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[1]1 Terrestrial gamma ray flashes (TGFs) are brief bursts of photons with energies up to
20 MeV typically observed in association with lightning. Such energetic photons may
undergo photonuclear reactions with nontrivial cross section in the vicinity of the giant
dipole resonance. Pulses of neutrons have been observed experimentally in coincidence with
lightning, suggesting such reactions are observable. We present simulations of expected
photoneutron production based on initial conditions inferred from observations of TGFs. We
predict an average of ~10'? neutrons produced per TGF and give energy, time, and space
distributions of neutrons produced and neutrons reaching ground and satellite altitude. The

simulation results are consistent with some observations and suggest further experiments

may be profitable.
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1. Introduction

[2] Terrestrial gamma ray flashes (TGFs) are intense pulses
of energetic photons observed by satellites with a fluence of
~1 photon/cm?, a time scale of ~0.5 ms and photon energies
of up to 20 MeV when seen from orbit [Fishman et al., 1994;
Smith et al., 2005; Grefenstette et al., 2008, 2009]. TGFs are
typically observed in close time coincidence with detectable
lightning discharge within 300 km of the subsatellite point
[[nan et al., 2006; Cohen et al., 2006; Cummer et al., 2005;
Stanley et al., 2006]. Though the details of the production
mechanism are the subject of much discussion with many
mechanisms proposed [see Inan and Lehtinen, 2005;
Lehtinen et al., 1996; Milikh and Valdivia, 1999; Fargion,
2002; Paiva et al., 2009; Milikh et al., 2005; Dwyer, 2008;
Carlson et al., 2009], the rough properties of TGFs are
known. In particular the very hard average spectrum of
observed TGF photons requires a bremsstrahlung photon
source altitude of 15-20 km [Dwyer and Smith, 2005;
Carlson et al., 2007]. Assuming the photons are uniformly
distributed over a disk of radius 300 km (given by the typical
lightning-subsatellite distance), the 1 photon/cm® fluence
implies that of order 10> photons reach satellite altitude. Full
comparison of satellite observations to simulations of photon
attenuation and scattering in the atmosphere requires a source
of photons with 15-20 km altitude, uniform photon direc-
tional distribution with zenith angle # <45°, and a total source
of 4 x 10" to 4 x 10'® photons on average, with broader
beams requiring source populations as high as 10'”7 photons
[Carlson et al., 2007].

[3] This large number of photons with an energy spec-
trum extending up to and above 20 MeV suggests that
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photonuclear reactions should occur. For example, the
dominant process for nitrogen, photoneutron production,
"N (v, n) N, occurs for photons with energies &, >
10.55 MeV with an energy-dependent cross section exhibit-
ing a large peak at ~23 MeV, the so-called giant dipole
resonance [Chadwick et al., 2000; Berman and Fultz, 1975].
For nitrogen, the peak cross section is ~14 millibarns. For
comparison, the pair production and Compton scattering
cross sections for photons in this energy range are roughly
equal and are approximately 170 millibarns [Cullen et al.,
1997]. Photonuclear processes therefore amount to a maxi-
mum of about 5% of the total photon interaction cross
section. This implies Compton scattering and pair produc-
tion are dominant and that neutron production does not
significantly affect energetic photon behavior. Energetic
neutrons, however, if they are produced in large enough
quantities, are interesting as they are highly penetrating and
are not easily attenuated. For context, the mean free path
for energetic photons at sea level is of order 1 km (pair
production and Compton scattering dominate), while the
mean free path for energetic neutrons is of order 0.3 km
(elastic scattering dominates). TGFs should therefore be
accompanied by neutron production.

[4] This idea has been suggested previously in work by
Leonid Babich and others. Specifically, Babich [2006] raises
the possibility of photonuclear reactions associated with
TGFs in the context of the upward atmospheric discharge
model described by Babich et al. [2004]. Babich et al. [2007]
and Babich et al. [2008] further develop this idea, and Babich
and Roussel-Dupré [2007] describe the relation of these
analyses to the existing experiments discussed below. Over-
all, these works indicate that the upward atmospheric dis-
charge model produces ~10'> neutrons, but the properties of
these neutrons are not specified and the results of the upward
atmospheric discharge model may be questionable in the
context of TGFs given the extremely poor spectral fits seen in
Figure 5 of Babich et al. [2008].

AO00E19 1of6


http://dx.doi.org/10.1029/2009JA014696

AO0OE19

[5] Neutron bursts have been reported in conjunction with
lightning indicating 10°~10'° neutrons are produced per
lightning discharge [Shah et al., 1985; Shyam and Kaushik,
1999]. Neutron count rates observed from orbit show occa-
sional excess count rates in equatorial regions suggested to be
caused by neutron production by lightning [Bratolyubova-
Tsulukidze et al., 2004]. Whether neutrons observed in
conjunction with lightning are produced by photonuclear
processes in a TGF-like event is uncertain. Fusion processes
have also been suggested as relevant [Libby and Lukens,
1973], but more detailed analysis indicates photonuclear
processes are more likely [Babich, 2006].

[6] In this paper, we use the inferred source spectrum of
terrestrial gamma ray flashes to drive Monte Carlo simula-
tions of photoneutron production. The simulation results are
used to predict the properties of the neutrons produced and the
properties of neutrons that may be observable. Our results
indicate that TGF production at 15-20 km altitude should be
accompanied by production of 3 x 10" to 3 x 10'? neutrons.
This is fewer than the predictions of 10" neutrons produced
by Babich’s upward atmospheric discharge model, but is
more than that suggested to be produced in conjunction with
lightning. We additionally give the energy, arrival time, and
position distributions of neutrons as produced and at ground
and satellite altitudes. Our results are consistent with the
ground observations of lightning-associated neutron pulses
from Shah et al. [1985] and Shyam and Kaushik [1999] but
are not consistent with satellite observations of Bratolyubova-
Tsulukidze et al. [2004].

2. Simulation of Neutron Production by TGFs

[7] We predict neutron production by Monte Carlo simu-
lations of photonuclear reactions caused by TGF photons. We
use the GEANT4 software package [Agostinelli et al., 2003],
a high-energy physics Monte Carlo simulation tool that in-
cludes all relevant electromagnetic and nuclear physics in-
cluding Compton scattering, pair production, photoneutron
production, neutron elastic and inelastic scatter, and radiative
capture. Photonuclear reactions for nitrogen, oxygen, and
argon, in particular, are approximated in the giant dipole
resonance regime with a parametrization and interpolation
scheme involving data from 12¢, 160, 27Al and *°Ca. Com-
parison of the cross section used in GEANT4 to measured
cross sections shows that this scheme matches the cross
section to better than a factor of 2, with systematic underes-
timate of the cross section just above the minimum energy
threshold [Kossov, 2002].

[8] The initial conditions for these simulations are chosen
to match our knowledge of TGFs and to cover reasonable
scenarios for neutron emission. First consider a population of
electrons with energy distribution characteristic of electric-
field-driven avalanche growth of populations of relativistic
particles as described by Lehtinen et al. [1999]. The brems-
strahlung spectrum produced by these electrons does not
depend strongly on the strength of the electric field or the
altitude of the electric field region, provided the electric field
exceeds the runaway relativistic electron avalanche thresh-
old [Dwyer and Smith, 2005]. We start our simulation with
photons drawn from this spectrum, ignoring photons with
energies below the lowest relevant photoneutron production
threshold (9.87 MeV for argon). Only approximately 1% of
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the original TGF source photons exceed this cutoff energy.
While there are undoubtedly spectral differences between
TGFs, this initial photon spectrum matches the observed
average TGF spectrum very well for source altitudes 15—
20 km [Carison et al., 2007] and thus provides a good mea-
sure of the average TGF initial photon spectrum.

[9] These initial photons are placed in point sources at 2.5,
5, 7.5, 10, 15, and 20 km altitudes, spanning the allowed
range of altitudes for TGF production and extending to lower
altitudes to explore possible ground observations. Such point
sources are useful as they produce the most compact source of
neutrons and can be superposed to construct larger distributed
sources. The atmospheric density profile is taken from Hedin
[1991]. At each altitude, the initial photon directions are
either distributed isotropically or are distributed uniformly
over a cone with half-opening angle 20° directed either up-
ward or downward. Photons may be emitted isotropically by
electrons driven by nontrivial electric field structure, while
20° beams are characteristic of bremsstrahlung from runaway
relativistic electron avalanches driven by uniform electric
fields. The behavior of these initial photons is then simulated
with GEANTA4. Every neutron produced in the simulation is
tracked and neutrons that travel below 0.5 km altitude
(ground) or above 350 km altitude (representing escape
to satellite altitude) are recorded. One million initial photons
are simulated for each set of initial conditions. The numbers
of neutrons produced and recorded in these simulations are
given in Table 1.

[10] As discussed previously, 4 x 10'° to 4 x 10'® energetic
photons are produced in an average TGF as observed by
RHESSI [Carlson et al., 2007]. Of these source photons, an
average of ~1% or ~10'* exceed the threshold for photonu-
clear reactions. The numbers in Table 1 give approximately
6400 neutrons produced per million photons with energy
above the photonuclear reaction cutoff, giving 3 x 10'" to 3 x
10'? neutrons produced in an average TGF. This is roughly
two orders of magnitude lower than the 10'*~10"° previously
predicted [Babich et al., 2007, 2008; Babich, 2006], a fact
we return to in section 3.

[11] Inthe initial simulations no neutrons were recorded for
certain conditions, for example neutrons that reach ground for
upward directed initial photons at 20 km. This does not mean
neutron observation under such conditions is impossible,
only that it is not resolved in our initial simulations. To im-
prove the statistics, we run a second round of simulations,
starting not with energetic photons, but with energetic neu-
trons as produced in our first round of simulations. This im-
proves the statistics of neutron propagation but does not
improve the statistics of neutron production. The improved
estimates of the number of neutrons matching the given
conditions from this second round of simulations are given in
parentheses in Table 1.

[12] As the initial photon energy distribution is constant
and photoneutron production takes place almost entirely
with unscattered photons, the produced neutron energy
distribution is roughly constant and is shown as the solid
black line in Figure 1. The mean produced neutron energy
is 3.9 MeV (median 3.6 MeV). Figure 1 also shows sample
energy spectra of neutrons reaching ground and satellite
levels (black dotted and gray solid lines, respectively).
Such neutrons have been partially thermalized after propa-
gation through the atmosphere and have a mean energy
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Table 1. Neutrons Produced and Observed in Simulations per Million Initial Energetic Photons®
Initial Direction Distribution
Initial Altitude (km) Record Type Up Down Isotropic
2.5 prod. 6468 6343 6436
esc. <1 (<5 x 107%) <1 (<5 x 107%) <1 (<5 x 107%)
gnd. 1(0.32) 229 (237) 23 (26.6)
5 prod. 6425 6485 6427
esc. <1 (0.13) <1 (<5 x 107%) <1 (<5 x 107%)
gnd. <1 (<5 % 1073 6 (6.5) <1 (0.04)
7.5 prod. 6434 6433 6343
esc. 4 (47) <1 (<5 x 1073 2 (0.32)
gnd. <1 (<5 % 107%) <1 (0.28) <1 (<5 x 107%)
10 prod. 6475 6420 6337
esc. 34 (38.0) <1 (0.03) 3 (4.5)
gnd. <1 (<5 % 107%) <1 (0.04) <1 (<5 x 107%)
15 prod. 5756 6323 6221
esc. 452 (500) 15 (13.9) 113 (142)
gnd. <1 (<5 % 107%) <1 (<5 x 107%) <1 (<5 x 107%)
20 prod. 4250 6349 5923
esc. 1107 (1238) 205 (228) 684 (794)
gnd. <1 (<5 x 107%) <1 (<5 x 107%) <1 (<5 x 107%)

“Numbers are for simulations of one million initial photons with a typical TGF energy spectrum but with energy £, > 9.87 MeV, with <1 indicating no
neutrons were observed. Parenthetical numbers give the number of neutrons observed per million initial photons if the neutrons produced in the photon

simulations are reproduced 200 times and allowed to propagate in the atmosphere to improve the statistics of propagation.

of 2.0 MeV (median 1.3 MeV) with a substantially shifted
distribution.

[13] Sample distributions of neutron production positions
are shown in Figure 2. The neutrons are often produced far
from the initial photon source, consistent with the energetic
photon mean free path of ~1 km X exp(z/H) where z is the
altitude and H is the atmospheric scale height (H ~ 8 km).

[14] The arrival time distributions for neutrons at ground
and satellite altitudes from instantaneous photon point
sources are shown in Figure 3. Neutrons arriving at ground
level from point photon sources at 2.5 km and 5 km are shown
in Figure 3 (left), while the time distribution for neutrons
arriving at satellite altitudes from 15 km and 20 km are shown
in Figure 3 (right). Ground level neutrons from an instanta-
neous photon source arrive in a pulse ~10 s long with a
pronounced tail, a time short compared to a typical TGF time
scale of 0.5 ms. Neutrons arriving at satellite altitude are
substantially more dispersed due to their longer path lengths,
and arrive spread over a pulse ~50 ms long, much longer than
a typical TGF time scale. Consequently, ground level neutron
arrival times should reflect the time scale of their production,
while arrival times at satellite altitude are widely spread due
to longer path lengths. Note also that the ground level neutron
detections of Shah et al. [1985] show neutron arrival up to
10-100 ms after the trigger time, much longer than the typical
arrival time delay shown in Figure 3. This delay suggests a
source not intimately connected with the triggering electro-
magnetic signal. Such a time delay may be due to activity
elsewhere in the discharge not directly associated with the
process that resulted in the trigger.

[15] We also give results of simulations of isotropic point
sources of neutrons drawn from the characteristic energy
spectrum shown in Figure 1. Expected numbers of neutrons
are shown in Table 2. These results are not representative of
the distributed sources of neutrons shown in Figure 2, but are
useful for understanding of photoneutron propagation in the
atmosphere. In particular, a simple treatment of exponential
attenuation and 7 > decrease underestimates the flux by a
factor of 6 for the first row in Table 2, with progressively

worse error as altitude increases. Proper correction of this
error by accounting for scattering effectively requires table
lookup of accumulation factors, precisely the information
provided in Table 2.

[16] Sample radial distributions of the flux of neutrons
arriving at ground and satellite altitudes from point sources at
various altitudes are shown in Figure 4. Neutrons at ground
level cover a disk roughly 1 km in radius, while longer path
lengths lead to a much broader ~400 km radius disk at 350 km
altitude. At ground level, higher source altitudes result in
slightly broader neutron distribution, but the bulk of the
neutrons still arrive less than 1 km from the subsource point if
the source is less than 3 km from the ground.

3. Discussion

[17] On the basis of TGF observations and the resulting
constraints on the source described by Carlson et al. [2007],
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Figure 1. Characteristic energy spectrum of neutrons when
produced (solid black curve). Also shown are the spectrum of
neutrons reaching ground from a downward directed source
at 2.5 km (black dotted) and satellite altitude from an upward
directed source at 20 km (gray solid).
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Figure 2. Position and direction of motion of neutrons when
produced. Each dot represents the production a neutron, with
the line segment extending outward in the direction of motion
of the neutron. Top gray cluster, 20 km initial altitude, up-
ward directed 20° beam. Black cluster, 10 km initial altitude,
isotropic. Bottom gray cluster, 5 km initial altitude, down-
ward directed 20° beam.

we estimate ~10'% neutrons produced per TGF on average.
This is a factor of ~100 smaller than existing predictions
derived from a discharge model [Babich et al., 2007, 2008;
Babich, 2006]. The discrepancy is likely due to different

NEUTRON PRODUCTION IN TGFS

AOOE19

initial photon population sizes and different photon spectra.
The discharge model of Babich [2006] redicts the TGF
source photon populatlon size to be 10'7 with a spectrum
capable of producing 10" neutrons [Babich and Roussel-
Dupré, 2007], while the results described above together
with those of Carlson et al. [2007] show that the RHESSI
and BATSE TGF data require a source of ~10'® photons
w1th a spectrum shown here to be only capable of producing
10'? neutrons. Energetic processes lower in the atmosphere
not associated with TGFs such as the gamma ray burst
observed at ground level in association with triggered light-
ning described by Dwyer et al. [2004] may of course have
different characteristics and correspondingly higher or lower
photon and neutron yields. Babich and Roussel-Dupré
[2007], for instance, estimates the photon yield for the Dwyer
et al. [2004] event to be 3 x 10'°, though this is almost cer-
tainly an overestlmate with the resultmg neutron yields given
as 4 x 10"

[18] Assuming our estimate of ~10'? neutrons produced in
an average TGF, the number of neutrons arriving at ground
level from a downward directed photon source at 5 km can be
calculated from the numbers in Table 1 as ~1 x 10°. These
neutrons, spread over a dlsk 1 km in radius give an average
fluence of 3 x 102 cm™ A similar source at 2.5 km gives an
average fluence of 1 cm 2. These fluxes are grossly consistent
with the observations of Shah et al. [1985] which see pulses
of more than one neutron with an effective area of 3 x 10* cm?
in temporal coincidence with lightning. Similar results were
also observed by Shyam and Kaushik [1999], but they do not
give the effective area of their detector so a full comparison is
not possible. Both Shyam and Kaushik [1999] and Shah et al.
[1985] assume the neutrons were produced locally by a light-
ning discharge and thus estimate lower numbers of neutrons
produced. Our results here suggest that their results may also
be explained by more distant neutron sources due to
photonuclear processes. Note that as energetic photons have
a longer mean free path than neutrons, photoproduction
of neutrons implies that neutron observations should be
accompanied by energetic photon observations.

[19] Neutrons that escape to 350 km altitude are spread
over a re%lon roughly 400 km in radius, giving a fluence of

for the upward directed photon source at 15 km

e T T

1 —— from 2.5 km, down | —— from 20 km, up —

------- from 5 km, down A coeeee from 15 km, up A

Zos . .

= 1 ]

= 0.6 - .

Na¥ i 1

Z 04 . .

<, L A A
<3

0.2 . N

oL Jeemmsse e e T 1 R T

0 10 20 30 40 50 0 50 100

ground arrival time (us)

150
satellite alt. arrival time (ms)

Figure 3. Neutron arrival time distributions. (left) Neutrons arriving at ground level from a downward
directed photon source at 2.5 km altitude. (right) Neutrons arriving at 350 km altitude from an upward
directed photon source at 20 km altitude. Note the different time scales. The long time scale in Figure 3
(right) is due to longer scattering path lengths, not merely longer path lengths from source to satellite plane.
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Table 2. Number of Neutrons That Reach Ground and Satellite
Altitude per Neutron Injected in an Isotropic Point Source at the
Indicated Altitude With the Characteristic Energy Spectrum Shown
in Figure 1

Altitude (km) Ground Escape to Satellite
0.75 0.232 <3 x 10*:
1 0.0916 <3 x 10°
1.25 0.0328 <3x10°
1.5 0.0116 <3 x10°
1.75 42 %107 <3 x10°
2 14 %1073 <3x10°
225 42 x 107 <3 x10°
25 1.7 x107* <3 x107°
2.75 7 x107° <3 x10°
3 1.6 x 107° <3 x10°
3.25 1.1 x107° <3 x10°°
3.5 5%x107° <3 x10°
5 <3 x10° <3 x10°
7 <3x10° <3x10°
10 <3 x10° <3 x10°
12 <3 x10° 5.0x 1074
15 <3x10° 72 %1074
17 <3 x10° 0.0396
20 <3x10° 0.111
25 <3x10° 0.318

consistent with satellite observations of TGFs. Though the
number of neutrons that escape to satellite altitude from high-
altitude photon sources are greater than the numbers that
reach ground level from low-altitude sources, the greater
area covered by the emissions drastically reduces the flux.
Bratolyubova-Tsulukidze et al. [2004] examined data from
neutron detectors on satellites of effective area 30 cm? and
100 cm?. With these effective areas, our results indicate that
individual neutron bursts of the sort suggested here on the
basis of TGF observations would be undetectable by the in-
struments analyzed. Statistically, optimistically assuming
that every lightning discharge produces a TGF-like energetic
photon burst and that every lightning discharge happens
within 400 km of the satellite, the global lightning frequency
of 40 Hz would give the count rate due to lightning-induced
photonuclear processes as 4 x 102 Hz. As even this ex-
tremely optimistic estimate is below the lowest background
count rate observed by Bratolyubova-Tsulukidze et al. [2004]
of ~0.5 Hz, our results indicate that the observations of
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Bratolyubova-Tsulukidze et al. [2004] are not due to photo-
nuclear reactions in TGF-like processes.

[20] Photoneutrons produced by energetic photons in a
TGF-like event should therefore be observable at ground
level if the photon source has <5 km altitude. Our predictions
are consistent with existing observations of neutron bursts
associated with lightning. This suggests that these observa-
tions may be explained by photonuclear interactions of high-
energy photons produced in a TGF-like process. The pres-
ence of photoneutrons indicates the presence of >10 MeV
photons, a strong proxy for the presence of energetic electrons
and runaway relativistic electron avalanche, a process sug-
gested as relevant to many aspects of thunderstorm and at-
mospheric physics including lightning initiation [e.g., Dwyer,
2005; Marshall et al., 2005; Gurevich et al., 1999], high-
frequency radio emissions [e.g., Tierney et al., 2005], and sprite
and blue jet formation [e.g., Lehtinen et al., 1999; Babich
et al., 2007; Roussel-Dupré and Gurevich, 1996]. Further
searches for these neutrons, including more detailed studies
of their time and space distribution in relation to causative
lightning, should therefore help shed light on these topics.

4. Summary

[21] We give the results of simulations of photoneutron
production as motivated by TGF observations. Our results
indicate that ~10'? energetic neutrons are produced per TGF
with distributions in energy, space and time as shown in
Figures 1-4. The fractional production of photoneutrons and
the fraction that reach ground level or escape to satellite al-
titude are given in Tables 1 and 2. If the photon source is at a
sufficiently low altitude, these neutrons will be observable on
the ground with temporal and radial distributions given in
Figures 3 and 4. The properties of the emissions predicted are
consistent with ground observations of neutrons coincident
with lightning discharge. Further observations of neutrons are
necessary to clarify the connections between lightning, TGFs,
neutrons, and other energetic atmospheric phenomena. In
particular, measurements of the time and space distributions
of lightning-associated neutron emissions could be compared
to our results here and used to infer the properties of the
neutron source. Such analysis would help answer such open
questions as whether or not all lightning produces energetic
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Figure 4. Number of neutrons per unit area versus radial distance from the subsource point for neutrons
produced in a point source at the altitude indicated on the plot. (left) Ground level and (right) 350 km altitude.
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photons, whether or not all lightning produces energetic
neutrons, and if coincidences between lightning and neutron
measurements are always accompanied by energetic photons.
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