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Abstract Thunderstorms are known to create terrestrial gamma ray flashes (TGFs) which are
microsecond-long bursts created by runaway of thermal electrons from propagating lightning leaders, as
well as gamma ray glows that possibly are created by relativistic runaway electron avalanches (RREA) that
can last for minutes or more and are sometimes terminated by a discharge. In this work we predict a new
intermediate thunderstorm radiation mechanism, which we call TGF afterglow, as it is caused by the capture
of photonuclear neutrons produced by a TGF. TGF afterglows are milliseconds to seconds long; this duration
is caused by the thermalization time of the intermediate neutrons. TGF afterglows indicate that the primary
TGF has produced photons in the energy range of 10-30 MeV; they are nondirectional in contrast to the
primary TGF. Gurevich et al. might have reported TGF afterglows in 2011.

Plain Language Summary Thunderstorms are known to create high-energy radiation, such as
short flashes of gamma rays called terrestrial gamma ray flashes (TGFs) and long duration gamma ray glows.
Whereas TGFs are the result of the developing lightning discharge, lightning is observed to terminate the
usual gamma ray glows. In this work we predict a new intermediate thunderstorm radiation mechanism,
which we call TGF afterglow. It is causally related to a TGF as it is formed by intermediate neutrons generated
in the TGF through the photonuclear interaction. It is of intermediate duration, longer than the microsecond
fast TGF and faster than the seconds to minutes long gamma ray glow. We show, by means of Monte

Carlo simulations, that TGF afterglows produce detectable signals above the cosmic ray background. TGF
afterglows might have been observed by Gurevich et al. in 2011.

1. Introduction

Thunderstorms emit energetic radiation of different types. Best known are Terrestrial Gamma ray Flashes
(TGFs) which are microsecond-long bursts of photons that were first observed from space (Briggs et al., 2010;
Fishman et al., 1994); they can be accompanied by bursts of electron positron pairs (Briggs et al., 2011; Dwyer,
Grefenstette, et al., 2008). On the other hand, gamma ray glows last much longer, for minutes or even hours;
they have been observed on ground, from balloons and aircraft (Adachi et al., 2008; Chilingarian et al., 2010,
2011; Eack et al., 1996; McCarthy & Parks, 1985; Torii et al., 2002; Tsuchiya et al., 2007;). Chilingarian et al. call
them thunderstorm ground enhancements, which refers to the fact that the detector is located on ground.

The different properties of flashes and glows have been related to different physical mechanisms. TGFs orig-
inate from cold runaway (Gurevich, 1961) where thermal electrons accelerate to tens of MeV in the strong
electric fields of a propagating leader discharge. TGFs appear in bursts that last for microseconds to millisec-
onds with a temporal distribution sketched in Figure 1; they correlate with leader propagation. Researchers
have investigated how the streamer phase (Chanrion & Neubert, 2010; K6hn et al.,, 2016; Li et al., 2009; Moss
et al., 2006) or the leader phase (Celestin & Pasko, 2011; Celestin et al., 2012; Chanrion et al., 2014; Kéhn
et al,, 2014; Kéhn & Ebert, 2015) could accelerate electrons to energies that could explain the gamma rays
as an effect of bremsstrahlung. Experimentally cold runaway has been found in pulsed discharges (Kostyrya
et al., 2006; Shao et al., 2011; Tarasenko et al., 2008) and during the formation of meter long laboratory sparks
(Cooray et al., 2009; Dwyer, Saleh, et al., 2008; Kochkin et al., 2012, 2015, 2016; Nguyen et al., 2008; Noggle
et al., 1968; Rep’ev & Repin, 2008). Glows, on the other hand, would originate from relativistic runaway elec-
tron avalanches (RREA) (Dwyer, 2003; Gurevich et al., 1992), with feedback of photons and positrons creating
new avalanches (Babich et al., 2005; Dwyer, 2007, 2012); they evolve on the time scale of seconds to minutes

RUTJES ET AL.

TGF AFTERGLOWS 10,702


http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-8007
http://orcid.org/0000-0001-8349-092X
http://orcid.org/0000-0003-4475-2741
http://orcid.org/0000-0003-3646-7756
http://orcid.org/0000-0003-3891-6869
http://dx.doi.org/10.1002/2017GL075552
https://doi.org/10.1002/2017GL075552

@AG U Geophysical Research Letters 10.1002/2017GL075552

Distribution of durations

TGFs

5F afterglo

L I A A A A A Y

us ms s min h

Figure 1. Sketch of the distribution of durations of TGFs, TGF afterglows, and gamma ray glows.

and even hours, as sketched in Figure 1 as well. Whereas lightning leaders produce TGFs, lightning is observed
to terminate gamma ray glows (Chilingarian et al., 2015; Kelley et al., 2015; McCarthy & Parks, 1985).

Here we predict a new intermediate thunderstorm radiation mechanism, which we call TGF afterglow, that
evolves on the time scale of milliseconds to seconds, as also sketched in Figure 1. In short, when photons in
the TGF are energetic enough to release neutrons from air molecules by a photonuclear reaction, the neutrons
have initial energies of tens of MeV and slowly cool down through collisions with nuclei of air molecules (as
neutrons have no electric charge). During thermalization they can be captured again by nuclei and sometimes
with the release of a high-energy photon, hence, in those cases reverting the photonuclear reaction.

That thunderstorms produce neutrons is observed (Bratolyubova-Tsulukidze et al., 2004; Chilingarian et al.,
2012; Gurevich et al., 2012; Gurevich et al., 2015; Kozlov et al,, 2013; Shah et al.,, 1985; Shyam & Kaushik, 1999;
Starodubtsev et al., 2012; Toropov et al.,, 2013) and the relevant generation channels have been identified
(Babich, 2006; Babich & Roussel-Dupré, 2007; Babich, 2007; Babich et al., 2014; Fleischer et al., 1974) as pho-
tonuclear reactions y + N — n+ 3N, y + 0 — n+'°0,and y +*°Ar — n + 3°Ar, with threshold energies of
ey = 10.55MeV, ¢, = 15.7 MeV, and ¢4, = 9.55 MeV, respectively (Dietrich & Berman, 1988). The photonuclear
cross section is maximal for photons of roughly 23 MeV, creating neutrons of roughly 13 MeV; for a further
discussion of the energy spectrum of the neutrons, we refer to Babich et al. (2010). Electrodisintegration reac-
tions (where electrons react with nuclei) could contribute to neutron generation as well, but their contribution
is negligible (Babich et al., 2014). The simulations by Babich et al., (2007, 2008), Carlson et al. (2010), Drozdov
et al. (2013), and Kéhn and Ebert (2015) have focused on neutron production from TGFs, with the number
of neutrons produced by a typical TGF varying from 10'? neutrons by Carlson et al. (2010) to 10'> neutrons
by Babich et al. (2007, 2008). This is mainly due to different assumptions of the total number of photons and
their spectrum, or of the initial electrons that create the photons by bremsstrahlung. These studies focus on
the neutron emission, and we will return to them in section 2. The present study addresses for the first time
the prolonged and relocated gamma ray glow generated by the nuclear capture of the neutrons during their
thermalization.

Gurevich et al. (2011) have recently observed gamma ray emissions lasting 100 to 600 ms during lightning
activity, with some inner temporal structures with durations that are too long for a TGF, which on ground
maximally lasts a few hundreds of microseconds. These observations might be the first measurement of
TGF afterglows. We will return to these observations in section 3 to illustrate how TGF afterglows would
qualitatively appear in measurements.

2. Simulations

2.1. Setup of Simulations

Here we present two simulations made with the general purpose Monte Carlo code FLUKA [www.fluka.org]
(Bohlen et al., 2014; Ferrari et al., 2005), which performs very well in the energy regime relevant for TGFs
(Rutjes et al.,, 2016), and which has state-of-the-art neutron transport and interactions (Bohlen et al., 2014).
We simulate in air (78.085% N,, 20.95% O,, and 0.965% Ar) with the altitude-dependent density profile given
by the “U.S. Standard Atmosphere (1976)" (by the U.S. Committee on Extension to the Standard Atmosphere).
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We perform both simulations within a cylindrical section of the atmosphere extending from ground up to
18 km altitude, with a radius of 12 km. Within FLUKA, this volume is partitioned into 72 horizontal slabs of
250 m thickness in altitude. Every slab is filled with a homogenous air density determined by the air density
of the U.S. Standard Atmosphere (1976) at the bottom of each slab, resulting in an exponential density profile
starting from 1.225 kg m—3 in the lowermost slab up to 0.1216 kg m~3 in the uppermost slab. The temperature,
however, is constant and equal to 293 K everywhere. Each horizontal slab interface acts as an infinitely thin
virtual detector, which detects any passing particle. The output that we record at these interfaces is as follows:
the particle type and its kinetic energy, its position in the interface plane, and the time of passing.

The output allows to calculate directly the average flux through the interfaces within a time bin. The time bins
are equally spaced on logarithmic scale, with edges given by 10° s, where p ranges from —9 to 2 in steps of 0.1.
The particle density at the interfaces is approximated by dividing the flux by the velocity; more precisely, for
the neutrons we add the inverse square root of the kinetic energy of all particles passing the interface within
a time bin with an appropriate factor (1/m, /2). This approximation of the density is within the accuracy level
of other parameters. This time-averaged density is presented in different manners in Figures 2 and 3. The top
panel shows these averaged densities integrated over the horizontal interfaces as a function of the discrete
altitudes of these interfaces. The middle panel shows the average density as a function of radius at a given
altitude. The bottom panel shows the total particle numbers in the system. Discretization artifacts in these
figures are due to the discreteness of the interface altitudes and the time bins.

After the primary electron acceleration in a discharge, electrons, photons, neutrons, and other TGF products
move independently through the atmosphere colliding only with neutral gas molecules, hence the further
evolution is linear. We therefore always start with 108 particles, and we can get higher particle numbers by mul-
tiplying initial, intermediate and final states by the same number. The number 108 is chosen as a compromise
between statistical accuracy and computational demands.

As already discussed, electrons can gain high energies near leader discharges, and these electron energies are
converted into photons by bremsstrahlung. A recent study by Mailyan et al. (2016) of 46 TGFs constrains the
average number of electrons with energies above 1 MeV to approximately 2x 108, with a range from 4x 106
to 3 x 10'?, for source altitudes above 10 km. According to Briggs et al. (2010) and Marisaldi et al. (2014),
photon energies can reach up to tens of MeV. We here concentrate on the photons with energies between 10
and 30 MeV, as they can create neutrons by a photonuclear interaction. Gjesteland et al. (2015) analyze three
TGFs and estimate that the number of photons with energy above 1 MeM varies between 10'7 and 102° under
the assumption that the TGFs have started at 8 km altitude.

2.2. TGF Afterglow Generated by the Primary TGF

Our first simulation assumes that the TGF is at 8 km altitude and directed downward. It starts with 108 photons
with uniformly distributed energies between 10 and 30 MeV. Using the results of Gjesteland et al. (2015), and
assuming that 1% of the photons with energy above 1 MeV have an energy above 10 MeV, we should actually
consider 10'%+! photons above 10 MeV rather than 108, But as the evolution outside the TGF source is linear,
we can take this into account by multiplying the result of the evolution of 102 photons by a factor 108+,

Figure 2 shows the evolution as function of the logarithm of time. Photons are included only if their energy
exceeds 10 keV. The presented quantities are defined in section 2.1. Figure 2 (top), viewed from left to right,
shows first the light cone of the developing TGF as nonfilled red to yellow contours. Photons moving upward
have been backscattered or they are secondary, which implies that they have lost a significant amount of
energy. Therefore, only the primary photons (that move downward), will be energetic enough to produce
neutrons; hence,the neutron cloud appears only at lower altitudes in this configuration. The mean free path
of the photonuclear reaction scales with density as £ = fo%". For the integrated density (starting at 8 km
downward), the mean free path of the photonuclear cross section equals 5 km, consistent with Figure 2.

When the neutrons are just created, their typical energy is of the order of 13 MeV (the energy of the maximum
of the photonuclear cross section minus the neutron-binding energy in nitrogen nuclei); then the neutrons
diffuse isotropically and cool down (the neutron energy is given in Figure 2, bottom). While cooling down,
the intermediate neutrons do create some photons by inelastic scattering, visible in Figure 2 (top) at around
3 km, where the TGF envelope extends longer in time than at other altitudes, but after 10~ s the secondary
photons produced by inelastic scattering have energies below 10 keV and are thus not shown. The time for
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Evolution of TGF afterglow at 3 km
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Figure 2. Evolution of the TGF afterglow generated by the primary TGF as a function of the logarithm of time. (top and middle) Contour figures of the photon
and neutron density (see definitions in section 2.1), on a logarithmic scale; contours represent half a decade (i.e,, a factor of 10%5). The contour lines (red, yellow
to white) are photons above 10 keV, the filled contours (blue to white) are neutrons. In Figure 2 (top) the density is horizontally integrated. Figure 2 (middle)
gives the density profile as a function of radius at 3 km altitude, the density is averaged over rings around the symmetry axis. (bottom) Two quantities: on the left
y axis in purple, the total particle number N;(t) of photons (diamonds) and neutrons (crosses), per initial photon N, (0), with their approximations given by
equations (2)-(4); on the right y axis in blue, the average neutron energy is drawn as a solid line, together with the minimal and the maximal neutron energy as

dashed lines.

neutron thermalization scales as t = to%. We see in Figure 2 (bottom) that around 3 km altitude the inter-
mediate neutrons take 0.5 s to thermalize. Neutrons can (at any energy) be captured again, but the cross
section for neutron capture increases for decreasing energy as 6 ppyre 1/% & 1/Vpeutrons @€cord-
ing to the so-called 1/v law (see chapter Il of Blatt & Weisskopf, 1979). Because of the 1/v law, the rate k,,, of
neutron capture and hence of photon production in the TGF afterglow is constant for constant air density, as
K capt N,y & % Actually, the most significant capture pathway is not producing a high-energy
photon, but of radiocarbon (i.e, n+'*N — "*C + p). The cross section for this reaction is 6 ,,, = 1.8x 1072 m?

= Vheutron Ocapture
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Evolution of TGF afterglow at 10 km
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Figure 3. The same as in Figure 2, but now for the TGF afterglow that started from a neutron source at 10 km directed downward. In this figure time is plotted

only from 1073 s onward, focusing on the TGF afterglow. Figure 3 (bottom) does not repres

ent the total particle number as some escaped out of the system at

the upper boundary at 18 km, see text. The decay rates, that is, the fits of the purple dashed lines, are the same as in Figure 2, adapted to the lower air density (at

10 km compared to 3 km).

RUTJES ET AL. TGF AFTERGLOWS

10,706



@AG U Geophysical Research Letters 10.1002/2017GL075552

(Choi et al.,, 2007) at thermal velocities (0.025 eV, 2200 m/s), yielding a neutron capture rate of 15.8 s~ ni The
0
TGF afterglow time scale is thus

h
Tafterglow = 1/kcapt ~ 0.063s exp (m) > (1)

if one assumes an exponential air density profile with a scale height of 7 km.

Figure 2 (bottom) shows the total number of photons and neutrons. This number is the domain-integrated
time-averaged density, as explained in section 2.1. The evolution can be explained in a simple way, with three
species and four rates, where we for convenience neglect the altitude (i.e., air density) dependence of the
reaction rates (as all frequencies scaleas f = f, %). The first reaction is the absorption of high-energy photons,

N, (®) = N, (0) exp [_kph»absorpt] @

with the photon absorption rate Ky, spso, = #C & 2 X 10° 57" at STP, (where y is the photon attenuation
coefficient; for a discussion see Rutjes et al., 2016). The loss due to the production of neutrons, that is, the
photonuclear reaction ky, nye = COphnuclair & 8 X 10?571, can be neglected in equation (2) as Ky apsorp >
Koh-nuc- In Figure 2 one sees that the photon number N, (t) (displayed as diamonds) first increases, as the
TGF beam creates also secondary photons, which are counted in the simulation, but equation (2) approxi-
mates only the number of high-energy photons (with energies say 21 MeV), see further discussion by Rutjes
etal. (2016).

The photonuclear cross section for nitrogen and for photons between 10 and 30 MeV ranges from 1 mb to a
peak value of 14 mb at photon energy of 23 MeV (Oblozinsky, 2000). For the approximation of kg, ,c above,
we took the average photonuclear cross section of nitrogen o, & 2 mb. The number of neutrons per TGF

ph-nuc

photon (between 10 MeV and 30 MeV) can then be approximated as ~ 4 x 1073 (consistent with

ph-absorp
the result of 4.3 x 1073 by Babich et al., 2010). One may assume that all neutrons are generated—as this is
limited by the photon absorption time scale kgg_absorp ~ 5 pus—before they start to disappear by capture,
which happens with a rate of k,,, ~ (80 ms)™" at 3 km altitude.

As already mentioned above k., does not depend on energy, but only on altitude. For the number of
intermediate neutrons this yields

kphfnuc

p 3)

N, (t) ~ N,(0) exp [—kept]  for t>> k7!

h-absorp*
ph-absorp P P

This equation is consistent with our simulated neutron number, indicated with crosses in Figure 2 (bottom).
For the gamma radiation of the TGF afterglow we need to use the number of neutrons and the reaction rate
from the most significant pathway producing high-energy photons, thatis, n+'*N — >N + y, which happens
with arate of k, ., = 0.7 s™' as the cross section equals 7.98 x 1073 m? (Choi et al, 2007) at thermal velocities
(0.025 eV, 2200 m/s). Together this results in

kq k k

-ph ph-nuc™n-ph

NV—TGF afterglow(t) ~ k—Nn(t) ~ N}’(O)Z—
ph-absorp ph-absorp

exp [—kegpet]  for t>> k! (4

ph-absorp’

where kplh(z”“‘ﬂ ~ 1.3 x 1078, consistent with our simulated photon numbers, indicated with diamonds in
Figure 2 ( hgfc)jc%pm).

2.3. TGF Afterglow Generated by Neutrons (for Better Statistics)

The number of simulated photons in the TGF afterglow in Figure 2 is limited, as we started the Monte Carlo
simulation with 108 primary photons, and as the conversion rate from photon to neutron and consecutively
from neutron back to photon is low. To achieve better statistics, our second simulation starts directly with
108 neutrons at an altitude of 10 km. As photons with energies between 10 and 30 MeV are converted into
neutrons with a probability of about 4x 1073 according to our calculations and to Babich et al. (2010), we have
to multiply our simulation results for particle numbers now with a factor of 4 x 105! to simulate a TGF with
10'%+" primary photons in the required energy range.

The 102 neutrons of our simulation initially all have the most probable energy of 13 MeV, and they are directed
downward, but they rapidly transit to isotropic diffusion. Figure 3 presents the evolution of neutrons and
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photons in a similar manner as Figure 2, but now focused on the TGF afterglow after 1 ms. Apart from the
better statistics of neutron to photon conversion, there are major differences to the earlier simulation. As the
air density n,;, is 2.2 times lower, the neutrons cool down 2.2 times more slowly, and they spread 2.2 times
more widely; hence, the TGF afterglow is much more extended in space and duration. At the altitude of 10 km,

it lasts for more than 1's, as the rate constant k,,, in equation (3) is now k., ~ 557"

cap cap

The statistics of Figure 3 are much better than those of Figure 2, but unfortunately the simulated box (see
section 2.1) was too small to keep all particles. Figure 3 (top) clearly indicates that many particles leave the
system at its upper border at 18 km altitude. Therefore, the normalization rates of equations (2)-(4) do not
apply in the same fashion, so we rescaled them to fit the data. The decay rate of particles, however, with a rate
constant of 5/s at 10 km altitude represents a good fit.

2.4. The Predicted Detector Signal

One question is whether the predicted TGF afterglow will be measurable above the cosmic background radi-
ation. Figures 2 and 3 show that it will be hard to detect a TGF afterglow at sea level, if the neutrons are
created above 3 km. We have calculated the predicted detector signal of the TGF afterglows for the simula-
tion of Figure 2 at 3 km altitude and for the simulation of Figure 3 at 10 km altitude. The detector is the one of
Gurevich et al. (2011) with an area of 475 cm?, and we used a temporal bin size of 200 ps as in their published
plots. We assume that it is hit by 2 cm™2 s™" or 9 cm=2 s~ cosmic background photons with energy above
our threshold of 10 keV at 3 or 10 km altitude, based on Bazilevskaya et al. (2008). This Poisson-distributed
background is added to the signal in Figure 4.

As discussed above, the particle numbers of our simulation are orders of magnitude lower than those in a real
TGF. The statistics of our simulation are corrected to 106 initial photons between 10 and 30 MeV. Obviously,
the TGF afterglow can clearly be detected above the cosmic background radiation. The signal would be even
more conspicuous for TGFs containing 10'7 or 10'8 photon, above 10 MeV. It is important to remark that
photons decay with a rate of kyp, apsor, = (515)™" at STP, or with (7 ps)~™" and (15 us)™" at 3 km and 10 km,
respectively. Thus, the TGF signal from the simulation of Figure 2 is only visible as a point t = 0 ms in Figure 4,
and the duration of the TGF afterglow is just the lifetime of the neutrons, as explained in equation (4).

2.5. Summary of Predictions for TGF Afterglows

We have predicted a new thunderstorm radiation mechanism, the TGF afterglow. It is formed by the pho-
tonuclear production of neutrons by the TGF, neutron propagation, and cooling and the inverse reaction that
creates gamma rays again. TGF afterglows are thus a signature of gamma rays above 10 to 30 MeV. A TGF
afterglow can be distinguished from TGFs or gamma ray glows by the following criteria:

1. Duration. A TGF lasts not longer than 200 ps, or possibly 600 pis depending on the interpretation of some
observations as one or several flashes. A gamma ray glow lasts for seconds or more, see Figure 1. A TGF after-
glow lasts for 60 to 600 ms depending on the atmospheric altitudes crossed by the intermediate neutrons
acting as their source, see equation (1). See also Figure 1 for illustration.

2. Signal shape. Neutron and photon signal appear suddenly and decay in time, compared to the photon and
neutron signal in a gamma ray glow which first swells and then decays.

3. Correlation with fast field changes. TGF afterglows are created by TGFs which are triggered by leader propa-
gation and related to fast electric field changes. Gamma ray glows are seen before a discharge and can be
terminated by one.

4. Photon isotropy. The photons of a TGF afterglow are fairly isotropic, in contrast to the beams produced either
in a TGF or in a gamma ray glow by the beamed motion of electrons and their beamed gamma ray emission
by bremsstrahlung.

5. Energy range. The photon energy does not exceed the photon nuclear energy of €y, ~ 10 MeV for nitrogen,
compared to many tens of MeV in a gamma ray glow or TGF.

3. Possible Observations and Outlook

As already mentioned in section 1, Gurevich et al. (2011) have reported gamma ray emissions lasting for 0.1 to
0.6 s. Clearly, the duration is significantly longer than any TGF detected or simulated, which should disappear
within a millisecond, but the signals reported by Gurevich et al. (2011) are many orders longer. They occurred
during the full duration of an atmospheric discharge at the Tien-Shan Cosmic Ray station at 3.3 to 3.9 km
altitude, within the Tien-Shan mountains that reach up to almost 7.5 km altitude. Gurevich et al. (2011) found
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Simulated and measured detector signals
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Figure 4. (3, b) Simulated counts of gamma radiation from the simulation presented in Figures 2 and 3. (¢, d) Taken from
Gurevich et al. (2011), in which it is denoted there as event “6.” Figures 4a to 4c are gamma ray counts per 200 ps
interval on a detector of 475 cm?, at 3, 10, and 3.8 km, respectively. Figure 4d gives the measured fast electric field
variation (20 ps sampling rate measured by the capacity sensor, see Gurevich et al., 2011 for more details).

that the temporal distribution of gamma radiation intensity in a burst is quite nonuniform, with some time
structures on the scale of millisecond strongly correlated with an electric field change during the discharge.
Based on duration only, the measurements fall in the regime of TGF afterglows, see Figure 1 for illustration.

To illustrate how TGF afterglows would qualitatively appear in measurements, we added one event from
Gurevich et al. (2011) to Figures 4c and 4d. The measured gamma ray counts in Figure 4c appear suddenly at
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t = 0ms, simultaneous with a fast field variation given in Figure 4d, after which it decays in time. This measured
structure in Figure 4c, from 0 ms to 200 ms, shows similarities to our simulated TGF afterglow at 3 km. But, the
observations are probably not produced by the specific TGF that we simulated (a TGF starting at 8 km and
directed vertically downward), there could be other scenarios (different altitude, orientation, opening angle,
and photon spectrum); in addition, also the number of photons per TGF varies by an order of magnitude.

The measurements of Gurevich et al. (2011) show also structures that would not fit in the description of a
TGF afterglow. Namely, structures that first swell and then decay, centered around one or multiple fast field
variations. An example of such a structure is also seen in Figures 4c and 4d, between 200 ms and 300 ms. We
speculate that it fits in the description of a gamma ray glow, but a transient one with a much shorter lifetime
than typically measured. It could be the result of field development by previous partial discharges, producing
a transient patch of air with an electric field above runaway breakdown, until the patch itself is discharged by
aleader.

There may be more candidates of gamma ray observations from thunderstorms which are actually TGF after-
glows. We have summarized discriminators in section 2.5 to search for TGF afterglows and we invite other
researches to look for their signatures in their millisecond time scale gamma ray measurements.
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