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Energy conservation dictates that an electron with elementary charge e traversing a vacuum gap
formed by electrodes maintained at potential difference U volts acquires maximum energy of eU.
In many experiments electrons with energies as high as 3eU have been observed. The experimental
discovery of this effect was made over 50 years ago and is still a subject of significant controversy
in applications related to X-ray generation from high voltage discharges. Here we explain these
observations by a sequential increase of energy of runaway electrons released from the cathode
due to the photoelectric absorption of bremsstrahlung radiation generated by the previous cycle of

runaway electrons bombarding the anode.

Since 1960s many research groups have documented
bursts of X-rays from spark discharges in high volt-
age laboratory experiments [IH9]. The nonequilibrium
plasma formed in high voltage pulsed discharges is of
interest in various technological applications, including
pollution control, pumping of laser media and plasma-
assisted combustion [I0]. The exact mechanisms of pro-
duction of high energy runaway electrons responsible for
X-ray emissions from these discharges and their energy
spectral properties are not understood. This problemat-
ics is also relevant to present medical imaging applica-
tions of X-rays, production of which is based on vacuum
acceleration of electrons produced by thermionic emis-
sion [IIHI3]. The recent work [I4] provided quantita-
tive evidence that the X-ray production in laboratory
discharges may involve generation of runaway electrons
from the cathode material due to the photoelectric ab-
sorption of bremsstrahlung radiation generated by run-
away electrons bombarding the anode. In this letter we
report quantitative results based on detailed Monte Carlo
simulations of electron and photon transport indicating
that in the gap with applied potential difference U this
feedback process generates a group of high energy run-
away electrons with energies significantly exceeding eU
(by a factor of 3 and in good agreement with original
work [I5] where this effect was discovered). The energy
feedback process discussed in this letter corresponds to
acceleration of relatively small fraction of electrons to
very high energies. This process is different from self-
sustaining feedback conditions realized when avalanching
electrons self-replicate themselves due to either photoion-
ization feedback [16] or due to X-ray and positron feed-
back [I7] in conventional positive corona or relativistic
electron runaway discharges, respectively.

An electron traversing the vacuum gap with potential
difference U acquires maximum energy el and generates
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FIG. 1. (a) Schematics of simulation domain and principal
physical processes. (b) Attenuation lengths of photons and
electrons in tungsten.

bremsstrahlung photons from the anode with a broad en-
ergy spectrum below eU. A photon group with energy
close to eU releases electrons with the same energy from
the cathode (if eU greatly exceeds the work function of
the cathode) upon photoelectric absorption in the cath-
ode material. These new electrons possess energies up
to 2eU upon arrival at the anode surface, and the subse-
quent cycles can lead to further energy growth. There is
a significant controversy in the existing literature as to
possibility of acceleration of runaway electrons above eU



in high voltage discharges (see discussion in [7, 10, and
references therein]). The discharge may create regions of
enhanced electric field that move synchronously with run-
away electrons allowing them to gain more energy than
eU as proposed in [I8 [19] and references therein]. Our
new findings detailed below provide an alternative mech-
anism.

The geometry of one dimensional coordinate z de-
pendent model is depicted in Fig. 1(a). The elec-
trons are assumed to start with zero energy at the cath-
ode surface and move through vacuum gap with elec-
trode separation d under application of constant elec-
tric field with magnitude E,=U/d. The bombarding en-
ergy of all electrons arriving at the anode during this
first passage is el/. The model accounts for different
anode penetration distances of electrons [, depending
on their energy . In this letter the principal effects
are quantitatively illustrated assuming that both cath-
ode and anode are made of tungsten (W, atomic num-
ber Zw="74). The other materials used in electrode de-
signs, i.e., aluminum, brass, copper, niobium, permal-
loy, stainless steel, titanium [7], 0], can be studied us-
ing the same modeling steps. The principal conclusions
of this work are not affected by the electrode material.
The electron range [.(¢) data for tungsten are taken
from https://physics.nist.gov/PhysRefData/Star/Text/
ESTAR.html and illustrated in Fig. 1(b). The inter-
action time of electron with cathode material is esti-
mated as 7=l /v, where v(e)=cy/1 — (1 +¢/(mc?))~2 is
electron velocity, m is electron rest mass, and c is the
speed of light in free space. The present modeling does
not include consideration of characteristic X-rays. The
continuous X-ray generation by electrons in tungsten is
characterized by doubly differential cross-section of the
where the an-

bremsstrahlung photon production 552:5527
gular dependence is the one for the emitted photon [20, p.
245]; [21] p. 45, and references therein]. The X-ray emis-
sion frequency per unit energy produced by electron with
energy € [1/eV/s] is v, (e,)=nw Cﬁl‘;‘j (e,64)ve(e) (e4<e),
where nw=6.31x102®m™3 is tungsten number density,

‘fi‘;:f = Jo j;jgﬁ d). The total number of photons

emitted per unit energy is Npn(e4)=v,(e4)7. The direc-
tion of photon emission is determined by the differen-
tial cross section [20] 2] illustrated in Fig. 2(a). Only
photons that are emitted toward the cathode (spheri-
cal angle 6,>7/2 for the reference coordinate system
shown in Fig. 1(a)) are further considered. These pho-
tons are absorbed in the cathode material with the total
absorption coefficient ky=nw (0petoctopp) [m™1] that
includes the photoelectric absorption, Compton scat-
tering and pair production, with respective cross sec-
tions ope, 0c, and opp. Fig. 1(b) illustrates the char-
acteristic absorption lengths of photoelectric absorp-
tion l,e=1/(nwope), Compton scattering l.=1/(nwo.),
pair production l,,=1/(nwopp), and total absorption

and

ly=1/k¢. The photon cross sectional data are taken from
http://www.nist.gov/pml/data/xcom. Probability of a
photon encountering a collision after moving distance s
inside of tungsten material is 1 — e~*/%. Upon collision
probability of photoelectric absorption is I/l e. Pho-
tons advance different distances s during each step and
have individual time histories. In the results reported
in this letter only photons that participate in photoelec-
tric absorption and resultant photoelectrons are followed,
as Compton scattering and pair production interactions
have significantly longer spatial scales (Fig. 1(b)). The
kinematics of Compton scattering only produce electrons
in the forward direction with respect to the incoming
photon and these electrons would need to experience ad-
ditional scattering interactions to be accelerated toward
anode. The photons can Compton backscatter in cath-
ode and depending on their incoming energy can con-
tribute to population of electrons accelerating toward an-
ode by both photoelectric absorption and Compton scat-
tering. However, due to the original Compton scattering
event having low probability and long range, we consider
these effects as not dominant producers of high energy
electrons. The presented modeling resolves differences
between photoelectrons emitted from different shells of
tungsten atom. Depending on specific shell from which
electron is ejected the corresponding binding energy is
subtracted from the photon energy and the remaining
energy is assigned to the newly produced photoelectron.
The five subshells of M shell are grouped and assigned
binding energy 1.82 keV marked in Fig. 1(b). The
three subshells of L shell are similarly approximated us-
ing binding energy 10.2 keV, and 69.5 keV is used for
binding energy of K shell (see Fig. 1(b)). The par-
tial cross section data for these shells are adopted from
[22], 23]. The angular distribution of electrons produced
in photoelectric absorption process is determined by the
corresponding differential scattering cross section [24] p.
44] illustrated in Fig. 2(b). Only electrons emitted to-
ward the anode (#<7/2) from the cathode depth not
exceeding [, are retained for further consideration and
steps discussed above are repeated. The model follows
three dimensional trajectories of electrons and photons
in both configuration and velocity spaces. It is expected
that the adopted one-dimensional approximation (ignor-
ing fringing effects on trajectories at the transverse edges
of the discharge gap and assuming planar field geometry)
is accurate with inter-electrode distance d only when the
transverse area of electrodes exceeds dxd. The differen-
tial scattering cross sections for determination of direc-
tions of bremsstrahlung photons and photoelectrons are
applied in the frame of reference corresponding to incom-
ing electron and photon, respectively, and the obtained
directions are then converted to the laboratory system
of coordinates depicted in Fig. 1(a) for determination of
respective 6 angles discussed above. The transport and
scattering of electrons and photons are modeled using
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FIG. 2. (a) The normalized to unity differential
cross section ([ dg;" df=1) defining angular distribution of
bremsstrahlung photons at selected electron energies [20, p.
245]; [21, p. 45, and references therein]. For reference the

dashed line shows the isotropic distribution. (b) The normal-

ized to unity differential cross section ( oﬂ d;ge df=1) defining

angular distribution of electrons produced by the photoelec-
tric absorption at selected photon energies [24] p. 44]. For
reference the dashed line shows the isotropic distribution.

standard Monte Carlo techniques (details of numerical
implementation can be found in [21], 25H27]).

We show representative results for two applied voltages
U=100 kV and U=1 MV. Fig. 3(a) and Fig. 3(b) il-
lustrate normalized to unity electron energy distribution
function f(e) of electrons arriving at the anode surface
corresponding to second and third passage of electrons
through the gap, respectively. We note that during the
first passage (not shown for the sake of brevity) all model
electrons gain energy eU. Typically 10® model electrons
are used and simulations are repeated 100 times for each
model voltage and differential cross section case to ob-
tain convergent average results shown in Fig. 3. During
the second passage electrons with energies exceeding el
by a factor of two are produced (Fig. 3(a)), and dur-
ing the third passage electrons with energies exceeding
2.5eU are observed (Fig. 3(b)). The total numbers of
electrons with respect to their initial value during the
second passage are 0.85% and 8.48% for U=100 kV and
U=1 MV cases, respectively. The mean energies of these
distributions are 1.0729eU and 1.01680eU, respectively.
The total numbers of electrons with respect to their ini-
tial value during the third passage are 0.008% and 0.72%

for U=100 kV and U=1 MV cases, respectively. The
mean energies of these distributions are 1.0747¢U and
1.01678eU, respectively. Although in both cases very
high (exceeding the applied voltage by a factor ~2.5)
energy electrons are produced, the mean energy of the
entire electron population exceeds the applied voltage
by only 1 to 7% for the model cases considered. The
number of electrons in high energy electron group is es-
timated in different experiments to be in the range 10°-
10'2 [7, 10} [15]. The presented modeling indicates that
this high energy group represents only a small fraction
of total electron population. For U=1 MV case, elec-
trons bombarding the anode produce significantly more
bremsstrahlung photons and this directly translates to
significantly higher numbers of observed photoelectrons
during the second and third passages, in comparison with
the U=100 kV case. The majority of these photons and
resultant photoelectrons reside at low energies. This en-
hancement at low energies also defines notably faster fall
off of the tail of the normalized distribution for U=1 MV
in comparison with the U=100 kV case seen in Fig. 3(a)
and Fig. 3(b). The results for U=1 MV in Fig. 3(b)
indicate even faster drop off of the distribution above ~2
MeV energy that can be directly attributed to diminish-
ing of the photoelectric absorption in comparison with
the Compton scattering and pair production as seen in
Fig. 1(b) at these energies. The fact that majority of
bremsstrahlung photons reside at low energies is qualita-
tively consistent with effective measured X-ray energies
being only 9-15 keV under applied voltages 160-180 keV
that produced a group of fast 340-360 keV electrons in
experiments reported in [15].

Crosses in Fig. 3 show calculations for all cases that
are repeated with isotropic differential cross sections for
the bremsstrahlung photons (illustrated in Fig. 2(a)) and
photoelectrons (illustrated in Fig. 2(b)). These results
demonstrate overall tendency of reduction of the frac-
tion of high energy electrons due to the preferentially
forward emission of photons and electrons at high en-
ergies for realistic anisotropic cross sections (shown by
open circles in Fig. 3) in comparison with isotropic ones,
as expected. We note, however, that the electrons and
photons arrive at the electrode surfaces at variety of an-
gles, i.e. the trajectories are not necessarily normal to the
surfaces. Therefore, the respective bremsstrahlung pho-
tons and photoelectrons are launched in a broad range
of angles around the normal to the originating electron
or photon trajectories and still may have optimal condi-
tions to participate in the energy amplification process
discussed in this letter due to much stronger differen-
tial scattering cross sections around 90°, as compared to
backward directions around 180° as can be seen in Fig.
2(a) and Fig. 2(b). The effects discussed in this letter
are expected to be enhanced for large area cathodes and
anodes. This is generally consistent with experimentally
observed reduction in numbers of high energy electrons
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FIG. 3. Normalized to unity electron energy distribution
function f(e) corresponding to second (a), and third (b) pas-
sage of electrons through the gap.

in the following order of electrode geometries as sum-
marized in [7]: spherical with large radius of curvature,
tubular, and needle. Additionally, a high Z materials
with sufficient depth exceeding the stopping distances [,
for electron energies of interest should be optimal for the
anode. In tungsten l,~0.5 mm at 1 MeV and [,~25 ym
at 100 keV (Fig. 1(b)). Any shielding components made
of lead (Pb, Zp,=82) placed in the vicinity of anode may
enhance the discussed feedback. We note that steel walls
of experimental chamber [I5] or steel ground electrode [9)]
may also create favorable conditions for these effects. In
experiments reported in [4] it was noted that X-rays were
produced from the electromagnetic compatibility (EMC)
cabinet. We further comment on Z scaling below.

We briefly discuss Z scaling using iron Fe (Zr.=26) and
aluminum Al (Z4;=13). Under the identical conditions
to those discussed for tungsten W (Zw=74) the numbers
of high energy electrons are sharply reduced with reduc-
tion of atomic number. The total numbers of electrons
with respect to their initial value during the second pas-
sage are 0.16% for Fe and 1.54x1072% for Al for the 100
kV applied voltage case, and 1.38% for Fe and 0.12% for
Al for the 1 MV case. For iron the maximum observed
electron energies during the third passage are 2.25eU for
100 kV, and 1.89eU for 1 MV. For aluminum the cor-
responding energies are 1.85eU for 100 kV, and 1.54eU

for 1 MV. The longer stoping distances [, for lower Z
numbers (these scale approximately as Z~!) enhance the
feedback effects discussed in this letter. However, the Z2
scaling of bremsstrahlung emissions reduces these effects
for lower Z numbers. In the region of low energies 1-
10 keV, where most of photons reside, the photoelectric
cross sections of W, Fe and Al have complicated struc-
ture defined by L and M absorption edges of W and K
absorption edges of Fe and Al. In some regions of this
energy interval the cross sections are comparable, and in
other regions the maximum differences do not exceed one
order of magnitude. These Z trends explain observed re-
ductions in overall percentages of high energy electrons
for Fe and Al in comparison with W. In the high energy
tail of these distributions (i.e., at 100 keV) the photo-
electric cross sections are different by orders of magni-
tude (scale approximately as Z*) and this explains the
observed sharp disappearance of high energy electrons
with reduction of Z number. Interested readers can view
these trends in [24] Fig. 2.5]. Therefore, in terms of
material properties the effects discussed in this letter are
expected to be enhanced for large Z values. The original
work [15] used tungsten alloy hemispheric cathode with
12-14 mm diameter and 3-7 mm radius of curvature that
appears to be favorable in terms of the geometrical and
Z factors discussed above. It is noted in [7] that stainless
steel cathode provided highest current of runaway elec-
trons in comparison with other materials studied. We
speculate that an admixture of small percentage (<10%)
of Molybdenum Mo (Z;,=42) in stainless steel may have
contributed to the observed effects. The X-ray emissions
produced by runaway electrons were observed for copper
Cu (Z¢y=29) hemispherical cathodes in [6, @]. Other
favorable cathode materials for the feedback effects dis-
cussed here may include tin Sn (Zg,=>50), platinum Pt
(Zp:=78), and gold Au (Z4,=79).

It has been suggested in existing literature that pho-
ton pileup effect may be responsible for registration of
X-rays with energies exceeding the applied voltage [4, [6].
The X-ray pulses can be much shorter than the detector
response and pile-up effects cannot always be discounted
when large deposited energies are seen. In experimen-
tal setups similar to [15] spatial filters are employed that
only allow passage of high energy electrons before their
detection. This provides a high degree of confidence that
electrons with energies significantly exceeding eU have
indeed been produced in these discharges. It is also re-
markable that in [I5] for the fixed gap size the number
of these high energy electrons exhibited very weak de-
pendence on air pressure over very broad range of val-
ues 0.1-760 Torr. In our modeling reported in this letter
we adopted a vacuum gap to demonstrate that the elec-
tron energy amplification is likely produced due to the
electrode photoelectric feedback. We emphasize that in
a vacuum gap electrons with any initial energy can be
viewed as runaway electrons and our work reported in



this letter does not address the sourcing of these runaway
electrons. These electrons are likely produced due to the
electron field emission from the cathode (see discussion in
[7, [10]) as original photographs of the beam of fast elec-
trons taken beyond the anode also demonstrate [15]. The
ability to accelerate these electrons is impeded by gas in
the discharge volume. The related stopping powers in-
crease proportionally to Z, consistent with diminishing
of number of fast electrons in the following order for gases
studied in [I5]: helium, deuterium, air, argon and xenon.
The likely reasons why in experiments the runaway elec-
trons appear when high negative polarity voltage is ap-
plied to a sharp electrode are: (1) the runaway electrons
are produced from the cathode as mentioned above and
have a direction of motion that allows them to effectively
gain energy in near electrode region where the most of
potential drop occurs; (2) in comparison with the posi-
tive polarity discharges the negative discharges develop
at higher applied voltages allowing them to buildup suf-
ficient field for development of runaway electrons [28].
X-ray emissions have been observed in positive polarity
discharges. The positive discharges developing under 1
MYV voltages applied over 1 m ambient air gap exhibited
ten fold increase in X-ray occurrence when a fakirs bed
(aluminum sheet with sharp dots) was installed on the
grounded electrode that stimulated emergence of nega-
tive streamers [29]. In this regard we also note that at
higher voltages the pair-production leading to generation
of electron-positron pairs (e,>1.022 MeV [30]) and gen-
eration of neutrons (¢,>10.55 MeV [31]]) become energet-
ically feasible. The amplification of energy of electrons
and photons discussed in this letter may lead to mea-
surable effects related to generation of electron positron
pairs and neutrons and need to be investigated.
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