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The photoelectric feedback processes leading to growth of relativistic runaway electron avalanches are
believed to be responsible for extreme fluxes of y rays produced from very compact regions of space with
dimensions on the order of a hundred meters in association with lightning activity in the Earth’s natural
environment [V. P. Pasko et al., Photoelectric effect in air explains lightning initiation and terrestrial y ray
flashes, J. Geophys. Res. 130, €2025JD043897 (2025)]. Here, we demonstrate for the first time that
the same photoelectric feedback discharges can be realized on centimeter scales in common solid state
dielectric materials, like quartz, acrylic, and bismuth germanate. These discharges can serve as new sources

of high energy x-ray radiation.

DOI: 10.1103/4p6l-rzck

The maximum voltages achievable in lightning-related
laboratory studies of meter long sparks in ambient air do
not exceed 5-6 MV [1-7], and extensive list of references
therein. Dwyer [8] discovered that in order to explain
observed intensities of bursts of several tens of mega-
electron-volt energies photons observed in Earth’s atmos-
phere in association with lightning activity, and referred to
as terrestrial y ray flashes (TGFs) [9], a feedback mecha-
nism should be involved in these events when an avalanche
of relativistic electrons launches positrons and x-rays
backward at its origin to provide additional seeding and
replenishment of the avalanche. In order to achieve the
observed energetics with ~7.3 MeV characteristic cutoff
energy for both relativistic electrons and photons [10-12],
and references therein, potential differences U on the order
of 100 MV are required and are achievable in natural
thundercloud environment [13]. For intuitive order of
magnitude estimates, one can interpret eU, where e is
the elementary electron charge, as an energy ¢, an electron
can gain in a typical thundercloud with a charge Q ~ 10 C
with a dimension L ~ 1 km in the air medium with relative
permittivity €, ~ 1, i.e., &, ~ (1/4ze.e,)(Q/L) ~ 100 MeV
[Fig. 1(a)]. The gaps with 100 MV potential differences
were employed in recent modeling that suggested that the
photoelectric feedback plays the dominant role in produc-
tion of TGFs and lightning initiation [14]. The available
laboratory voltages cited above are clearly not sufficient
for accurate studies of this phenomenology. Challenges of
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observing relativistic feedback discharges under laboratory
conditions have been discussed in [15].

Sturge et al. [16,17] have recently suggested that
polymethyl methacrylate (PMMA, CsHgO,, also com-
monly referred to as acrylic) dielectric material with density
pevma = 1.2 gem™ and relative permittivity €, ~ 3 [18],
p. V/87 can accumulate significant charge densities when
irradiated by a ~5 MeV electron beam leading to an
electrical breakdown phenomenon that is analogical to
that observed in lightning. We note that density of PMMA
is approximately 1000 times that of ambient air p,, =
1.2 mgem™ at ground pressure. The charge Q ~ 734 pC
in PMMA can be produced by electron beam current of
5 mA applied over 0.15 s (consistent with the range of
currents 3-9 mA and charging times 3—-100 s experimen-
tally explored in [16,17]). In PMMA the role of character-
istic length L is played by an effective stopping distance

(a) Thundercloud
charge in air

(b) Electron beam deposited
charge in PMMA

Q=734 uC
€. =3
Pevnia=1.2 g/em3

L= PMMA
L=1 km :

~2.2 cm

Pai=1.2 mg/cm3

FIG. 1. (a) Schematic representation of a typical thundercloud
charge Q and spatial scale L. To simplify discussion in this Letter
we refer to air mass density p,; taken at sea, near ground level.
(b) Similar scales defined for PMMA dielectric material recently
studied in [16,17]. The parameters shown for both cases lead to
identical 100 MV potential differences available for electron
acceleration (see text for details).
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of 5 MeV electrons, ['’MMA ~ 22 cm [19] leading to a
possibility to achieve very high e, ~ (1/4ze.e,)(Q/L) ~
100 MeV [Fig. 1(b)].

The goal of this Letter is to define conditions for
relativistic feedback discharges on centimeter scales in solid
dielectric materials. The quantitative results are reported for
PMMA or acrylic, silicon dioxide or quartz (QTZ, SiO,),
and also in a representative high atomic number bismuth
germanate dielectric material (BGO, BiyGe;Oq,).

The principal modeling steps employed in the present
Letter are the same as documented in [20]. The relativistic
runaway electrons avalanche in one dimensional simulation
domain with avalanche multiplication length [, under
application of constant electric field E, and emit the
bremsstrahlung x-rays due to their interactions with back-
ground material. The x-rays are attenuated due to the
photoelectric absorption, Compton scattering, and pair
production. The secondary relativistic runaway electrons
are produced due to photoelectric absorption of x-rays in
the volume of background material. Under the self-
sustained steady state conditions, this photoelectric feed-
back process produces just enough secondary runaway
electrons upstream of the avalanche to replicate itself.
Only backward propagating bremsstrahlung photons seed-
ing runaway electrons at the start of the avalanche make
significant contribution to this process [14,20]. We note
that this phenomenology is analogical to conventional
positive corona discharges in air, where electron seeds
are generated by photoionization far away from the
maximum of electron density near coronating electrode
[21]. The output of modeling is the corresponding thresh-
old electric field E, for the photoelectric feedback dis-
charge versus extent of space over which it is applied d
(referred to as gap size in gaseous air medium studies
reported in [20]).

Figure 2 shows dynamic friction force (stopping power
in units of eVm™') acting on electrons in three studied
materials as a function of electron energy ¢.. The maximum
values are referred to as thermal runaway threshold fields
E_ [22]. We associate the minimum fields in these curves,
E,, with an electric field required for development of
relativistic runaway electron avalanche [23]. If electrons
possess significant energy above ~0.1-1 keV correspond-
ing to the E_ peaks, they can continue to gain energy
(runaway) in relatively low applied fields £, < E, < E_. It
had been discovered by Gurevich et al. [23] that a fraction
of secondary electrons produced by these runaways also
can become runaways themselves leading to an avalanche
multiplication of these electrons. The quantitative studies
of this process are not yet available for studied materials at
the same level of detail as in air [8,12,24], and in the present
Letter we use minima in the dynamic friction force shown
in Fig. 2 to approximate the related threshold E, values.
These fields are proportional to the product of molecular
number density N, and an average molecular nuclear
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FIG. 2. Dynamic friction force on electrons in three studied
materials: PMMA, QTZ, and BGO. The data represented by
dash-dotted lines are from [19]. These distributions include
electron radiation losses that become significant at energies
above ~1 MeV. Solid lines are analytical representations using
classic Bethe theory [29]. The peaks in these curves are referred
to as thermal runaway threshold fields [22], and the figure
includes related E. numerical values adopted in the present
Letter for the three studied materials. The fields corresponding to
minimum in these curves around ~1 MeV are fields required for
development of relativistic runaway electron avalanches E [23].
The figure includes related numerical values adopted for the three
studied materials (see further discussion in the text).

charge Z,, and the relative numerical differences between
these fields values shown in Fig. 2 can be directly
associated with related N, values: 7.229 x 10*'cm™,
2.33 x 10?2 cm™3, and 3.447 x 10?! cm™3, and Z,, values:
54, 30, and 524, for PMMA, QTZ, and BGO, respectively.
Similarly to E, the characteristic timescale
(2zZNwZyr2c)™! and spatial scale zc of avalanche multi-
plication of relativistic runaway electrons directly depend
on the product of N, and Z,,. These scales are inversely
proportional to N, Z,,,. Here, ¢ = 2.998 x 10 ms™! is the
speed of light in free space and r, = 2.818 x 10715 m is
the classical electron radius. For air Z,, = 14.5 and at sea
level air density N,, = 2.688 x 10% m~ these quantities
can be estimated as 7 = 172 ns and z¢ = 51 m consistent
with [25], p. 21, and [26]. The zc¢ lengths are 5.13,2.87, and
1.1 cm for PMMA, QTZ, and BGO, respectively, empha-
sizing the possibility of multiplication of relativistic run-
away electrons on centimeter scales in these materials. The
runaway electron energy distributions in PMMA, QTZ, and
BGO have not yet been established. Because of a similar
structure of the dynamic friction force as a function of
energy for air [Fig. 2(a) in [20] ] and PMMA, QTZ and
BGO materials (Fig. 2) in this Letter we assume the
normalized to unity energy distribution function f.(e) =
(1/Ey)e~e/%) () =7.3 x 10° eV) that was previously
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used for relativistic runaway phenomena in air [12], and
references therein. We note that to the order of magnitude
Eo =~ Ezc[27],Sec.4.1.1, and E;r ~ 21.7mc/ e [28], where
m is electron rest mass. The product E;z does not depend
on material specific product Z,,N,. This is an additional
consideration that strengthens the above common energy
distribution assumption. Similarly to air [12], and refer-
ences therein, the avalanche multiplication length /. for
PMMA, QTZ, and BGO is assumed to be controlled by the
corresponding E; thresholds for these materials shown in
Fig. 2 and the applied electric field E,. It is expressed as
L= [(€O/Ea)/(1 - Et/Ea)]‘

The x-ray generation by runaway electrons in studied
materials is characterized by doubly differential cross
section of the bremsstrahlung photon production
(d*0,/de,dQ), where the angular dependence is the one
for the emitted photon [30], p. 245; [25], p. 45, and
references therein. The bremsstrahlung photon production
scales quadratically with atomic numbers of atoms con-
stituting molecules in studied materials. The x-ray emission
frequency per unit energy per one runaway electron
[eV~'s7!] in BGO (BiyGe;0;,) material, for example, is

v (e,) = 19N, / " fe(s)%(s, e)v(e)de, (1)

where factor 19 is the number of atoms in the BGO
molecule, v(e) =c\/1—[1+¢/(mc?)] 72, and (doy,/de,) =
Jo(d*oy,/de,dQ)dQ. For BGO the differential cross sec-
tion (doy,/de,) can be further expressed as a sum of
atomic contributions from bismuth (Zg; = 83), germanium
(Zge. = 32), and oxygen (Zy = 8) atoms constituting
the BGO molecule: (doy,/de,) = (4/19)(doB!/de,) +
(3/19)(doge/de,) + (12/19)(dop./de,). The total emis-
sion frequency of bremsstrahlung photons per one runaway
electron [s7'] is v, = [v,(¢,)de,. The related values are
U, =141x10"5s""1 433 x10""s7!, and 5.78 x 10'" 57!,
for PMMA, QTZ, and BGO, respectively. We note that the
number of x-ray photons is significantly higher in high-Z
BGO material, however, electrons in this material also
experience a stronger friction force (Fig. 2) leading to
stronger electric field requirements in order to satisfy the
photoelectric feedback discharge conditions. As will be
discussed below the resultant threshold fields E, appear
to be similar for all three materials studied in the
present Letter.

The algorithms used in the calculation of the number of
runaway electrons produced per unit volume per second
due to photoelectric effect in the studied materials due to
x-rays are the same as described in [20]. The formulation
accounts for the volumetric emission source of photons,
geometrical spreading and attenuation of photons as they
propagate, and their absorption by target molecules con-
stituting studied materials. The total absorption coefficients

o : Yi—— : 5
ey Vi =<
¢ 1BGO. _ decm L7 _ _ _ _ _
102 I A |
,,,,,,,,,,,, _mm —— _ _ __
1972
e \
ZPMMA \ |
BGO
R Ipe /860 }
_10%¢ 1977 ‘ 1
3 [PMMA | s Mev
— e e
\
\/
\
6L I 4
10 ‘
\
\
\
(@ |
10-8 L L L L
108 10* 10° 108 107 108

E, (V/m)

102 107!
d (m)

FIG. 3. (a) Attenuation lengths of photons (due to photoelectric
absorption /., Compton scattering /., and pair production /),
and electrons (/,), in PMMA, QTZ, and BGO materials. The
photon data are taken from [31]. The electron data are from [19]
(see further discussion in the text); (b) the threshold electric field
E, required for inception of relativistic runaway discharges as a
function of length d over which this field is applied in studied
materials. The open circles show results for air [14,20] at
1000 atm pressure.

include the photoelectric absorption, Compton scattering,
and pair production. Figure 3(a) illustrates the characteristic
absorption lengths of photoelectric absorption /.,
Compton scattering /., and pair production [, for three
studied materials. We note that the values for [, for PMMA
and QTZ are not shown as they appear outside of the upper
bound of the vertical scale in Fig. 3(a). The photoelectric
effect is strongest (has the shortest absorption length) for
high-Z BGO material, as expected. On centimeter scales
the photoelectric effect dominates Compton scattering and
pair production for all three materials. For comparison,
Fig. 3(a) also shows the electron range [, for three studied
materials over the same energy range. The vertical dashed

095301-3



PHYSICAL REVIEW LETTERS 136, 095301 (2026)

line illustrates electron range values for 5 MeV electron
beam energy used in [16,17]. These values are 2.2 cm
[as already illustrated in Fig. 1(b)], 1.2 cm and 4 mm for
PMMA, QTZ, and BGO, respectively.

Figure 3(b) reports the threshold electric field E|
required for the inception of relativistic runaway discharges
as a function of length d over which this field in applied in
PMMA, QTZ, and BGO. As noted above, the PMMA mass
density is approximately 1000 times that of air at ground
pressure, and Fig. 3(b) also includes scaled results for air
from [14,20] assuming 1000 atm air pressure. It is
remarkable that the threshold fields appear to be similar
for all these cases. Figure 3(b) suggests that relativistic
feedback discharges can develop in studied materials on
1-10 cm spatial scales.

The available time dependent results for these discharges
in air [14] indicate an extreme sensitivity to applied
electric fields E, above the E, threshold, when only several
percent variations in E, lead to orders of magnitude
variations in y ray production. For a near ground source
in the Earth’s atmosphere the total number of y ray photons
N, ~3x 10'6 is a good reference value for terrestrial y ray
flashes detected from the orbit that corresponds to 1 photon
per cm? detector area at nominal 500 km satellite distance
[32]. The quantitative analysis in [14] indicates that these
discharges can produce orders of magnitude lower values
of N, than 3 x 10'°, that are still easily detectable at close
range. Such weak terrestrial y ray flashes have been
observed from high altitude aircraft [33] and from the
ground [34-36]. The N, source values and durations
of these discharges scale inversely proportionally with
medium mass density [14]. The N, ~ 3 X 10'° and ~1 ps
typical discharge rise time at 1 atm, for example, lead to
estimates of N, ~ 3 X 10'3 and ~1 ns rise time at 1000 atm.
In comparison with the geophysical situation even 3 to 5
orders of magnitude weaker sources than 3 x 10'3 still
would lead to thousands of photons per cm” detector area
positioned at ~1 m from the source. In the present Letter,
we do not quantify absorption and escape of these photons
from studied materials. Attenuation lengths of photons
shown in Fig. 3(a) indicate that the absorption is energy
dependent. Additionally, any enclosure of the dielectric
medium inside of shielding cavities formed by high Z
materials (i.e., tungsten with Zy =74, or lead with
Zp, = 82) should enhance backscattering of photons and
support growth of relativistic feedback discharges. The
quantitative predictions related to detectability of photons
with different energies and the role of high Z shielding
enclosures require further investigation.

The radiation losses represent only a small fraction of
total energy losses in this system, that are dominated by
electron collisions (Fig. 2). Our estimates indicate that
average energy of x-ray photons for all three studied
materials is approximately 360 keV, and only ~0.05%

(or 1.72 J) of total energy of 3.7 kJ supplied by the 5 MeV
electron beam with parameters discussed with relation to
Fig. 1(b) is converted to and emitted in the form of x-rays.

The total potential differences available for electron
acceleration in considered model cases can be directly
inferred from the product of E, and d in Fig. 3(b) and are
on the order of 100 MV. The exact conditions for these
discharges still require further investigation as similarly to
large scale air discharges in thunderclouds these discharges
are expected to be produced in the same physical space
where streamer and leader discharges are produced as well
[14]. Although it is expected that, similarly to air, the
conventional breakdown field E, for these discharges
should reside between E; and E, i.e., E, < E; < E, the
accurate information about £} under conditions of electron
beam charging reported in [16,17] is not available. In air,
streamer discharges can develop in fields below Ej if
seeded by relatively high density regions of free electrons
or by sharp electrodes. Sturge ef al. [16], and references
therein, notes that PMMA can withstand high electric
fields between 0.3 to 0.6 x 10° Vm~! before it undergoes
breakdown. For reference, the scaled value of E} for air in
Fig. 3(b) is E, ~3.185x 10° Vm™.

In large volumes of air in the geophysical environment in
Earth’s atmosphere the seeding of photoelectric feedback
discharges by electrons with ~1 MeV energy is believed to
be associated with a random arrival of cosmic rays [14],
and discussion therein. In contrast, in [16,17] the 5 MeV
electron beam provides an abundance of seed electrons.

X-rays from laboratory sparks have been observed under
relatively low applied voltages [4—-6,37—42], and are likely
produced by cold runaway electrons produced due to
streamers and/or leaders. The exact mechanisms of x-ray
production in these discharges are not understood. The
photoelectric feedback between cathode electrons and
anode x-rays may be involved in the generation of a group
of anomalously high energy electrons (up to three times
applied voltage) observed experimentally [43], and refer-
ences therein.

It has been suggested in [14] that in Earth’s atmosphere
(near 1 atm pressure air) photoelectric feedback discharges
seed lightning and can be accompanied by exceptionally
strong very high frequency (VHF, ~100 MHz) radio noise
due to streamer activity [44], and references therein. These
naturally produced emissions are the strongest sources of
terrestrial VHF radiation [44]. Having scaled up frequen-
cies of these emissions by a factor of 1000 for studied
materials (see discussion about frequency scaling in [45]),
it is expected that photoelectric feedback initiated dis-
charges in solid materials would produce strong extremely
high frequency (~100 GHz) noise, analogical to VHF
emissions at ~1 atm in Earth’s atmosphere. It is important
to emphasize that discharges studied by Sturge et al
[16,17] were initiated by fast mechanical injection of a
sharp tungsten electrode using a high pressure pneumatic
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cylindrical system. This could be seen as analogous to
triggering of lightning, and the discharge forms observed in
[16,17] are likely related to streamers and leaders. The
heating in leader channels is expected to be significantly
accelerated in solid materials, as the related timescale is
inversely proportional to the square of medium mass
density [46,47].

In summary, this Letter creates new knowledge and
provides quantitative predictions on the realization of
electrical discharges driven by relativistic runaway elec-
trons in solid state dielectric materials. These discharges
develop on nanosecond time and centimeter spatial scales,
and may potentially serve as new sources of high energy
x-ray radiation and extremely high frequency radio emis-
sions. As discussed in the text above, many questions
remain that require further investigation: (a) the minimum
electric field for these discharges; (b) the relativistic
electron energy distribution; (c) the relativistic electron
multiplication scale; (d) escape of x-rays from solid
material and role of high Z enclosures; (e) the relation
of these discharges to streamer and leader processes; and
(f) the radio emissions from these discharges.
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