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Due to the difficulty of direct measurement of the thunderstorm environment, in particular the
electric field strengths, the initial stages of lightning breakdown remain mysterious. The 1994
discovery of Terrestrial Gamma-ray Flashes (TGFs) and their implications for megaVolt potentials
within thunderclouds has proved to be a valuable source of information about the breakdown
process.

The Telescope Array Surface Detector (TASD) — a 700 km? scintillator array in Western Utah,
U.S.A — coupled with a lightning mapping array, fast sferic (field change) sensor and broad-
band interferometer, has provided unique insight into the properties of this energetic radiation
and of lightning initiation in general. In particular, microsecond-scale timing comparisons have
clearly established that downward TGFs occur during strong initial breakdown pulses (IBPs) of
downward negative cloud-to-ground and intracloud flashes. In turn, the IBPs are produced by
streamer-based fast negative breakdown.

Investigations into downward TGFs with the TASD have significantly evolved with recent up-
grades to lightning instrumentation. A second state-of-the-art broadband interferometer allows
high-resolution stereo observation of lightning development. A high-speed optical video camera,
set to be deployed in Spring 2021, will allow simultaneous observation of the visual component
of lightning responsible for TGF production. Finally, a suite of ground based static electric field
mills will provide new information on the large-scale properties of the thunderstorms in which
downward TGFs arise.

In this talk, we present the most recent TGF observations from the Telescope Array.
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1. Introduction

Terrestrial gamma-ray flashes (TGFs) were first discovered by the Compton Gamma-ray Ob-
servatory [1] and studied extensively from above by other satellites. After their correlation to
lightning discharges, it was suggested that TGFs should also be produced downward due to the
symmetrical charge structure within thunderstorms. The observation of “burst” events at Telescope
Array (TA) [2] in association with lightning flashes opened the door for the study of energetic ra-
diation from lightning using cosmic ray detectors. The installation of a VHF Lightning Mapping
Array (LMA) and electric field sensors in 2014 confirmed that these events were indeed down-
ward TGFs initiated in the first couple milliseconds of negative lightning flashes [3]. A recent
upgrade in 2018 added a broadband interferometer (INTF), making TA the most robust site for the
high-resolution study of downward TGFs.

All lightning breakdown begins with leader propagation, wherein short ~50 m segments of air
are ionized discretely between charge regions within a cloud or between a cloud and the ground
below. Once a channel of air between these regions has heated to a conducting state, current flows
extremely quickly, resulting in a bright lightning stroke. Somewhere in this process during rare,
strong flashes, huge amounts of gamma rays can be emitted as TGFs, though the detailed pro-
cess remains rather mysterious. A common view of TGF production involves the development of
electromagnetic showers in the ambient electric fields of thunderstorms. When this occurs with
sufficient field strength, the result is a relativistic runaway electron avalanche (RREA) [4], wherein
electrons gain more energy from acceleration than they lose via atmospheric interactions (Figure 1).
These showers produce large amounts of bremsstrahlung radiation, but require seed electrons hav-
ing energy above 200 keV. One theory is that seed electrons are produced as secondary particles
in cosmic-ray extensive air showers [5]. Another is that of thermal runaway, where strong, local
electric fields excite electrons from a thermal state into the relativistic regime [6].

2. Observations

Four TGFs were observed in late 2018 [7] after the interferometer’s installation, three of which
(TGFs A, B, and C) were negative cloud-to-ground strokes occurring in the same storm on Au-
gust 2, and the fourth (TGF D) being a negative intracloud flash on October 3. Each of these
flashes began with strong initial breakdown pulses (IBPs), producing strong, impulsive signals
(sferics) in the electric field change data. Breakdown activity was also mapped in three dimensions
by the LMA and in two-dimensions by the higher-resolution interferometer (see Figure 2). The
flashes of TGFs A, B, and C registered as having peak currents of —38.3, —26.5, and —26.8 kA by
the National Lightning Detection Network (NLDN). TGF D did not trigger a measurement.

Surface detectors (TASDs) underneath the flashes triggered events at nearly the same time as
these flashes — two consecutive bursts were detected in each of the parent flashes of TGFs A, C,
and D and only a single burst for that of TGF B. The left-hand panels of Figure 3 shows the footprint
of active detectors for both triggers of TGF C covering ~5 and 10 km?, respectively. The lower-
right panel gives the detector response of the TASD with most energy deposit, displaying a very
different profile to that of a cosmic ray air shower. The jagged and inconsistent response between
scintillator layers is indicative of a developed electromagnetic shower dominated by photons.
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Figure 1: Illustration of the thermal runaway model of RREA development. High charge concentration
in leader tips creates very strong, local electric fields. If sufficiently strong, thermal electrons can be accel-
erated to hundreds of keV or more. These energetic electrons can subsequently run away in the ambient
thunderstorm electric fields to produce TGFs in the form of RREA.
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Figure 2: INTF data of TGF B showing the downward development of its parent flash. Points are colored
from blue to red with respect to time and with sizes corresponding to power.
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Figure 3: Footprints for the two triggers of TGF C and the responses of individual TASDs from the burst.
Numbers in footprint circles indicate the detectors’ total energy deposits in VEM while colors represent
relative onset times in units of 4 us. The yellow star indicates the median plan location of LMA sources. The
purple diamond indicates the associated NLDN event, but is difficult to see due to being closely co-located
with the LMA median point. The signal of TASD 1521 (top right) during the first gamma burst illustrates
the fact that SDs are capable of distinguishing individual Compton electrons in low-fluence detections.

3. Analysis

Because the TASDs and lightning detectors measure different phenomena and were not de-
signed to work together, special care is taken to correlate their results in a meaningful way. For
example, the INTF carries no information about the TGF itself while the TASDs carry no infor-
mation about the development of lightning breakdown at the time of TGF production. In addition,
TA’s large size of ~700 km? paired with the INTF’s offset location means that propagation times be-
tween VHF lightning flash data and a downward-directed TGF can be as high as 100 us (Figure 4).
In order to examine discharge properties during TGF production on the order of a microsecond,
numerical methods are used to correct for the different observed reference frames.

Two methods were developed independently for this purpose. The first iterates through possi-
ble TGF source times and locations to zero-in on a solution which best represents the data collected
by all instruments. The second steps through individual INTF data points and calculates the ex-
pected time of TGF arrival at each TASD station, selecting a time and location which is most
consistent with data. Both methods produced consistent results for all events, further verifying
their validity. Figure 5 illustrates the solution of the stepping method for TGF A with an altitude of
3.2 km above ground.
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Figure 4: Map of the original TA during observation in 2018. TASDs are given as black squares, LMA
stations are given as purple diamonds, and the INTF as the red star. The footprint of TGF D is overlayed on
the array as an example with its distance from the INTF station. A photo of a surface detector is inlaid in the
upper right.
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Figure 5: An illustration of the stepping method for TGF A. Each INTF point is examined at 0.5 us intervals
and taken as the TGF source time/location. The most representative solution is then interpolated from the
two best-fitting points.
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4. Results and Discussion

As a result of the analyses outlined above, sources were identified for each TGF on the order
of a microsecond or better. In terms of location, source uncertainties ranged from 40-300 m in
the horizontal and 10-40 m in the vertical. Figure 6 shows the solution for TGF D as an example
with TASD particle response data shifted to account for propagation effects. The TGF source is
indicated by the horizontal and vertical black bars. These results show the first confirmation of
downward TGFs and IBPs (green waveform). In fact, the strongest gamma burst of each TGF
occurs during the flash’s strongest IBP. Also note that the IBP is accompanied by an interval of
increased power and speed in INTF points. this is the case for all IBPs of the TGFs, representing
the individual leader steps discussed in section 1.

These periods of fast leader propagation reach speeds on the order of 10’ m/s, an order of
magnitude faster than standard leader propagation which requires the air to heat up and ionize. This
is indicative of a newly-discovered process called fast negative breakdown (FNB) [], consisting of
negative streamer systems developing in the strong electric fields near leader tips. Although the
statistics are low, the fact that all bursts occur during periods of FNB suggests that RREA is being
seeded by thermal electrons accelerated to high energy by these streamer systems in local electric
fields rather than by cosmic ray secondaries.
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Figure 6: Source determination for TGF D. Circles indicate INTF points with color, size, and opacity
representing power. Light blue waveform shows the raw VHF waveform. Green curve shows the electric
field change recorded by the fast sferic sensor. Purple curves along lower axes are particle responses of all
active surface detectors. Black vertical and horizontal bars show the solution of the TGF source resulting
from the iterative analysis method. Note the TGF production is associated with the flash’s largest IBP and
with an interval of fast leader propagation indicating streamer-based fast negative breakdown.
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