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[1] We investigate individual X-ray bursts from lightning leaders to determine if
energetic electrons at the source (and hence X-rays) are emitted isotropically or with some
degree of anisotropy. This study was motivated by the work of Saleh et al. (2009), which
found the falloff of X-rays in concentric radial annuli, covering all azimuthal directions in
each annulus, from the lightning channel to be most consistent with an isotropic electron
source. Here we perform a statistical analysis of angular and spatial distributions of
X-rays measured by up to 21 NaI/PMT detectors at the International Center for Lightning
Research and Testing site for 21 leader X-ray bursts from five leaders (including four
dart-stepped leaders and one dart leader). Two procedures were used to complete this
analysis. Procedure 1 found the first-order anisotropy, and procedure 2 tested whether or
not the angular distribution was consistent with an isotropic distribution. Because
higher-order anisotropies could be present in the data, a distribution that is not isotropic
does not necessarily have a significant first-order anisotropy. Using these procedures, we
find that at least 11 out of 21 X-ray bursts have a statistically significant first-order
anisotropy, and hence those 11 are inconsistent with an isotropic emission. The remaining
10 bursts do not have significant first-order anisotropy. However, of those 10 bursts, 9 are
inconsistent with isotropic emission, since they exhibit significant higher-order
anisotropies. Since Saleh et al. (2009) did not consider anisotropies in the azimuthal
direction, these new measurements of anisotropy do not necessarily contradict that work.
Indeed, our analysis supports the finding that the X-ray emissions from lightning are
inconsistent with a vertically downward beam. The level of anisotropy of the runaway
electrons is important because it provides, in principle, information on the streamer zone
in front of the leader and the electric field near the lightning leader tip.
Citation: Schaal, M. M., J. R. Dwyer, H. K. Rassoul, J. D. Hill, D. M. Jordan, and M. A. Uman (2013), The angular distribu-
tion of energetic electron and X-ray emissions from triggered lightning leaders, J. Geophys. Res. Atmos., 118, 11,712–11,726,
doi:10.1002/2013JD019619.

1. Introduction
[2] Much is not known about the properties of light-

ning leaders, including the angular distribution of energetic
electrons and X-rays emitted by them. Prior to 2001,
confirmation of X-ray emission from lightning processes
were questionable due to incomplete measurements and the
random nature of natural lightning [Suszcynsky et al., 1996].
The literature on the properties of the leader source and
the characteristics of X-ray and electron emission from the
source region will be reviewed in this section.
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[3] The first coincidence of stepped leader light pulses
with electric field pulses was demonstrated by Beasley et al.
[1983]. Electric field pulses have been commonly observed
during natural lightning stepped leader steps [Kitagawa,
1957a; Krider and Radda, 1975; Krider et al., 1977; Cooray
and Lundquist, 1985; Rakov and Uman, 2003; Howard et al.,
2008, 2010; Hill et al., 2012] and are thought to occur from
the step formation process. Furthermore, Krider et al. [1977]
ascertained, through modeling, that the peak step current was
at least 2–8 kA close to the ground and the minimum charge
in the step formation was about 1–4�10–3 C. Howard et al.
[2010] inferred similar peak currents and derived current
waveforms for two steps.

[4] Gorin et al. [1976], using laboratory spark exper-
iments, determined that the formation of a step occurred
predominantly at the tip in the leader channel. In front of the
leader tip of a negatively charged leader channel, a streamer
zone, composed of positive and negative streamers, was
found to exist. These streamers appeared to originate from
an isolated space stem, or space leader, a plasma forma-
tion ahead of the leader tip. The leader step was suggested
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Table 1. The �2
� , Probability, Pearson’s Probability, the Magnitude of Anisotropy (A), and Direction

of Anisotropy (�0, in Degrees) Results for Each X-Ray Burst From the Dart-Stepped Leader From
UF 07-07

X-Ray Burst �2
� P Pp A �0

B 28.44 0 0.00005 3.178˙ 0.632 102.67˙ 15.16
C 2.004 0.075 0.0507 1.243˙ 0.593 9.99˙ 29.45
D 1.972 0.079 0.0138 0.794˙ 0.566 23.24˙ 35.51
E 10.66 0 0.00005 0.665˙ 0.403 329.11˙ 23.75
F 19.84 0 0.0098 0.847˙ 0.311 349.38˙ 9.47
G 6.264 0 0.0036 0.687˙ 0.466 277.38˙ 34.46
H 7.937 0 0.00005 0.755˙ 0.726 281.75˙ 43.791
I 23.76 0 0.00005 1.240˙ 0.520 100.99˙ 23.75
J 2.945 0.010 0.074 0.654˙ 0.824 253.73˙ 53.36
L 5.598 0 0.00005 0.203˙ 0.885 119.25˙ 103.11
O 14.34 0 0.00005 0.841˙ 0.523 63.96˙ 32.66
Q 320.36 0 0.00005 2.098˙ 0.507 104.84˙ 12.64
S 3.96 0.0014 0.00005 0.762˙ 0.756 31.32˙ 45.72

to form when the end of an upward moving positive space
leader tip makes contact with the tip of a downward moving
negative leader channel. As a result, a burst of streamers,
i.e., a coronal flash, is produced in front of the leader tip
below the space leader. The local electric field near the tip
is thought to provide the initial steering direction that the
streamers take, and a new space stem then forms out of those
streamers, thus allowing the process to be repeated.

[5] Runaway electron production, which is thought to
form in the streamer zone, during the time of the coronal
flash, generates X-rays through bremsstrahlung emission
[Gurevich, 1961; Gurevich et al., 1992; Gurevich and Zybin,
2001; Dwyer et al., 2003; Dwyer, 2004; Moss et al., 2006;
Kochkin et al., 2012]. Further details involving the charac-
teristics of the emission of electrons and X-rays from the
source region and also the orientation of the electric field
near the leader tip are poorly understood.

[6] The first definitive detection of energetic radiation
associated with lightning was measured by Moore et al.
[2001], at Langmuir Laboratory in New Mexico, who
detected energetic emissions from three natural cloud-to-
ground (CG) lightning leaders in coincidence with changes
in electric field. These emissions began 1 to 2 ms prior to the
start of the return stroke and continued to the onset of the
return stroke.

[7] Dwyer et al. [2003], at the International Center
for Lightning Research and Testing (ICLRT) in Florida,
measured energetic radiation during the dart and dart-
stepped leader phase of rocket-and-wire triggered lightning.
They found that the dart-stepped leaders emitted energetic
radiation as much as 160�s before the start of the return
strokes. Dwyer et al. [2004a] showed, through the use of
attenuators, that nearly all of the energetic emission was
made of X-rays and that the emission reached to about
250 keV. Additionally, the bottom 50 m of the leader chan-
nel was determined to be the origin of most of the observed

X-ray emission, and the X-ray emission increased as the
lightning leader tip neared the ground. X-rays from rocket-
and-wire triggered dart-stepped leaders were observed to
arrive in individual bursts, with each X-ray pulse enduring
less than 1�s. Dwyer et al. [2005] measured X-ray emis-
sions associated with natural CG stepped leaders. The X-ray
emission was strikingly similar to the X-ray bursts from dart-
stepped leaders, indicating a shared production mechanism.
Dwyer et al. [2005] also reported that X-rays are most often
emitted during the formation of lightning leader steps and
are closely linked to the stepping process.

[8] Saleh et al. [2009] further characterized the prop-
erties of X-ray emission from rocket-triggered lightning at
the ICLRT. Particularly, one rocket-triggered dart-stepped
leader (UF 07-07 Leader (L)1) and two rocket-triggered dart
leaders were examined to acquire a modeled X-ray energy
spectrum, an electron luminosity function, and an empirical
relation for the radial (around the lightning source leader)
X-ray distribution. UF stands for University of Florida and
refers the year of the triggered flash, e.g., 07, and the trig-
gered flash number, e.g., 07 for that year. Saleh et al. [2009]
measured the deposited energy at the ground and determined
that it falls off proportional to exp[–r/120]/r where r is the
cylindrical radial distance in meters from the lightning leader
channel. They also found that the electron source of the
X-ray emission was not beamed downward but, on aver-
age, emitted isotropically in the bottom hemisphere with an
average electron energy of about 1 MeV. Using Monte Carlo
simulations, the average energetic electron luminosity was
found to be on the order of 1016 electrons/s for UF 07-07
Leader 1. The maximum X-ray luminosity was deduced
to be on the order of 1015 s–1. Furthermore, Dwyer et al.
[2010] estimated that there are about 1011 energetic electrons
emitted per step.

[9] Although some questions regarding X-ray emis-
sion from lightning leader processes have been answered

Table 2. The �2
� , Probability, Pearson’s Probability, the Magnitude of Anisotropy (A), and Direction of

Anisotropy (�0, in Degrees) Results for Each X-Ray Burst From the Dart Leader From UF 10-06

X-Ray Burst �2
� P Pp A �0

A 0.357 0.878 0.761 2.202˙ 2.998 44.04˙ 104.89
B 11.2 0 0.00005 1.085˙ 1.392 170.72˙ 67.02
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Table 3. The �2
� , Probability, Pearson’s Probability, the Magnitude of Anisotropy (A), and Direction of

Anisotropy (�0, in Degrees) Results for Each X-Ray Burst From the Dart-Stepped Leader From UF 10-23

X-Ray Burst �2
� P Pp A �0

A 6.522 0 0.00005 0.014˙ 0.689 22.13˙ 139.70
B 14.77 0 0.00005 0.480˙ 0.756 233.93˙ 57.73
C 5.879 0.0383 0.0013 0.418˙ 0.863 156.57˙ 69.28
D 2.75 0.0739 0.031 0.633˙ 1.092 328.64˙ 69.05

(e.g., approximate characteristic energy and luminosity of
electrons and X-rays), the angular distribution of electron
and X-ray emission for individual bursts has not been well-
established [Dwyer et al., 2012], since Saleh et al. [2009]
only measured the sum of many individual X-ray bursts.
This study was motivated by the work of Saleh et al. [2009],
which found the falloff of X-rays in concentric radial annuli,
covering all azimuthal directions in each annulus, from
the entire lightning channel to be most consistent with an
isotropic electron source. Since Saleh et al. [2009] did not
consider the azimuthal direction individually, it would be
beneficial to determine if X-ray bursts within the lightning
channel are also consistent with an isotropic electron source.
The level of anisotropy of the runaway electrons is important
because it provides, in principle, information on the streamer
zone in front of the leader and the electric field near the
lightning leader tip.

[10] In this paper, we report new details about the angu-
lar distribution of X-ray bursts from rocket-triggered leaders
as measured by the Thunderstorm Energetic Radiation Array
(TERA). TERA observes energetic radiation in the form of
X-rays and gamma-rays (energies varying from 30 keV to
several MeV) from natural and rocket-and-wire triggered
lightning. TERA is located at the ICLRT at the Camp Bland-
ing Army National Guard Base in Florida and is jointly
operated by the University of Florida and Florida Institute
of Technology. The facility spans an area of about 1 km2

and, since 2002, contains instruments to measure X-rays
from lightning. Together with TERA, another instrument
array, the Multiple Station Experiment (MSE), records the
horizontal magnetic field using loop antennas, the verti-
cal component of electric fields and their derivatives using
wideband flat plate antennas, and optical measurements.
Additionally, the leader source positions of the radiated elec-
tric field derivative (dE/dt) signals and the X-ray signals are
determined in 3-D by the 10 station TERA/MSE network
through a time-of-arrival (TOA) technique. Further details
regarding the TOA network can be found in Hill et al. [2012]
and Hill [2012].

[11] Here we present evidence of significant first-order
anisotropy (or a burst of X-rays in one azimuthal direction)
in the X-ray emission of 11 out of 21 leader X-ray bursts.
The remaining 10 bursts do not have significant first-order
anisotropy. However, of those 10 bursts, 1 is consistent with
having an isotropic distribution while the remaining 9 have

significant higher-order anisotropies and are inconsistent
with isotropic emission.

2. Instrumentation
[12] TERA contains 25 separate aluminum boxes specif-

ically designed to exclude light, water, and radio frequency
(RF) noise [Dwyer et al., 2003, 2004a, 2005]. Each box
contains either one or two NaI(Tl)/PMT (photomultiplier
tube) detectors with the essential electronics and fiber optics
for control [Dwyer, 2008].

[13] Each TERA box is remotely operated through a group
of PIC controllers that are linked to the launch control trailer
through 62.5�m fiber optics. Within each aluminum box,
Opticomm FM fiber optic transmitters send PMT anode
signals to the acquisition system that is located in a shielded
launch control. Corrections have been made for fiber optic
propagation delays in the analysis.

[14] The digital storage oscilloscopes recording the TERA
anode signals are triggered by incident current measuring at
least 6 kA at the rocket launcher for rocket-triggered light-
ning or by two optical instruments at opposite locations of
the ICLRT for natural lightning [Howard et al., 2010]. The
incident current is measured under the rocket launcher with
a noninductive T&M Research R-7000-10 current view-
ing resistor (CVR) with a bandwidth from DC to 8 MHz
[Hill et al., 2012]. For 2010, two 16-channel Yokogawa
DL 716 Scopecorders and one 16-channel Yokogawa DL
750 Scopecorders together recorded the anode signals from
the 36 PMT channels through fiber optic cables. For 2007,
two 16-channel Yokogawa DL 750 Scopecorders were used.
Two seconds of X-ray data with 1 s of pretrigger sampling
are measured at a sampling rate of 10 million samples per
second for the DL 750 scopes, while the DL 716 scopes
record 0.8 s of pretrigger sampling and 1.6 s of data. All
three scopes are digitized with 12 bit amplitude resolution.
All of the other instruments, including the TOA network, are
recorded using a similar method, albeit with higher digitiza-
tion rates. Additional details about TERA are described in
Saleh et al. [2009] and Schaal et al. [2012].

3. Modeling
[15] Bremsstrahlung X-rays and runaway electrons are

produced, from triggered and natural lightning, in strong

Table 4. The �2
� , Probability, Pearson’s Probability, the Magnitude of Anisotropy (A), and Direction of

Anisotropy (�0, in Degrees) Results for the Leader X-Ray Bursts Analyzed From UF 10-20 and UF 10-24

X-Ray Burst �2
� P Pp A �0

UF 10-20 L4 1.92 0.0874 0.00005 0.722˙ 0.834 43.60˙ 23.20
UF 10-24 L6 3.34 0.0051 0.00005 0.687˙ 0.928 357.73˙ 25.91
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Figure 1. A flowchart of the analysis performed in this
report.

electric fields as the energetic electrons interact with air
molecules [Dwyer et al., 2005]. To simulate these mech-
anisms, detailed Monte Carlo models of runaway electron
propagation of air were used. When using TERA, the
effect of X-rays interacting with air molecules are important
because the array spans such a large area.

[16] The Monte Carlo simulation includes all interac-
tions affecting energetic electrons (and positrons), which
include Møller scattering for secondary electron produc-
tion, energy losses through ionization and atomic excitation,
and electron scattering [Dwyer et al., 2003; Dwyer, 2004,
2007; Dwyer and Smith, 2005]. Photon (X-ray and gamma-
ray) interactions including pair production, photoelectric
absorption, and Rayleigh and Compton scattering are also
modeled. Additionally, bremsstrahlung production of X-rays
and gamma-rays from all positrons and secondary elec-
trons and gamma-rays from positron annihilation are also
modeled. Since we are simulating the interactions with par-
ticle detectors positioned at ground level, absorption and
backscatter of X-rays with the soil are included. Effects from
the instrument itself, including aluminum and lead, are also
implemented within the Monte Carlo model.

[17] Because X-rays are associated with negative light-
ning leader stepping in natural and triggered lightning,
the electron source is expected to be positioned in or
near a strong electric field at the leader tip. The energetic
electron spectrum is inferred to be initially of the form

dNe/dK / exp (–K/K0) where K is the kinetic energy of the
runaway electrons and K0 is set to 1 MeV [Lehtinen et al.,
1999; Dwyer, 2004]. Using this energy spectrum, the run-
away electrons are propagated through air where both the
ambient electric and magnetic fields are set to zero. The
Earth’s magnetic field has been determined to have no sig-
nificant impact on the model’s results for X-ray emissions
near the ground [Dwyer and Smith, 2005].

[18] The models are based on the assumption that a
stepped leader radiates electromagnetic pulses, both colo-
cated in three-dimensional coordinate space above the
ground. However, only the electron and X-ray emission are
modeled in these simulations. This simulation, following
Saleh et al. [2009], describes the source of X-rays as a point
source that propagates in the vertically downward, negative
z direction with the same speed as the dE/dt sources. The
energetic electrons are injected into the model at the source
altitude (determined by the approximate location estimates
of the leader tip position based on the approximate down-
ward average leader speed by using TOA source locations,
if available, or approximate dart and dart-stepped leader
speeds) of the lightning leader and propagated until they lose
energy and stop. When integrated over all time, the X-ray
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Figure 2. The waveform of X-rays from the dart-stepped
leader UF 07-07 converted into energy using a calibration
from Cs-137 radioactive source. The electric field derivative
waveform is shown below the X-ray waveform. Each color
of X-ray pulse displays a separate NaI/PMT detector. The
timing has been adjusted to show emission times, so that the
distinction between X-ray bursts can be seen. The dashed
lines segmenting the X-ray bursts indicate the approximate
individual time lengths of each X-ray burst, which were cho-
sen to be about at the start and stop of the X-ray emission for
each X-ray burst. The letters at the top of each X-ray burst
segment indicate the time frame of each X-ray burst. Times
B, C, D, E, F, G, H, I, J, L, O, Q, and S were chosen to be
analyzed statistically.
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Figure 3. The spatial distribution of energies across the unshielded NaI/PMT detectors from the X-ray
bursts of UF 07-07. The plus markers indicate the location of the TERA detectors across the ICLRT site.
A north and east headings are labeled as y and x, respectively. The horizontal and vertical black lines at
the origin show the position of the launcher. The red circles indicate the total energy deposited in each
unshielded NaI/PMT with the area proportional to its energy. The dashed lines (bottom right) indicate
which TERA PMTs are located in each azimuthal region (S1, S2, S3, S4, S5, and S6).

sources, therefore, form a vertical line. The origin for this
simulation is the strike point of the lightning at the rocket
launcher.

[19] An isotropic electron source, based on the results
proposed by Saleh et al. [2009], was modeled for all five
lightning leaders to check consistency with the measured
deposited energies. In the simulation, energetic electrons are
injected and then lose their energy, mainly through ioniza-
tion of the air. As they move, they also undergo elastic
scattering with air atoms and emit bremsstrahlung X-ray
photons. These photons have an energy spectrum of approxi-
mately 1/Eph times the energy spectrum of the energetic elec-
trons that emit them. They are also emitted with an angular
distribution with an angular width (in radians) of approxi-
mately 1/� , where � is the Lorentz factor of the electron.

[20] The photons are then propagated in the simulation
until they are absorbed or fall below an energy of 30 keV,
which is about the lower sensitivity limit that the NaI/PMTs
can detect when positioned inside the TERA boxes. A
ground plane is placed at z = 0 m to collect the X-ray emis-
sion from the model, and the simulated data are divided into
regions (˙10 m in both the x and y directions from the loca-
tion of the TERA box) that correspond to the location of
each TERA box. Regions of ˙10 m were used, instead of
the actual TERA box dimensions, to improve statistics.

4. Analysis
[21] Saleh et al. [2009] presented evidence of an isotropic

electron source averaged over the entire leader channel,
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Figure 4. The radial energy distribution for each angular
region for the X-ray burst labeled Q. S1 (short for Scale 1),
S2, S3, S4, S5, and S6 can be visualized in Figure 2.
Also, S1, S2, S3, S4, S5, and S6 contain 4, 1, 3, 5, 5,
and 3 NaI/PMT detectors in each respective angular region.
The black markers indicate the NaI/PMT detector energies
radially outward from the launcher, while the red markers
indicate what the model predicts. The fit of modeled and
measured energies is the result shown.

but the question still remained whether individual X-ray
bursts also produce isotropic electron and X-ray emission.
To test this hypothesis, two complications needed to be
addressed: the number of detected photons and the radial
falloff of deposited energies. In order to complete the anal-
ysis, a minimum of 15 single photons (see Figure 2 time
M for a single pulse that is probably a single photon) in
each X-ray burst on the entire array had to be measured.
This was determined by fitting the detector response func-
tion to the measured data and allows the photon energies
to be extracted from the anode signal. Fitting the response
function to the measured data can also help to separate
pulses that overlap in time (see Figure 2, time H). If too
few photons were measured, the statistical error becomes
too high.

[22] In order to conduct this study and to produce
sufficient statistics, three conditions within the data set
needed to be met. Firstly, a majority (about 15 out of 24) of
our TERA NaI/PMTs needed to be functioning. Secondly,

X-ray bursts within each leader need to record a minimum
of five X-ray pulses from the TERA NaI/PMT network.
Thirdly, these X-ray bursts need to be well defined within a
time step (a few microseconds). In other words, there cannot
be a pileup of pulses lasting more than a few microseconds.
An example of a large, extended set of piled up pulses can
be seen in Figure 2 in the light blue colored pulses in time T
and the red colored pulses in time U.

[23] Forty-four lightning leaders were analyzed in this
study, but only five leaders contained X-ray bursts that
satisfied the above conditions. Particularly, the data selected
in this section involves only rocket-triggered leaders from
2007 and 2010, specifically flashes UF 07-07 on 31 July
2007, UF 10-06 on 17 June 2010, UF 10-20 on 15 July
2010, UF 10-23 on 31 July 2010, and UF 10-24 on 13
August 2010. These five leaders, composed of 21 leader
X-ray bursts, displayed an adequate amount of data to form
some preliminary conclusions about the anisotropy. Trig-
gered leaders were chosen because the approximate electron
source of the X-ray bursts is known to be around the launch
location in the xy plane. The approximate altitude above the
launcher can also be determined from the average leader
speed, which was assumed to be on the order of 106 m s–1

for dart-stepped leaders and 107 m s–1 for dart leaders for
four of the leaders investigated. Though these values are
approximate leader speeds, which are input parameters for
the model, they do not significantly affect the simulations
results. The fifth leader’s (UF 07-07 L1) average downward
speed was determined through dE/dt TOA source locations
[Howard et al., 2010]. The X-ray bursts from these leaders
were analyzed to determine their X-ray angular distribution.

[24] Each lightning leader was analyzed using the data
from up to 21 NaI/PMT detectors. Only unshielded NaI/
PMTs were used to produce all the following figures except
one (Figure 8). Since NaI has a relatively long light-
decay time constant of 0.23�s, pulses tend to pile up
(see Figure 2, the orange pulses in time O). For this rea-
son, only the total deposited energy was attained with
the NaI/PMTs in this analysis. This total deposited energy
was calculated by measuring the amplitude of each X-
ray pulse, which is then multiplied by a calibration fac-
tor to produce the corrected energy. By calibrating with
five radioactive sources, it was found that the relation-
ship between pulse height and energy remain linear up to
1.3 MeV. The linearity was not measured above 1.3 MeV,
but it was assumed for this paper that it remained linear
for higher energies (above 1.3 MeV) similar to the assump-
tions of Dwyer et al. [2012]. Using this assumption, the
energies measured were calibrated with a Cs-137 (662 keV)
radioactive source.

[25] To account for the radial falloff of deposited ener-
gies, due to the varying locations of the detectors for each
individual leader, the time that X-rays were emitted from the
leader channel was calculated, which is called the emission
time. X-rays were identified as being from within the same
burst if they contained the same emission time (within a
few microseconds). It should be noted that occasionally, the
modeled falloff of deposited energy does not fit the measured
falloff of deposited energy well. This could be due to a more
complicated emission pattern than supposed in the model or
additional X-ray emission (possibly other leader branches
that are not included in the model, although this scenario
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Figure 5. The angular distribution (in black) for each X-ray burst from the dart-stepped leader of
UF 07-07. The red circles indicate a perfectly isotropic emission of X-rays.

is unlikely since additional branches are rare for triggered
leaders). The emission time is calculated by subtracting the
propagation time of the X-rays (assumed to be the speed
of light) from the lightning channel to each TERA box. Fiber
optic propagation delays are also accounted for since the
X-ray source regions are moving at a significant fraction of
the speed of light, and the duration of the lightning leader
process only lasts a few microseconds. The time measured
at the launcher at which the return-stroke current has risen
to half of its peak value is defined as the observation time
of t = 0.

[26] For each X-ray burst, the deposited energy on each
detector was found. These detectors were divided into
six azimuthal bins, with each bin containing at least one
detector. The bins were 0–50ı, 51–100ı, 101–150ı, 151–

200ı, 201–250ı, and 251–359ı, where 0ı is in the east
direction from the rocket launcher and increasing in angle
when moving counter clockwise around the launcher (see
Figures 3, 10, and 13). For each angular region, the deposited
energy from the detectors was compared to the modeled
radial energy distribution using the maximum likelihood
technique (see Figure 4, which is explained in the next
section) to determine the intensity of X-rays emitted in
that angular region, thus accounting for the radial falloff of
deposited energies. An e-folding energy of 1 MeV with an
isotropic emission of electrons from the source region was
used to produce the modeled energies.

[27] The likelihood function was constructed from the
product of the Gaussian distributions for the n detectors with
j possibilities:
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Figure 6. (top) The magnitude of anisotropy, A, and
(bottom) the direction of anisotropy, �0, versus emission
time for the X-ray bursts from UF 07-07 L1. The binned
markers are X-ray bursts arranged as follows (left to right):
B, C, D, E, F, G, H, I, J, L, O, Q, and S. (bottom) The red
dashed line indicates the fit to the direction of anisotropy.

Lj =
nY

i=1

1
�i
p

2�
exp

�
–

[Ed,i – ajEm,i]2

2�2
i

�
, (1)

where Ed,i and Em,i are the deposited energies detected on
the NaI/PMTs and the energy expected in the model per
X-ray burst for the ith detector, �i is the standard devi-
ation from the model, and aj is the fit parameter found
by maximizing the likelihood function for the jth angu-
lar region [Melissinos, 1966]. Monte Carlo simulations were
used to predict the number of photons detected because
the exact number is not known in the measurements. Find-
ing the number of photons allowed the Poisson errors to
be calculated. To determine this Poisson error, the average
modeled energy per photon for each of the TERA PMTs
was used (which is then used in combination with the mea-
sured deposited energies to calculate the number of photons
detected) rather than using the minimum measured photon
count estimated by fitting the detector response function
to the anode waveform (see Saleh et al. [2009] for more
details). The minimum photon count was not used in this
case because when fitting the detector response function to
the measured data, the exact photon energies can only be
extracted from the anode waveforms if the photons arrive
at different times. If the photons arrive at exactly the same
time, the anode signal will appear to be the characteristic
shape of the NaI light pulse.

[28] The maximum of the likelihood function, Lmax was
found for each angular region, which determines the factor,
aj, that scales the modeled data to the measured energies.
The error in aj, �j, was also determined when maximizing
the likelihood function. When Em,i is equal to Ed,i + 1� ,
the likelihood function becomes approximately exp[–0.5].
Hence, a 1� standard deviation of aj is found when L �
Lmax exp[–0.5]. This method is computed for each angular
region and X-ray burst that contains an adequate amount of

photons and do not saturate any detectors (i.e., saturation
will eliminate an entire X-ray burst). An example of a
saturated pulse can be seen in Figure 2 at times R, T, and U.
It should be noted that not including bursts with saturated
tubes could introduce a bias.

[29] Two procedures were used to determine if the
X-ray bursts were consistent with isotropic emission or if the
bursts have some degree of anisotropy. The first procedure
involved using the first-order harmonic function of the form

f (A,�0) = B(1 + A cos(� – �0)), (2)

where �0 is the most probable azimuthal direction of the
anisotropy, A is the most likely magnitude of the anisotropy,
and B is a constant. This method found the most prob-
able magnitudes of the anisotropy and the directions of
that anisotropy for each X-ray burst (see Tables 1–4). The
magnitudes of anisotropy are also labeled as “significant
anisotropy” or “not significant anisotropy” throughout this
paper. When the error bars (in the magnitude of anisotropy)
overlap zero anisotropy, this is defined to be significant
anisotropy for this paper. To complete this procedure, the
function, f, was fit to the measured scaling factors, aj, using
a �2 goodness-of-fit test. The parameters of A and �0 were
set to vary until the �2 was minimized. The most probable
values of A and �0 were determined where the �2 reached
a minimum.

[30] For the second procedure, each scaling factor, ai, and
error, �i, was fit to a constant, C, to determine if the X-rays
in the six angular regions were consistent with an isotropic
emission using a �2 goodness-of-fit test. In other words,

�2 =
nX

i=1

�
–

[ai – C]2

�2
i

�
. (3)

The �2 value combined with the degrees of freedom then
determined the approximate probability, P, (from the �2

distribution) that the measured energies are consistent with
an isotropic electron source of emission [Melissinos, 1966].
Once the values of �2 were found from the goodness-of-fit
test, the confidence in the model, using a Monte Carlo pro-
cedure, was calculated using Pearson’s �2

p statistic following
the approach of Dwyer et al. [2012]. The values of the �2

−5.5

−5.5

5.5

Figure 7. X-ray bursts B, C, D, E, F, G, H, I, J, L, O, Q,
and S (between 80 and 0�s) summed together to produce
the total angular distribution from UF 07-07 L1.
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Figure 8. The difference in total energy between the
unshielded and shielded NaI/PMTs for the X-ray bursts from
UF 07-07.

were compared to the �2
p distribution to calculate the proba-

bility, Pp, that �2 > �2
p for the number of degrees of freedom.

The fraction of the �2
p values that were larger than the mea-

sured value gave an estimate of the significance in which
the model may be rejected. Values less than this fraction
of �2

p can exclude the model with a significance given by
the probability.

[31] To show that the statistical errors are not responsi-
ble for the results from procedure 1 or 2, we introduced a
set of simulated data that has an isotropic distribution. Using
the Monte Carlo simulation, a set of data, with K0 = 1 MeV
and electrons emitted isotropically, was created and analyzed
using the 1 MeV isotropic model. This isotropic simulated
data set resulted in no significant first-order anisotropy (A =
0.217˙ 0.409) and was determined to be consistent with an
isotropic electron emission (�2

� = 0.443, P = 0.78). Addi-
tionally, a second simulated data set, using an anisotropic
electron source, was also analyzed using the 1 MeV isotropic
model. As expected, a significant first-order anisotropy (A =
1.11 ˙ 0.416) resulted, and the simulated anisotropic data
set produced a probability (�2

� = 11.24, P = 0) that
was not consistent with an isotropic source. Additionally,
the choice of characteristic energy could, perhaps, be very
important because of the irregular locations of the detectors.
To determine if the magnitude of the characteristic energy
has affected the azimuthal anisotropy results, two sets of
simulated data were introduced to further test our proce-
dures. First, we introduced a simulated isotropic model with
K0 = 300 keV and analyzed it using the 1 MeV model.
As expected, the results were consistent with an isotropic
source of emission (�2

� = 0.016, P = 0.9995), with no
significant first-order anisotropy (A = 0.279 ˙ 0.41). The
second test was to introduce another simulated model with
K0 = 300 keV instead of using a model with K0 = 1 MeV
to analyze burst Q. This resulted in significant first-order
anisotropy (A = 0.977 ˙ 0.51) and inconsistency with an
isotropic source (�2

� = 92.6, P = 0).
[32] A flowchart of the analysis can be found in Figure 1.

5. Results
[33] In the following section, results from five leaders,

a total of 18 X-ray bursts, will be shown.

5.1. UF 07-07 Leader 1
[34] UF 07-07 L1, which was also analyzed in Saleh et

al. [2009], was a triggered lightning dart-stepped leader
that was measured on 31 July 2007. Its return-stroke peak
current measured an amplitude of 45 kA. The deposited
X-ray energy, averaging over all detectors, was shown to fit
the empirical expression [exp(–r/120)]/r where r is the radial
distance of the NaI/PMTs in meters [Saleh et al., 2009]. The
average background rate was found to be about 80 MeV/s
on the unshielded detectors with the expected background
energy to be at most 16 keV [Saleh et al., 2009]. Saleh et
al. [2009] showed that an average isotropic electron source
(i.e., over the entire length of the lightning channel where
X-ray production is occurring) fit better to the data than
an average downward beamed electron source. The average
downward speed was determined, by the use of dE/dt TOA
source locations, to be 4.8 � 106 m s–1 [Howard et al., 2010].
The e-folding energy was determined through Monte Carlo
simulations to be about 1 MeV [Saleh et al., 2009].

[35] The input parameters, found in Saleh et al. [2009],
such as e-folding energy and leader speed, were used in
the analysis that was explained above. Figure 2 shows the
raw X-ray waveform converted into energy using a Cs-137
radioactive source. The corresponding dE/dt waveform
(at station 7 located to the southwest of the launch tower) is
also displayed. The timing has been adjusted to show emis-
sion time, so that the distinction between X-ray bursts can
be displayed. The dashed lines segmenting the X-ray bursts
indicate the approximate individual time lengths of each
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Figure 9. The waveform of X-ray from the dart leader
UF 10-06 converted into energy using a Cs-137 radioac-
tive source. The electric field derivative is displayed below
the X-ray waveform. Each color of X-ray pulse displays a
separate NaI/PMT detector. The timing has been adjusted to
show emission time, so that the distinction between X-ray
bursts can be seen. The dashed lines segmenting the X-ray
bursts indicate the approximate individual time lengths of
each X-ray burst, which were chosen to be about at the start
and stop of the X-ray emission for each burst. The letters at
the top of each X-ray burst segment indicate the time frame
of each X-ray burst. Both times A and B were chosen to
be analyzed.
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Figure 10. The spatial distribution of energies across the
unshielded NaI/PMT detectors from the X-ray bursts of UF
10-06. The plus markers indicate the location of the TERA
detectors across the ICLRT site. A north and east headings
are labeled as y and x, respectively. The horizontal and verti-
cal black lines at the origin show the position of the launcher.
The red circles indicate the total energy deposited in each
unshielded NaI/PMT with the area proportional to its energy.
(bottom right) The dashed lines indicate which TERA PMTs
are located in each azimuthal region (S1, S2, S3, S4, S5,
and S6).

X-ray burst, which was chosen to be about at the start and
stop of the X-ray emission for each burst. Not every X-ray
burst can be seen on the measured dE/dt waveform, but sev-
eral sharp dE/dt pulses are displayed in coincidence with
X-ray emission. The letters at the top of each X-ray burst
segment indicate the time frame of each X-ray burst and will
be referred to later in this paper. Times B–H, I, J, L, O, Q,

and S were chosen to be analyzed. The remainder of these
times show saturation in the X-ray pulses or show too few
X-ray pulses to be analyzed.

[36] Figure 3 shows the spatial distribution of energies
across the unshielded NaI/PMT detectors. The plus mark-
ers indicate the location of the TERA detectors across the
ICLRT site. A north and east headings are labeled as y and
x, respectively. The horizontal and vertical black lines at the
origin show the origin of the launcher. The red circles indi-
cate the total energy deposited in each unshielded NaI/PMT
with the area proportional to its energy. Not all NaI/PMT
detectors display deposited energies during each X-ray burst.
During some leader bursts, the X-ray emission is stronger
in certain directions (e.g., X-ray burst Q has higher ener-
gies on the NaI/PMTs north of the launcher). Also, as time
progresses, the energies in the NaI/PMTs during each X-ray
burst increases.

[37] Figure 4 shows the radial energy distribution for each
angular region for the leader burst labeled Q. The angular
regions, S1 (short for Scale 1), S2, S3, S4, S5, and S6, can
be visualized in Figure 3 (bottom right). Also, S1, S2, S3,
S4, S5, and S6 contain 4, 1, 3, 5, 5, and 3 NaI/PMT detectors
in each respective angular region. The black markers indi-
cate the PMT energies radially outward from the launcher,
while the red markers indicate what the model predicts.
The fit of the modeled and measured energies is the result
shown in Figure 4. In other words, the modeled energies
are scaled to fit the measured energies. Each angular region
contains its own scale and error, which was calculated using
the maximum likelihood technique as described in section 4.
In S2 and S5, markers with zero energy are displayed. This
results from PMTs that measured no X-rays below 30 keV
(the lower PMT sensitivity limit). A similar approach was
completed for the remainder of the angular regions.

[38] For each X-ray burst, the scale distribution (deter-
mined from the fit of the modeled and the measured
energies) is shown in Figure 5. For each of the angular
regions, the scale and the error (shown as a radial error bar
in each region) is shown in black. The red circles indicate a
perfectly isotropic emission of X-rays. The arrows, which in
some cases are very close to zero making them difficult to

A B

Figure 11. The angular distribution (in black) for each X-ray burst from the dart leader of UF 10-06.
The red circles indicate a perfectly isotropic emission of X-rays. The arrows in both plots indicate the
upper limit of the scaling factor in its angular region if the detection of photons had occurred.
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Figure 12. The last 30�s of the X-ray waveform from
the unshielded NaI/PMTs from the dart-stepped leader UF
10-23 converted into energy using a Cs-137 radioactive
source. The electric field derivative was not available for this
dart leader. Each color of X-ray pulse displays a separate
NaI/PMT detector. The timing has been adjusted to show
emission time, so that the distinction between X-ray bursts
can be seen. The dashed lines segmenting the X-ray bursts
indicate the approximate individual time lengths of each
X-ray burst, which were chosen to be about at the start and
stop of the X-ray emission for each burst. The letters at the
top of each X-ray burst segment indicates the time frame of
each burst. Times A–D were chosen to be analyzed. X-ray
burst E shows saturation and was excluded.

be seen on the scale in Figure 5, display upper limits where
no X-ray detection occurred. Almost all X-ray bursts show
some degree of anisotropy when looking at Figure 5. Table 1
shows the �2

� , �2 probability distribution (P), the Pearson
probability (Pp), the magnitude of anisotropy (A), and the

azimuthal direction of anisotropy (�0) results for each X-
ray burst. Based on Figure 6, which uses procedure 1, and
Table 1, all bursts except two have significant first-order
anisotropy. The probabilities from procedure 2 also agree
that all bursts investigated from UF 07-07 are inconsistent
with an isotropic emission.

[39] Figure 6 (bottom) shows the azimuthal direction of
the anisotropy for UF 07-07 L1. It is interesting to note
that the direction of anisotropy appears to decrease in
angle from –80�s to –10�s. A linear function (seen as a
dashed line in Figure 6, bottom) was fit to the directions
of anisotropy to determine the Pearson correlation coeffi-
cient, which indicates the strength of the linear relationship
between the linear function and the direction of anisotropy.
The strength of the linear relationship increases as the coef-
ficient approaches 1. The correlation coefficient, in this case,
was 0.941, indicating a good correlation.

[40] The anisotropy is shown in an alternate form in
Figure 7. By summing up the normalized scaling factors
from the X-ray bursts B, C, D, E, F, G, H, I, J, L, O, Q,
and S, the total angular distribution can be seen for UF 07-
07 L1. This Figure has significant anisotropy even when the
emission is averaged over 80�s.

[41] Figure 8 shows the difference in total energy between
the unshielded and shielded NaI/PMTs for the X-ray bursts
investigated in UF 07-07 L1. Since the shielded detectors are
surrounded by 0.3175 cm thick lead, they become transpar-
ent to X-ray energies greater than about 200 keV. A general
increase in energy occurs as the X-ray bursts approach the
ground with the unshielded detectors. This also can be seen
in Figure 3. Only during later times (leader bursts closer to
the start of the return stroke) do individual energies start
to increase.
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Figure 13. The spatial distribution of energies across the unshielded NaI/PMT detectors from the X-ray
bursts of UF 10-23. The plus markers indicate the location of the TERA detectors across the ICLRT site.
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Figure 14. The angular distribution (in black) for each X-ray burst from the dart-stepped leader of UF
10-23. The red circles indicate a perfectly isotropic emission of X-rays. The arrows display upper limits
where no X-ray detection occurred.

5.2. UF 10-06 Leader 1
[42] UF 10-06 leader 1, a dart leader with a small

“chaotic” component close to the initiation of the return
stroke, triggered on 17 June 2010, was the first leader of an
eight-leader/return-stroke sequence. Its return-stroke peak
current measured an amplitude of about 15 kA. For this
leader, two X-ray bursts were investigated and the average
downward leader speed was approximated to be on the order
of 107 m s–1. Figure 9 shows the emission times of the X-ray
and dE/dt waveforms of these X-ray bursts. Figure 10 dis-
plays the spatial distribution of energies over the ICLRT site
similar to Figure 3. Once again, the black lines at the origin
indicate the location of the launcher and the plus markers
are the locations of the unshielded detectors. Larger ener-
gies are displayed on PMTs closer to the launcher. Not all
PMTs show detection of X-rays. Figure 11 shows the angu-
lar distribution of scales similar to Figure 5. The errors are
much larger on X-ray burst A due to the lower number of
X-ray pulses. The arrows in both plots indicate the upper
limit of the scaling factor in its angular region if the detec-
tion of photons had occurred. According to both procedures,
X-ray burst A is consistent with the isotropic emission. For
burst B, procedure 1 does not find a significant first-order
anisotropy. However, procedure 2 shows that the emission is
not consistent with the isotropic model due to higher-order
anisotropies. Table 2 shows the �2

� , P values, A, and �0 for
X-ray bursts A and B.

5.3. UF 10-23 Leader 16
[43] UF 10-23 L16, a dart-stepped leader triggered on 31

July 2010, was the sixteenth leader of a 16-leader/return-
stroke sequence. Its return-stroke peak current measured an
amplitude of about 20.2 kA. Figure 12 shows the last 30�s
of the X-ray waveform from the unshielded NaI/PMTs. The
electric field derivative was not measured for this leader.
A–D indicate the X-ray bursts used in the analysis. X-ray

burst E shows saturation and was excluded. Figures 13 and
14 are analyzed using the same method as Figures 3 and
5. The largest deposited energies are displayed in X-ray
burst C with energies over 20 MeV (see Figure 13). Accord-
ing to Table 3, all X-ray bursts show �2

� and P values in
combination with Pp that are inconsistent with an isotropic
electron source model. Using procedure 1, all bursts do not
have a significant first-order anisotropy, but higher-order
anisotropies may be present. For example, X-ray burst A has
a bipolar emission of X-rays (Figure 14). In other words,
burst A does not have a significant first-order anisotropy but

−0.5

0.0

0.5

1.0

1.5

A

−30 −25 −20 −15 −10 −5 0

Emission Time (μs) 

−200

−100

0

100

200

300

400

φ 
0 

(d
eg

re
es

)

Figure 15. (top) The magnitude of anisotropy, A, and
(bottom) the direction of anisotropy, �0, versus emission
time for the X-ray bursts from UF 10-23 L16. The binned
markers are X-ray bursts arranged as follows (left to right):
A, B, C, and D.
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Figure 16. (top) The spatial distribution of energies across the unshielded NaI/PMT detectors from the
X-ray bursts of (a) UF 10-20 L4 and (b) UF 10-24 L6. The plus markers indicate the location of the
TERA detectors across the ICLRT site. A north and east headings are labeled as y and x, respectively.
The horizontal and vertical black lines at the origin show the position of the launcher. The red circles
indicate the total energy deposited in each unshielded NaI/PMT with the area proportional to its energy.
The measured angular distribution (in black on the bottom) for each X-ray burst from the dart-stepped
leaders of UF 10-20 (Figure 16a) and UF 10-24 (Figure 16b). The red circles indicate a perfectly isotropic
emission of X-rays. The arrows show the upper limits where no X-ray detection occurred.

does display a second-order anisotropy. Figure 15 shows the
approximate A and �0 for UF 10-23 L16.

5.4. UF 10-20 Leader 4 and UF 10-24 Leader 6
[44] This section will briefly discuss two dart-stepped

leader X-ray bursts analyzed in this study. UF 10-20 L4
and UF 10-24 L6 contained return-stroke peak currents of
11.7 kA and 14.8 kA, respectively. The time frame investi-
gated for UF 10-20 L4 was from –0.654�s prior to the start
of the return stroke to 1.917�s after the start of the return
stroke. The time frame investigated for UF 10-24 L6 was
from –19.6 to –16.46�s prior to the start of the return stroke.
Plots similar to Figures 3 and 5 are shown in Figure 16. The
associated �2

� , probabilities, A, and �0 are shown in Table 4.
Both of these X-ray bursts are statistically inconsistent with
an isotropic X-ray emission but do not have a first-order
anisotropy. It should be noted that higher-order anisotropies
may be present.

6. Discussion
[45] Procedure 1 found the first-order anisotropy, and pro-

cedure 2 tested whether or not the angular distribution was
consistent with an isotropic distribution. Because higher-
order anisotropies could be present in the data, a distribution
that is not isotropic does not necessarily have a significant

first-order anisotropy. This was the case for bursts A-D from
UF 10-23 L16, both of the bursts from UF 10-20 L4 and UF
10-24 L6, and burst B from UF 10-06 L1. Of those cases,
second-order anisotropy can be seen in two bursts. In con-
trast, pronounced first-order anisotropy occurs in 11 of the
13 X-ray bursts from the dart-stepped leader of UF 07-07.

[46] All together, we find that 11 out of 21 X-ray bursts
have a statistically significant first-order anisotropy, and
hence those 11 are inconsistent with an isotropic emission.
The remaining 10 bursts do not have significant first-order
anisotropy. However, of those 10 bursts, 1 burst shows
consistency with an isotropic distribution, while 9 are incon-
sistent with isotropic emission. These nine bursts do not have
first-order anisotropy but do have significant higher-order
anisotropy. The presence of discrete X-ray bursts suggests
that stepping is involved since it is well-established that
X-ray bursts are associated with the stepping process [Dwyer
et al., 2004a, 2005]. This refutes the hypothesis, implied by
Saleh et al. [2009], that electron and X-ray emission from
leaders bursts are all isotropic.

[47] Interestingly, for UF 07-07 L1, the orientation of
this anisotropy seems to move in a spiraling motion in the
clockwise direction around the vertical channel as seen in
Figure 6, suggesting a “lighthouse” effect in the X-ray emis-
sion. If this is the case, the rotational rate of the X-ray
emission would be about one rotation completed in 55�s.
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[48] It should be noted that the leader encounters the rem-
nants of the vaporized wire around the emission time of –60
to –50�s. Since the average speed of this dart-stepped leader
is 4.8 � 106 m s–1 [see Howard et al., 2010], the approx-
imate tip of the rocket-triggered vaporized wire (usually
located between 200 and 300 m in altitude) could be located
around the –60 to –50�s emission time, and yet the orien-
tation of the anisotropy continues in a spiraling motion after
encountering the remnants of the wire.

[49] Furthermore, Saleh et al. [2009] inferred an average
isotropic electron source over the leader channel from UF
07-07 L1 near the ground. This average deposited energy
was determined over approximatively 1 ms of X-ray data.
As shown in Figure 7, which contained X-ray data averaged
over about 80�s, the emission has a significant first-order
anisotropy (A = 0.347 ˙ 0.277, �0 = 46.56ı ˙ 13.38ı),
in contrast to the isotropic emission inferred in Saleh et al.
[2009] by averaging 1 ms of data. Since Saleh et al. [2009]
did not consider anisotropies in the azimuthal direction,
these new measurements of anisotropy do not necessarily
contradict Saleh et al. [2009]. Indeed, our analysis sup-
ports the finding that the X-ray emissions from lightning are
inconsistent with a vertically downward beam.

[50] Since most X-ray bursts (which are associated with
the stepping process) have significant anisotropies, this may
imply that the electron population on these electric field lines
is not uniform. For instance, if the emission is due to run-
away electron production at streamer heads, then either the
number or intensity of streamers may not be uniform in the
streamer zone. Another possibility is that the leader chan-
nel was not vertical (even though the electric field may be
symmetrical around the channel), causing an anisotropy in
the direction that the leader channel was tilted. This could
be either from a tilting of the channel or random fluctuations
in the leader directions around the average direction of the
channel. Further work is needed to distinguish these various
possibilities.

[51] Finally, a general increase in energy in the unshielded
and shielded detectors occurs as the X-ray bursts approach
the start of the return stroke as seen in Figure 6. This is in
agreement with Dwyer et al. [2004a, 2005] and Schaal et
al. [2012], who also noticed an increased intensity as the
leader propagated toward the ground. This could be due to an
increase in the electric field strength as the leader approaches
the ground due to its image charge and to less Compton
scattering by air because the X-rays propagate through less
medium when near the ground than at higher altitudes.
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