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Themes – some you already heard from
Justin Vadenbroucke and other speakers here:

•  Photon and particle interactions in matter
•  The same interactions that take place in an astrophysical source 

take place in our detectors!
•  Photons: photoelectric effect, Compton scattering and pair 

production.
•  The measurements are not direct, so deconvolution is necessary.
•  There is no single ideal scintillator: tradeoffs between properties 

depending on the application:
•  Absorption (density, Z)
•  Spectral resolution
•  Pulse width
•  Size availability
•  Cost,
•  …

•  Data fitting with likelihood:
•  Model comparison, parameter estimation, etc.
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§  Sodium iodide (NaI)
§  12.7 cm diameter X 1.27 cm thick
§  8 keV to 1 MeV

§  Bismuth germanate (BGO)
§  12.7 cm diameter X 12.7 cm long
§  200 keV to 40 MeV
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Mass attenuation 
coefficient μ:
T/T0 = exp (-μx), 
where
x is the column density 
of NaI traversed
in g cm-2.



2016 June 7 Fermi School 2016 6

Scintillation Spectrometry:
Gamma-Ray Spectrum 
Catalog
R. L. Heath (1957, 1964)

http://www4vip.inl.gov/
gammaray/catalogs/
catalogs.shtml
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GBM Detector Responses (Marc Kippen)
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Count spectrum (binned)
=

DRM  X  photon model

so:

Photons = DRM-1 X Data ?
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Count spectrum (binned)
=

DRM  X  photon model

so:

Photons = DRM-1 X Data ?

NO!
DRMs are nearly singular, and the data 
have statistical fluctuations, so this 
“solution” is unstable.
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Forward-folding fitting
1)  Assume a parameterized photon model.
2)  Select a fitting statistic – likelihood (or χ2)

3)  Calculate the count model using the DRM,
4)  Calculate the fitting statistics,
5)  Change the photon model parameters to improve 

the fitting statistic,
6)  Repeat steps 3 to 5 to optimize the model.

7)  The answer is based upon the model that you 
assumed – the process cannot automatically find 
the “true” model.

Typically analytic models are used, but one can also fit 
Monte Carlo models, in which the only parameter might be 
the normalization (intensity).
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These graphs do NOT show the data.   “Photons” are NOT the data, 
they are derived from the data and the model.
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“Counts” as recorded by the detectors are the data.
Models are best compared by their fitting statistics: likelihood, 
Χ2 (high count regime)



Issues
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•  Model comparison: unrelated versus nested
•  Nested models: Wilk’s Theorem
•  Is Wilk’s Theorem every valid for astrophysics?
•  Fitting algorithms: brute force, Levenburg-Marquardt, Simplex, 

Markov Chain Monte Carlo, …
•  Parameter estimation: error matrix (derivatives), mapping 

statistic, …  (see Numerical Recipes)
•  Ask the right question!
•  If in doubt, simulate!
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Terrestrial Gamma-ray Flash (TGF): 
data from two GBM BGO detectors
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Runaway Electron Avalanches by 
Relativistic Feedback 

about a factor of 10 below the conventional breakdown
threshold when effects of hydrometeors are included. How-
ever, in their paper, Dwyer et al.38 did not address the effects
of the feedback mechanisms. In this paper, the properties of
the feedback mechanisms will be explored for the Jovian
atmospheres as well as for air, and the thresholds for feed-
back in the Jovian atmospheres will be presented for the first
time.

The Jovian atmospheres are primarily hydrogen and he-
lium with only trace amounts of other species. Dwyer et al.38

showed that runaway avalanches are not sensitive to the ex-
act abundance of helium. Specifically, the helium abundance
made almost no difference for He/H2 mole fractions be-
tween 0% and 20%, a range that encompasses the abun-
dances in the four gas giants. In this paper, following Dwyer
et al.,38 the solar helium abundance value of 13.6% shall be
used for all calculations.

Dwyer et al.38 also investigated the effects that the am-
bient planetary magnetic fields have on runaway avalanches
in the gas giants. They found that under conditions likely to
be present for thunderstorms the magnetic fields have only a
minor effect on properties of the runaway avalanches. Only
for very low electric fields, near the runaway avalanche
threshold !Eth= "36.1 kV/m#! "n /no# for hydrogen-helium
where no=2.69!1025 m−3$, and only for the case of Jupiter,
do the effects of the planetary magnetic field become signifi-
cant. As shall be discussed below, the electric fields under
consideration here are high enough above this threshold
"e.g., E"60 kV/m at n=no# that the planetary magnetic
fields can be ignored for likely thunderstorm conditions.
However, for high altitude discharges, well above the typical
thunderstorm heights, the effects of the magnetic fields can
become important, so more detailed simulations should be
carried out for those circumstances.

Because lightning and, hence, runaway electrons likely
occur over a wide range of atmospheric pressures, and in
order to aid in the comparison with breakdown in Earth’s
atmosphere, all results are presented for gas molecular num-
ber densities equal to that of air at 1 atm under standard
conditions, i.e., no=2.69!1025 m−3. This density corre-
sponds to a pressure of 0.48 bar in Jupiter.51 However, no
generality is lost here, since all quantities can then be calcu-
lated for other gas densities using a simple scaling law as
will be explained below.

Using detailed Monte Carlo simulations, Dwyer et al.38

found that the runaway electrons avalanche "e-folding#
length for hydrogen-helium at "n=no# is well described by
the empirical formula, valid over the range
%40–2500 kV/m,

# =
6570 kV

"E + "2.91 ! 10−4 m/kV#E2 − 32.9 kV/m#
, "14#

where the electric field strength, E, is in kV/m "Ref. 38#.
This expression can be compared with the empirical formula
for air given by Eq. "13#. For a given electric field, the ava-
lanche length for hydrogen-helium is considerable smaller
than for air, due mainly to the lower ionization energy loss
rate in hydrogen-helium.

III. FEEDBACK THRESHOLD AND THE MAXIMUM
ELECTRIC FIELD

A. Results for relativistic feedback

Figure 2 shows an example of runaway electron ava-
lanches for air produced by relativistic feedback. Only the
center avalanche was produced by an external "1-MeV# seed
energetic electron, e.g., produced by an atmospheric cosmic-
ray particle. All the other avalanches are the result of rela-
tivistic feedback. The electric field used for this simulation
was 750 kV/m over 150 m at standard temperature and pres-
sure "STP#, which is about 1 avalanche length longer than is
necessary for the runaway electrons to be self-sustaining "$
=1#. This corresponds to a total potential difference slightly
over 100 MV. The electric field used in Fig. 2 is at least
three times smaller than the conventional breakdown field
for clear air and was chosen because at this value the two
principal feedback mechanisms "x-ray and positron feed-
back# are of approximately equal importance, allowing both
to be illustrated in one figure. For clarity, only about 1 in
1000 runaway electrons in the simulation "black lines# are
actually plotted in Fig. 2. Otherwise, the figure would be too
dense with electrons to see individual trajectories. All the
positrons are plotted as blue lines. Figure 2 is plotted for

FIG. 2. "Color# Results of the Monte Carlo simulation showing runaway
avalanches for air with the electric field E=750 kV/m. The black trajecto-
ries are individual runaway electrons. The blue trajectories are positrons.
The central avalanche is due to the injection of a single, 1-MeV seed elec-
tron. All the other avalanches are produced by x-ray and positron feedback.
The top panel is for times, t%0.5 &s, the middle panel is for t%2 &s, and
the bottom panel is for t%10 &s. If the simulation was not artificially ter-
minated at 10 &s, the number of runaway electrons would continue to grow
indefinitely.

042901-6 Joseph Richard Dwyer Phys. Plasmas 14, 042901 !2007"

Downloaded 23 Mar 2009 to 146.229.56.216. Redistribution subject to AIP license or copyright; see http://pop.aip.org/pop/copyright.jsp

t < 0.5 μs

t < 2 μs

t < 10 μs

Initial avalanche from
a single 1 MeV seed
electron.

Additional avalanches
produced by x-ray and
positron feedback. 

Black = Electron
Blue = Positron

E = 750 kV / m
for 150 m,
è110 MV potential

J. Dwyer 
(2007)
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X - 38 MAILYAN ET AL.: INDIVIDUAL TGF SPECTRA

Figure 6. Spectral histograms of TGF100909539, fit with the 10, 12, 15 and 20 km

altitude, wide and narrow models after pulse pile-up corrections. Narrow beam, low

altitude models best fit the data.

D R A F T June 2, 2016, 4:18pm D R A F T

The actual fits are performed using Poisson likelihood at the full 128 
spectral channel resolution of the GBM data. (B. Mailyan, submitted.)

MAILYAN ET AL.: INDIVIDUAL TGF SPECTRA X - 39
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Figure 7. The −2 logL values for the TGF100909539, after pulse pile-up correction.

The likelihood analysis shows that 10 km and 12 km, narrow beam models best fit the

data. The rate corresponding to the minimum is about 0.45 photons per µsec.

D R A F T June 3, 2016, 12:43pm D R A F T
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