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Key Points:12

• Flying over an area with no nearby lightning activity, the ASIM-MXGS instru-13

ment detected a four ms long event with a soft spectrum.14

• Observations coupled with simulations suggest that more than 90% of the counts15

come from a TEB, and the rest from the associated TGF.16

• A source TGF with a broad angular distribution and 1017 to 1019 photons can ex-17

plain the observation.18
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Abstract19

We report the �rst Terrestrial Electron Beam (TEB) detected by the Atmosphere-Space20

Interactions Monitor (ASIM). It happened on September 16th, 2018. The ASIM Mod-21

ular X and Gamma-ray Sensor (MXGS) recorded a two millisecond long event, with a22

softer spectrum than typically recorded for Terrestrial Gamma-ray Flashes (TGF). The23

lightning discharge associated to this event was found in the World-Wide Lightning Lo-24

cation Network (WWLLN) data, close to the northern footpoint of the magnetic �eld25

line passing by the International Space Station (ISS). Imaging from a GOES-R geosta-26

tionary satellite shows that the source TGF was produced close to an overshooting top27

of a thunderstorm. Monte-Carlo simulations were performed to reproduce the observed28

lightcurve and energy spectrum. The event can be explained by the secondary electrons29

and positrons produced by the TGF (i.e. the TEB), even if about 5% to 10% of the de-30

tected counts may be due to direct TGF photons. A source TGF with a Gaussian an-31

gular distribution with standard deviation between 21o and 29o was found to reproduce32

the measurement. Assuming an isotropic beaming within a cone, compatible half angles33

are between 29o and 43o, in agreement with previous studies. The number of required34

photons for the source TGF could be estimated for various assumption of the source (al-35

titude of production, angular distribution), and is estimated between 1017 and 1018 pho-36

tons, i.e. compatible with the current consensus.37

Plain Language Summary38

Terrestrial Gamma-Ray Flashes (TGFs) are the highest energy natural particle ac-39

celeration phenomena occurring on Earth. They are burst of energetic photons associ-40

ated with thunderstorms, and have a poorly understood production mechanism. When41

interacting with the atmosphere, TGFs produce secondary electrons and positrons of high42

energy. A fraction of them can reach Space, and forms a beam under the e�ect of Earth's43

magnetic �eld, so called Terrestrial Electron Beam (TEB). They can be detected over44

geographical location with no lightning activity. In the past, TEBs have been detected45

by the Fermi space telescope and the Compton Gamma-ray Observatory. In this arti-46

cle, we report the �rst detection of a TEB by the Atmosphere-Space Interactions Mon-47

itor (ASIM), docked on the International Space Station since April 2018. During this48

event, no lightning activity was detected below the instrument. The TEB's source light-49

ning was actually found to be located 650 away from detector, very close to an overshoot-50
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ing top of a thundercloud. The comparison of the observation with simulated data made51

it possible to constrain the geometry of the parent TGF. Our results point towards a rel-52

atively wide angular distribution and an intensity of 1017 to 1019 photons, in agreement53

with previous studies.54

1 Introduction55

Terrestrial Gamma-ray Flashes (TGFs) are short (< 2 ms) bursts of high energy56

(< 30-40 MeV) photons, produced during thunderstorms, between 10 and 15 km alti-57

tude, for events detectable from space. A review of the science of TGFs is presented by58

Dwyer et al. (2012). TGFs were �rst detected using the BATSE experiment on-board59

the NASA's CGRO spacecraft. Later, TGFs were recorded from space by RHESSI (Smith60

et al., 2005), AGILE (MCAL instrument) (Marisaldi et al., 2014), the Fermi space tele-61

scope (GBM instrument) (Briggs et al., 2010; Roberts et al., 2018), BeppoSAX (Ursi et62

al., 2017) and the Atmosphere-Space Interactions Monitor (ASIM) (Neubert, Østgaard,63

Reglero, Blanc, et al., 2019). This last is the only one speci�cally designed to detect TGFs64

from space, using the Modular X- and Gamma-ray Sensor (MXGS) (Østgaard et al., 2019).65

ASIM was successfully launched and docked to the International Space Station in April66

2018, and started science operations in June 2018. The �rst results from ASIM are pre-67

sented in (Neubert, Østgaard, Reglero, Chanrion, et al., 2019; Østgaard et al., 2019), in68

addition to this article.69

TGFs deposit a large amount of energy in the atmosphere, as a large fraction (typ-70

ically > 97%) of the initial bremsstrahlung photons is absorbed before reaching space.71

By colliding with the atmosphere, the photons produce a large quantity of electrons (through72

Compton scattering and pair production) and positrons (pair production), but only a73

small fraction is able to escape the atmosphere. Most of the escaping electrons are pro-74

duced above ≈40 km altitude (Sarria et al., 2015). Once they have escaped, the electrons75

and positrons are then bounded to Earth's magnetic �eld lines and can travel large dis-76

tances inside the magnetosphere (Dwyer et al., 2008; Briggs et al., 2011). This phenomenon77

is called a Terrestrial Electron Beam (TEB). The TGF responsible for the TEB will be78

referred as the "source TGF" in the rest of this article. TEBs were �rst reported from79

measurements of the BATSE/CGRO spacecraft (Dwyer et al., 2008). Later, they were80

detected by the Fermi space telescope (Briggs et al., 2011), and one event was found in81

the BeppoSAX satellite data archive (Ursi et al., 2017). The duration of TEBs is sev-82

�3�



manuscript submitted to JGR: Space Physics

eral times larger that TGFs. This is because the electrons/positrons have a wide range83

of pitch angles (with respect to the local magnetic �eld direction) when they are pro-84

duced and/or escape the atmosphere, which leads to a temporal dispersion after prop-85

agating several thousand of kilometers along Earth's magnetic �eld lines. This phenomenon86

is illustrated in �gure 1. For more information about the pitch angle distribution of TEB's87

electrons, see Sarria et al. (2016). A TEB typically contains 8% to 15% of positrons. All88

TGFs directed to space produce a TEB, but they are more di�cult to detect than TGF.89

This is because a TGF can be detected by satellites located within a radius of about 80090

km around its source, whereas TEBs extend only over a few tens of kilometers around91

the two point where the magnetic �eld line reaches the altitude of the satellite (in some92

cases, the magnetic �eld line does not even reach the altitude of the satellite). For ex-93

ample, the �rst Fermi-GBM TGF catalog presents only 30 TEB candidates among the94

total of 4135 listed TGF events (Roberts et al., 2018).95

In this article we report the �rst TEB event detected by ASIM, using the MXGS96

instrument. Although the MXGS primary objective is to detect TGFs, a long trigger win-97

dow (25 milliseconds) was implemented to detect longer events like TEBs. In section 2,98

we present the ASIM-MXGS instrument and discuss its ability to detect TEBs. In sec-99

tion 3, we present the event detected on September 16th, 2018. In section 4, we use Monte-100

Carlo simulation in order to reproduce the event and to constrain its beaming and its101

source content. We conclude in section 5.102

2 Instruments and data103

The Atmosphere-Space Interactions Monitor (ASIM) (Neubert, Østgaard, Reglero,104

Blanc, et al., 2019) consists of two main instruments : MXGS (Modular X- and Gamma-105

ray detector) for hard radiation observations and MMIA (Modular Multi-spectral Imag-106

ing Array) for optical observations (Chanrion et al., 2019). The MXGS instrument con-107

sists of a Low Energy Detector (LED) and a High Energy Detector (HED). Østgaard et108

al. (2019) described the instrument in details. The HED is based on twelve Bismuth Ger-109

manium Oxide (BGO) scintillator crystal bars of 15 x 5 x 3.2 cm3 interfaced to Photo-110

multiplier tubes, and is sensitive to energies of ∼200 keV to ∼40 MeV. It has a total ge-111

ometrical area of 900 cm2. The LED consists of an array of Cadmium-Zink-Telluride (CZT)112

detector crystals with a total of 16384 pixels, and geometrical area of 1024 cm2. It op-113

erates in the energy range of ∼20 keV to ∼400 keV. The LED only operates during nigh-114
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time, and the event reported in this article happened during daytime. MXGS uses 4 trig-115

ger time windows: 300 µs, 1 ms, 3 ms and 25 ms, this last being speci�cally implemented116

to target TEBs. For both detectors, if the recorded number of count exceeds a given thresh-117

old within one of these time windows, the MXGS instrument triggers, and saves high res-118

olution data of every single recorded count inside a time frame of approximately ±1 sec-119

ond around the trigger time.120

ASIM is mounted to the Columbus module on the International Space Station (ISS)121

since April 2018. The ISS has been designed to always show the same side to the Earth,122

meaning that MXGS is always pointing towards the nadir. Let θ be the angle, measured123

from the ISS, between the nadir and the location of a TGF. All TGF events are expected124

to come with θ < 70o. TEB's electrons and positrons are bounded to Earth's magnetic125

�eld lines and perform helical motion around it and therefore can hit the space station126

from any angle of incidence.127

In order to simulate the response of MXGS to TGF and TEB, we developed a com-128

plete mass model of the instrument (Østgaard et al., 2019), based on the Geant4 toolkit129

(Agostinelli et al., 2003; Allison et al., 2006, 2016). It includes all relevant elements around130

the instrument, in particular the HED, LED, coded mask, shielding and electronics, MMIA,131

mounting platform, the other mounted instruments, and the Columbus module. By Monte-132

Carlo simulations we estimated that the e�ective area of the HED for a typical TEB is133

about 150 cm2, which is about 25% of the one for a typical TGF. In this case the e�ec-134

tive area is calculated as the geometrical area (≈ 900 cm2 for HED and ≈ 1024 cm2 for135

LED) multiplied by the probability of an incident TEB electron to deposit more than136

400 keV into at least one BGO crystal. This energy deposition can be direct (electrons137

hitting the crystal) or indirect. In the indirect case, electrons emit bremsstrahlung pho-138

tons by interaction with the surrounding material, that hit at least one BGO crystal. For139

HED, the indirect process is mostly involved during TEB events, because of the shield-140

ing around the crystals that will absorb most of the electrons. The e�ective area is func-141

tion of the energy of the electron, and the value given previously is an average over a typ-142

ical TEB spectrum. We also estimated that the e�ective area of the LED detector for143

TEB detection is about 280 cm2. It is signi�cantly larger than for HED because direct144

electron hits are much more likely. It implies that, during a TEB event, the LED could145

detect twice more particles than the HED. This prediction should be testable with fu-146

ture events, since the LED was not operating for the event reported here.147
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3 Observation148

ASIM-MXGS recorded an unusually long event on September 16th, 2018, at 13:14:44.733601149

(UTC). The event was strong enough to have been triggered by the 3 ms window. The150

recorded lightcurve is presented in �gure 2. The event consists of pulse of more than 2151

ms duration, and does not present any mirror pulse. The small increase around 13 ms152

is just due to background �uctuations. Figure 3.a. shows the geometry of the event on153

a map. Table 1 gives a summary of the coordinates and times of the interesting points.154

The event occurred when the ISS was located at a latitude λ = 6.28° , a longitude φ =155

−95.71° and an altitude of 402.5 kilometers (geodetic coordinates). The data from World156

Wide Lightning Location Network (WWLLN) was also used for this analysis. It provides157

lightning timing and location by the use of a network of VLF sensors positioned on the158

ground around the globe. According to WWLLN, there was no lightning activity below159

the ISS within a reasonable time window (few minutes) and distance (< 600 km). We160

could estimate the position of the magnetic �eld line footpoint at 45 km altitude (ap-161

proximately the altitude where most of the electrons that have a chance to escape the162

atmosphere are produced) in the northern hemisphere to be at coordinates λ = 11.08° ,163

φ = −95.40° (geodetic). This position was obtained from the model presented in Emmert164

et al. (2010), based on IGRF-12 (Thébault et al., 2015). These geographic coordinates165

were also con�rmed by the two other codes, implementing the IGRF-12 model and a Runge-166

Kutta stepper to propagate the electrons/positrons along Earth's magnetic �eld (MC-167

PEPTITA and Geant4-based) that will be presented in section 4. Six WWLLN events168

were found around this location, within a time frame of less than 140 ms. Three of them169

are within 6 ms, well within the MXGS absolute timing uncertainty of about 20 ms. Since170

these three events happened within 0.1 ms, they belong to the same �ash. The coordi-171

nates of these three WWLLN events are given in Table 1 as events 4-6. They are respec-172

tively 11.72 km, 13.79 km and 12.69 km away from the northern magnetic �eld line foot-173

point at 45 km altitude, knowing that the WWLLN has a generic positioning uncertainty174

of ±15 km. The probability of having a WWLLN event in such a narrow time window175

and position by random chance is extremely low. Therefore these three points are likely176

close to the location of a lightning �ash associated with a TGF that generated a TEB177

that was recorded by MXGS. In addition, simulated data, presented in section 4, also178

indicate that the duration of the observation is compatible with a TEB event, and that179

the time between the TGF production and the �rst electron reaching the detector is about180
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2.3 ms, which is close to travel time at the speed of light along the magnetic �eld line.181

Simulated data also indicate that 95% of the electron/positron beam is contained in an182

ellipse of semi-major axis of ≈ 88 km and semi-minor axis of ≈ 54 km.183

As it has been observed previously (see e.g. Briggs et al. (2011); Ursi et al. (2017)),184

a TEB could, in principle, come from a source TGF located at the magnetic footpoint185

of the opposite hemisphere. For this event, it is located at λ = −29.86 °, φ = −101.02 °(geodetic).186

However, we could not �nd any WWLLN match near this point within a reasonable time187

frame. Furthermore, according to simulations, the observed TEB duration in this con-188

�guration should be about 20 ms, which is substantially longer than our observation (as189

discussed in next section, and see also �gure 2).190

Figure 3.a. shows an image of the thunderstorm system located around the north191

magnetic �eld line footpoint, obtained by the geostationary satellite GOES-16 and has192

0.5 km spatial resolution (Advanced Baseline Imager band 2, visible red, centered at 0.64193

µm). The image was taken around 13:15:30 (UTC), i.e. about 45 seconds after the ASIM194

trigger. The positions of the three closeby WWLLN events are presented, and all are within195

6 ms of the ASIM trigger time. They also appear close to an overshooting top of the thun-196

derstorm system. Overshooting tops correspond to a region with high convective activ-197

ity, with a high lightning activity in the vicinity, therefore it is not surprising if this re-198

gion of the cloud generated a TGF..199

4 Monte-Carlo simulations of the event200

Numerical Monte-Carlo simulations were performed to reproduce the recorded lightcurves201

and energy spectrum of the event. As this event shows a relatively low �ux (i.e. parti-202

cle count rate), it was possible to get a reliable calibration of the instrument. Two mod-203

els were used to propagate the TGF and secondary particles from the source of the TGF204

to ASIM: the MC-PEPTITA model (Sarria et al., 2015) and a new model based on the205

Geant4 toolkit (Agostinelli et al., 2003; Allison et al., 2006, 2016). The Geant4-based206

code is made publicly available (see acknowledgments) and presented into more details207

in appendix A. Both models are able to propagate photons, electrons and positrons in208

Earth's environment, including the atmosphere and the Earth's magnetic �eld. They in-209

clude the relevant processes for photons (Compton scattering, photo-electric absorption,210

pair production, Rayleigh scattering) and electron/positron transport (elastic/inelastic211
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scattering, bremsstrahlung, annihilation). For simplicity, we only show results from the212

Geant4-based model, as both models showed very consistent results in all the simula-213

tions we performed.214

The simulations start from a time instantaneous photon source, with a bremsstrahlung215

energy spectrum ∝ 1/ε×exp(−ε/7.3 MeV). The TGF is located at 15 km altitude (later216

in this section an altitude range between 10 and 16 km is tested), pointing towards zenith,217

with an opening angle that can be isotropic or Gaussian. The isotropic angular distri-218

bution is parameterized by the opening half-angle θ, and the Gaussian by the standard219

deviation σθ. The time reference is set to the source TGF production time, assumed to220

be located at the coordinates of the northern or southern magnetic footpoints. Figure221

1 illustrates the geometry of the simulation, and explains why TEBs are temporally more222

dispersed than TGFs, and shows the pitch angle distribution as a function of arrival time223

that was obtained for this event. If the TGF is located at the north footpoint (λ = 11.01o,224

φ = −95.40o, geodetic coordinates), it takes about 2.28 ms for a direct photon (straight225

line) to travel from their source to the ISS (located about 650 km away), and the fastest226

electron/positron arrives about 48 µs later. The pointing angle between the ISS and the227

TGF source is about 58.4° with respect to nadir.228

Figure 2.a. presents a comparison between the observed lightcurve, and the sim-229

ulations. For all the simulations, except the yellow histogram, we assumed that the TGF230

was produced close to the northern footpoint of the magnetic �eld line passing by the231

ISS. The simulated TEB lightcurve (electrons/positrons) is compatible with the mea-232

surement. The simulations also con�rm that there is no mirror pulse detectable above233

the background level for this geographical con�guration (it would be located between234

60 and 75 ms). The yellow histogram presents the lightcurve that would be observed if235

the TGF had been produced in the southern footpoint of the magnetic �eld line, and shows236

a signal about 4 times longer that the observation (∼ 20 ms compared to ∼ 5 ms). Fig-237

ure 2.b. shows the same lightcurves, zoomed-in between 2.1 and 3.1 ms. According to238

the simulation, the signal due to the photons from the TGF (produced ≈ 650 km away239

from the ISS) should be above the background level, and have a duration of about 240240

microseconds. The pulse due to TGF photons is about 20 times shorter than the one due241

to the TEB, that lasts about 5 milliseconds. It indicates that some of the direct photons242

from the TGF may also have been detected. This fraction will depend on the location243

of the ISS with respect to the center of the electron/positron beam and, more impor-244
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tantly, on the angular distribution of the TGF. Figure 4.a. and b. presents the same com-245

parison as before, but assuming several angular distributions for the source TGF. Com-246

pared to �gure 2, the relative e�ective areas of MXGS to detect photons (∼ 650 cm2)247

and electrons/positrons (∼ 150 cm2) were taken into account. A change in the TGF an-248

gular distribution parameter mostly a�ects the counts inside the second bin of the his-249

togram (located between 2.1 and 2.3 ms), containing mainly photons. For the isotropic250

(within a cone) angular distribution, the observed lightcurve is compatible with the sim-251

ulations if a half-angle of θ between ≈29o and ≈43o is assumed. For the Gaussian an-252

gular distribution, it is for a σθ between ≈21o and ≈29o. This range is in agreement with253

previous studies (Dwyer & Smith, 2005; Østgaard et al., 2008; Hazelton et al., 2009; Carl-254

son et al., 2011; Mailyan et al., 2016). This scenario implies that about 8 to 15 of the255

recorded counts by ASIM-MXGS are actually direct TGF photons, that arrive mostly256

at the beginning of the recorded lightcurve. This is about 5 to 10 % of the total num-257

ber of counts (∼160). Our analysis assumes that the TGF source is instantaneous, and258

should not change signi�cantly if the TGF is less than 20 µs at source, as the simulated259

photon pulse has a total duration of about 2 ms (see Figure 2.b). Assuming a larger TGF260

duration at source would increase the estimated values of θ and σθ.261

Figure 5 presents the recorded background-subtracted energy spectrum compar-262

ison between the measurement and the simulation. The spectrum is actually softer than263

what is recorded during usual TGF events. The simulations use the ASIM Geant4 mass264

model presented by Østgaard et al. (2019). Two scenarios were considered, one assum-265

ing the incoming particles are photons from the TGF, and the other assuming the in-266

coming particles are the secondary electron/positrons. The TGF and TEB spectra used267

as input for the MXGS mass model were calculated using a Geant4-based model of TGF268

propagation in the atmosphere with the assumptions presented preivously. The parti-269

cles used as input for the ASIM mass model were gathered at 400 km altitude, around270

the position of the ISS (±80 km). The quality of the simulated data compared to the271

observation can be quanti�ed using the reduced chi squared (χ2
red). The χ

2
red values ob-272

tained for the simulated response to a TGF and to a TEB are 7.2 and 1.13, respectively.273

Due to the chosen energy binning, there are 7 degrees of freedom, and using a usual 95%274

probability threshold, it gives a critical value χ2
red,c equal to 2.01. It means that the TEB275

model, with χ2
red < χ2

red,c, is compatible with the measurement, whereas the TGF model,276

with χ2
red > χ2

red,c, is not. In addition to the results concerning the lightcurve (previ-277
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ous paragraph), and the geographical and time lightning matches (section 3), we think278

that it is enough evidence to consider that this event is mostly a TEB, with a small frac-279

tion (5% to 10%) of photons coming directly from the TGF.280

Finally, we can estimate the required photons number Nγ of the source TGF in or-281

der to obtain the ≈160 counts that were observed by HED. The exact value of Nγ de-282

pends on assumptions of the source TGF, mainly the altitude of production and the an-283

gular distributions. We performed a series of simulation using the Geant4-based model,284

with a TGF altitude of production tested between 10 and 16 km, assuming an isotropic285

distribution of photons within a cone (with parameter the half-angle of the cone, θ, tested286

from 10° to 50°), or a Gaussian distribution (with parameter the standard deviation σθ,287

tested from 10° to 40°). The results are presented in �gure 6. Taking into account the288

constraints on the angular distributions discussed before, a value of Nγ of about 1017 (high289

altitude) up to about 1019 photons (low altitude) is required to reproduce the measure-290

ment. This range is in agreement with values given by previous studies (Dwyer & Smith,291

2005; Dwyer et al., 2012; Cummer et al., 2014; Gjesteland et al., 2015).292

5 Conclusions and future work293

We reported the �rst TEB detected by the MXGS-HED instrument on-board the294

Atmosphere-Space Interactions Monitor (ASIM). It appeared as an unusually long event295

(> 2 ms) with a spectrum softer than what is usually seen from TGF events. Tracing296

of the geomagnetic �eld line from the ISS permitted to estimate a likely geographical po-297

sition of the TGF that produced the TEB, where three WWLLN matches within com-298

patible time (<6 ms) and distance (<15 km) intervals were found. From geostationary299

imaging, obtained just about 45 seconds after the event, it appears that the TGF was300

produced in the vicinity of an overshooting top of a thunderstorm.301

Using Monte-Carlo simulations to reproduce the observed lightcurve and energy302

spectrum, we show that the event is indeed mostly explained by a TEB, even if 5% to303

10% of the detected �ux may be direct TGF photons. A source TGF with a broad an-304

gular distribution can explain the observation (θ ≈ 30o − 45o for a uniform distribu-305

tion, or σθ ≈ 20o− 30o for a Gaussian distribution). The intensity of the source TGF306

could be estimated for various assumptions of the source (altitude of production, angu-307
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Time (UTC) λ( °) φ( °)

Magnetic footpoint

(North, h=45 km)
N.A. 11.08 -95.40

ISS 13:14:44.733601 6.28 -95.71
∆t, ms

(w.r. trigger time)

∆r, km

(w.r. magn. footpoint)

WWLLN event #1 13:14:44.601058 6.37 -89.375 132.543 895.77

WWLLN event #2 13:14:44.601059 6.43 -89.26 132.541 902.05

WWLLN event #3 13:14:44.700633 6.41 -89.30 32.968 899.78

WWLLN event #4 13:14:44.738832 11.08 -95.50 -5.232 11.72

WWLLN event #5 13:14:44.738894 11.03 -95.29 -5.293 13.79

WWLLN event #6 13:14:44.738925 11.08 -95.29 -5.324 12.69

Table 1. Summary table of the time and coordinates of the interesting elements for the ASIM

event that happened on 2018/09/16. WWLLN events number 4, 5 and 6 are in a very narrow

time (with respect to the event trigger time) and distance windows (with respect to the northern

magnetic �eld line footpoint) and can be considered as good matches for the lightning discharge

that produced the TGF. Due to their very narrow time di�erences (< 0.1 ms), these three

matches probably belong to the same discharge.

lar distribution), and is between 1017 and 1019 photons. This range is in agreement with308

commonly accepted values.309

Here, we have discussed a TEB event detected during the daytime by the HED in-310

strument alone. Future observations during nighttime have the added promise of simul-311

taneous detection by the LED and MMIA instruments. It will allow measurements of312

the low-energy part of the spectrum (∼20 keV to ∼400 keV), and hypothetical UV and313

optical emissions associated with such events.314

Planned for a launch in 2020, the TARANIS micro-satellite (Lefeuvre et al., 2009),315

should also detect TEB events. It is primarily designed to detect both TGFs and TEBs,316

with help of the XGRE and IDEE instruments (Sarria et al., 2017), and will have, in ad-317

dition, the capability of detecting hypothetical radio emissions from TEBs.318
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Figure 1. This sketch illustrates why the time distribution for a TEB event is mainly due to

the pitch angle α with respect to Earth's magnetic �eld. Most of the electrons/positrons are rel-

ativistic and hence have a speed close to the speed of light. However, they have to follow helical

trajectories around the �eld lines, and the electrons/positrons with larger α will undergo more ro-

tations around the �eld lines, and with a larger Larmor radius (RL) at the same electron energy,

before reaching the satellite. They have actually a smaller velocity along the �eld line (v�). More

energetic electrons will have a larger RL (as it is proportional to the Lorentz's γ factor). The

insert shows the pitch angle as function of arrival time (according to the simulations described

in section 4). At the satellite level, most of the electrons will arrive inside an ellipse of 54 km

semi-minor axis and 88 km semi-major axis.
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Figure 2. a. Comparison between simulated and measured lightcurves for the TEB event.

Time 0 is when the source TGF is produced. The signal of the photons (TGF part) and elec-

tron/positron beams (TEB part) are shown. The relative scale between the photons and the

electron/positron components was adjusted for visibility.

The observed lightcurve matches the electron/positron component (TEB) of September 16th,

2018. The yellow histogram presents the TEB lightcurve that would be observed if the associated

TGF was produced in the southern footpoint of the magnetic �eld line, and shows a signal about

5 times longer that the observation. It was scaled in amplitude by a factor of 20 and shifted in

time by -13.7 ms, to be able to display it inside the same time scale. b. Zoomed in between 2.1

and 3.1 ms. The simulations indicate that photons from the TGF could also have been observed,

and they should be mostly within the �rst 0.2 ms of the event. According to this simulation,

most of the recorded counts below about 2.3 ms are due to photons.

�13�



manuscript submitted to JGR: Space Physics

g
e
o
d
e
ti

c
 l
a
ti

tu
d
e

b.

GOES-16

Band 2, crop of Full Disk image

Time : 2018-09-16, 13:15:30                                           TGF trigger time: 2018-09-16, 13:14:44.733601   

g
e
o
d
e
ti

c
 l
a
ti

tu
d
e

11.01°

6.28°

0°

-10.0°

ISS

foot point

north

m
a
g
n
e
ti
c
 f
ie

ld
 l
in

e

South

America

Figure 3. a. Image from geostationary satellite GOES-16 on September 16th, 2018, around

13:15:30 UTC (about 45 seconds after ASIM trigger time), zoomed around the north footpoint

region. The image comes from the Advanced Baseline Imager instrument, optical band 2, cen-

tered at 0.64 µm, with 0.5 km resolution. The three closest positions obtained from WWLLN are

presented, that may correspond to a single discharge. They are within 6 ms of the ASIM trig-

ger time (MXGS absolute timing uncertainty is about 20 ms) and within 15 km of the northern

magnetic footpoint (WWLLN generic positioning uncertainty is ±15 km). The four points are lo-

cated close to an overshooting top of the thunderstorm system. b. The map shows the positions

of interesting points of the event. The ISS (green dot) is located at a latitude λ = 6.28° and a

longitude φ = −95.71° (geodetic). The two red dots are the magnetic footpoints of the magnetic

�eld line passing though the ISS (coordinates λ = 10.98° , φ = −95.39° and λ = −29.64° ,

φ = −101.09° , geodetic). The corresponding magnetic latitude is 21.05° (modi�ed apex). The

small magenta dots are the position of the lightning discharges obtained from WWLLN sferic

detections, within a time frame of 140 milliseconds around the ASIM trigger time.
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Figure 4. Comparison of the simulated and measured lightcurves . Error bars indicate a 1-σ

interval. Assuming various opening angle of the source TGF (that produced the TEB). Com-

pared to �gure 2, the relative �uxes between electrons/positrons and photons take now into

account the e�ciency of the detector for the di�erent particles. a. Isotropic angular distribution

inside a cone, with half angle θ. b. Gaussian (normal) angular distribution with standard devi-

ation σθ. The observed lightcurve is compatible with the simulations if we assume an half-angle

of θ between 29.2 and 42.7 degrees for the isotropic case. For the Gaussian case, it is for a σθ

between 20.9 and 28.7 degrees. Here, the compatibility criteria is chosen as if the second red

bin count (photons arriving between 2.1 and 2.3 ms) is inside the 1-σ error interval of the ASIM

measurement.
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Figure 5. Energy spectrum comparison between the ASIM-MXGS measurement and simula-

tions. Two simulation scenario were considered: incoming particles are from TGF or TEB. The

two simulated spectra are scaled to minimize the values of χ2
red, which are indicated. They give

an indication of the agreement between simulation and measurement (a lower value indicates a

better agreement). The response to TEB �ts better to the measurement.
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Figure 6. Level curves of the photon number intensity Nγ of the source TGF required for the

simulation to produce the ≈160 counts recorded during the ASIM event 180916. It is expressed

as function of altitude and opening angle, in decimal logarithm. The dotted lines demarcate the

parameter space where the angular distribution has been constrained (see �gure 4). a. Assum-

ing that the source TGF has a isotropic angular distribution inside a cone, with half angle θ. b.

Assuming a Gaussian angular distribution with standard deviation σθ.
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Appendix A Geant4-based Monte-Carlo model of TGF and TEB prop-350

agation in the atmosphere, ionosphere and magnetosphere.351

In order to estimate the response of MXGS-HED instrument for this event, we �rst352

needed to generate TGF (photons) and TEB (electrons and positrons) spectra just be-353

fore they reach the International Space Station. We used a code based on the Geant4354

toolkit (Agostinelli et al., 2003; Allison et al., 2006, 2016) to propagate particles in the355

atmosphere, ionosphere and magnetosphere. The code is available in an online repos-356

itory, see acknowledgements. The geometry uses 256 exponentially spaced atmospheric357

layers between 1 and 150 km altitude (the atmosphere is negligible above) of constant358

density, composed only of N2 and O2, for simplicity and better performance. Densities359

within these layers are calculated with the NRLMSISE-00 model (Picone et al., 2002).360

The magnetic �eld of the Earth is modeled using the IGRF-12 model (Thébault et al.,361

2015). The propagation of photons, electrons and positrons is simulated, including all362

the relevant processes, which are included in the Geant4 toolkit. Di�erent models can363

be used (semi-analytical, or database driven like Livermore, Penelope, among others),364

more-or-less accurate in the low energy part. In the context of photon/electron/positron365

propagation in air above 50 keV, and without electric �elds, they all show similar results366

as long as the e�ects of straggling are included (Rutjes et al., 2016), that is the default367

behavior of Geant4.368

The source TGF is assumed to be a point source with adjustable altitude, typically369

set between 10 and 16 km. The energy spectrum has an exponential distribution pro-370

portional to 1/ε exp (−ε/εcut), with a cuto� εcut = 7.3 MeV. The angular distribution371

is Gaussian with a standard deviation of 30 degrees, and has no tilt. The electrons, pho-372

tons and positrons are collected at an altitude of 400 km, inside a circle of R = 80 km373

radius around the position of the ISS. The spectra can be built using this data, but to374

properly build the photon lightcurve, R should be less than 1 km (to avoid arti�cial time375

broadening). Figure A1 shows the recorded energy spectra at 400 km altitude. They were376

then used as an input to calculate the response of the ASIM mass model to the TGF and377

the TEB. The amplitude of the spectra shown in the �gure are not representative of the378

�uences (particles/cm2) of the di�erent particle types. The real �uence ratio of positrons379

over electrons is about 0.13 (for other settings, it can �uctuate between 0.08 and 0.15).380

The real �uence ratio of electrons over photons is dependent on where the satellite is lo-381

cated with respect to the center of the TEB, on the o�set between the TEB and the TGF382
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Figure A1. Results of the Geant4-based model simulation. Photon, electron and positron en-

ergy spectrum, recorded at 400 km altitude, within 80 km radial distance around the ISS position

(i.e. in a plane perpendicular to the local vertical). The photon spectrum uses a �ner binning to

better represent the 511 keV line when this spectrum is used as input for the ASIM mass model.

The initial source is a TGF at 15 km altitude and has a Gaussian angular distribution centered

towards zenith with standard deviation of σθ = 30°. The amplitude of the spectra shown here is

not representative of the �uences (particles/cm2) of the di�erent particle types.

(which depends on the geographical location) and on the angular distribution of the TGF.383

Figure A2 presents the evolution of this ratio as function of the distance to the center384

of the electron beam and, an initial TGF with a Gaussian angular distribution with sev-385

eral values of σθ.386
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