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[1] X-ray observations were made during fourteen 1.5 to
2.0 m high-voltage discharges in air produced by a 1.5 MV
Marx circuit. All 14 discharges generated x-rays in the �30
to 150 keV range. The x-rays, which arrived in discrete
bursts, less than 0.5 microseconds in duration, occurred
from both positive and negative polarity rod-to-plane
discharges as well as from small, 5–10 cm series
spark gaps within the Marx generator. The x-ray bursts
usually occurred when either the voltages across the gaps
were the largest or were in the process of collapsing. The
bursts are remarkably similar to the x-ray bursts previously
observed from lightning. These results should allow for the
detailed laboratory study of runaway breakdown, a
mechanism that may play a role in thunderstorm
electrification, lightning initiation and propagation, and
terrestrial gamma-ray flashes (TGFs). Citation: Dwyer, J. R.,

H. K. Rassoul, Z. Saleh, M. A. Uman, J. Jerauld, and J. A. Plumer

(2005), X-ray bursts produced by laboratory sparks in air,

Geophys. Res. Lett., 32, L20809, doi:10.1029/2005GL024027.

1. Introduction

[2] High voltage sparks are a ubiquitous phenomenon in
Nature, occurring in a wide range of settings from a finger
touching a door knob to the massive lightning flashes on
Jupiter [Rakov and Uman, 2003, pp. 536–543]. Until
recently it was believed that such electrical discharges
involved only low-energy electrons having energies of at
most a few tens of eV [Raether, 1964; Bazelyan and Raizer,
1998]. The recent and surprising discovery that both natural
and triggered lightning discharges emit x-rays [Moore et al.,
2001; Dwyer et al., 2003], demonstrated that some kinds of
discharges in air produce high-energy electrons traveling
close to the speed of light and having energies of hundreds
of keV. To date, the only mechanism that can account for
such high-energy electrons is the runaway breakdown of air,
during which the electric force experienced by electrons
exceeds the effective frictional force due to collisions with
air molecules, allowing the electrons to ‘‘run away’’ and
gain large energies [Gurevich and Zybin, 2001]. At the time,
the x-ray observations of lightning seemed to support the
generally-accepted notion that lightning was significantly
different from laboratory sparks, the latter being assumed to

involve only conventional breakdown and not runaway
breakdown as with lightning.
[3] In this report, we present the first x-ray observations

of high-voltage laboratory sparks in air that demonstrate that
these laboratory discharges do indeed produce x-rays sim-
ilar to the x-ray emission seen from lightning. Our results
imply that runaway breakdown is also occurring in these
relatively small high-voltage sparks and, hence, that the
physics of such sparks involves more than just a conven-
tional breakdown. This finding is important because it
implies that the physics used for decades to describe
discharges in air may be inadequate, even for relatively
small sparks. It also opens up the possibility of using
laboratory sparks to study the poorly understood phenom-
enon of runaway breakdown. Because runaway breakdown
has been shown to be associated with lightning [Dwyer et
al., 2003, 2004a, 2005], thunderstorms electrification [Eack
et al., 1996; Dwyer, 2003; Dwyer et al., 2004b] and
terrestrial gamma-ray flashes (TGFs) seen from space
[Fishman et al., 1994, Smith et al., 2005], all of which
are extremely difficult to study, the laboratory study of
x-rays from sparks should greatly add to our understanding
of these atmospheric phenomena.

2. Observations

[4] The experiment was performed at the high-voltage
laboratory of Lightning Technologies Inc. (LTI) in Pitts-
field, MA, using the same three x-ray instruments that had
been used previously for measuring x-ray emission from
both rocket-triggered lightning and natural lightning at the
University of Florida/Florida Tech International Center for
Lightning Research and Testing (ICLRT) [Dwyer et al.,
2003, 2004a, 2005]. The instruments all contained NaI(Tl)/
photomultiplier tube detectors shielded inside heavy Al
boxes to eliminate RF noise, light, and moisture. The
instruments were battery powered and signals were taken
directly from the PMT anodes and transmitted via FM fiber
optic links to a separate shielded room that contained the
data acquisition system. Instrument 1, which contained a
12.7 cm diameter by 7.62 cm long cylinder of NaI(Tl)
attached to a 12.7 cm PMT, was placed 2.2 m from the rod-
to-plane spark gap. In addition, Instrument 1 contained a
control detector, identical to the NaI/PMT detector but with
no scintillator. Instrument 2 contained two active detectors,
each a 7.62 cm by 7.62 cm cylinder of NaI(Tl) attached to a
7.62 cm PMT. One of the detectors was completely covered
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with a 0.3 cm thick tin-bronze attenuator cap, which only
allowed x-rays of energies greater than about 150 keV to
enter. In addition, Instrument 2 contained an identical
control detector with no scintillator. Instrument 2 was
placed 2.4 m from the spark gap, 90� from Instrument 1.
Instrument 3 contained one 7.62 cm NaI(Tl)/PMT detector
and was placed next to Instrument 2, 2.4 m from the spark
gap. The boxes containing Instruments 1 and 2 had 1.3 cm
thick Al sides, except for a 0.3 cm thick Al window on the
top that allowed x-rays with energies down to about 30 keV
to enter. Instrument 3 had 0.3 cm thick Al sides and a wire
mesh window covering the detector, which allowed x-rays
to enter unimpeded. In addition, each individual detector
was mounted inside its own light-tight housing, with a
thin Al window covering the NaI. The detectors were
sensitive to x-rays arriving from any direction in the
upper hemisphere.
[5] Data acquisition was triggered by the measurement of

the current flowing into the ground plane at the bottom of
the Marx generator. Once a trigger occurred, the anode
signals from all detectors plus gap voltage, circuit current,
and electric field measurements, made using a flat plate
antenna placed 5 m away, were recorded simultaneously on
digitizing oscilloscopes with 12 bit resolution and with a
sampling rate of 10 MHz. Pre-trigger sampling was used to
record data for 0.25 s before the trigger, and data were
recorded for 0.25 s after the trigger, giving a total record
length of 0.5 s.
[6] The sparks were generated by a Marx circuit gener-

ator, which produces high voltage sparks with discharge
currents up to several kiloamps [Bazelyan and Raizer,
1998]. These currents are typical of those associated with
lightning leaders, but not lightning return strokes. The
voltage range of the Marx circuit was 1.35 to 1.5 MV with
both negative and positive polarities. The spark occurred
between a 1 cm diameter cylindrical rod (with a flat end)
suspended above a ground plane with a spark gap ranging
from 1 to 2 m. The Marx generator works by slowly
charging, in parallel, a bank of 15 large capacitors
(0.25 mF) to approximately 0.1 MV each. Fifteen small
spark gaps between 10 cm diameter spheres then fire rapidly
connecting the capacitors in series. The Marx generator then
discharges through a series inductor into a load capacitor of
much smaller capacitance, thereby producing an oscillatory
voltage on the rod electrode that rises to 150% of the erected
(1.35 to 1.5 MV) Marx generator voltage, but then reduces
within a few microseconds to less than the generator erected
voltage, and so on until flashover of the rod to plane gap
occurs several microseconds later. (This somewhat uncon-
ventional Marx generator discharge circuit is used to pro-
duce a linear rising voltage to gap flashover that is required
by standards for certain tests of aircraft non-conductive
surfaces.) Although laboratory sparks produced by Marx
generators bare some resemblance to lightning discharges,
and indeed are used to test equipment for susceptibility to
lightning damage, it has not been clear to what extent
laboratory sparks actually replicate natural lightning [Rakov
and Uman, 2003]. In fact, the scale of individual leader
steps in lightning, about 50 m, is longer than the largest
laboratory spark gaps.
[7] On May 14, 2005, a total of 7 negative (rod

negative) and 7 positive (rod positive) sparks were pro-

duced. Bursts of x-rays were observed in coincidence with
specific features of all 14 sparks. Figure 1 shows x-ray
data for a 1.5 MV positive spark with a 2 m spark gap.
The left panel shows the raw data from the PMT anodes of
the 12.7 cm diameter detector in Instrument 1 (black
diamonds). The detector response function as determined
by the NaI decay time, PMT response and the digitizer
bandwidth is also shown as the red curve. For comparison,
the right panel shows an example of a signal from a single
662 keV gamma-ray from a radioactive Cs-137 source
temporarily placed on top of the instrument, along with the
response function. It should be noted that the x-rays arrive
at the very beginning of the pulse and not throughout. As
can be seen, the anode signal is well described by the
response function in both cases. The characteristic shape
of the anode signal from energetic radiation is easily
distinguished from RF noise. Indeed, the characteristic
decay time of NaI is visible in the x-ray observations of
the sparks, indicating that x-rays are in fact being absorbed
by the scintillator. Furthermore, in all the sparks measured,
no pulses were seen on either of the two control detectors.
The deposited energies in the two pulses produced by the
spark are found to be 212 keV and 1670 keV. However, as
will be shown below, it is very likely that these pulses are
not caused by individual gamma-rays but rather by mul-
tiple lower energy x-rays arriving in fast bursts. All the
positive sparks measured showed similar x-ray emission,
composed of two pulses. The average deposited x-ray
energy in Instrument 1 for the 1.5 MV positive discharges
was at least 1800 keV. The smallest energy deposited
during a spark was 660 keV and the largest was in excess
of 2700 keV. However the exact value could not be

Figure 1. The left panel shows two x-ray pulses produced
by a 1.5 MV positive rod-to-ground-plane spark with a 2 m
gap. The Marx circuit is fired at time t = 0. The black
diamonds are the anode signal from the 12.7 cm NaI/PMT
detector, and the red curve is the detector response function.
For comparison, the right panel shows the measurement of
one 662 keV gamma-ray from a Cs-137 radioactive source,
placed temporarily on top of the box. The offset in the x-
axis in the right panel was adjusted so that the pulses occur
at the same positions in both panels. The good fit of the
response function to the anode data demonstrates that the
signals are indeed produced by x-rays.
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determined due to saturation. For negative discharges, the
average deposited x-ray energy in Instrument 1 was
280 keV. The smallest energy deposited during a spark
was 56 keV and the largest was 520 keV.
[8] The natural background rate for energetic radiation of

energy greater than 100 keV was measured during the
experiments to be 320/sec for the 12.7 cm diameter detector
and 93/sec for the 7.6 cm diameter detectors. The odds of
measuring a background pulse in a 10 microsec window at
the time of the discharge are 1 in 300, and 1 in 1000 for the
12.7 cm and 7.6 cm diameter detectors, respectively.
Furthermore, the background rate drops appreciably for
larger pulse sizes. The fact that all 14 discharges measured
produced at least one, often more, x-ray pulse in a few
microsecond window, and that the pulses were often
observed simultaneously by several detectors, allows us to
rule out background as a source of the x-rays.
[9] Based on the spark gap voltage and the circuit

current measurements, it was found that the first x-ray
pulse seen in the left panel likely originated not from the
main, 2 m spark gap, but from the much smaller 5–10 cm
gap(s) of the Marx generator. This first x-ray pulse was
seen in 4 of the 7 negative sparks and 7 of the 7 positive
sparks. During two of the final sparks, the line of sight of
Instrument 1 to the Marx generator was temporarily
blocked by an impromptu x-ray shield made of 5 steel
gas cylinders. This resulted in a substantial reduction of
the intensity of this first pulse as compared with those seen
on the other instruments, but caused no change in the
subsequent x-ray pulses, supporting the view that the first
pulse is indeed from the small spark gaps in the Marx
generator and the next pulses are associated with events in
the 1.0 to 2 m rod to plane gap. The last small gap in the
Marx generator to fire would be expected to have the full
voltage available applied to it before it discharged and
transferred that voltage to the main gap.
[10] Figure 2 shows x-ray data from all the detectors

and the voltage across the gap for the same spark as
shown in Figure 1. X-rays can be seen in the attenuated
detector, indicating that some x-rays had energies in excess
of about 150 keV. However, because far less energy was
absorbed in the attenuated detector than in the un-attenu-
ated ones, we infer that the MeV pulses were not produced
by MeV gamma-rays but rather by fast bursts of lower
energy x-rays. Indeed, the fits of the response function
shows that the burst duration range from <50 nsec to
�0.45 microsec. Three of the 7 positive sparks had some
x-rays detected by the attenuated detector, but none of the
negative sparks did, suggesting that the x-ray spectra of
the negative sparks might be softer than that from the
positive sparks. However, the x-ray intensities of the
negative sparks were also lower, so the lack of detected
x-rays by the attenuated detector could also be due to a
paucity of x-rays. The deposited x-ray energy for the
positive sparks was in all cases larger than for the negative
sparks. The comparable size of the signals from the
exposed detector in Instrument 3 shows that the amount
of deposited energy from x-ray below 30 keV is not large
compared with the deposited energy from x-rays above
30 keV, which is the cut-off imposed by the 0.3 cm thick
Al windows covering Instruments 1 and 2. The compara-
ble sizes of the signals from the exposed detector in

Instrument 3 with the other detectors also allows us to
eliminate the possibility that energetic electrons are pro-
ducing the pulses, since such electrons would lose more
than an MeV when traversing the 0.3 cm thick windows in
Instruments 1 and 2.
[11] For all of the positive spark measurements made,

the x-ray bursts occurred prior to the main high-current arc
and at a time when the electric fields in the small and large
gaps were near their maximum. The same was generally
true for the negative sparks as well, with the exception of
three sparks that also produced x-rays while the voltage
across the main gap was collapsing. This is illustrated in
Figure 3, which shows x-ray data from the 12.7 cm
detector and the voltage across the 1.5 m gap for a
1.5 MV negative spark. The arrival of the x-rays during
the high voltage part of the spark and during the collapse
of the voltage, but not during the high current arc, is
similar to what has been observed in both natural and
triggered lightning. In those cases, the x-rays are not
observed during the high current return stroke, but imme-
diately before, during the stepped and dart leader phases
that bridge the gap between the cloud charge and the
ground, and at the very beginning of the return stroke. The
energy spectrum and the fact that the x-rays arrive in fast,
discrete bursts is again very similar to the x-rays emitted
by natural and triggered lightning, suggesting that the
underlying mechanism responsible for the x-rays from

Figure 2. X-ray waveforms for all the detectors and the
gap potential for the same spark shown in Figure 1. A
change in pulse size of �0.25 V corresponds to a deposited
energy of 662 keV in all detectors. In the upper panel, from
top to bottom, respectively, the signals are from the control
detector in Instrument 2, the control detector in Instrument
1, the attenuated detector (0.32 cm thick bronze cap) in
Instrument 2, the detector covered by a wire mesh
in Instrument 3, the un-attenuated detector (no bronze
cap) in Instrument 2 and the 12.7 cm detector in Instrument
1. The bottom panel shows the gap voltage, measured with a
resistive divider.
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lightning is also at work in laboratory sparks. Our obser-
vations are consistent with the source of the x-rays being
runaway electrons, which require large electric fields.

3. Discussion

[12] Dwyer [2004] showed that the intensity and energy
spectra of x-rays observed during lightning are not consis-
tent with the relativistic runaway electron avalanche
(RREA) model [Gurevich et al., 1992]. This conclusion
also applies to the laboratory sparks presented here. In fact,
the modest 1.5 MV gap voltage and the small gap sizes of
5 cm to 2 m, virtually rules out the RREA model, at least in
its current forms. In order to produce the observed x-rays, a
large number of keV seed electrons must somehow be
injected into the gaps. One mechanism for doing this is
the so-called cold runaway electron model [Gurevich,
1961], for which very large electric fields, about ten times
larger than the conventional breakdown field, are required.
For such large electric fields, substantial numbers of free
electrons are accelerated to high energies. Such high electric
fields may be produced by the rapid over-voltages that are
created by the Marx generator, which can produce electric
fields many times larger than is necessary to initiate a
conventional discharge. Similar over-voltages could be
occurring during the formation of the steps in lightning
stepped leaders, which have also been found to produce

x-rays [Dwyer et al., 2005]. Whatever may be the underlying
mechanism for producing the x-rays, it certainly does not
involve the standard physics of conventional air breakdown,
since for conventional breakdown in air at 1 atm pres-
sure, no x-rays in this energy range should be produced
at all. The results presented in this report should allow
for the detailed laboratory study of runaway breakdown
of air. Because runaway breakdown remains poorly
understood, such studies would add to our knowledge
of this interesting phenomenon, which may play a role in
important atmospheric processes such as lightning initia-
tion and propagation.
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Figure 3. X-ray waveform from the 12.7 cm detector in
Instrument 1 and the gap potential for a negative polarity
spark. The vertical dashed lines indicate the times of the x-
ray bursts. The first x-ray burst occurred at the time of the
first sparks among the series gaps within the Marx
generator. The next x-ray burst occurred at the time of
peak potential difference across the 1.5 m gap, and the final
x-ray burst occurred during the latter stages of the collapse
of the voltage across the 1.5 m gap.
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