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ATMOSPHERIC GAMMA-RAY AND NEUTRON FLASHES
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Gamma-ray pulses are calculated from 2D numerical simulations of the upward atmospheric discharge in a self-
consistent electric field using the multi-group approach to the kinetics of relativistic runaway electrons (REs).
Computed ~-ray numbers and spectra are consistent with those of terrestrial +-ray flashes (TGFs) observed
aboard spacecrafts. The RE flux is concentrated mainly within the domain of the Blue Jet fluorescence. This
confirms that exactly the domain adjacent to a thundercloud is the source of the observed 7-ray flashes. The
yield of photonuclear neutrons is calculated. One 5-ray pulse generates ~ 10'*~10'® neutrons. The possibility
of direct deposition of REs to the detector readings and the origin of the lightning-advanced TGFs are discussed.

PACS: 92.60.Pw, 52.80.Mg

1. INTRODUCTION

Since the 1930s, experiments were being conducted
to detect high-energy electromagnetic phenomena re-
lated to thunderstorm activity in the atmosphere.
These phenomena ensue from the electron accelera-
tion to high energies in a thunderstorm atmosphere
predicted by Wilson [1] and termed the “electron run-
away” by Eddington [2]. Results obtained until the
end of the 1980s are reviewed in book [3]. During re-
cent decades, the occurrence of such phenomena was
firmly established. Up to three orders of the value
increase of the penetrating radiation (X-rays) inside
thunderclouds was detected by airborne instruments
above the fine-weather background [3—6]. Terrestrial
v-ray flashes (TGFs) observed aboard artificial satel-
lites BETSI [7] and RHESSI [8] are another high-energy
phenomenon. The most frequently discussed mecha-
nism of TGFs assumes v-ray production by gigantic up-
ward atmospheric discharges (UADs) originating from
the electrical breakdown driven by relativistic runaway
electrons (REs) [9-12].

A statistically significant amplification of the atmo-
spheric neutron flux over the cosmic-ray background
detected in the lower troposphere during thunder-
storm activity [13-15] is yet another high-energy phe-
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nomenon: terrestrial neutron flashes (TNFs). Follo-
wing [16,17], the TNFs were interpreted as a result
of nuclear synthesis 2H(?H,n)3He in a lightning chan-
nel. But nuclear fusion is absolutely impossible under
physical conditions that exist in the channel accord-
ing to the contemporary knowledge, and the neutrons
could be generated by photonuclear reactions (y,n) ac-
companying TGFs [18-20]. In the framework of the
UAD analytic model with the geomagnetic field taken
into account [21, 22], the (v, n) yield was estimated as
~ 10'5 neutrons per UAD [18-20].

Proceeding from Wilson’s idea that at high altitudes
the reduced strength of the thundercloud electric field
E/P can be above the threshold required for the con-
ventional quasistatic breakdown [23], a mechanism of
discharges in the upper stratosphere/lower ionosphere
is being developed, including the conventional break-
down by electrons with energies in the vicinity of the
ionization threshold in a strong electric field triggered
high above the thundercloud by lightning discharges in
the troposphere (see, e.g., [24-31]). In the framework
of this approach, the high-altitude optical phenomena
above thunderstorms (Blue Jets, Red Sprites, etc. [32—-
35]) can be described more or less adequately, but dif-
ficulties appear with TGFs and TNFs. Electron ener-
gizing up to 2-8 keV predicted in the enhanced field
ahead of the streamer front [30] is too small to account
even for the X-rays [3—6], to say nothing of TGFs [7,
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8] and TNFs [13-15]. To bypass this difficulty, Moss et
al. [30] performed calculations to justify the hypothe-
sis of electron energizing up to tens MeV in a rather
weak but extended field near the lightning leader [30].
More rigorous analysis and numerical simulations are
required to prove or reject this attractive hypothesis.
A very interesting model in which REs acquire large
energies from the electromagnetic pulse generated by
a horizontal lightning discharge and penetrating to the
upper stratosphere [27, 28] requires taking the selfcon-
sistent field into account. Besides, the fractal approach
implemented in the framework of the spherical approxi-
mation [28] needs more detailed substantiation because
RE distributions in thunderstorm fields are strongly
anisotropic [36].

Starting with the pioneering works [9, 10], an al-
ternative mechanism of the breakdown in the atmo-
sphere in a rather weak thundercloud field controlled
by a series of relativistic RE avalanches (RREAs) is
being developed. RREA generation enables the break-
down in fields with the strength significantly below
the threshold required for the conventional breakdown.
The capability to account for the high-altitude optical
phenomena along with TGFs and TNFs in a unified
manner is an advantage of the mechanism. Based on
this mechanism, a theory of UAD is being developed
(see review [11]) and numerical simulations are being
conducted (see, e.g., [21, 22, 37-46]). The variety of
simulated thundercloud charge configurations and du-
rations of the lightning discharge triggering the break-
down leads to different RE space—time distributions.
The variety is quite natural, because the observational
data are not full enough for reliable selecting configu-
rations that could account for both the high-altitude
optical phenomena and the TGFs and TNFs, although
the progress in this direction is doubtless [47, 48]. The
results of TGF calculations in [21, 22, 37-39, 4244,
49] agree with the BETSI data [7, 50], although out-
of-date and strongly overestimated RREA rates were
used except in [21, 22, 42, 43, 49]. The geomagnetic
field was taken into account in [21, 22, 42], which is an
obvious advantage, especially because the majority of
TGFs were detected in the tropical zone [8]. Too large
values of the adopted cloud charge @ = 1200 C and its
size ~ 100 km is an obvious shortcoming of simulations
in [42]. The charge was later reduced to @ = 450 C at
the altitude H = 15 km [43].

In this paper, we concentrate on the mechanism as-
suming the UADs developing in the RREA mode to be
the origin of TGF. As in our previous simulations [45,
46], we use a series of rather realistic values of @ and
H. The process of switching on the electric field above
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the cloud was also simulated. In contrast to recent
papers [47, 49], the characteristics of BETSI [7] and
RHESSI [8] TGFs were calculated based on the results
of numerical simulations of UAD in a self-consistent
electric field. In contrast to [18-20], the photonuclear
neutron yields, presumably accounting for TNFs, were
calculated using the computed hard bremsstrahlung (~y-
ray source) responsible for the TGFs. Optical emissions
were calculated with the goal to verify the model appli-
cability by comparison with the observed Blue Jet and
Red Sprite fluorescence [32].

2. NUMERICAL DISCHARGE MODEL

The model is a further development of the 1.5D
model used earlier for simulating the high-altitude op-
tical phenomena and distinguished for the multigroup
fluid description of the RE kinetics [45, 46], although
implemented in the framework of the RE current tube
approximation with an a priori set discharge transverse
size. Broadly used in the neutron transport simula-
tions (see, e.g., [51]), the multigroup fluid techniques
in general permit receiving a particle distribution not
only in space and time but also by energies. Therefore,
these techniques are similar to the direct kinetic equa-
tion approach, but are more efficient and time-saving
for computer implementation. For the problem consid-
ered, the multigroup technique enables receiving RE
energy distributions required for calculating the pri-
mary bremsstrahlung spectrum and accurately simu-
lating the RE penetration to high altitudes. The latter
is important for correctly calculating the 7-ray trans-
port to space.

The multigroup technique is implemented in the
framework of a consistently 2D fluid approach [52]. The
RE population is distributed over energy groups in the
range [¢h, Emaz), Where £,,4, 1s specified by the idiosyn-
crasy of the problem under consideration and &y, is the
runaway threshold, i.e., the second root of the equation
F(e) = eE [53], where eFE is the electric force and the
drag force F'(g) accounts for interactions of REs of ener-
gy € with air molecules. The RE kinetics is described
using a simplified set of rigorous group equations in-
cluding the continuity equations, the energy balance
equations, and the equations of motion [54]:

Iniun o (nizwin)) =

8t rTun rTun

N
=0n 1Ry 0l + Srundnn — (AU + [, (1)

i=n
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where n € [1, N] is the group number, n{™ is the con-
centration, vi® s the velocity, w'™ s the directed
velocity,

R(P, vpun, E) = Vpyn P [atm]/ctpyn (6, P =1 atm)

is the total rate of RE generation by REs themselves, P
is the local pressure, 6 = eE/ Fy,;n P is the “overvoltage”
relative to the minimal value F,;, = 218 keV /m-atm
of the drag force F(g), Spun is the external source of
primary REs, 6, is the Kronecker symbol,

(n)

(n) _ 56%)71 Nrun

ot

run En _ 5n71
is the operator responsible for the RE outflow from a
group n into groupsn — 1 or n + 1,

AED Al <0 1<n< N -1,

A(neib) _

ALY ALY >0, 2<n<N

is the operator responsible for the RE inflow into the
group n from the adjacent groups, m is the electron
mass, and (" is the Lorentz factor.

Equations (1) allow for that the secondary REs to
be produced owing to the ionization by REs themselves
and the external source to mainly populate the first
group. In contrast to our earlier simulations [41, 45,
46], an accurate dependence of the RE multiplication
time ¢y, on the “overvoltage” § [36] was used.

Equations (3) are actually used only for simulating
small sections of RE trajectories, where eE > F(g4p,)
or eE < F(gyy,), along which electrons are respectively
accelerated up to the velocity of light ¢ or deceler-
ated below the threshold 45, to become low-energy sec-
ondary electrons. Thus, the inertia of the acceleration
and stopping processes is taken into account within
the framework of consistent hydrodynamics. This al-
lows avoiding numerical instabilities arising if jump-like
gaining the velocity ¢ or braking to the drift domain
is permitted. Preliminary calculations proved that
the cumulative contribution of the convective terms in
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Eqs. (8) is small in comparison with the force-term de-
positions. These terms were therefore omitted in finite-
difference analogues of differential equations (3) to save
the computation time.

Kinetics of secondary (s) and background (b) elec-
trons of low energies and positive (+) nitrogen N and
negative (—) oxygen O, ions was described by the drift
approximation of the continuity equation allowing for
the ionization by REs and low-energy electrons, recom-
bination of electrons and ions, and the electron attach-
ment to oxygen molecules, external sources (cosmic-
ray) of background electrons, and ions:

8611; + V(nsvs) =
=Ving — be+nsn+ —nns + Rgnpyn + Ag)n, (4)
8711;
ot + V(npvy) = ving—bernyni —nny+Sp, (5)
3n+
W + V(n+v+) = I/i(ns+nb)+5mn+5b+5’,—

— bey (ns+np)ny—b_yn_ny + (R+ Rs)Nyun,

(6)

on_

W%—V(n,v,) =nns+ny)—b_yn_ny+S_. (7)

Here, ng, np, ny, and n_ are concentrations, v, v,

vy = p4E, and v_ = —p_E are drift velocities, piy
are the ion mobilities, v; is the frequency of molecule
ionization by low-energy electrons, b, and by _ are the

recombination coefficients,
N = (Kaiss + Kinr N(2)) No, (2)

is the coefficient of electron attachment to oxy-
gen molecules, Kjp, and Kgy;ss are the three-body
and dissociative attachment coefficients, N(z) and
No,(2) 0.2N(z) are concentrations of air and
oxygen molecules, Ry is the rate of low-energy electron
production by RE-molecule collisions, and S;, S_,
and Sy, are sources of background electrons, negative
ions, and REs. Available literature data were used
for vs, vy, pi4,—, Vi, bey, by_, Kipyr, and Kg;ss (see
the references in [52]). For Sy, a formula was ob-
tained [52] based on the published data on the cosmic
ray flux [55]. Sources of background electrons S, and
negative ions S_ were obtained from the formulas
for the atmosphere conductivity o(z) [10] and the
concentration of background electrons [55]. The rate of
low-energy electron generation by RE ionizing impacts
was expressed as

Ry(2) = FpinP(2)c/Agipn = 2.18 - 10"? P [atm]
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via the electron—ion pair “cost” €;,, & 32 €V.

We note that the motion of ions was discounted
both in our previous models [41, 45, 46] and in sim-
ulations of other authors. Allowing for this motion
described by the second terms in Egs. (6) and (7) is
especially important for avoiding numerical instabili-
ties in the vicinity of the disks (see below) modeling
the cloud charges.

The initial conditions were as follows:

n{m(t=0)=0, n.(t=0)=0,

nb(t — 0) — 104+(z[km]—60)/6.7
for the night atmosphere and
nb(t — 0) — 106+(2[km]—60)/10

for the day atmosphere (an approximation of the data
available in [56]),

ny(t=0)=n_(t =0)+ ny(t =0),

and
_ o(2)
e(pur(2) +pn-(2)

Simulations were conducted in the framework of the
cylinder coordinates (r, z) with z directed along the ver-
tical (altitude) and r L z. The computational area was
limited to rmaz = 30 km and zmee = Hpmae = 74 km.
At the boundary of the area, the condition 0F/dn = 0
was imposed, where F' = {nl,,.,ns,Mp,n_,ny} and n
is a normal to the boundary.

The strength of a selfconsistent electric field E in-
cluding the external (cloud) field and the field of gener-
ated free charges was calculated by solving the current
continuity equation [40, 45, 46]

JOE _ 8Eznt 8Eezt _ i a]j-Jezt

ot ot o = ot ' (8

where ¢g = 8.85 pF/m, E;,1 (2,7, t) and Ey¢ (2,7, t) are
the respective strengths of the charge fields and the
cloud; the density of the conductivity current is

n_(t=0)

N
j=engvi—en_v_—engvs—enyvy— Z n{m win)

n=1

A set responsible for optical emissions is distin-
guished for a detailed description of the excitation of
the air species with allowance for the vibrational ki-
netics that permits obtaining accurate photon distri-
butions in lines [52].

The globally most common thunderclouds have pos-
itive upper and negative bottom charges [3, 47]. Ini-
tially, the ion plasma between the cloud top and

the ionosphere shields the field above the cloud [31].
As the lightning annihilates cloud charges (intracloud
discharge) or carries away the upper positive charge
(cloud-to-ground lightning from the cloud with tilted
dipole [31, 47]), a field of negative polarizing charges
appears near the top [31]. The external field is therefore
modeled by that of uniformly and negatively charged
thin disk with radius Rg;sr located at the altitude H
and reflected relative to the Earth’s surface (z = 0 km)
and the lower electrosphere boundary (z = 60 km).

Two models of switching on the field were simulated.

The first model assumes a variable disk radius Rg;sx
calculated as

\/ q(t)/27r50Emaxa t < taisch,
Rdisk(t) = (9)
\/Qmam/27r<€0Emaza t Z tdisch7

such that the charge density is
Oaisk = q(t)/TR2;4 (1) = const = 220 Eppaq.

Here, q(t) = Qmax(t/tdiscr) is the instantaneous charge
value, @ mq, is the maximum charge value, tg;scp is the
duration of the lightning discharge switching on the
field, and E,,,, corresponds to the overvoltage

PR _Ema
accepted at the disk surface. The other model assumes
Rg;sx = const, such that the charge density is varied
according to the formula o(t) = ¢(t)/mR%,.,.

Results for the 10-group RE concentration
Npun (T, 2,t,6;) and tgisen, = 1 ms are discussed below
only for three pairs of Qe and H (100 C, 10 km;
130 C, 14 km; and 200 C, 14 km).

3. RESULTS OF SIMULATION OF
HIGH-ALTITUDE OPTICAL PHENOMENA

Space—time evolution of charged particle concentra-
tions, field strengths, and air fluorescence were the re-
sult of simulations. The fluorescence into four main
air bands was computed: the first positive system 1P
(A = 570-1040 nm, transitions B3I, — A3} of N»),
the Meinel system M (A = 500-2000 nm, transitions
AT — X2 of N), the second positive 2P, and the
first negative system 1N (A = 290-530 nm, transitions
C*10, — BTl of Ny and B*S, — X?YF of NI).

Qualitatively, the results for optical phenomena are
close to those given by the previous 1.5D model [45, 46],
but the glow brightness is larger. We note that neither

6*
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Fig.1. Altitude fluorescence distribution; Qmaez =
=130 C, H = 14 km, and variable Rg;s

TGFs nor TNFs were simulated in [45, 46]. The calcu-
lated brightness and color of the fluorescence, and its
space—time evolution in general agree with the obser-
vational data on Blue Jets and Red Sprites [32, 34, 35].
In Fig. 1, for the sake of illustration, we present the al-
titude distribution of the fluorescence brightness along
the discharge axis only for Q4. = 130 C, H = 14 km
and the variable disk radius Rg;s. Mainly high-energy
REs and relaxing secondary electrons excite the lower
glow (14-24 km). The upper glow above 54 km is ex-
cited by the background and secondary electrons that
are in equilibrium to the local field. Background elec-
trons account for the upper maximum, while the sec-
ondary electrons excite only in the range 55-63 km.
The blue system 2P contribute to the lower glow and
the red systems 1P and 1IN contribute to the upper
one. It is therefore natural to assume that the lower
and upper glows respectively account for the Blue Jets
and Red Sprites.

The fluorescence duration caused by RREAs is
~ 1 ms. In agreement with an indication in [57], the
very long duration of the glow in the vicinity of the disk
(Blue Jet), ~ 100 ms, was found from our calculations
to be a consequence of the fluorescence owing to the
prolonged recombination of positive and negative ions
after ceasing of RREAs generation.

The general agreement of the calculated character-
istics of the optical emissions with the observational
data of high-altitude optical phenomena testifies both
to the UAD model adequacy and to the trustworthiness
of the computed dependences of the RE concentration
on spatial coordinates and time, required for calculat-
ing TGF and TNF characteristics.

For all the configurations discussed (Qmaz,
H =100 C, 10 km; 130 C, 14 km; 200 C, 14 km) and
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either version of switching on the field, the RE flux
is mainly concentrated in the domain adjacent to the
disk (thundercloud), i.e., in the Blue Jet domain.

Proceeding from the TGF characteristic time be-
ing close to the duration of Red Sprites and much
shorter than that of Blue Jets, Nemiroff et al. [50] con-
nected the TGFs with Red Sprites. However, the du-
ration of the pulse of REs capable of emitting hard
bremsstrahlung and concentrated mainly within the
Blue Jet domain is ~ 1 ms, whereas the prolonged Blue
Jet fluorescence, ~ 100 ms, as pointed out above, is the
radiation of decaying plasma.

4. TERRESTRIAL GAMMA-RAY FLASHES

To interpret the TGFs, the number of
bremsstrahlung photons emitted by UAD into a

solid angle

AQ = Sdet (E/Horbit)2
in the direction to the satellites BETSI [7] and
RHESSI [8] and capable of achieving the orbit altitude

H,,.pi; was calculated by integrating over the domain
populated by REs:

; dN.
N'Sl) = dt’Y f?(glaﬁ)AQAl X
Hpmax

/ dz P(z)g(z) exp (_M

X N,

). o

where dN, /dt is the rate of the bremsstrahlung gen-
eration per one RE (~ 1.045 - 107 s~!.atm~! almost
independent of § [58]); f2(Z;, @) is the steady-energy
and angular photon distribution function [58]; 7 is the
mean cosine of the angle between the photon propaga-
tion direction and the local electric force —eE; Sge; is
the detector efficient area; i is the number of energy
channel of the detector of radiation with the mean en-
ergy g;, A; is a share of photons emitted into the chan-

< z >
hcha'/

is the optical length of the air layer between the alti-
tudes z, where UAD develops, and the orbit altitude
(Horbit > 2); hepar = 7.1 km is a characteristic length
of the “exponential” atmosphere; ¢ is the cosine of the
angle between the direction from the y-source to the
satellite and the vertical; and A\; = A(g;) is the range of
photons with the energy Z; at P =1 atm [59].

In view of the uncertainty of the satellite loca-
tion relative to the TGF sources and RE flux direc-
tion relative to the vertical, calculations were carried

hchar

lopt(2) = ¢
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Fig.2. The function g(z) defined in (11) for two values
of the cloud charge Qma. =130 C (1), 200 C (2) at
the altitude H = 14 km

out for several values of & and &, taking into account
that a decrease in £ increases the absorption because
lopt(2) grows and fo(Z;, 1) sharply decreases as fi de-
creases [58].

The function g(z) involved in formula (10) is given
by the time-integrated 10-group linear concentration of
REs:

10
9(z) = Z

tmaax Tmaz

/dt / n() (r,z,t) - 2nr dr, (11)
0 0

where n%n(r, z,t) is the instantaneous local concentra-
tion of REs in group ¢ and t,,,, = 3 ms is the time at
which the RE pulse terminates. The function is pre-
sented in Fig. 2 for Qe = 130 C and Q0. = 200 C
located at the altitude H = 14 km.

Below 20 km, g(z) is practically identical for both
Qmaz values. At large altitudes, in the case where
Qmaz = 200 C, g(z) is generally larger than for
Qmaz = 130 C, but the integrals

Hmaa

/ g(z)dz
H

G =

differ only by a factor of 1.8: G' = 1.35-10' s for 200 C
and G = 7.62-10'3 s for 130 C.

The difference at large altitudes is related to dif-
ferent cloud charges @4, and their spatial size. In
the case of larger Qqz, the field at high altitudes is
stronger, and therefore REs penetrate to higher alti-
tudes. The proximity to G is related to REs being con-
centrated at lower altitudes and with a nonlinear self-
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Fig.3. Time dependence of the total RE number
Nyun(t). Cloud charge Qma. = 200 C at the altitude
H =14 km

consistent mode of the discharge development. Gener-
ation of a large amount of low-energy charge carriers
by RREAs leads to the field relaxation and RREA ter-
mination. At larger Q.uqz, the RREAs develop faster
in a particular spatial domain, but also damp faster.
The emission of photons with energies from 20 keV
to 20 MeV was calculated. Some results are presented
in Tables 1-3 and Figs. 3-5, to be compared with ob-
servations aboard BATSE [7] and RHESSI [8].
Nemiroff et al. [50] presented processed BATSE
data obtained in four energy channels: 20-50 keV, 50—
100 keV, 100-300 keV, and 300-1000 keV. In our calcu-
lations, the boundaries of the first four energy ranges
fit the BATSE channels. The boundaries of the re-
maining ranges were selected arbitrarily, but such that
a sufficient number of points guarantee proximity to
the continuous photon energy distribution. The dura-
tion of individual registered TGF is ~ 0.5-5 ms. The
computed y-flash duration is specified by the RE pulse

Hypmax Tmax

10
N(t)pun =Y / dz / n(i) (r,z,t) - 2nr dr, (12)
=1 g 0

and its duration is ~ 1 ms. The RE pulse for one con-
figuration is demonstrated in Fig. 3.

The total number of photons per TGF in the
range of four channels of the BATSE detector in the
range 20-1000 keV was estimated in [50] by the value
N, ~ 100-700, which is consistent with (N, &~ 153)
7 =¢=0.5and (Ny ~ 1105) @ = £ = 0.7 calculated
for Qmas = 130 C and (N, ~ 1499) 1 = £ = 0.5 for
Qmaz = 200 C. The photon energy g, = 1.26 MeV cal-
culated for @a; = 200 C and 7t = £ = 0.5 corresponds
to the photon energy ~ 1 MeV in TGFs [7].
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Table 1.  ~-emission in energy channels i with boundaries ¢1 and ¢2, Qma = 130 C, H = 14 km, Horpie = 500 km,
and Sge; = 0.2 m? [7]
i e1, keV g9, keV Z;, keV Néi)
n=¢=1 n=¢=07 B=£¢=05
1 20 50 35 4.1-10% 90.04 8.2
2 50 100 75 4.1-10° 34.03 6.4
3 100 300 200 10.5- 103 146.6 11.6
4 300 1000 650 41.6-10° 231.01 12.1
5 1000 3000 2000 2.41-10° 679.9 19.4
6 3000 5000 4000 2.84-10° 435.2 10.4
7 5000 7000 6000 3.4-10° 317.05 34.2
8 7000 9000 8000 3.23-10° 186.6 20.7
9 9000 11000 10000 3.28 - 10° 257.5 15.7
10 11000 15000 13000 4.25-10° 85.8 2.69
11 15000 20000 17500 2.66 - 10° 23.7 0.68
Number of photons fjlzv@ 6.03- 10 553 38
Calculated photon mean ener

at the ditector 2y, MeV N 5 3914 50

In Fig. 4, the calculated relative photon distribu-
tions in four channels

are compared to some of the BATSE TGFs processed
in [50]. The agreement is satisfactory.

In Fig. 5, the calculated photon energy spectra
dN., /de, are compared with the spectrum detected
aboard RHESSI [8]. The spectra calculated with
Qmaz =200 C, g =& =0.5, and m = £ = 0.7 match
the measured spectrum best of all. The computed pri-
mary emission spectrum presented in the same figure is
softer than the measured spectrum and the calculated
spectra at the satellite altitudes. For Q4. = 130 C
and H = 14 km, the spectra at the satellite altitudes
are harder than for Q.. = 200 C and H = 14 km.

The RHESSI photon spectrum is harder than
the BATSE spectrum. The mean energy of pho-
tons detected by RHESSI is in the range 1-4 MeV,
with ~ 2 MeV prevailing in contrast to the BATSE
1 MeV. The mean calculated photon energies behave
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correspondingly, as is illustrated in Table 3, where
g, =1.27-4 MeV.

5. TERRESTRIAL NEUTRON FLASHES

The consistency of the calculated v-ray character-
istics with TGFs, especially for Q... = 200 C and
H = 14 km, also testifies to the model adequacy.
Therefore, the y-ray characteristics in the source are re-
liable for calculating the numbers of photonuclear neu-
trons from UAD.

The integral yield of photonuclear neutrons from
UAD was calculated in two ways: using the approxi-
mation of chaotic photon motion

N, =2cNp //nﬁ,(r,t)P(z) X

X f4(8,e5)o(y, Sn) de,dV dt, (13)

Eth(’Y:n)
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Table 2. ~y-emission in energy channels i with boundaries 1 and €2, Qmax = 200 C, H = 14 km, Hoppir = 500 km,
and Sge; = 0.2 m? [7]
i e1, keV g9, keV Z;, keV Néi)
n=¢=1 n=¢=07 B=£¢=05
1 20 50 35 3.85-10% 911 88.8
2 50 100 75 3.42-10% 808 68.4
3 100 300 200 7.17- 10 1280 116
4 300 1000 650 1.48 - 10° 1410 102
5 1000 3000 2000 4.25-10° 1749.7 86.8
6 3000 5000 4000 4.29-10° 764.1 25.8
7 5000 7000 6000 4.89-10° 483.7 15.3
8 7000 9000 8000 4.59 -10° 549.04 8.42
9 9000 11000 10000 4.61-10° 368.4 5.91
10 11000 15000 13000 5.97-10° 122.8 367
11 15000 20000 17500 3.73-10° 38.9 1.05
Number of photons fjlzv@ 2.93 .10 4410 375
Calculated photon mean ener

at the ditector 2y, MeV N 99 21 120

and assuming that the neutrons are generated along
the photon range A, (z) = A, (0)/P(z):

N, = QNL/\W(O)% // no (5, ) P(2) %

£y, man

X f+(8.2,)a (7, Sn) de,dV dt. (14)

een(v,m)

Here, n,(r,t) is the photon concentration (n.(r,t) =
A Npyn(r,t) [58]); N~ 2.7-10%° m~2 is the Loshmidt
number; f,(d,e,) is the steady photon distribution over
energies ¢, normalized to unity [58]; o(v,Sn) is the
total cross section of (y,n)-reactions [60]; (7, 1n)
is the (v,1n)-reaction threshold; €, 4, is the maxi-
mum energy up to which data on the cross sections are
available. Within the accuracy of the present calcula-
tions, it is sufficient to let the atmosphere to consist
of the N nuclei, for which g4 (7,1n) = 10.55 MeV
and €y,mae = 29.5 MeV [60]. In this energy range,
Ay (0) ~ 500 m [59].

The calculated neutron yield values N,, ~ 10'4-10'5
presented in Table 4 are consistent with the analytic es-
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timate N,, ~ 10'5 [18-20] obtained for the cloud charge
Qcioud = 210 C and H = 18 km with allowance for the
geomagnetic field, which apparently compensated the
effect of the air density lower than in the present sim-
ulations (H = 14 km).

6. DISCUSSION

In accordance with the energy dependence of the
photon range, the primary emission at different alti-
tudes contribute to the detector readings in different
energy ranges [47, 49]. To clarify the results for TGFs
presented above, contributions of photons emitted at
different emission altitudes were calculated (Fig. 6).
The altitudes of 30-40 km contribute to low ener-
gies (tens of keV), whereas the “detected” photons of
the MeV range originate from 17-20 km.

Although the low-energy photons dominate in the
primary bremsstrahlung spectrum at all altitudes, they
are strongly absorbed in the atmosphere. Only those
of these photons are capable of escaping into space
that are emitted at high altitudes, where the atmo-
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Fig.4. Relative distribution of photons in four energy
N
channels BATSE A; = N7/ 5> N for two values of

the cloud charge @Qq. at the elzltitude H =14 km and

two orientations of the satellite relative to the y-source.

Ref. [50]: Fig. 1b (+), Fig. 1d (x), Fig. 1f (M), Fig. 11

(*). Simulations: 130 C (O, A), p=¢=10.7 (O), 0.5
(£); 200 C (0,4), j1 =€ = 0.7 (o), 0.5 (4)

dN, /de~, keV™!

10 T T T
1p E
107"k <
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Fig.5. Relative photon energy distribution at RHESSI

for two values of the cloud charge Q142 at the altitude

H = 14 km and three orientations of the satellite rela-

tive to the y-source. The distribution at 75 keV is taken

for unity. Thick line — [8], thin line — emission spec-

trum; 130 C (A,0,0); 200 C (A, W e); u=¢ =105
(A,4), 0.7 (O,M), 1 (o,0)
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Table 3. Mean calculated photon energies for
RHESSI, Hoypi¢ = 550-600 km [8]

Qmaz, C 130 200
n=¢ 0.5 0.7 0.5 0.7
z,, MeV 3 4 1.27 2.1

Table 4.  (n,~) neutron yield per discharge

Qmaz; C 100130 200
H, km 1014 14
Chaotic photon motion,
16|25 3.6
N, formula (13)
10 | @ ti 1 hot
eneration along photon | |, |0~
range, formula (14)

sphere is rarefied and the absorption is weaker. But
the bremsstrahlung efficiency is low in rarefied media.

The high-energy photons reaching the satellite alti-
tudes originate mainly from the altitudes where the RE
population is maximal, because such photons experi-

AN Jdz
T T T T T
107" | .
1072 | .
103 A\
1 2 3 4 5 6 7

z,10* m

Fig.6. The contribution of y-emission at different al-
titudes dNAsi)/dz to the total number of photons de-
tected by channel i for two values of the cloud charge
Qmaz at the altitude H = 14 km and one orientation
of the detector relative to the y-source: p =& = 0.7;
i =2 (50-100 keV), 200 C (1), 130 C (2, x); i = 4
(300-1000 keV), 200 C (3), 130 C (4, A); i = 6
(3-5 MeV), 200 C (5), 130 C (6, O)
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ence weaker absorption. Above the RREA termination
altitudes, the photon generation rate sharply reduces
due to both a decrease in the RE local concentration
and a strong decrease in the frequency of electron col-
lisions with neutrals because of the exponential reduc-
tion of the atmosphere density. Thus, the absorption of
low-energy photons is the reason of the detected spec-
tra being harder than the primary emission spectrum.

The differences in the results of calculations for
Qmaz = 130 C and Qe = 200 C at H = 14 km ensue
from the corresponding RE distributions at large alti-
tudes. The total numbers of REs N,.,, are rather close
in both cases, but at high altitudes, Ny, is ten times
higher for Q0. = 200 C than for Q.. = 130 C (cf.
Fig. 2). For Q. = 200 C, there are more REs at al-
titudes above 20 km, and therefore the bremsstrahlung
spectrum is softer.

Too large values of the photon mean energy &, cal-
culated at 7 = ¢ = 1 (Tables 1 and 2) are related to
the angular distributions f(Z;, 1) of photons emitted in
different energy ranges specified by g;. The high-energy
photons are emitted mainly into small angles relative
to the field vector, whereas the angular distribution of
low-energy photons is significantly wider (cf. Fig. 5 in
[58]). Because the emission spectrum is enriched by
high-energy photons at 7 = ¢ = 1 if compared with
7 =& = 0.5 and 0.7, the calculated spectrum at the
satellite altitudes contains more such photons.

We note that the fluorescence brightness calculated
here, even if averaged over the TV chamber frame dura-
tion with the instrumental sensitivity (.J) taken into ac-
count [32], exceeds the observed brightness [32] by more
than an order of magnitude. For the chosen configura-
tions, the discrepancy could be eliminated by increasing
the duration t4;s.p, of the lightning discharge switching
on the field above the cloud. The simplified 1.5D model
predicted that the increase in tg;scr, up to 30 ms leads
to more than an order of magnitude decrease in (J)
[45, 46] stemming from early start of the field shielding
by secondary plasma above the cloud. Consequently,
an increase in tgjs.p, would shift the upper boundary of
the 7 and ¢ values to unity, fitting the calculated pho-
ton numbers with observations. The shift of £ to unity
is reasonable in view of the analysis of Cummer et al.,
who placed lightning discharges possibly triggered by
RHESSI TGFs rather close to the RHESSI subsatellite
point [48]. However, extremely large required compu-
tational time makes 2D multigroup simulations with
taisen, significantly increased above the 1 ms value as-
sumed here absolutely unrealistic.

As in most of the previous works, including recent
papers [47,49], the model presented here discounts ef-
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Table 5. RE numbers at the BETSI detector,
Horpit = 500 km, Sger = 0.2 m? [7]

Omaz: C 130 | 200
H, km 14
RE numbers escaping into space |4.7 - 10'67.6 - 10'7
RE numbers entering the detector| 4-10* | 6-10°

fects of the magnetic field of the UAD current and the
geomagnetic field. Due to an extremely low current
density, the effects of the former are negligible in com-
parison with the action of the electric field. This is not
the case with the geomagnetic field [21, 22]. For in-
stance, the reduced electric strength 400 kV /m-atm, for
which Dwyer and Smith [49] simulated RHESSI TGFs,
is comparable to

cByeo
P(z)

- CBQEO P hchar

even at the lowest simulated 7-source altitudes z = 15
and 30 km [49]. For the horizontal inductance of
the field in the tropical zone Bye, = 40p T and for
henar = 7.1 km, we actually have ¢Bgeo/P(z) &~ 100
and 821 kV/m-atm.

A significant number of REs can escape into
outer space and contribute to the instrument read-
ings aboard the satellites. The calculated numbers
Nyun of REs that escape into space and the numbers
Naet ~ NyunSaet/HZ,,;; that could irradiate the BETSI
detector are presented in Table 5. Because electrons in-
teract with matter more efficiently than photons of the
same energy, their possible effects on detectors should
be taken into account. However, a caveat deserves men-
tioning: the bending of RE trajectories by the geomag-
netic field [1, 61] (see also [3]) could prevent RE es-
caping into space [21, 22]. On the other side, at low
latitudes, where the effects of the geomagnetic field
are expected to be maximal, the UADs were observed
to propagate to very high attitudes close to the verti-
cal [33].

According to our simulations, the TGFs appear self-
consistently with Blue Jets and Red Sprites. But the
TGFs for which high-energy REs are required are not
correlated with large variations in the cloud charge mo-
ment Qlg caused by lightning and inherent to Red
Sprites [47, 48, 62]. TGFs are correlated with vertical
moment changes AQlg = 20-200 C-km [47] in contrast
to much larger AQlg = 500 C-km observed in most of
the sprite-associated lightning discharges [48, 61] and
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termed threshold for Sprites [47], although Sprites were
observed with AQlg as small as 120 C-km [31].

The lack of TGFs at large AQlg seems to be very
strange and inexplicable in the framework of the dis-
charge controlled by RREAs series. Williams et al. [47]
clarified this apparent inconsistency, pointing out that
numerous observations allowed regarding the mesoscale
stratiform systems of clouds * ... as most often respon-
sible for sprites”. Each such system involves at least two
vast horizontally extended charge layers with the up-
per negatively charged layer located below 10 km [47].
Williams et al. proved that at these altitudes, gamma-
photons, even if they were being produced, would ex-
perience strong attenuation and could not escape to
outer space [47]. Besides, is it possible at all for elec-
trons to be energized up to the MeV range in view of
the dense atmosphere and a rather weak electric field?
In fact, the “spider” cloud-to-ground lightning, most
typical for these systems, carries away the lower posi-
tive charge [47]. The remaining negative charge is dis-
tributed along a very vast horizontal layer. Therefore,
in spite of an extremely large corresponding momentum
change AQlg, the electric field of the negative charge
right above the cloud is most likely not sufficient to
compensate the drag effect of the dense atmosphere.
Besides, the atmospheric ion plasma above the cloud
shields this field, at least partially. Consequently, the
overvoltage 6 = eE/F,,;,P directly above the cloud
hardly suffices for the electron runaway.

The most ordinary cumulonimbus thunderclouds
have the positive upper charge located at altitudes
15 km (we recall that H = 14 km in our simula-
tions). Williams et al. [47] showed that MeV gamma-
photons are rather weakly absorbed at these altitudes
and are capable of escaping into outer space. The elec-
tron runaway is efficient in this case. Indeed, after
positive cloud-to-ground lightning (the case of a cloud
with a tilted dipole) or intracloud lightning (the case
of a cloud with a vertical dipole), the field of the neg-
ative polarization charge appears above the cloud as
assumed in our model. Because this charge is concen-
trated in a rather limited volume (if compared with
mesoscale stratiform systems), exactly at the altitudes
of 14-20 km, it ensures sufficient overvoltage for multi-
plication of high-energy electrons (cf. Fig. 2) and their
runaway to MeV energies with subsequent production
of hard gamma-rays.

Based on published results of observations,
Williams et al. [47] rejected negative cloud-to-ground
lightning flashes from clouds with a vertical dipole
and positive cloud-to-ground flashes from clouds with
a tilted dipole as possible sources of TGFs. They con-
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centrated on intracloud flashes, which are most typical
in tropics, where TGFs were detected, and stated that
“ ... gamma rays originate in the vicinity of negative
lightning leaders ... ”, bridging the cloud charges and
ascending above the cloud tops. They disregarded the
accumulation of the negative polarization charge above
a thundercloud. Besides, the limited space domain
occupied by a strong electric field in front of the leader
imposes a serious limitation upon the acceleration
of a significant number of electrons to high energies.
Overcoming this difficulty seems to be possible in
the framework of electron self-acceleration in front
of a polarizing channel, according to which electrons
move selfconsistently with the channel propagation [3].
However, the idea of the electron acceleration in front
of the leaders is inconsistent with switching off the
X-ray enhancement inside thunderclouds by lightning
strokes observed in [5].

In any case, it is thus established that TGFs origi-
nate from rather ordinary thunderclouds and lightning
flashes with moderate or even small AQlg. Is it possi-
ble that these gamma-producing flashes are not accom-
panied by high-altitude air fluorescence, at least weaker
than above the mesoscale systems? This is not the case
in view of the observations of Giant Jets from tops of
ordinary clouds [33]. We also recall that Sprites were
observed with AQlg ~ 120 C-km [31]. Moreover, it is
obvious that in many cases, the cumulonimbus clouds
shielded the glow because of their large vertical size.

As mentioned in the Introduction, a mechanism
of the Red Sprite excitation (altitudes Hgp,, = 70-
80 km) due to the conventional breakdown driven by
low-energy electrons is being discussed [31, 47]. At
large distances (Hgpr > lg), the reduced strength of
the field of the vertical dipole with Qlg = 500 C-km,
located in the troposphere (thundercloud), with allow-
ing for the image in the ground even along the dipole
axis

E . 20l Hipr
P(Z) N 47T50H33p7« hchar

is of 1.3-3.6 kV/m-Torr. The minimal (asymptotic)
value (E/P)p, =4 kV/m-Torr required for the conven-
tional breakdown in air at large Pd [3, 63-65] is beyond
this range of E/P, although rather close to the upper
boundary. The decreasing dependence of (E/P), on
Pd reaches the asymptotic value at Pd ~ 10 Torr-m [3,
63]. The corresponding values of the “interelectrode
spacing” d at the altitudes ~ 70-80 km are quite real-
istic: d &~ 260-1050 m. These estimates disagree with
E > Ey, predicted for the Sprite altitudes [31]. Note
that according to our simulations the intensive upper
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glow (cf. Fig. 1), responsible for the Red Sprite, is
exited by background electrons without breakdown.

In contrast to [49], where photon transport from a
localized source at the upper RREA end was simulated
using Monte Carlo technique, formulas (10) and (11)
take the y-photon emission throughout the region pop-
ulated by REs into account. However, similarly to [47],
the simplified exponential photon attenuation is an ob-
vious shortcoming of (10). Besides, formulas (10), (13),
and (14) involve steady photon distributions, which are
universal in the sense that they are almost independent
of the overvoltage § [58] as a consequence of the parent
RE distribution being steady and universal [36]. But
the RE and photon distributions in natural process are
not necessarily steady and d-independent. Currently,
Monte Carlo simulations are being carried out with the
computed group energy distributions of the RE concen-
tration n,.n(r,t,¢;) directly used to calculate the -
ray source with a subsequent simulation of y-ray trans-
port to the satellite altitude. The same ELIZA Monte
Carlo code is being used by means of which the steady
RE and photon distributions were computed [36, 58].
The code accounts for all known interactions of elec-
trons, photons, and positrons with matter described by
the modern complete libraries of elementary cross sec-
tions. These Monte Carlo calculations will eliminate
the shortcoming inherent to the simplest exponential
attenuation of the photon flux adopted in formula (10).
Such improvements are quite necessary because accu-
rate simulations of 7-ray transport to the satellite al-
titude were implemented in [49] in the framework of
extremely simplified models of RREA and ~-ray source
for E/P invariant in space and time.

7. CONCLUSIONS

For three configurations of thundercloud charges
within the framework of the mechanism of breakdown
controlled by RREA generations, 2D numerical simu-
lations of UAD and secondary air fluorescence are pre-
sented. Their results in general agree with observa-
tions of high-altitude optical phenomena above thun-
derclouds.

From the calculated RE space-time distributions,
bremsstrahlung characteristics were computed, from
which, for a simplified exponential attenuation in the
exponential atmosphere, the photon numbers and spec-
tra were calculated at the altitudes of the satellites
BETSI [7, 50] and RHESSI [8]. The computed pho-
ton numbers, photon distributions, and mean energies
depend both on the configuration specified by the cloud
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charge and its altitude and on the angle between the
direction from the y-source to the detector and the ver-
tical. For sufficiently large angles, the results agree
with the numbers of TGF photons and their spectra de-
tected aboard BETSI and RHESSI. Calculations for the
chosen configurations prove that TGFs originate from
the altitudes 14—20 km, characteristic of the Blue Jets,
where avalanche multiplication of REs occurs and the
RE flux is almost entirely concentrated (cf. Fig. 2 for
the function g(z)). This confirms conclusions of Dwyer
and Smith [49] and Williams et al. [47], who proceeded
from simplified models, placed the TGF origin in the
upper troposphere/lower stratosphere (16-22 km).

As the general agreement of calculations with ob-
servations of Blue Jets and Red Sprites [32], the sat-
isfactory agreement of TGF characteristics computed
for small 7o and £ with observations [7, 8, 50] testifies
to the trustworthiness of the discussed model.

The numbers of neutrons generated by photonu-
clear reactions associated with the UAD development
were calculated. For the simulated configurations, the
numbers appeared to be rather large, ~ 10'4-10'%, and
matched the analytic estimates in [18-20], where it was
shown, however, that these numbers are too small to
account for the TNFs detected in correlation with thun-
derstorm discharges at the Earth’s surface [13-15], even
at high-mountain station [13].

In this paper, TGFs and TNFs were simulated un-
der the assumption that they originate from UADs de-
veloping in the RREA mode [9-12]. Another mech-
anism is conceivable based on analyses of the tem-
poral correlation of TGFs with VLF/ELF (very low
frequency/extremely low frequency) signals (50 Hz-
30 kHz and < 0.1 Hz—400 Hz) [48, 62] and on a strong
dependence of the 7-ray flux and spectra at satellite
altitudes on the ~y-source altitude [47]. The mecha-
nism assumes electron runaway in front of upward neg-
ative leaders of intracloud lightning discharges bridg-
ing the upper positive and lower negative charges of
the most typical thunderclouds with vertical dipole
moments Qlg = 20-200 C-km [47], which are much
less than the most sprite-associated moment change
AQlg = 500 C:km. Electron runaway at the leader
front is regarded as a possible origin of TNFs alterna-
tive to the UAD origin [20]. The capability to account
for the ground-based observations [13-15] is its advan-
tage. This origin of TGFs and TNFs is to be thoroughly
studied and simulated numerically before it can be ac-
cepted or rejected.

Further research of TNFs is required. Proving that
TNFs are related with atmospheric discharges would be
a serious argument in favor of the breakdown mecha-
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nism in the atmosphere controlled by REs [9-12]. The
predicted neutron yields per TNF, ~ 1014-10'% (UAD,
Table 4) and 4 - 10" (lightning [20]) are large enough
to be measured aboard an aircraft or spacecraft.
Although the results obtained here for small 7 = ¢
agree with the BETSI and RHESSI TGFs, further
experiments and numerical simulations are required
to select a discharge type causal to TGFs and TNFs,
i.e., whether UADs or the most common intracloud
lightning flashes globally [47], and to develop an
adequate mechanism. The TGF-correlated moment
changes AQlg 11-107 C-km reported in [4§]
and [62] are very puzzling in view of the absence
of TGF in the case of much larger sprite-associated
changes AQlg = 500 C-km. Up to 3 ms TGF advance
relative to the lightning VLF/ELF signals is another
unexpected observation [48]. The problem of the TGF
advance can possibly be resolved if switching off the X-
ray enhancement inside thunderclouds coincident with
the lightning discharge onset is taken into account [5].
Obviously, this observation, contradicting the idea
of the TGF source at the leader front [47], permits
interpreting both prior- and post-lightning TGFs in
a unified manner: the prior-TGFs possibly occur due
to RREA series initiated by cosmic rays throughout
the inner volume of the charged cloud, whereas the
post-lightning TGFs are produced by RREAs above
the cloud after the same lightning switches on the field
above the cloud shielded by the ion plasma [31].

The authors express their deepest gratitude to
R. I. II’kaev and S. J. Gitomer for the support of re-
search in atmospheric electricity, to A. V. Gurevich,
R. A. Roussel-Dupré, E. M. Symbalisty, and K. P. Zy-
bin for the long-term cooperation in this area.
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