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Large Area Telescope

12 NaI detectors 
(8keV—1MeV)

2 BGO detectors 
(200keV—40MeV)
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2 The GBM Detectors

The GBM flight hardware comprises a set of 12 Thallium activated Sodium Iodide crystals
(NaI(Tl), hereafter NaI), two Bismuth Germanate crystals (Bi4 Ge3 O13, commonly abbre-
viated as BGO), a DPU, and a PSB. In total, 17 scintillation detectors were built: 12 flight
module (FM) NaI detectors, two FM BGO detectors, one spare NaI detector and two engi-
neering qualification models (EQM), one for each detector type. Since detector NaI FM 06
immediately showed low-level performances, it was decided to replace it with the spare de-
tector, which was consequently numbered FM 13. Note that the detector numbering scheme
used in the calibration and adopted throughout this paper is different to the one used for
in-flight analysis, as indicated in Table 4 (columns 2 and 3) in the appendix.

The cylindrical NaI crystals (see Fig. 2) have a diameter of 12.7 cm (5”) and a thickness
of 1.27 cm (0.5”). For light tightness and for sealing the crystals against atmospheric mois-
ture (NaI(Tl) is very hygroscopic) each crystal is packed light-tight in a hermetically sealed
Al-housing (with the exception of the glass window to which the PMT is attached). In order
to allow measurements of X-rays down to 5 keV (original project goal [8]) the radiation
entrance window is made of a 0.2 mm thick Beryllium sheet. However, due to mechanical
stability reasons, an additional 0.7 mm thick Silicone layer had to be mounted between the
Be window and the crystal, causing a slight increase of the low-energy detection threshold.
Moreover, an 0.5 mm thick Tetratex layer was placed in front of the NaI crystal, in order to
improve its reflectivity. The transmission probability as a function of energy for all compo-
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Fig. 2 On the left: Schematic cross-section of a GBM NaI detector showing the main components. A picture
of a detector flight unit mounted on the calibration stand was taken in the laboratory during detector level
calibration measurements and is shown in the right panel
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Fig. 3 X-ray transmission of all individual layers of a NaI detector entrance window (the 0.2 mm thick
Beryllium sheet in blue, the 0.5 mm thick Tetratex layer in green, the 0.7 mm thick Silicone layer in red and
the sum of all components in black. The transmission at 10 keV is ∼ 30%

nents of the detector window’s system is shown in Fig. 3. Consequently, NaI detectors are
able to detect gamma-rays in the energy range between ∼ 8 keV and ∼ 1 MeV. The individ-
ual detectors are mounted around the spacecraft and are oriented as shown schematically in
Fig. 1 (left panel). This arrangement results in an exposure of the whole sky unocculted by
the earth in orbit.

The Hamamatsu R877 photomultiplier tube (PMT) is used for all the GBM detectors.
This is a 10-stage 5-inch phototube made from borosilicate glass with a bialkali (CsSb) pho-
tocathode, which has been modified (R877RG-105) in order to fulfill the GBM mechanical
load-requirements.

With their energy range extending between ∼ 0.2 and ∼ 40 MeV, two BGO detectors
provide the overlap in energy with the LAT instrument and are crucial for in-flight inter-
instrument calibration. The two cylindrical BGO crystals (see Fig. 4) have a diameter and
a length of 12.7 cm (5”) and are mounted on opposite sides of the Fermi spacecraft (see
Fig. 1), providing nearly a 4 π sr FoV. The BGO housings are made of CFRP (Carbon Fibre
Reinforced Plastic), which provides the light tightness and improves the mechanical stability
of the BGO unit. For thermal reasons, the interface parts are fabricated of Titanium. On each
end, the circular side windows of the crystal are polished in mirror quality and are viewed
by a PMT (same type as used for the NaI detectors). Viewing the crystal by two PMTs
guarantees a better light collection and a higher level of redundancy.

The output signals of all PMTs (for both NaIs and BGOs) are first amplified via linear
charge-sensitive amplifiers. The preamplifier gains and the HVs are adjusted so that they
produce a ∼5 V signal for a 1 MeV gamma-ray incident on a NaI detector and for a 30 MeV
gamma-ray incident on a BGO detector. Due to a change of the BGO HV settings after
launch, this value changed to 40 MeV, thus extending the original BGO energy range [8].
Signals are then sent through pulse shaping stages to an output amplifier supplying differ-
ential signals to the input stage of the DPU, which are combined by a unity gain operational
amplifier in the DPU before digitizing. In the particular case of BGO detectors, outputs from
the two PMTs are divided by two and then added at the preamplifier stage in the DPU.
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Fig. 4 On the top: Schematic cross-section of a GBM BGO detector. The right hand side of the schematic
is a cut away view, whereas the left hand side is an external view. The central portion contains the BGO
crystal (light blue), which is partially covered by the outer surface of the detector’s assembly. A picture of
a BGO detector flight unit taken in the laboratory during system level calibration measurements is shown in
the bottom panel

In the DPU, the detector pulses are continuously digitized by a separate flash ADC at a
speed of 0.1 µs. The pulse peak is measured by a separate software running in a Field Pro-
grammable Gate Array (FPGA). This scheme allows a fixed energy independent commend-
able dead-time for digitization. The signal processor digitizes the amplified PMT anode
signals into 4096 linear channels. Due to telemetry limitations, these channels are mapped
(pseudo-logarithmic compression) on-board into (1) 128-channel resolution spectra, with a
nominal temporal resolution of 4.096 s (Continuous High SPECtral resolution or CSPEC
data) and (2) spectra with a poorer spectral resolution of eight channels and better temporal
resolution of 0.256 s (Continuous high TIME resolution or CTIME data) by using uploaded
look-up tables.1 These were defined with the help of the on-ground channel-energy relations
(see Section 4.2). Moreover, time-tagged event (TTE) data are continuously stored by the
DPU. These data consist of individually digitized pulse height events from the GBM detec-
tors which have the same channel boundaries as CSPEC and 2 microsecond resolution. TTE
data are transmitted only when a burst trigger occurs or by command. More details on the
GBM data type as well as a block diagram of the GBM flight hardware can be found in [25].

Besides processing signals from the detectors, the DPU processes commands, formats
data for transmission to the spacecraft and controls high and low voltage (HV and LV) to the
detectors. Changes in the detector gains can be due to several effects, such as temperature
changes of the detectors and of the HV power supply, variations in the magnetic field at the
PMT, and PMT aging. GBM adopts a technique previously employed on BATSE, that is
Automatic Gain Control (AGC). In this way, long timescale gain changes are compensated
by the GBM flight software by adjusting the PMT HV to keep the background 511 keV line
at a specified energy channel.

1 The temporal resolution of CTIME and CSPEC data is adjustable: nominal integration times are de-
creased when a trigger occurs.

• BGO extends to higher 
energies (0.2 — 40 MeV)

• mounted on opposite sides of 
spacecraft

• two PMTs for better light 
collection and redundancy
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Gamma-ray Burst Detector Performance
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• angular response: shadowing by detector housing
• on-orbit simulation includes spacecraft blockage 

and scattering.

No. 1, 2009 FERMI GAMMA-RAY BURST MONITOR 799

Source Position (degrees)
-200 -150 -100 -50 0 50 100 150 200

)2
P

h
o

to
p

ea
k 

E
ff

ec
ti

ve
 A

re
a 

(c
m

0

20

40

60

80

100

120
32 keV
simulated
measured

279 keV
simulated
measured

662 keV
simulated
measured

Figure 12. Angular dependence of the NaI detector effective area.
(A color version of this figure is available in the online journal.)

5.2. High-rate Performance

Two effects typically impair performance of scintillation
detectors at high photon rates: dead time and pulse pile-up.
Dead time limits the maximum rate of digitized pulses. The
nominal dead time setting for GBM results in a fixed dead
time of 2.6 µs per event, independent of energy, except that
events that fall into the last (overflow) channel (4095) are always
assigned 10 µs dead time. The effective dead time is a mean
of these two values weighted by the total number of events in
spectral channels other than the overflow channel and those in
the overflow channel, respectively. This adds a weak spectral
dependence to the effective dead time of GBM.

Pulse pile-up occurs when the count rate is so high that the
pulses from successive events overlap in the detector front-end
electronics. This causes distortions in the measured spectrum
that are difficult to characterize. Studies were performed to
evaluate the effects of pulse pile-up in GBM. The effects were
quantified in terms of systematic errors in the determination
of the power-law slope and peak energy of a burst spectrum
characterized by a band function (Band et al. 1993) with peak
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Figure 13. Angular dependence of the BGO detector effective area.
(A color version of this figure is available in the online journal.)

energy of 200 keV and a high-energy index of −2.15 (Figure 14).
It was found that up to rates of 50,000 cps, the peak energy has
an error less than 1.5%, and the power-law index has an error
less than 0.6%. GRBs with peak fluxes of this magnitude in
individual detectors are expected to occur less than once per
year.

In GBM, there is an additional problem at high rates due to
the limiting data rate of the HSSDB. During an intense trigger
the total TTE count rate from all detectors could exceed the
HSSDB limit of 1.5 MB s−1 (= 375 k events s−1). In such a
case, TTE events are clipped at this maximum rate, resulting in
an irrecoverable loss of data. We have seen such effects during
intense SGR triggers, but not in any GRBs so far. Very short
events such as TGFs are unaffected, since they are completely
contained within the preburst TTE ring buffer.

5.3. On-orbit Background

Spectral and temporal properties of the background in the
NaI and BGO detectors are shown in Figures 15–18. Figures 15
and 16 show 2.4 hr accumulations of background spectra from

Figure 14. Pulse pile-up effect in the GBM DPU at a detector count rate of 100 kHz. The simulated band spectrum has input parameters of α = 1.24, β = 2.15, and
Epeak = 196.7 keV. The output spectrum when fitted has α = 1.17, β = 2.08, and Epeak = 184.4 keV.
(A color version of this figure is available in the online journal.)
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Figure 10. Dependence of the detector energy resolution for a NaI detector
(squares) and a BGO detector (triangles).
(A color version of this figure is available in the online journal.)

spacecraft structure) is determined with the help of Monte Carlo
simulations (see also Section 6.2), which are supported and ver-
ified by on-ground calibration measurements. The individual
detectors were extensively calibrated and characterized at the
Max Planck Institute for Extraterrestrial Physics (MPE) in 2005.
All flight and spare detectors were irradiated with calibrated ra-
dioactive sources in the laboratory (from 14 keV to 4.43 MeV).
The energy/channel relations, the dependences of energy res-
olution and effective areas on the energy and the angular re-
sponses were measured (Bissaldi et al. 2009). Due to the low
number of emission lines of radioactive sources below 100 keV,
calibration measurements in the energy range from 10 keV to
60 keV were performed with the X-ray radiometry working
group of the Physikalisch-Technische Bundesanstalt (PTB) at
the BESSY synchrotron radiation facility, Berlin. These cali-
brations were useful for mapping the detector response in the
region of the iodine k-edge at 33 keV. Calibrations with ra-
dioactive sources were also performed several times after the
detectors were installed on the spacecraft.

The understanding of the instrumental response of the BGO
detectors at energies above the energy range which is accessible
by common laboratory radiation sources (<4.43 MeV), is
important, especially for the later cross-calibration with the LAT
response in the overlap region between ∼20 MeV and 40 MeV.
In 2006 November the high-energy calibration of the GBM-
BGO spare detector was performed using a small Van-de-Graaff
accelerator at the Stanford Linear Accelerator Center (SLAC).
High-energy gamma-rays from excited 8Be∗ (14.6 MeV and
17.5 MeV) and 16O∗ (6.1 MeV) were generated through (p,
γ )-reactions by irradiating a LiF-target with ∼400 keV protons.

Light emitted by an inorganic crystal is generally proportional
to the energy deposited by the electron for energy greater than
∼400 keV, but shows significant nonlinearity at lower energy
(Leo 1992, p. 168). A prominent feature at 33 keV arises from
the K-edge in iodine. A similar behavior was observed with the
BATSE spectroscopy detectors (SD; Band et al., 1992).

The GBM detector calibrations are described in detail by
Bissaldi et al. (2009). Here, we summarize some of the major
results. The energy resolution versus photon energy is shown
in Figure 10 for both a NaI and a BGO detector. The displayed

Figure 11. Energy dependence of the effective area at normal incidence, for both
detector types. The lower panel includes the simulated effects of the spacecraft
for a representative detector.
(A color version of this figure is available in the online journal.)

data for the NaI detector excludes the BESSY results because
the BESSY X-ray beam irradiated only a ∼1 cm2 area of the
entrance window, which is not representative of the response
for full-disk irradiation. The dependence of the BGO detector
energy resolution includes the values of lines recorded with
radioactive sources and the width of the 17.5 MeV and 6.1 MeV
lines. The resolution was determined by accounting for the 511
keV single escape peaks for lines above 4 MeV. The 14.6 MeV
line is not included because it is intrinsically broadened. The
curves are fits using the formula FWHM2 = bE + cE2, where
the average values of b and c are 0.9 and 0.1 for NaI detectors,
and 3.0 and 0.036, respectively, for BGO detectors.

The 14.4 keV gamma-ray line from a calibrated (3%) 57Co-
source and the Kα/Kβ X-ray lines of 109Cd at 22.1 keV and
25 keV and 137Cs at 32.06 and 36.06 keV were used to
determine the transmissivity and effective area at low energies.
The dependence of the effective area on energy, determined at
normal incidence, is shown in Figure 11 for both detector types
in comparison with the simulated response. Agreement between
laboratory measurements and simulations (upper panel) is better
than ±5%, averaged over all detectors (A. S. Hoover et al. 2009,
in preparation). This is the estimated systematic uncertainty
in the simulated response incorporated into the shaded curves
of the on-orbit simulations of the lower panel. The on-orbit
simulations include the effects of spacecraft blockage and
scattering. In some cases the total effective area above a few
hundred keV is significantly increased due to photons that scatter
from the spacecraft into the detector.

The angular dependence of the NaI detector response
(Figure 12) and BGO-detector response (Figure 13) show shad-
owing effects of absorbing materials (e.g., detector housings,
PMTs, and FEE). In the case of the NaI detector the angular
response for the flat crystal is approximately cosine, but differs
for low energies (32.89 keV) and high energies (661.66 keV),
since at these energies the dependence of the transmissivity on
the angle of incidence is more important than at lower energies.



c. michelle hui fermi summer school 2018

GBM Sky Coverage

7

GBM instantaneous field of view: ~70% of the sky
~87% uptime (off during South Atlantic Anomaly)



c. michelle hui fermi summer school 2018

GBM Sky Coverage

7

GBM instantaneous field of view: ~70% of the sky
~87% uptime (off during South Atlantic Anomaly)



c. michelle hui fermi summer school 2018

GBM Sky Coverage

8

GBM instantaneous field of view: ~70% of the sky
~87% uptime (off during South Atlantic Anomaly)



c. michelle hui fermi summer school 2018

GBM Localization
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GBM Localization Method

• Localization is performed by comparing the relative observed rates from the 
GRB in each detector to the expected rates given that the GRB is emanating 
from any of equally spaced 41,168 points in SC Az/Zen

• This requires an assumption of the spectrum, and the sky grid limits to a 
statistical minimum uncertainty of 1 degree radius.

No. 1, 2009 FERMI GAMMA-RAY BURST MONITOR 793

Figure 2. Functional block diagram of GBM.

Figure 3. NaI(Tl)-detector flight unit, consisting of a 5′′ by 0.′′5 NaI(Tl) crystal
viewed by a PMT.
(A color version of this figure is available in the online journal.)

Table 1
NaI Detector Measured Orientations in Spacecraft Coordinates (see Figure 4)

Detector ID No. Azimuth (deg) Zenith (deg)

0 45.9 20.6
1 45.1 45.3
2 58.4 90.2
3 314.9 45.2
4 303.2 90.3
5 3.4 89.8
6 224.9 20.4
7 224.6 46.2
8 236.6 90.0
9 135.2 45.6

10 123.7 90.4
11 183.7 90.3

are polished to mirror quality, while the cylindrical surface
is roughened in order to guarantee a diffuse reflection of the
generated photons. The crystals are packed in a carbon-fibre
reinforced plastic (CFRP) housing that is held on both sides by
titanium rings. Titanium was to be chosen because its thermal
expansion coefficient is close to that of BGO. The CFRP

Figure 4. Locations and orientations of the GBM detectors.
(A color version of this figure is available in the online journal.)

wrapping provides light tightness and guarantees the mechanical
stability of the BGO units. The two rings serve also as holding
structures for the two PMTs which are mounted on both sides
of the crystals. The use of two PMTs results in better light
collection and provides redundancy. The BGO detectors are
mounted to a shell-type titanium holding structure. A picture of
a BGO detector is shown in Figure 5.

2.3. Photomultiplier Tubes (PMTs) and Front-End
Electronics (FEE)

In order to transform the scintillation light into an electronic
signal the crystals are viewed by PMTs. For both crystal types,
PMTs of the type R877-MOD from Hamamatsu Corporation

High Rates

Low Rates - 
Spacecraft Blockage

NaI 0

• Localization is performed by comparing the observed rates from the trigger in each detector 
to the expected rates  on a 1deg grid.

• Requires spectral assumption (3 templates), and sky grid limit to statistical minimum 
uncertainty of 1 deg radius. 
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GBM Triggering

The GBM Burst Advocate localizes the GRB usually within 
one hour after trigger.

After a period of 2-5 hours after the trigger, the Burst 
Advocate is able to perform a detailed duration estimate and 
spectral analysis

Fermi
GBM Trigger Timeline

10

Typical timeline

FERMI_GBM_ALERT ~10s triggered time, lightcurves

FERMI_GBM_FLT_POSITION ~30s flight location, classification, lightcurves

FERMI_GBM_GND_POSITION ~45s ground location, lightcurves, map

FERMI_GBM_FINAL_POSITION minutes —
hour final position, lightcurves, map (healpix)

Circular few hours temporal and spectral analyses, or 
misclassification report

GCN: The Gamma-ray Coordinates Network
Notices by Fermi-GBM:
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Triggering algorithms:
• In-orbit count rate increase in 2+ NaI detectors above adjustable threshold 

above background (70 algorithms operating simultaneously)
• between 4.5 and 7.5 sigma
• 10 timescales — 16ms up to 8.096s
• 4 energy ranges — [50-300], [25-50], >100, >300 keV

• Ground-based offline search for rate increase
• Long transients and persistent sources:

• Earth occultation
• Pulsar phase folding
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Data products:
• TRIGDAT, triggered data — mainly for localization and quick look 

— 1024/256/64 ms, 8 energy channels

• CTIME, continuous high time resolution  
— 256 (64) ms, 8 energy channels

• CSPEC, continuous high spectral resolution  
— 4096 (1024) ms, 128 energy channels

• TTE / CTTE, time tagged events  
— 2μs, 128 energy channels 
— Continuous TTE enabled Nov 2012, hourly files available

daily (triggered burst)

https://fermi.gsfc.nasa.gov/ssc/data/access/gbm/

https://fermi.gsfc.nasa.gov/ssc/data/access/gbm/
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Figure 3: Light curves of the two brightest trigger detectors combined (top); and of the two
brightest trigger detectors and the two BGO detectors after background subtraction (bottom).

GBM Triggers
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Figure 2: Light curves of the two brightest trigger detectors combined (top); and of the two
brightest trigger detectors and the two BGO detectors after background subtraction (bottom).
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Figure 4: Light curves of the twelve NaI detectors after background subtraction.

GBM Triggers
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Terrestrial Gamma-ray Flashes

Galactic — pulsars, magnetars
Gamma-ray Burst
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Solar flares
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Gamma-Ray Bursts

19

• Collapse of a massive star or merger of two 
compact objects.

• Collimated relativistic outflow.
• Prompt keV-MeV emission, afterglow in other 

wavelengths.
• Detected ~ once per day, distributed all over the sky.
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Gamma-Ray Bursts
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• Over 2000 GRBs have been detected since launching in 2008.
• 200 long GRBs / year -> massive star collapse.
• 40 short GRBs / year -> compact merger event.
• 52% within LAT FOV, 6% detected (14 / year).
• 13% seen by Swift (30 /year, 9 short GRB / year).
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Gamma-Ray Bursts
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– 26 –

Fig. 5.— Distribution of GRB durations in the 50–300 keV energy range. The upper plot shows

T50 and the lower plot shows T90. Also shown are the lognormal fits separately to long and short

GRBs (see text for details).

Duration distributions

– 24 –

Fig. 3.— The duration plot for GRB 131229A (bn131229277) is an example of the analysis for a

GRB showing multiple pulses of different widths and amplitudes, some well separated and some

overlapping. Data from NaI(Tl) detectors 9, 10 & 11 were used. Horizontal dotted lines are drawn

at 5%, 25%, 75% and 95% of the total fluence. Vertical dashed lines are drawn at the times

corresponding to those same fluences, thereby defining the T50 and T90 intervals.
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Fig. 8.— Classification based on the hardness-duration diagram. Here we show only GRBs with

hardness errors less than the hardness itself. Colors indicate their group membership (red: on

average short/hard, blue: on average long/soft). Ellipses show the best fitting multivariate gaussian

models. In the T90-HR case (bottom) the best model has components with equal volume and shape

(the major and minor axes of the ellipses are equal) but their orientation is not constrained. For

T50-HR (top) the best model has similar properties as for T90-HR, only the orientation of the

components is constrained to be the same (see Figure 9 for BIC values of different models).

Hardness Ratio
Short/Hard

Long/Soft
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GRB 170817A / GW 170817
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Binary neutron star merger and short gamma-ray burst association confirmed!
• GRB 170817A detected by GBM 1.7s after GW170817, a BNS merger event

• extensive electromagnetic followup resulting in detection of a kilonova.
• two components: initial GRB spike and weak thermal tail (blackbody kT ~10keV).

• joint science: 
• tightest constraint on speed of gravity (consistent with speed of light within 1e-15)
• constraints on neutron star equation of state
• open questions: merger and jet geometry, intrinsic properties, population characteristics
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Untargeted Search
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On ground blind search for below trigger threshold transients
• Extends the onboard trigger algorithms, with improved background model.
• GCN notice type Fermi-GBM SubThreshold now available. 

https://gcn.gsfc.nasa.gov/fermi_gbm_subthreshold.html 
• Time delay for notice range from 0.5 to 6 hours, due to telemetry schedule.
• List of candidates from older data (2013 and on) are available. 

http://gammaray.nsstc.nasa.gov/gbm/science/sgrb_search.html 
• Available with the GCN notice:
‣ Localization FITS file
‣ Contour sky map 
‣ Lightcurve 

More on Monday

https://gcn.gsfc.nasa.gov/fermi_gbm_subthreshold.html
http://gammaray.nsstc.nasa.gov/gbm/science/sgrb_search.html


c. michelle hui fermi summer school 2018

Science Overview
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Terrestrial Gamma-ray Flashes

Galactic — pulsars, magnetars
Gamma-ray Burst

6222%Fermi%GBM%triggers%

2238%GRBs%

1176%Solar%Flares%

275%Magnetars%

875%TGFs%

668%Others,%including%189%from%Swid%J0243.6+6124%and%169%from%V404%Cyg;%1041%par7cles%

Solar flares
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X-ray Bursts

25

• 1084 X-ray bursts detected between 2010 and 2013  
(Jenke et al. 2016).
• concentrated towards Galactic bulge.
• 1.4 detection per day at distance <10 kpc.
• Thermonuclear bursts: accreted matter piles up on surface of 

neutron star and trigger thermonuclear runaway when ignited.
• GBM measured average blackbody temperature 3.2 ± 0.3 keV.

• 84 bursts with kT>4 keV, cluster towards Galactic center, 
unknown type.

– 13 –

The localization of these events is also important in determining their nature. Figure 4

shows the location of all the events in the four categories in Galactic coordinates. The red

circles are the tXRBs and there is a large number distributed around the Galactic center

which is consistent with the distribution of the known type 1 XRBs. There is a smaller

cluster of events consistent with the location of 4U 0614+09. The aFXPs are shown as blue

circles and are in three clusters centered around A 0535+26, Vela X-1 and Sco X-1. The

green circles are the uGRBs which are distinguished by their isotropic distribution, while

the yellow circles represent the unknown sources and are generally located on the Galactic

plane clustering at the Galactic center.

uGRBs

aFXPs

tXRBs

uXRBs

Fig. 4.— Centroids of the localization of all events in Galactic coordinates. The red circles

are the locations of the tXRBs. The blue circles are the location of the aFXPs while the

green circles are the uGRBs. The error circles for the localization are generally larger than

the circles shown.

The left panel of figure 5 shows the duration distribution for the four categories.

Although durations were not calculated for the aFXPs, the duration of the original selected

events were used in the figure. The right panel shows the distribution of the durations for all

categories of events combined. The combined distribution is fit with a model (solid curve)

671 thermonuclear X-ray bursts
267 accretion flares and pulses
65 untriggered GRBs
84 unknown X-ray bursts

classification based on:
• location
• lightcurves
• spectral analysis



c. michelle hui fermi summer school 2018

Accretion Powered Pulsar Monitoring
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• Magnetized neutron star accreting matter from a supergiant or Be type 
companion star.

• Daily Blind search for new pulsars and outbursts
• Dedicated search

• search around known frequencies
• monitoring 39 systems, 36 detected

• Typically > 40,000 s on source every day

Roche lobe overflow Wind accretion Accretion from a Be star’s 
circumstellar disk 
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Accretion Powered Pulsar Monitoring
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Brightest pulsar detected by GBM — Swift J0243.6+6124

Frequency

Pulsed Flux

12-25 keV

25-50 keV

50-100 keV

• 9.8s pulsar discovered with Swift in early October 2017.
• 189 triggers, 42 on Nov 3 2017.
• Giant outburst up to 10x Crab in GBM band.

• pulses visible by eye in raw data
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Monitoring by Earth Occultation technique
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• Sources rise above and set below Earth’s horizon -> occultation step
• 200+ sources are monitored from X-ray binaries to Active Galactic Nuclei.

• 102 detections, 9 at >100 keV.

• Observed count rate is fit by a quadratic background + source
• Source count rate is modeled by assuming a spectrum and folding it through the 

detector response
• Typical Source exposure times are 3 ks/day
• First 3 years: 41 LMXBs, 31 HMXBs, 12 BHCs, 12 AGN, the Sun, and the Crab
• http://heastro.phys.lsu.edu/gbm

Earth Occultation of Persistent Sources

Wilson-Hodge+ 2012, ApJS, 201, 33

https://gammaray.nsstc.nasa.gov/gbm/science/earth_occ.html
C

ou
nt

 ra
te

Time

Visible

Not visible

Occultation
step

https://gammaray.nsstc.nasa.gov/gbm/science/earth_occ.html
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Monitoring by Earth Occultation technique
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• 200+ sources are monitored from X-ray binaries to Active Galactic Nuclei.
• 102 detections, 9 at >100 keV.

• Crab Nebula flux variations over the past decade, averaging 10% and  
up to 40% at 300—500 keV (Wilson-Hodge et al. 2011).
• Changes in shock acceleration or nebular magnetic field
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Science Overview

30

Terrestrial Gamma-ray Flashes

Galactic — pulsars, magnetars
Gamma-ray Burst

6222%Fermi%GBM%triggers%

2238%GRBs%

1176%Solar%Flares%

275%Magnetars%

875%TGFs%

668%Others,%including%189%from%Swid%J0243.6+6124%and%169%from%V404%Cyg;%1041%par7cles%

Solar flares
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Terrestrial Gamma-ray Flashes /
Terrestrial Electron Beam

31

• Brief flashes (<1 millisecond) of gamma rays from top of thunderstorm.  
• Charged particles accelerated by strong electric field, gamma rays produced via bremsstrahlung. 
• Temporal association with lightning detection by the World Wide Lightning  

Location Network (WWLLN), which also provides location.

http://wwlln.net/new/map/
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Terrestrial Gamma-ray Flashes /
Terrestrial Electron Beam
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Terrestrial Gamma-ray Flashes /
Terrestrial Electron Beam
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Follow-up of Other Transients

32

• GBM continues to be prolific in detecting GRBs and monitoring pulsars and Galactic 
transients with various detection and search algorithms.

• On-board triggers 
• Targeted search using input event time (+/- 30s)
• Untargeted search for subthreshold GRB candidate events (64ms—30s)
• Earth occultation technique (+/- 1 day timescale)

• Continued development of search pipelines for joint detection of astrophysical 
transients with neutrinos and gravitational waves.

More on MondayTargeted Search using continuous time tagged events:
• search for coherent signals in all detectors given input time and optional sky map
• sliding time window with 3 spectral templates, searching +/- 30s within input time
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Figure 1. The Fermi Gamma-Ray Space Telescope being prepared for launch
vehicle integration at Cape Canaveral. On top is the LAT with its reflective
covering. Six of the GBM NaI detectors and one BGO detector can be seen on
the side of the spacecraft. Photo credit: NASA/Kim Shiflett.
(A color version of this figure is available in the online journal.)

and the LAT. Secondary objectives are to provide near-real time
burst locations onboard to permit repointing of the spacecraft
to obtain LAT observations of delayed emission from bursts,
and to disseminate burst locations rapidly to the community of
ground-based observers. The GBM team will produce a catalog
of GRBs containing spectral, temporal, and location data.

Software onboard GBM detects and localizes bursts over the
entire unocculted sky and transmits information to the LAT and
to the ground in near real time. For particularly strong bursts, the
spacecraft is re-oriented to allow bursts detected by GBM to be
observed by the LAT for an extended time interval (nominally
5 hr). Since GBM will also trigger on solar flares, terrestrial
gamma flashes (TGFs) and soft gamma repeaters (SGRs), a large
amount of data are available for studies of these sources. When
not processing a burst trigger, GBM transmits background data
useful for a number of other studies, enabling a wide range of
guest investigations. These data will be used to monitor variable
X-ray sources using the earth occultation technique, as was
done using the Burst and Transient Source Experiment (BATSE)
on the CGRO (Harmon et al., 2002). Hard X-ray pulsars with
periods greater than a few seconds will be monitored using
Fourier transforms and epoch folding (Bildsten et al. 1997).

GBM is a collaboration involving scientists at the NASA
Marshall Space Flight Center, the University of Alabama in

Huntsville, the Max Planck Institute for Extraterrestrial Physics
in Garching, Germany, and the Los Alamos National Laboratory.
Overviews of GBM have been presented at several conferences
(e.g., Lichti et al. 2007; Meegan et al. 2007; Meegan et al. 2008).

1.4. GBM Hardware Overview

The GBM flight hardware comprises 12 thallium activated
sodium iodide (NaI(Tl)) scintillation detectors, two bismuth
germanate (BGO) scintillation detectors, a Data Processing
Unit (DPU), and a Power Box. Figure 2 shows a functional
block diagram of the GBM. The High Speed Science Data Bus
(HSSDB) is the primary channel for sending GBM science data
to the spacecraft for transmission to the ground. The Command
and Telemetry Data Bus (CTDB) transmits commands from
the spacecraft to GBM and housekeeping data from GBM to
the spacecraft. The CTDB is also used to send immediate
notifications of GRBs to the ground and for communications
between the GBM and LAT, as described in Section 4. The
pulse per second (PPS) signal provides a timing pulse to GBM
every second. The immediate trigger signal provides a prompt
notification to the LAT that GBM has triggered.

2. DETECTORS

2.1. NaI(Tl) Detectors

The NaI(Tl) detectors measure the low-energy spectrum
(8 keV to 1 MeV) and are used to determine the direc-
tions to GRBs. The crystal disks have a diameter of 12.7 cm
(5 inches) and a thickness of 1.27 cm (0.5 inches). They are
packed in a hermetically sealed light-tight aluminum housing
(NaI is hygroscopic) with a 0.6 cm thick glass window (the
glass is of the type NBK-7) with a diameter of 12.7 cm for
the photomultiplier tube (PMT) attachment. The glass is glued
to the Al housing with white Araldit. The entrance window is
a 0.2 mm thick Be sheet for low-energy response. However,
for mechanical reasons a 0.7 mm thick silicone layer had to
be placed in front of the crystals as well which determines the
low-energy threshold of 8 keV. In order to increase the light
output the crystals are packed in a reflective white cover of
Tetratec (on the front-window side) and Teflon (on the circum-
ference). A photograph of a NaI detector flight unit is shown in
Figure 3.

The axes of the NaI detectors are oriented such that the
positions of GRBs can be derived from the measured relative
counting rates, a technique previously employed by Konus and
BATSE. A table of the direction angles of the NaI crystals in
spacecraft coordinates are given in Table 1. The zenith angle
is measured from the spacecraft +Z axis, (nominally aligned
with the maximum effective area of the LAT), and the azimuth
is measured clockwise from the +X (sun-facing) side of the
spacecraft. The locations and orientations of the detectors are
illustrated in Figure 4.

2.2. BGO Detectors

The BGO detectors have an energy range of ∼200 keV
to ∼40 MeV, overlapping at low energy with the NaI(Tl)
detectors and at high energy with the LAT, thus providing for
cross-calibration. They are positioned at opposite sides of the
spacecraft so that any burst above the horizon will be visible to
at least one of them.

The crystals have a diameter and a length of 12.7 cm
(5 inches). The two circular glass side windows of the crystals
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Fig. 1. The Compton Gamma-Ray Observatory and one of the 8 BATSE detector modules (drawings courtesy of the National Space Science
and Technology Centre, Huntsville, AL, USA).

maximise the probabilty of detecting unknown or transient ob-
jects, such as Gamma-Ray Bursts (GRBs) or X-ray novae, in a
fixed time. The nature of hard X-ray and gamma-ray imaging
systems means that they often have much larger FOVs than is
possible at optical wavelengths. In the extreme case it is possi-
ble to observe the entire celestial sphere at once.

In high energy astronomy all-sky images have been pro-
vided between 0.1−2 keV by ROSAT (Snowden et al. 1997)
and >1 MeV by COMPTEL (Oberlack et al. 1996; Schönfelder
et al. 2000), but there is sparse information in the intervening
band, provided almost exclusively by the HEAO1-A4 experi-
ment of 1978−79 (Levine et al. 1984). This experiment con-
sited of two NaI/CsI phoswich detectors arranged so that they
observed simultaneously in opposite directions and spun about
an axis perpendicular to the optic axis and in the plane of the
ecliptic. This meant that it took 6 months for the whole sky
to be observed and so most areas of the sky were only sam-
pled two or three times during the 16 month mission. The
HEAO1-A4 survey catalogue contains 72 sources in four broad
energy channels ranging from 13−180 keV, at a flux sensitivity
of 14 mCrab. The A4 experiment suffered from some prob-
lems with changing efficiencies between the two detectors and
the sensitivity in the high energy band was limited; only 14
of the sources were detected at energies greater than 80 keV.
Although the HEAO1-A4 was an important mission the use-
fulness of the survey is limited by the low spectral range and
resolution and the fact that many transient sources were missed
because of the slow sampling of the whole sky.

The aim of this work is to show how the wealth of the
BATSE data set, which comprises 9 uninterrupted years of
all-sky monitoring, can be exploited to achieve the maximum
scientific gain.

2. The Burst and Transient Source Experiment

The Burst and Transient Source Experiment (BATSE) moni-
tored the whole sky continuously from April 1991−June 2000

as an experiment aboard the Compton Gamma-Ray
Observatory (CGRO) (Fishman et al. 1989a). It was de-
signed primarily to detect and locate GRBs (Fishman et al.
1989b). BATSE consisted of eight uncollimated 2025 cm2

NaI(Tl) Large Area Detectors (LADs), which had a com-
bined field of view of 4π steradians and were sensitive
from 20 keV−1 MeV. Also included in each detector
module was a spectral detector (SD) made of a smaller
127 cm2 NaI(Tl) crystal. The SDs were optimized for en-
ergy coverage and resolution, and were operated over the
range 10 keV−100 MeV. An illustration of CGRO and a
BATSE module can be seen in Fig. 1.

Data from the detectors were recorded in several formats,
of which two recorded by the LADs are of primary interest
for this work: the DISCLA data, consisting of 4 energy chan-
nels recorded in 1.024 s bins and CONT data, comprising
16 energy channels with a 2.048 s resolution. Triangulation be-
tween LADs was used to locate GRBs crudely, to within a few
degrees, depending on the strength of the flux (Briggs et al.
1999; Pendleton et al. 1999). BATSE was a highly succesful ex-
periment that detected almost 3000 GRBs in a mission which
far exceeded the nominal lifetime of the experiment. The ex-
periment was still providing good quality data when concerns
over degradation in the performance of the CGRO attitude con-
trol system lead to the satellite being de-orbited safely over the
Pacific in June 2000. The identification of GRBs with cosmo-
logical rather than local events can be largely attributed to the
wealth of data collected by BATSE (Meegan et al. 1992).

3. Earth occultation imaging with BATSE

It was realised before the CGRO launch that the angular res-
olution for non-transient gamma-ray sources could be greatly
improved, over that obtainable for GRBs, with knowledge of
the position on the sky of the Earth’s limb (Fishman et al. 1982;
Paciesas et al. 1985; Fishman et al. 1989b). A short description
of Earth occultation analysis of persistant gamma-ray sources

BATSE (Burst And Transient Source 
Experiment) [1991—2000]
• ~2700 GRBs (~one per day) 
• showed that GRBs are 

extragalactic
• temporal profile: short vs long
• discovered TGFs and soft gamma-

ray repeaters
• 8000 triggers over 9-year mission

Fermi GBM [2008 — present]

Future Gamma-ray Instruments:
talks by Jeremy and Judy  

next Thursday


