3522

● 491 bursts examined, 393 observed by at least one other instrument in the 9-s/c IPN
● Localizations of 146 GRBs could be improved by triangulation
● IPN localizations intersect the 1σ GBM error circles in only 52% of the cases, if no GBM systematic 

uncertainty assumed → 87% agreement if 6o GBM systematic uncertainty assumed
● IPN 1σ error boxes: areas between ~1 square arcmin and 110 square degrees

− On average, a factor of 180 smaller than the corresponding GBM localizations



The Large Area TelescopeThe Large Area Telescope

e+ e–

γ

● Sub-systems work together to identify and 
measure the flux of cosmic gamma rays

● Precision Si-strip Tracker
− 18 XY tracking planes
− Single-sided silicon strip detectors:

228 µm pitch, 880 000 channels

− Tungsten foil converters (1.5 X
0
)

− Measures the photon direction; gamma ID
● Hodoscopic CsI Calorimeter

− Array of 1536 CsI(Tl) crystals in 8 layers

− 3072 spectroscopy channels (8.5 X
0
)

− Hodoscopic array supports bkg rejection and
shower leakage correction

− Measures the energy; images the shower
● Segmented Anti-Coincidence Detector

− 89 plastic scintillator tiles
− Rejects background of charged cosmic rays
− Segmentation minimizes self-veto effects at 

high energy
● Electronics System

− Includes flexible, robust hardware trigger and 
software filters



The LAT sub-systems during integrationThe LAT sub-systems during integration

1 TKR module

1 CAL module ACD



LAT Instrument Response FunctionsLAT Instrument Response Functions

100 ms27 usDeadtime per event

0.4 sr~2.4 sr (@ 1 GeV)Field of view

0.54°0.25°Angular resolution 
(single photon, 10 GeV)

1500 cm2~ 9000 cm2Peak effective area

10%<18%Energy resolution 
(on axis, 0.1-10 GeV)

20 MeV – 30 GeV20 MeV to >300 GeVEnergy range

EGRETLAT



LAT localizationsLAT localizations



Fermi Fermi GRB detection statisticsGRB detection statistics

• The GBM detects ~250 GRBs / year, ~half in the LAT FoV

• The LAT detected 35 GRBs in 3 years (30 long, 5 short), including 7 “LLE-only” GRBs
– Bright LAT bursts with good localizations are all followed-up by Swift
– 10 redshift measurements, from z=0.74 (GRB 090328) to z=4.35 (GRB 080916C)
– 4 joint BAT-GBM-LAT detections: GRBs 090510, 100728A, 110625A, 110731A

11 months Fermi LAT count map

GBM LGRB: green circles
GBM SGRB: orange squares
LAT detections (35): blue squares

GBM 2-year catalog
LAT 3-year catalog 

Paciesas et al. 2012, ApJS 199, 18;  Goldstein et al. 2012, ApJS 199, 19 

Ackermann et al. 2013 (submitted to ApJS, arXiv:1303.2908)



Comparing Comparing SwiftSwift and  and FermiFermi GRB samples GRB samples

− Butler et al. 2007,
ApJ 671, 656
(see also Sakamoto et al. 
2011, ApJS 195, 2)

− Racusin et al. 2011,
ApJ 738, 138

− Goldstein et al. 2012, 
ApJS 199, 19

− Ackermann et al. 2013, 
arXiv:1303.2908



GRB 090926A multi-detector light curveGRB 090926A multi-detector light curve

• Correlated variability in various 
bands, with a sharp spike at 
T

0
+10 s

– All energy ranges 
synchronized (<50 ms)

– Low and high energies are
co-located or even causally 
correlated

• LAT >100 MeV emission is 
delayed (~4 s)

− Delay > spike widths

• LAT >100 MeV emission is 
temporally extended

– Well after the GBM prompt 
phase

– 19.6 GeV photon detected 
at T

0
+24.8 s

NaI 8keV-20keV

NaI 20keV-250keV

BGO 200keV-5MeV

LAT >10 MeV (LLE)

LAT > 100 MeV



GRB 090926A broad-band spectrumGRB 090926A broad-band spectrum

• Fluence = 2.2 x 10-4 erg cm-2

(10 keV - 10 GeV)

• E
iso
 = 2.2 x 1054 erg

• Extra component (power law)

– Starts delayed (~9 s)

– Persists at longer times

– Dominates > 10 MeV

• Spectral cutoff

– Significant in bin c,
marginally in bin d

– Shape not constrained 

• First direct measurement of the
jet Lorentz factor: Γ ~ 200-700

– If cutoff due to γγ absorption

– Model dependent

Ackermann et al. 2011, ApJ 729, 114



LAT Low-Energy event class & Pass 8 dataLAT Low-Energy event class & Pass 8 data

● Pass 6: release in Aug. 2009, pre-flight
● Pass 7: release in Aug. 2011, fix for so-called “ghosts” 
● Pass 8: a radical revison of event-level analysis

→ a “new” LAT in 2014!

− Experience gained in first phase of the mission

− Includes every aspect of the data-reduction process

PRELIM
IN

ARY

X3

+25%

M. Wood et al. 2012,
4th Fermi Symposium

Standard LAT data

LLE

BGO

NaI

● Most GRBs detected using the standard 
event selection above 100 MeV
(and likelihood technique)

● LAT Low-Energy (LLE) event class

− Higher background, higher effective 
area in the 10-100 MeV range and at 
larger off-axis angles

− Worse PSF than standard event 
classes (no localization possible)



Instrument timing and the ghost effectInstrument timing and the ghost effect

simulated γ ray

ghost signals
(taken from periodic
trigger)

● Low power budget → µs (not ns) electronics
● Sensitive to signals from out-of-time cosmic rays
● Depends on CR rate which varies with orbit



2.b. Future high-energy space missions2.b. Future high-energy space missions



Status of the Status of the SwiftSwift and  and FermiFermi missions missions

● Report of the 2012 Senior Review of the Astrophysics Division Operating Missions
− http://science.nasa.gov/astrophysics/2012-senior-review

● Swift (excerpts):
− “All instruments and systems are operating normally and there are no issues with expendables that 

would limit the lifetime. The orbit lifetime is beyond 25.”
− “Using triggers from Swift and Fermi will greatly increase LIGO sensitivity, and coincidences 

would confirm the association. Only Swift can provide the accurate positions required for redshift 
determination, which unlocks analysis of the physics of the gravitational wave detections.”

− “The team has responded admirably as the mission has evolved, maintaining the priority, quality, and 
quantity of observations for the primary GRB mission even as it has become a reduced part of the 
observing program.”

− “We recommend an extension through 2016 with review in 2014.”

● Fermi (excerpts):
− “Planned as a 10-year mission, designed for a 5-year prime phase that ends August 2013.”
− “Fermi is at the forefront of Time Domain Astronomy (TDA) and enables great flexibility in performing 

multi-wavelength observations with other telescopes.” 
− “Overlap with ALIGO will enable GBM to provide electromagnetic confirmation for ALIGO 

candidate detections of GWs from coalescing binaries.”
− “The first three years of Fermi have been very productive, and the committee believes we have yet to 

see the peak of Fermi’s science output.”
− “We recommend an extension through 2016 with a review in 2014.”

http://science.nasa.gov/astrophysics/2012-senior-review


ISS-LOBSTER (2017?)ISS-LOBSTER (2017?)

● Submitted to the 2012 NASA Astrophysics 
Explorer Mission of Opportunity AO
− Selection results pending

● Wide Field Imager (WFI)
− Curved Microchannel plate optic (40 x 40 cm)
− Focal plane CCD with 100 eV energy resolution
− 0.3-5 keV, 30o x 30o FoV 
− 1 arcmin position resolution
− Fast repointing capability (1.5o / s)
− Will follow-up Advanced Virgo/LIGO GW 

position contours within minutes

● Gamma-ray Transient Monitor (GTM)
− Single NaI scintillator identical to Fermi/GBM
− 10-1000 keV
− View 2π sr unocculted by Earth and ISS
− Provides GRB triggers
− No positional information

J. L. Racusin et al.,
GRB 2013 conference (Nashville)



SVOM (2018?)SVOM (2018?)

● “Space-based multi-band astronomical Variable 
Objects Monitor”, launch 2018(?), >3 years

● Chinese Space Agency & CNES
● Spacecraft

− LEO orbit, 30o, nearly anti-solar pointing
− Repointing in <5 min
− VHE transmission to ground (like HETE-2)

● ECLAIRs (low-energy threshold)
− Coded mask + 80 x 80 CdTe detectors
− 4-150 keV, ~2 sr FoV
− ~80 GRBs / yr with fast loc. (~10 arcmin, 90%)
− Positions <1 min to ground

● Gamma-Ray Monitor (GRM)
− 0.05-5 MeV (NaI/CsI), ~2 sr FoV
− Non-imaging spectro-photometer → GRB Epeak

● Micro-channel X-ray Telescope (MXT)
− 0.2-10 keV, 64'x64'
− <17'' loc. (50% GRBs)

● Visible Telescope (VT)
− 400-950 nm, 24'x24' 
− <1'' loc., 22.5 mag in 300 s

(better than Swift/UVOT)

● Ground Segment (~20% of SVOM GRBs)

Ground-based Wide Angle Camera (GWAC):
− ~8000 deg2, monitors ECLAIRs FoV
− 400-950 nm, 15 mag in 10 s

Two robotic Ground-based Follow-up 
Telescopes (GFTs):
− <0.5'' loc., photometric z

(+NIR for the French GFT)



SVOM (2018?)SVOM (2018?)

● Synergy between the SVOM instruments
− ECLAIRs: GRB detection & localization (image / count-rate trigger) 

− GRM: E
peak

 measurement up to 500 keV

− MXT: refine the GRB position, afterglow follow-up observations
− VT: refine the GRB position, afterglow follow-up observations, photo-z, dark GRBs, GRB SNe
− GWAC: prompt optical emission
− GFTs: prompt optical emission of long GRBs, identification & localization of afterglow,

localization of dark GRBs, follow-up of the early afterglow in NIR/optical
● Optimized pointing strategy will facilitate observations and redshift measurements

145 redshifts in 3 years, ~12 with z>5

Godet et al. 2012, SPIE 84431O



SVOM (2018?)SVOM (2018?)

Godet et al. 2012, SPIE 84431O

● See also the review of robotic optical telescopes in 
A. Klotz's lecture



GAMMA-400 (2019?)GAMMA-400 (2019?)

● Mission confirmed by Russian Federal Space 
Agency (Roscosmos) – launch end of 2018
− L2 or high elliptical orbit, >7 years

● Astroparticle space experiment
− Gamma rays: ~4000 cm2 at 100 GeV

100 MeV (or lower) – 3 TeV, ~1.2 sr FoV
− Electrons / positrons 1-3000 GeV
− Nuclei 250 GeV/n to 1015 eV/n

● Design being improved

● ACD: scintillators (AC)
● TKR: converter-tracker (C) of ~25 double Si 

layers interleaved with W conversion foils
● Time of flight system (S1 / S2), scintillators (S3 / 

S4), lateral detectors (LD), Si strip coordinate 
detector (CD1)

● CAL (25 X
0
 total at normal incidence):

− CC1 (imaging): 4 layers of double Si layers 
interleaved with W planes

− CC2: EM calorimeter (BGO crystals)

● Konus-FG GRB monitor

Galper et al. 2013, AdSpR 51, 297

~0.02° ?0.2°Angular resolution 
(>100 GeV)

~1%10%Energy resolution
(>100 GeV)

0.1-3000 GeV20 MeV to >300 GeVEnergy range

GAMMA-400Fermi/LAT



LOFT (2022?)LOFT (2022?)

● “Large Observatory For x-ray Timing”
● ESA M3 mission candidate (assessment phase)

● Large Area Detector (LAD)
− 2–50 keV, peak effective area of ~10 m2

● Wide Field Monitor (WFM)
− Coded mask imager
− 2-50 keV, ~4 sr FoV

Feroci et al. 2012, Exp Astron 34, 415

Amati et al. 2013,
arXiv:1302.5276



Future telescopes for MeV gamma-ray astronomy?Future telescopes for MeV gamma-ray astronomy?

● Post-Integral area: a white spot on the high-energy astrophysics roadmap
● Some Compton telescope / mission concepts

− ESA M3 call: GRIPS/GRM (Greiner+07), CAPSiTT (Lebrun+11), DUAL/ASCI (von Ballmoos+11)
− ACT (Boggs+06): NASA mission concept study
− HARPO (Bernard+12, arXiv:1211.1534)
− Etc



Scientific perspectives in the MeV domain?Scientific perspectives in the MeV domain?

● “Scientific perspectives in the MeV domain” – January 2013 Workshop (APC)
− https://indico.in2p3.fr/conferenceDisplay.py?confId=7243

● Performance requirements for GRB studies:

https://indico.in2p3.fr/conferenceDisplay.py?confId=7243


3. Prospects for GRB observation3. Prospects for GRB observation
at very high energies withat very high energies with

ground-based gamma-ray experimentsground-based gamma-ray experiments



● Several tens-of-GeV photons in the rest frame
● GRB 080916C: 27.5 GeV photon at T

0
+40.5 s (~150 GeV rest frame, z=4.35) from Pass 8 analysis

● GRB 090902B: 33.4 GeV photon at T
0
+81.8 s

● Encouraging for VHE observatories (HAWC, CTA)

FermiFermi/LAT highest-energy detected photons/LAT highest-energy detected photons

Event list from time-resolved likelihood analysis



Extrapolating Extrapolating FermiFermi/LAT spectra to VHE?/LAT spectra to VHE?

● 9.3 GRBs expected / year >100 MeV with >10 photons

− Pre-launch estimates (Band et al. 2009)
● 6.3 GRBs observed / year >100 MeV with >10 photons

− Number of “predicted” photons from likelihood fit

● Fewer GRBs than anticipated

− Extra PL components must be rare
● Is the prompt high-energy emission suppressed?

− Like for GRB 090926A

● Afterglows of LAT bursts are bright
− Photon spectral index ~ -2
− Rest-frame luminosity (100 MeV – 

10 GeV) decays as t-1 at late times



The development of Extended Air ShowersThe development of Extended Air Showers

● Interaction of a γ−ray or hadron in the atmosphere (~10 km)
− Cascade develops, then decays through bremsstrahlung

and other losses
− Hadronic showers are the main background

● Gamma-ray showers
− Electromagnetic cascade is simpler than hadronic:

● e± pair created by γ−ray
● γ-ray production by e± bremsstrahlung

− γ-ray showers more regular and smooth than hadronic 
showers (larger transverse momentum and electromagnetic 
sub-showers, more fluctuations)

● Emission of Cherenkov light by charged secondary particles 
(relativistic speed v>c/n) γ e

+

e-



Detecting very high-energy gamma raysDetecting very high-energy gamma rays

● Imaging Atmospheric Cherenkov Telescopes 
record the Cherenkov light produced by secondary 
particles in the atmosphere

● Limited FoV (~5o) → pointing instruments
● Low duty cycle (~10%): observations only during 

clear and moonless nights
● Cherenkov light pool on ground → very large 

effective area (~105 m2) can be achieved
● Excellent gamma / hadron separation and 

angular resolution from image analysis

● Water ponds or tanks detect charged particles 
and secondary gamma rays on ground

● Large FoV (~1 sr) → source surveys
● High high duty cycle (~100%)
● Lower rejection power than IACTs → limited 

sensitivity
● High altitudes needed for a not-too-high energy 

threshold (the shower must reach the ground)



Imaging Atmospheric Cherenkov TelescopesImaging Atmospheric Cherenkov Telescopes

● The atmosphere is the calorimeter
● Cameras with fine pixels

− Selection of electromagnetic showers from 
the form of the images (and direction for 
point like sources)

● Stereoscopy
− Improves selection and angular resolution

(4' to 6')
− ~15% energy resolution from collected light 

and reconstructed shower impact parameter
CTA



The Cherenkov Telescope ArrayThe Cherenkov Telescope Array

● Two arrays (North & South)
 → full sky coverage

● Large Size Telescopes (LSTs)
− A few 23-m diameter telescopes
− ~20 GeV to 1 TeV

● Medium Size Telescopes (MSTs)
− Core array: ~40 12-m telescopes
− ~1 km2 array, 100 GeV to 10 TeV
− Sensitivity of ~1 mCrab at 1 TeV

● Small Size Telescopes (SSTs)
− ~40 6-m telescopes on a ~10 km2 

area
− Energies > 10 TeV



CTA response functions and sensitivityCTA response functions and sensitivity

2' resolution >1 TeV

● Possible array configurations

● Integral sensitivity for a point source
observed 50 h at zenith angle of 20o

Actis et al. 2011, Exp Astron 32, 193



GRB observations with CTAGRB observations with CTA

● The Fermi/LAT signal is limited above 10 GeV
● GRB observations at very high energies need

− Low-energy threshold to fight the EBL
→ strongly depends on the LST performance
(few 10's GeV threshold)

− Fast repointing: 180o in 20 s (LSTs)
● Scanning mode possible

● CTA GRB rate: estimates range from
1 GRB every 20-30 months to 1-2 GRBs/yr

● Intrinsic spectrum extrapolated from Fermi/LAT
● Spectrum determination between 50 GeV and 

100 GeV (if no spectral break <100 GeV)

Inoue et al. 2013, APh 43, 252
Gilmore et al. 2013, Exp Astron 35, 413

Funk & Hinton 2013, APh 43, 348



The HAWC experimentThe HAWC experiment

● High-Altitude Water Cerenkov detector
− 4100 m a.s.l., 249 km East of Mexico city
− Latitude of 19o N

● Second generation of technique 
developed for Milagro (2000-2008)

● 300 water tanks
− 7.3 m diameter x 4.5 m deep
− Covering 22 500 m2 area
− 4 PMTs each

● Depth and spacing of PMTs optimized for 
γ-ray sensitivity from 100 GeV to 100 TeV

Abeysekara et al. 2012, APh 35, 641



GRB observations with HAWC (1/2)GRB observations with HAWC (1/2)

● Main DAQ
− Trigger rate ~8 kHz
− Gives direction, species, and energy of 

primary particle

− Angular resolution of 0.1o can be 
achieved at E > 5 TeV

− Rejection of hadronic showers relies on 
the shower lateral size and high 
amplitude pulses produced by muons

● Scalers
− Measure PMT counting rates
− A sudden increase in counting rates may 

reveal a GRB
− Energy threshold of a few GeV

GRB 090510



GRB observations with HAWC (2/2)GRB observations with HAWC (2/2)

Main DAQ sensitivity at 20o zenith angle (1 s 
duration) and for various values of a sharp 
high-energy spectral cutoff

● Completing 4 tanks / week
● 100 tanks operating continuously by 

August 2013 (5x Milagro sensitivity)
● 300 tanks expected to be complete by 

August 2014 (15x Milagro sensitivity)
● HAWC-300: Crab at 5σ in one day

Abeysekara+12, Aph 35, 641

Jan 2013

Main DAQ and scalers sensitivity at 20o zenith angle for 
vasious redshifts, including absorption by Extragalactic 
Background Light



The endThe end



More?More?

  "Gamma-Ray Bursts : the brightest explosions in the Universe",
  G. Vedrenne & J.-L. Atteia, Springer & Praxis Publishing, 2009

  "Gamma-ray Bursts", Cambridge University Press (Astrophysics Series 51),
  Edited by C. Kouveliotou, R. Wijers & S. Woosley, 2012

  "Astronomie gamma spatiale", J. Paul & P. Laurent,
  Gordon and Breach Science Publishers, 1997

  "Observational astrophysics", P. Léna, D. Rouan, F. Lebrun, F. Mignard & D. Pelat,
  Springer Astronomy and Astrophysics Library, 3rd edition, 2012
  

  "High-energy Astrophysics", M. S. Longair, Cambridge University Press,
  2nd edition volume 1, 1992

  Lectures of the 2011 School of Astroparticle Physics... on gamma-ray astronomy!


