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[1] X-ray emissions associated with leaders of natural cloud-to-ground lightning are
examined. For 23 (8 first and 15 subsequent) strokes within 2 km of the Lightning
Observatory in Gainesville, the occurrence of detectable X-rays was 88% and 47% for the
first and subsequent strokes, respectively. Some subsequent-stroke leaders, retracing
previously formed, low-density channels, are more prolific producers of detectable X-rays
than their corresponding first-stroke leaders, developing in the virgin air. The energy of
some photons was in the MeV range (in one case possibly in excess of 5 MeV); that is, in
the gamma-ray range. There was a significant difference between first and subsequent
leaders in terms of the distribution of estimated X-ray source heights. For first leaders, the
maximum source height did not exceed 800 m, whereas for subsequent leaders the source
height distribution appeared to extend to about 3.6 km. Not all leaders within a flash
produced detectable X-rays. For the same leader near ground, some steps were
accompanied by detectable X-ray emissions, while others were not. One possible
explanation is that electric field enhancements (>30 MV/m or so for the case of normal air
density), needed for the cold runaway breakdown, are very brief and highly localized, so
that in many cases a sufficiently energetic electron from the tail of the bulk distribution
may be unavailable to start the runaway process. This implies that the cold runaway
breakdown is not a necessary feature of lightning leaders, even if the required fields do
occur.
Citation: Mallick, S., V. A. Rakov, and J. R. Dwyer (2012), A study of X-ray emissions from thunderstorms with emphasis on
subsequent strokes in natural lightning, J. Geophys. Res., 117, D16107, doi:10.1029/2012JD017555.

1. Introduction, Methodology, and
Instrumentation
[2] Natural X-ray emissions are attributed to cosmic rays
and natural radioactivity, as well as to the so-called braking
radiation (bremsstrahlung) during relativistic or cold runaway breakdown processes [Smith, 2009; Dwyer et al.,
2012]. We acquired X-ray data in 2010 and 2011 at the
Lightning Observatory in Gainesville (LOG), Florida
[Mallick et al., 2011]. An overview of LOG is shown in
Figure 1. The X-rays were measured by an instrument similar
to those used in the Thunderstorm Energetic Radiation Array
(TERA), located at Camp Blanding, Florida [Saleh et al.,
2009]. The instrument contains one 7.6-cm diameter and
7.6-cm length cylindrical NaI(Tl) scintillator and a photomultiplier tube (PMT). The NaI/PMT detector was placed
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inside a 0.32-cm thick aluminum box with a m-metal shield,
designed to keep out light, moisture, and electromagnetic
noise. The instrument was powered by an internal 12-V battery. An Opticomm FM, analog fiber optic link was used to
transmit the signals from the PMT anode to the data acquisition system (8-bit, 10-ns sampling interval digitizing
oscilloscope) located in the LOG glass cupola (see Figure 1).
The aluminum box lid allowed X-rays with energies down to
about 30 keV to enter from all directions.
[3] The X-ray detector was calibrated with a Cs-137 radioactive source (producing 662 keV photons) placed temporarily
on top of the detector enclosure. The calibration signal is
shown in Figure 2. The dynamic range of the X-ray detector
was determined by the 1-V range of the fiber optic link and
the noise introduced into the system, mostly by the fiber optic
link. The lowest measurable signal amplitudes corresponded
to 153 keV in 2010 and 128 keV in 2011. The upper measurement limit was about 5.6 MeV.
[4] We examine background X-ray emissions (defined here
as those not associated with lightning processes), for both
thunderstorm and non-thunderstorm days, as well as X-ray
emissions produced by specific lightning processes. Results
for X-rays produced by first- and subsequent-stroke leaders in
natural negative lightning are compared with those previously
reported in the literature for both natural and triggered
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Figure 1. The Lightning Observatory in Gainesville (LOG), Florida, 2011.
lightning [Dwyer et al., 2003, 2004, 2005, 2011; Saleh et al.,
2009; Howard et al., 2008, 2010; Biagi et al., 2010]. To the
best of our knowledge, this is the first study of X-rays produced by dart and dart-stepped leaders in natural lightning
along with those produced by stepped leaders in the same
flashes. We have not attempted to deconvolve the source
behavior from the X-ray detector response.
[5] Electric field (E) and electric field derivative (dE/dt)
records, also acquired at LOG, were used for estimating
leader durations, identifying the return-stroke onset time
relative to X-ray pulses, and examining correspondence
between leader steps (identified in E and/or dE/dt records)
and X-ray pulses. The E measuring system included a circular flat‐plate antenna followed by a unity‐gain, high‐input‐
impedance amplifier with an active integrator. The system
had a useful frequency bandwidth of 16 Hz to 15 MHz. The
decay time constant was 10 ms. The dE/dt measuring system
included a circular flat‐plate antenna followed by an

amplifier. The upper frequency response of the dE/dt measuring system was 15 MHz. The antennas were installed on
the roof of a five‐storey building. The resultant enhancement
factor was estimated to be 1.4 [Baba and Rakov, 2007]. Fiber
optic links were used to transmit signals from antennas and
associated electronics to an 8‐bit digitizing oscilloscope. The
oscilloscope digitized the signals at 100 MHz (10 ns sampling interval).
[6] Because of saturation of most of the E and dE/dt
records, there was an uncertainty in the return-stroke onset
time (corresponding to the so-called fast transition in its
electric field signature), which was estimated to be less than
1 ms in most cases. The mean and maximum uncertainties
were 0.59 and 1.3 ms, respectively. Essentially all
lightning-related X-rays were produced by leaders in cloudto-ground flashes with some contribution from the attachment process. Only in two strokes (both subsequent) X-rays
appeared to occur after the return-stroke onset, but within its

Figure 2. Response of the X-ray detector to a 662-keV photon produced by a Cs-137 radioactive source.
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Figure 3. Average X-ray counts (with energy of at least 153 keV) per second versus energy for thunderstorm and non-thunderstorm days. N denotes the number of 240-ms records examined. The overall X-ray
rates for thunderstorm and non-thunderstorm days are 124 and 95, respectively.
timing uncertainty. There was one pronounced M-component
about 1 ms after the return-stroke, which produced no X-rays.
This is expected, since M-components develop along highly
conducting continuing current channels [Rakov et al., 2001].
[7] Non-thunderstorm days were defined as those with no
thunderstorms or rain within at least 15 km of LOG. On
these days, the measuring system was triggered manually.
On thunderstorm days, the system was triggered on the
electric field. X-ray data for specific lightning processes
were obtained only in 2011. The record length was 240 ms.
No 24-h X-ray background averages were examined. No
optical recordings were made.
[8] Distances to lightning channels and peak currents were
estimated by the U.S. National Lightning Detection Network
(NLDN). Median location errors (assumed to be equal to the
semimajor axis lengths of 50% location error ellipses) were
0.2 km for 22 out of 23 strokes examined here and 0.5 km
for one stroke. In this paper, all NLDN-reported distances
expressed in meters were rounded off to two significant
digits. The median absolute error in peak current estimates is
probably less than 15% for subsequent strokes (based on
comparison with directly measured currents for triggeredlightning strokes; Nag et al. [2011]) and is presently
unknown for first strokes. NLDN data were also used to
determine the total number of strokes in a flash (in some
cases our 240-ms record length did not allow us to capture
all the strokes).

2. Background (Not Lightning Related)
X-Ray Emissions
[9] In this section, we estimate X-ray background needed
to distinguish lightning-related X-rays from their natural
background. Measurements were performed on 6 thunderstorm and 15 non-thunderstorm days in June, 2010. Nonthunderstorm days were included just for comparison. The
average (arithmetic mean) X-ray rate on thunderstorm days,

124 counts per second, is higher than that, 95 counts per
second, on non-thunderstorm days, and the difference is
statistically significant (at 0.001% level, according to the ttest). The corresponding standard errors in the arithmetic
means are 1.5 and 1.4 per second (less than 1.5% of the
arithmetic mean value). Figure 3 shows average X-ray
counts per second in different energy ranges for both
thunderstorm and non-thunderstorm days. None of the
thunderstorm-day records contained X-rays that could be
attributed (via time coincidence) to individual lightning
processes, apparently due to lack of discharges within a few
kilometers of the measuring station. Therefore, it is likely
that the observed increase in X-ray rate on thunderstorm
days is primarily associated with precipitation which scavenges airborne radionuclides (mostly short-lived radon-222
progeny) to the ground, as previously reported by a number
of researchers [e.g., Paatero and Hatakka, 1999; Burnett
et al., 2010]. We did observe X-rays (or gamma rays) with
energies greater than 3 MeV during both thunderstorm and
non-thunderstorm days (see Figure 3) that are thought [e.g.,
Brunetti et al., 2000; Suszcynsky et al., 1996] to be not
attributable to the radon washout effect. Those are probably
associated with cosmic rays (as opposed to natural Earth
radioactivity). Some of the counts could be due to energetic
electrons (also positrons and muons), although the attenuation length of an energetic X-ray is much larger than the
mean free path of an equivalent energy electron. For example, the attenuation length of a 1-MeV X-ray in air at sea
level is about 150 m versus the 3-m mean free path of a
1-MeV electron [Suszcynsky et al., 1996].
[10] If we assume that all X-ray pulses for thunderstorm
days are due to non-lightning sources, the expected occurrence of background X-rays on these days is 1 in 8 ms. The
corresponding probability of occurrence of a single background pulse within 20 ms of the return stroke, according to
the Poisson’s probability distribution, is as low as 0.0025
(0.25%), and it is 0.024 (2.4%) within 200 ms and 0.194
(19.4%) within 2 ms. The probability of occurrence of two
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Figure 4. Complete (a) electric field (E), (b) dE/dt, and (c) X-ray records for flash 3835. According to the
NLDN, the flash consisted of 11 strokes. Only strokes 1 to 5 were recorded within 240 ms at LOG. Strokes
1, 3, and 5 produced X-ray bursts, while strokes 2 and 4 did not produce detectable X-rays within 2 ms
prior to and 10 ms after the return stroke. With the average background X-ray rate of 124 counts per second
(1 pulse in 8 ms), the expected number of background X-ray pulses in Figure 4c is 30.
background pulses within 20 ms, 200 ms, and 2 ms are 3 
10 6, 3  10 4, and 0.024, respectively. These probabilities
are the basis for our attributing X-ray pulses to specific
lightning processes (as opposed to natural background sources) in section 3.

3. X-Ray Emissions Associated With First-Stroke
and Subsequent-Stroke Leaders
in Natural Lightning
[11] On July 31, 2011, we recorded 23 strokes (8 first and
15 subsequent) within 2 km of LOG. Out of the 23 strokes,
11 produced X-ray bursts, 3 produced single X-ray pulses,
and 9 did not produce detectable X-ray emissions (with at
least 128 keV energy) during 2 ms prior to and 10 ms after
the beginning of return stroke. The 14 strokes which produced detectable X-rays occurred in 8 flashes. Of these 14, 7
were first strokes and 7 were subsequent strokes of order 2 to
5. The X-ray burst is defined in this paper as a sequence of
two or more X-ray pulses (not necessarily a single photon
per pulse, as discussed in section 3.1). This is in contrast
with X-ray bursts of less than 1 ms duration (shorter than the
X-ray detector response time; see Figure 2) referred to by
Dwyer et al. [2004] and others, which we call here pulses, as
they appear in our X-ray records. The occurrence of detectable X-rays was 88% and 47% for first and subsequent
strokes, respectively. For comparison, Dwyer et al. [2004]
reported that 81% of strokes in flashes triggered at Camp
Blanding, Florida, in 2002 and 2003 (73% in 2003) emitted
X-rays detectable within 15 to 50 m of the lightning channel
(their lower measurement limit was 30 keV). Triggeredlightning strokes are initiated by dart or dart-stepped leaders
and are similar to subsequent strokes in natural lightning.
[12] Complete E, dE/dt, and X-ray records for flash 3835
(strokes 1 to 5), on a 240-ms time scale, are shown in
Figure 4 and those for stroke 5 (on a 450-ms time scale) are
shown in Figure 5. An X-ray burst is evident in Figure 5c.

Also shown in Figures 4 and 5 are measurements of leader
duration.
[13] The occurrence of detectable X-rays tends to increase
with increasing return-stroke peak current and decreasing
distance from the lightning channel, as seen in Tables 1 and
2, respectively. Both these trends are expected: the returnstroke peak current is thought to be correlated with leader tip
electric potential (the higher the potential, the stronger the
X-ray source), and larger distances are associated with
stronger X-ray absorption and scattering (photoelectric
absorption is the main process for energies up to about
30 keV and Compton scattering for energies from about
30 keV to 30 MeV). It is worth noting that the observed
trends are each characterized by large scatter and that the
sample size is small (only 23 strokes). For these reasons, we
do not attach much significance to the percentages given
in Tables 1 and 2. We did not observe any dependence of
X-ray occurrence on the preceding interstroke interval.
[14] Not all strokes within the same flash produced
detectable X-rays, and 5 out of 7 subsequent-stroke leaders
produced more detectable X-ray pulses than their
corresponding first-stroke leaders. The latter observation
means that dart and dart-stepped leaders can be more prolific
X-ray producers than their corresponding stepped leader, an
observation that has not been reported before. Examples are
shown in Figures 6 and 7, where NLDN-reported distances
(r) and peak currents (I), as well as leader durations (LD) are
indicated. Leader durations were measured using E and dE/
dt records, as illustrated in Figures 4 and 5. We first discuss
some features of flashes 3835 and 3832 presented in
Figures 6 and 7, respectively, and then examine the various
trends using the entire data set.
3.1. Flash 3835
[15] In Figure 6, out of five strokes recorded at LOG, only
three (of order 1, 3, and 5) produced detectable X-rays.
Although the NLDN-reported distances to the five strokes
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Figure 5. (a) Electric field, (b) electric field derivative (both positive and negative parts of the record are
saturated within 23 ms of return stroke), and (c) X-rays produced by stroke 5 of flash 3835. RS denotes the
return stroke.
ranged from 0.9 to 1.4 km, these strokes probably occurred
in the same channel. This is because all subsequent-leader
durations were of the order of hundreds of microseconds,
which is indicative of dart leaders [e.g., Rakov and Uman,
1990], although E and dE/dt records contain evidence of
stepping. The X-ray producers in this flash were characterized by higher peak currents, 47, 33, and 38 kA, versus 15
and 29 kA for non-producers. It appears from the nondetection of X-rays during strokes 2 and 4, while strokes 1,
3, and 5 (presumably in the same channel) produced pronounced X-ray bursts, that the runaway breakdown is not a
necessary feature of lightning leaders. In other words, the
conventional breakdown is the only essential process that
facilitates leader extension, which may or may not be
accompanied by the runaway one. On the other hand, it is
conceivable that undetectable (below 128 keV) X-rays were
produced by strokes 2 and 4. Additional data and associated
modeling are needed to make a firm conclusion regarding
the role of runaway breakdown in leader development.
[16] Further, subsequent-stroke leaders, shown in Figure 6,
appeared to produce more X-ray pulses (7 and 11) than
their corresponding first-stroke leader (only 3 detectable
X-ray pulses). It is important to note that some pulses seen in
Figures 6 and 7 are due to multiple photons arriving within
the response time (about 1 ms; see Figure 2) of the X-ray

detector; that is, are actually each a superposition (pile-up)
of two or more individual pulses. There are a total of 22
such pile-ups in Figure 7 (bottom) (3 of which are clipped at
5.6 MeV level), with the total number of discernible pulses
being as many as 109. All discernible individual pulses are
included in the pulse count given in Figures 6 and 7 as well
as in Figures 9–11 (section 3.3), and 13 (section 3.6). This
does not allow identification of all individual photons, but
does help us address to some extent the piling-up issue.

Table 1. Occurrence of X-Rays as a Function of Return-Stroke
Peak Current

Table 2. Occurrence of X-Rays as a Function of Distance From
the Lightning Channel

Peak Current
Range (kA)

Number
of Strokes

Percentage

Distance
Range (km)

Number
of Strokes

Number
of Strokes With X-Raysa

Percentage

10–20
20–40
40–60
10–60

5
13
5
23

40%
54%
100%
61%

0.5–1
1–1.5
1.5–2
0.5–2

11
9
3
23

9 (7 + 2)
4 (3 + 1)
1 (1 + 0)
14 (11 + 3)

82%
44%
33%
61%

Number
of Strokes With X-Raysa
2
7
5
14

(2 + 0)
(4 + 3)
(5 + 0)
(11 + 3)

a
The first and second numbers in the parentheses indicate the occurrence
of X-ray bursts and single pulses, respectively.

3.2. Flash 3832
[17] In Figure 7, all three strokes recorded at LOG produced X-rays, but the third stroke was much more prolific Xray producer (a total of 109 discernible pulses) than the other
two strokes (19 and 3 pulses). Note that all three strokes
apparently occurred in the same channel, and that peak
currents for strokes 1 and 3 were similar (50 and 55 kA,
respectively). This latter observation is important, since it
apparently supports the theory [Cooray et al., 2009, 2010]
according to which a warm, low-density channel traversed
by subsequent-stroke leaders is more conducive to occurrence of the so-called cold runaway breakdown than the
virgin air in which first-stroke leaders have to develop.
Further, it may have implications for production of terrestrial
gamma-ray flashes (TGFs) [Smith, 2009; Dwyer et al.,

a
The first and second numbers in the parentheses indicate the occurrence
of X-ray bursts and single pulses, respectively.
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Figure 6. X-rays produced by (top) stroke 1, (middle) stroke 3, and (bottom) stroke 5 of 11-stroke flash
3835. Strokes 2 and 4 did not produce detectable X-rays. Strokes 6 to 11 were not recorded at LOG.
NLDN-reported distances for strokes 1 to 5 were 0.9 to 1.4 km. Vertical broken lines labeled RS indicate
the position of the return stroke. Judging from leader durations (LD), strokes 3 and 5 each followed a previously formed channel. Some pulses seen in the plots are due to multiple photons arriving within the
response time of the X-ray detector; that is, are actually each a superposition (pile-up) of two or more individual pulses. All discernible individual pulses are included in the pulse count given on the plots.
2012], which may also preferentially occur via secondary
breakdown retracing the remnants of a previously conditioned channel or cloud region. Perhaps this is why there
appears to be no unique relationship between TGFs and
detectable (presumably most pronounced) RF signatures of
lightning. For example, Briggs et al. [2010] reported TGFs
occurring before, during, and after lightning VLF signatures.
Also, Cummer et al. [2011] found no unique relationship

between two TGFs and “fast discharge-like processes.” In
one case, an isolated fast process occurred 50 ms before the
gamma-ray generation began, and in the other a pair of fast
processes occurred 50 ms after the onset of gamma-ray
counts. Neither event contained a detectable fast process at
either the beginning or end of TGF.
[18] Individual X-ray photons produced by the thirdstroke leader (see Figure 7, bottom) at a distance of 750 m

Figure 7. X-rays produced by (top) stroke 1, (middle) stroke 2, and (bottom) stroke 3 of 13-stroke flash
3832. Strokes 4 to 13 were not recorded at LOG. NLDN-reported distances for strokes 1 to 3 were 0.5 to
0.8 km. Vertical broken lines labeled RS indicate the position of the return stroke. Some pulses seen in the
plots are due to multiple photons arriving within the response time of the X-ray detector; that is, are actually each a superposition (pile-up) of two or more individual pulses. There are a total of 22 such pile-ups in
Figure 7 (bottom), 3 of which are clipped at 5.6 MeV level. All discernible individual pulses are included
in the pulse count given on the plots.
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Figure 8. X-ray pulse occurring 42 ms prior to the third return stroke of flash 3832 (see Figure 7, bottom). The overall waveform appears to be a superposition of two pulses with the second, larger pulse
being saturated at 5.6 MeV. The larger pulse might be due to a single photon with energy in excess of
5.2 MeV.
apparently had energies up to 2.5 MeV or so (based on
unsaturated measurements only). This is appreciably higher
than previously reported X-ray energies (up to 250 keV
[Dwyer et al., 2004], with a characteristic causative-electron
energy being about 1 MeV [Saleh et al., 2009]). Thus, this
unusual subsequent-stroke leader emitted photons in the
gamma-ray range (in the lightning literature, the boundary
between X-rays and gamma-rays is usually placed at about 1
MeV [Dwyer et al., 2011]). Further, it is possible that the
three saturated pulses contain contributions from even
higher energy photons, particularly the one about 42 ms prior
to the return stroke (see Figure 8), which shows a rise from
0.4 MeV to the saturation level at 5.6 MeV with no evidence
of piling, possibly corresponding to a single-photon energy
in excess of 5 MeV.
[19] If we assume that the third-stroke leader (see Figure 7,
bottom) originated at an altitude of 7.5 km (typical height of
the main negative charge region in Florida [Rakov and
Uman, 2003]), then for the measured leader duration of 905
ms the average leader speed is 8.3  106 m/s. For this speed,
the earliest (about 250 ms prior to the return-stroke onset, not
counting the single pulse 1.966 ms prior to the return stroke)
X-rays should have arrived from sources at altitudes greater
than 2 km above ground; that is, from sources inside the
cloud, when the inclined distance to the X-ray detector was
about 2.2 km. Using the same value of leader speed, we
estimated source heights for three pulses saturated at 5.6 MeV.
They occurred 90, 42, and 27 ms prior to the return stroke
and the corresponding source heights were 747, 349, 224 m.
For comparison, Saleh et al. [2009] did not observe any
X-ray emission from altitudes higher than 647 m for a
rocket-triggered lightning stroke with peak current of
about 45 kA. As noted earlier, the return-stroke peak current for the event shown in Figure 7 (bottom) was 55 kA,
considerably higher than typical (10 to 15 kA [Rakov and
Uman, 2003]) for subsequent strokes.

3.3. X-Ray Source Heights and Inclined Distances
[20] The occurrence of X-rays relative to the return-stroke
onset time for all the 14 strokes that produced detectable Xrays is shown in Figure 9. In two cases, the latest X-ray pulse
occurred after the return-stroke onset; as a result, the
corresponding vertical lines extend to the horizontal axis. All

Figure 9. Occurrence of discernible X-ray pulses (not necessarily single photons) relative to the return-stroke onset
time (t = 0, which is below the bottom edge of the figure,
because of the use of logarithmic vertical scale). Circles
represent individual pulses, and lengths of vertical lines
represent durations of pulse bursts. Red and blue colors
represent first and subsequent strokes, respectively. For
strokes 3835_3 and 3832_3, the latest X-ray pulse occurred
after the return-stroke onset; that is why the corresponding
vertical lines extend to the bottom edge of the figure.
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likely to have large horizontal components. Any underestimation of leader duration would lead to the equal amount (in
percent) of overestimation of X-ray source height and vice
versa. As stated in section 3.4, we believe that our errors in
leader durations (based on dE/dt measurements) are generally less than 20% in absolute value. We do not attempt a
more detailed error analysis here due to the more significant
uncertainties in total channel length. However, even with all
the uncertainties, our main findings in this section (appreciable difference between maximum source heights for first
and subsequent strokes and location of some sources inside
the cloud) should hold.

Figure 10. Occurrence of X-ray source heights for an
assumed 7.5-km total channel length. N denotes the number
of discernible X-rays pulses.
discernible pulses (see section 3.1) are considered here. The
time intervals, Dt, between the X-ray pulse and the returnstroke onset were used for estimating X-ray source heights,
h = v  Dt (where v is the average leader speed estimated
from the leader duration measured in dE/dt records (see
section 3.4) and assumed total channel length of 7.5 km
[e.g., Rakov and Uman, 2003]). We also estimated inclined
distances, R = (r2 + h2)1/2 (where r is the NLDN-reported
horizontal distance to the lightning channel) for all discernible pulses in our X-ray records. It was assumed, as a first
approximation, that the lightning channel was vertical.
Leader duration measurements are shown in Figures 4 and 5
and discussed in section 3.4.
[21] Histograms of X-ray source heights and inclined
distances are shown in Figures 10 and 11, respectively.
There was a significant difference between first and subsequent strokes in terms of the distribution of estimated X-ray
source heights. For first strokes, the maximum source height
did not exceed 800 m, whereas for subsequent strokes the
source height distribution appeared to extend to about
3.6 km. Estimated inclined distances to X-ray sources for all
strokes combined varied from 0.51 to 3.7 km. The contrast
between first and subsequent strokes in this case is smaller
than for source heights.
[22] Interestingly, in one subsequent stroke (3830_3), a
six-pulse X-ray burst occurred more than 100 ms prior to the
return stroke, which, for an estimated leader speed of 107 m/
s, corresponds to heights greater than 1 km above ground,
with no detectable X-rays coming from lower altitudes.
[23] Source heights in Figure 10 can be readily scaled to
other assumed total channel lengths. For example, changes
from 7.5 km to 5 km and 15 km would involve scaling
factors of 0.67 and 2, respectively. Subsequent strokes of
higher order are likely to be associated with total channel
lengths larger than 7.5 km, although their channels are more

3.4. X-Rays Versus Leader Duration
[24] Figure 12 shows the occurrence of X-rays as a function of leader duration. Leader durations can be estimated
from our E and dE/dt records (see examples in Figures 4 and
5). In the case of E, the characteristic leader signature [e.g.,
Rakov and Uman, 1990] is easy to identify, and its starting
point is usually assumed to correspond to the first field
deflection from the preceding background level. We estimate, via leader electric field calculations [e.g., Rubinstein
et al., 1995] at distances in question, that errors due to
uncertainty in identifying the first field deflection should be
mostly in the range of 20% to 40%. In the case of dE/dt,
we assumed that the leader starting point corresponds to the
onset of sustained dE/dt pulse activity, which in a few cases
required a rather subjective decision. In all cases, the estimates based on dE/dt records were greater than or equal to
those based on E records. Discrepancies varied from 0.1% to
69%, with the mean and median values of 14% and 5.3%,
respectively).
[25] We consider leader durations based on dE/dt measurements to be more accurate and use them throughout this

Figure 11. Occurrence of X-ray source inclined distances
for an assumed 7.5-km total channel length. N denotes the
number of discernible X-rays pulses.
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step intervals for stepped and dart-stepped leaders [Rakov
and Uman, 2003]. Submicrosecond interpulse intervals are
mostly associated with multiple photons contributing to an
X-ray pulse (produced during a single leader step), and
intervals greater than 100 ms are likely due to not all leader
steps producing detectable X-rays.

Figure 12. Occurrence of X-rays as a function of leader
duration. XB, XS, and NX denote X-ray burst, single Xray pulse, and no X-rays, respectively.
paper. In any event, we believe that our leader durations are
not significantly underestimated, with errors being generally
less than 20% in absolute value.
[26] As seen in Figure 12, there are two groups of leaders.
Those shorter than 8 ms are likely to be faster, dart or dartstepped leaders, developing in previously formed channels,
while those longer than 16 ms are slower stepped leaders,
propagating through the virgin air. Note that 4 out of 12
leaders longer than 16 ms occurred in subsequent strokes,
apparently forming new channel terminations on ground.

3.7. X-Ray Emissions Versus Leader Steps
[29] We tried to relate step pulses seen in E and dE/dt
records to X-ray pulses and determine the fraction of step
pulses accompanied and not accompanied by detectable Xrays. We found that, although many steps are accompanied
by detectable X-rays, in support of previous findings [Dwyer
et al., 2005], there are many pronounced steps, presumably
in the same channel, without corresponding X-ray pulses.
One possible explanation of the latter is beaming of the
source electrons (different for different steps or segments of
the leader channel). However, Saleh et al. [2009] found, for
triggered-lightning leaders, that the source electrons are
emitted isotropically. Another possible explanation is that
electric field enhancements (>30 MV/m or so for the case of
normal air density), needed for the cold runaway breakdown,
are very brief (fraction of a microsecond [Cooray et al.,
2009]) and highly localized, so that in many cases a sufficiently energetic electron from the tail of the bulk distribution may be unavailable to start the runaway process. The
latter explanation implies that the cold runaway breakdown
is not a necessary feature of lightning leaders (even if the
required fields do occur), as inferred in section 3.1 from nondetection of X-rays from leaders apparently developing in
the channel that was made X-ray “luminous” by both preceding and following leaders.
[30] Examples of steps accompanied and not accompanied
by detectable X-rays are shown in Figures 14a and 14b.
There appears to be no correlation between the amplitudes of

3.5. X-Rays Versus Number of Strokes per Flash
[27] Both flashes whose X-ray records are shown in
Figures 6 and 7 were each composed of a large number of
strokes (11 and 13, respectively, as reported by the NLDN),
considerably larger than typical (3 to 5 [Rakov and Uman,
2003]). Unfortunately, we recoded only 5 and 3 strokes
in those flashes and, hence, do not know if higher-order
strokes also produced detectable X-rays and if there was any
subsequent-stroke-order dependence. The average number
of strokes per flash or multiplicity (reported by the NLDN)
for 8 flashes in which at least one stroke produced X-rays
was about 7 (versus an average of 4.6 for natural lightning in
Florida [Rakov et al., 1994]), and that for 3 flashes with no
X-ray producers was about 2. It is not clear how X-ray
production can be related to the number of strokes per flash,
or what factor can lead to both higher multiplicity and higher
probability of production of detectable X-rays.
3.6. Time Intervals Between X-Ray Pulses
[28] Figure 13 shows histograms of intervals between all
discernible X-ray pulses (see section 3.1) for first and subsequent leaders, which peak between 10 and 100 ms and 1
and 10 ms, respectively. These correspond to typical inter-

Figure 13. Histogram of intervals between discernible Xray pulses for first and subsequent strokes. The minimum
and maximum interpulse intervals are 40 ns and 1.7 ms,
respectively.
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Figure 14. The dE/dt and X-ray records for selected steps in flash 3832, stroke 3. (a) All four dE/dt step
pulses (indicated by vertical arrows) are accompanied by X-ray pulses; (b) only two of the four dE/dt
pulses are each accompanied by a detectable X-ray pulse. Note that the X-ray pulses are delayed relative
to the initial part of dE/dt pulses, as previously observed by Howard et al. [2008]. Horizontal broken lines
show measurement limits.
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Figure 15. Maximum deposited X-ray energy per pulse
(not necessarily for a single photon) versus return-stroke peak
current. The upward-directed arrow indicates that, due to saturation, the value shown is an underestimate (the actual value is
higher than 5.6 MeV). XBF – X-ray burst, first stroke; XBS –
X-ray burst, subsequent stroke; XSF – single X-ray pulse, first
stroke; XSS – single X-ray pulse, subsequent stroke.
dE/dt and X-ray pulses. More details on this analysis will be
presented in a future paper.
3.8. Maximum Deposited Energy Versus Peak Current
[31] Figure 15 shows the maximum deposited X-ray
energy per pulse (not necessarily for a single photon) versus
return-stroke peak current. It can be viewed as a measure of
detectability of X-rays as a function of peak current. As
expected, there is a trend for the energy to increase with
increasing peak current, although it is characterized by a
large scatter. According to the Spearman rank-order correlation test, the correlation coefficient is not statistically significant at 95% confidence level, but it is significant at about
80% confidence level.

4. Summary of New Observations and Inferences
[32] 1. For 23 (8 first and 15 subsequent) strokes within
2 km of LOG, the occurrence of detectable X-rays was 88%
and 47% for first and subsequent strokes, respectively.
[33] 2. Subsequent strokes were often more prolific producers of detectable X-rays than their corresponding first
strokes, in support of the theory [Cooray et al., 2009, 2010]
according to which a warm, low-density channel traversed
by subsequent-stroke leaders is more conducive to occurrence of the so-called cold runaway breakdown than the
virgin air in which first-stroke leaders have to develop. This
finding may have implications for production of TGFs,
which may also preferentially occur via secondary breakdown retracing the remnants of a previously conditioned
channel or cloud region.
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[34] 3. Individual X-ray photons produced by one unusual
subsequent-stroke leader at a distance of 750 m apparently
had energies up to 2.5 MeV or so and in one case possibly in
excess of 5 MeV, appreciably higher than previously
reported (up to 250 keV [Dwyer et al., 2004]). The returnstroke peak current was 55 kA.
[35] 4. There was a significant difference between first and
subsequent leaders in terms of the distribution of X-ray
source heights, estimated from measured time interval
between the X-ray pulse and the return-stroke onset, measured leader duration, and assumed total channel length. For
first leaders, the maximum source height did not exceed 800
m, whereas for subsequent leaders the source height distribution appeared to extend to about 3.6 km (for an assumed
total channel length of 7.5 km).
[36] 5. It appears (from the non-detection of X-rays during
some strokes within a given flash and apparently in the same
channel) that the runaway breakdown is not a necessary
feature of lightning leaders. However, more data and associated modeling are needed to verify this speculation.
[37] 6. For the same leader near ground, some steps are
accompanied by detectable X-ray emissions, while others
are not. There appears to be no correlation between the
amplitudes of dE/dt and X-ray pulses. One possible explanation is that electric field enhancements (>30 MV/m or so
for the case of normal air density), needed for the cold runaway breakdown, are very brief (fraction of a microsecond
[Cooray et al., 2009]) and highly localized, so that in many
cases a sufficiently energetic electron from the tail of the
bulk distribution may be unavailable to start the runaway
process. This explanation is consistent with the notion that
the cold runaway breakdown is not a necessary feature of
lightning leaders, even if the required fields do occur.
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