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Abstract Since the 1960s, scientists have been studying the nuclear high-altitude electromagnetic
pulse (HEMP) produced by y-rays. However, the HEMP produced by X-rays in the ionosphere has
rarely been studied by previous studies. In this study, we investigate this issue via a 1-D particle-in-cell/
Monte Carlo (PIC/MC) simulation model. We find that the amplitude of the electrostatic component
quickly increases to the peak, and then decreases gradually. The amplitude of the electromagnetic field
component gradually increases and exceeds the amplitude of the electrostatic field. This phenomenon,
which contradicts previous hypotheses, adds to our understanding of the X-ray-produced HEMP. The
evolution of secondary electrons formed by photoelectrons through ionization is very intriguing: the
“newly born” secondary electrons deviate from the drifting Maxwellian distribution; thus, they cannot
be described with the “swarm theory” which is based on the assumption that electrons satisfy a drifting
Maxwellian distribution. This result is consistent with the recent experiment. In addition, our research
indicates that assuming that all photoelectrons go forward considerably increases the amplitude of electric
fields, making secondary electrons take longer to reach equilibrium. This widely used assumption in
previous studies of the y-ray-produced HEMP is invalid to study the X-ray-produced HEMP.

Plain Language Summary This is the first particle-in-cell/Monte Carlo collision simulation
work of the high-altitude electromagnetic pulse produced by X-rays.

1. Introduction

Since the 1960s, scientists have found that the nuclear explosion was a strong source of the electromagnetic
pulse (e.g., Berthold et al., 1960; Bomke et al., 1960, 1964; Casaverde et al., 1963; Cotterman, 1965; Crook
et al., 1963; Dinger & Garner, 1963; Field & Greifinger, 1967; Latter & LeLevier, 1963; Wittwer et al., 1974).
The majority of previous studies on HEMP have used y-rays rather than X-rays as the energy source (e.g.,
Leuthiiuser, 1992; Li et al., 2020; Longmire, 1978; Meng, 2013; Roussel-Dupré, 2017; Zhang & Zhang, 2018).
This is appropriate for observers situated below 40 km in altitude (Higgins et al., 1973; Karzas & Latter, 1965;
Price, 1974), because X-rays have been absorbed within several tens of meters from the burst, thus only
energetic y-rays with several kilometers free path can proceed at low altitudes. In general, the absorption
region of y-rays is between 20-km and 40-km altitudes (Karzas & Latter, 1965; Maraschi & Cavaliere, 1977),
where y-rays produce a significant amount of free electrons that screen electrical effects caused by the X-ray
(Higgins et al., 1973). As a result, when studying the EMP below 30 km, only y-rays need to be considered.

However, when we research the impact of HEMP on the ionosphere at altitudes greater than 60 km, X-rays
will play the dominant role. Since X-rays have a higher density than y-rays by a factor of 10* — 10’ at altitudes
of 50-100 km (Higgins et al., 1973), and X-rays are strongly absorbed within this layer. Therefore, the num-
ber density of photoelectrons produced by X-rays is much greater than that of Compton electrons produced
by y-rays. As a result, when studying the HEMP generated in the ionosphere's D-region (at the altitude of
60-90 km), we only consider photoelectrons produced by X-rays. The basic physical mechanism of nuclear
HEMP generated by X-rays is similar to that of the EMP produced by y-rays (Karzas & Latter, 1965; Long-
mire, 1978): X-rays generate photoelectrons by photoionizing air molecules, and photoelectrons deflected
by the geomagnetic field constitute the primary current, which causes the EMP. As photoelectrons ionize
air molecules, they can also generate a significant amount of secondary electrons. Secondary electrons
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multiply as well due to cascading ionization. Secondary electrons are moved by the electric field and form
the secondary electron current, which has the opposite orientation to the primary current and hence neu-
tralizes it. After that, the EMP would eventually achieve equilibrium.

During 1950s-1970s, the Soviet Union and the United States conducted many high-altitude nuclear exper-
iments (e.g., Hess, 1964; Hoerlin, 1976; Jones et al., 1982; Zak, 2006), of which the Starfish Prime on 1962
was the direct experiment on HEMP, Starfish Prime caused an electromagnetic pulse (EMP) that was far
larger than expected, and off the scale. Researchers had found that an obvious artificial radiation belt and
ionosphere was formed (Brown & Gabbe, 1963; Latter & LeLevie, 1963; Latter et al., 1961; Smith et al., 2017).
The Starfish Prime electromagnetic pulse also made those effects known to the public by causing electri-
cal damage in Hawaii, for example, setting off numerous burglar alarms, damaging a telephone company
microwave link, and distorting the transmission and reception of radar waves (Vittitoe & Charles, 1989).

The majority of previous studies (e.g., Kenneth & Joe, 1974; McRary, 1971; Michael, 1971; Yee et al., 1986)
on the HEMP in the ionosphere usually assumed the EMP has been excited outside of the ionosphere. These
studies just simulated how the EMP wave distorted by plasmas in the ionosphere and did not involve the
formation of electromagnetic pulses. This may be because previous studies (e.g., Carron & Longmire, 1976;
Chadsey et al., 1975) on the X-ray-produced HEMP believed that the dominant electric field produced by
X-rays in the ionosphere was the electrostatic field, which is local and cannot propagate over long distances.
Thus, in the ionosphere, they just consider the propagation of the EMP generated by y-rays outside of the
ionosphere.

In this paper, we want to study the HEMP generated by X-rays in the ionosphere. Higgins et al. (1973)
have proposed a method for estimating the X-ray-produced HEMP, they proposed that the photoelectrons
from X-rays produce a much smaller ratio of net current to secondary ionization, and so should lead to a
substantially smaller saturated E. The main possibility of finding a large EMP appear to come at early time
before the secondary electrons have had time to build up. However, in such a short time, the geomagnetic
deflection of the photoelectrons is small, so that the transverse current is small, and only the radial electric
(electrostatic) field should be considered. Based on this assumption, in this study, Higgins et al. (1973) only
investigated the electrostatic field. After that, this hypothesis was widely used in subsequent research. We
will test this assumption in this paper. But this study ignored the much lower air density, overestimated the
number density of secondary electrons, and overestimated the number density of secondary electrons, and
hence ignored the electromagnetic component. We will reexamine this issue in this study.

Since the strength of excited EMP is much higher than that of the geomagnetic field, EMP fields have a
more dramatic effect on electron motion. Since excited electromagnetic fields influence electron motion
and vice versa, the particle-in-cell/Monte Carlo collision (PIC/MCC) model (Birdsall, 1991; Nanbu, 1997;
Nanbu & Yonemura, 1998; Vahedi & Surendra, 1995) would be an excellent tool for simulating this self-con-
sistent operation. This is the first time that a PIC/MCC model has been used to simulate the HEMP. Because
the PIC/MCC model is based on first principles, we do not need to make any additional assumptions. There-
fore, it is almost the only way to test the validity of assumptions in previous work since it is impossible to do
experiments on such a large scale after the nuclear test ban.

In this paper, via a PIC/MCC simulation model, we study the HEMP produced by X-rays in the ionosphere,
and test the applicability of several approximations in previous studies. The study is organized as follows:
the simulation model is described in Section 2, the simulation results are presented in Section 3, conclusion
and summary are illustrated in Section 4.

2. Simulation Model Description

A sketch of coordinates and simulation model used in this study is presented in Figure 1. Prompt X-rays
incident from the left side of the simulation domain. The simulation domain is full of air molecules (20%
oxygen molecules and 80% nitrogen molecules). The geomagnetic field is represented by the out-of-plane
B,. Prompt X-rays propagate along the x axis, the geomagnetic field is along the z axis, and x — y — z axes
constitute right-handed coordinates. The left and right boundaries are absorbing boundaries for particles
and electromagnetic fields. In our simulation code, the absorbing boundaries for particles are achieved via
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Figure 1. A sketch of the simulation model. Prompt X-rays incident from the left side of the simulation domain. The simulation domain is full of air molecules
(20% oxygen molecules and 80% nitrogen molecules). The geomagnetic field is represented by the out-of-plane B,. The X-ray propagation along the x axis, the
geomagnetic field is along the z axis, and x — y — z axes constitute right-handed coordinates. The left and right boundaries are absorbing boundaries for particles
and electromagnetic fields.

removing particles when they cross these boundaries, the absorbing boundaries for electromagnetic waves
are achieved via using perfectly matched layer (PML, Berenger, 1994), the width of this layer is five grids.

The main processes involved in the simulation are: photoelectrons are produced by X-rays via photoioni-
zation; energetic photoelectrons ionize air molecules to generate secondary electrons with average energy
of tens of electron volts; secondary electrons and free electrons in the ionosphere multiply via avalanche;
eventually, the motion of all of these electrons constitute current and emit electromagnetic fields. The
self-consistent interaction between ions/electrons and field is described by a PIC (particle-in-cell) simu-
lation model. The reaction between electrons and air molecules can be described with the Monte Carlo
simulation model. In this study, the involved chemical processes are: the elastic collision between electrons
(photoelectrons, secondary electrons, and free electrons) and nitrogen/oxygen molecules, the ionization
impact between electrons and nitrogen/oxygen molecules, and two-body attachment between electrons and
nitrogen molecules (e + O, — O + O"). The three-body attachment (e + O, + M — O; + M, where M is an
additional molecule, N, or O,) is neglected due to its small collision frequency compared to the two-body
attachment at low pressure. The cross sections of elastic collision, ionization, and attachment between elec-
trons and molecules are shown in Figure 2. In which, the cross section of between oxygen/nitrogen mole-
cules is presented in Figures 2a and 2b. The low energy part (E < 10 keV) of Figure 2 is obtained from LXCat
(https://nl.Ixcat.net/data/set_type.php), and the high energy part (E > 10 keV) calculated using screened
Rutherford cross section (Jacob, 1973).

It should be noted that the photoionization process cannot currently be simulated using a PIC/MCC simu-
lation model. This procedure, like the commonly used in others' studies, is replaced by a process that gradu-
ally inject electrons to the simulation domain. The ionization source moving along the x axis with the light
speed emits photoelectrons and ions. According to the previous study (Karzas & Latter, 1965), the Compton
electrons produced by y-rays are primarily distributed within 10° along the y-ray propagation direction;
therefore, the widely used assumption that Compton electrons all propagate along the y-ray propagation
direction is appropriate. However, owing to the large scattering angle 0 (the angle between the motion
direction of photoelectrons and X-rays) of photoelectrons, this assumption should not be appropriate. The
angular distribution of photoelectrons is (Higgins et al., 1973, their equation 3.5.22 on the page 85):

£(0) = 075/(1 - viceoso) ' (1 - v2/62)2 (1-cos?), W

where v is the mean velocity of photoelectrons and c is the speed of light in vacuum. This angular dis-
tribution is adopted in our simulation model. The run with forward-moving photoelectrons is performed
to evaluate the applicability of the forward-moving assumption. The number density of photoelectrons
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Figure 2. (a) The cross sections between electrons and oxygen molecules. (b) The cross sections between electrons
and nitrogen molecules. The red, blue, and yellow lines represent ionization, elastic collision, and attachment between
electrons and molecules.

produced by X-rays decreases as X-rays propagate along x axis. The number density of photoelectrons is
(Karzas & Latter, 1965)

n(x,t) = no(t)exp(—fdx/lx), ©)

where 1, is the mean free path of X-rays, which is roughly A, = 1/4E"p;/p(cm), and E  is the average ener-
gy of X-rays in kilovolts, p,/p is the ratio of sea-level air density to the air density at the point of interest. The
energy of photoelectrons is close to the energy of incident X-rays, the energy distribution of these photons
should satisfy the blackbody radiation spectrum. But the computation of photoelectrons to simulate such an
energy spectrum is too massive. In this paper, we assume photoelectrons are monoenergetic. The incident
number density of photoelectrons n(¢) has the time history (Higgins et al., 1973)

no(t) =2x lO“ZLh(eﬂn _ eib’), 3)

—a
wherea = 1ns™', b = 0.5ns7"

The size of each cell is limited by the condition Ax < 1/34,, 4, is the Debye length. The time step is limited
by the condition that Ax/Ar > c¢. The length of simulation domain L is longer than 4. In this paper, the spa-
tial step is Ax = 0.01m, the time step is Az = 0.001 ns. In the innermost layer (D-region) of the ionosphere,
L is several hundred meters, which is much smaller than the characteristic length of density changes, so
the constant number density approximation is appropriate. The number density of air molecules is set to
be 2.5 x 10*! m™, which corresponds to the number density at the altitude of 68 km (in the D-region of the
ionosphere). For X-ray photons with E, = 10keV and 20 keV, the mean free paths are L, = 53.8m and
L. = 67.9m, respectively. The length of the simulation domain is L = 200 m, and the total number of the
grid is 20,000. According to previous studies, the number density of free ions/electrons at the altitude of 68
km is about 2 x 10° m~, which is significantly lower than that of secondary electrons (about 2 x 10'> m~ in
our simulation). Considering these two kinds of electrons play the same role, that is, constituting a conduc-
tive current and weakening the primary current. The free electrons/ions in the D-region of the ionosphere
can be neglected due to their much lower number density compared with that of secondary electrons. In
addition, given the high number density of secondary electrons, not only do we use the macroparticles with
variable weights in the simulation, but we also combine the macroparticles when the number of macropar-
ticles in a cell exceeds 100. In order to reduce the noise produced by the combination, two macroparticles
with similar velocities will be combined.

Three runs with different parameters are performed in this study, the corresponding parameters are illus-
trated in Table 1. Run 1 and Run 2 are performed to illustrate the effect of photoelectrons with different
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Table 1
Three Runs With Different Parameters®

Photoelectrons energy (keV) Angular distribution

Run 1 10 f (9)
Run 2 20 f (9)
Run 3 10 Forward

aThe second column is the photoelectron energy (in keV), the third
column illustrates the angular distribution of photoelectrons, f (0)
means photoelectrons are angularly distributed, and “forward” means

energies. Run 3 is performed to evaluate whether the assumption of for-
ward-moving photoelectrons is appropriate.

3. Simulation Results

In this section, we will investigate the effects of photoelectrons with differ-
ent energies and direction angle distributions on the HEMP, respectively.

3.1. The Effect of Photoelectron Energy on the HEMP

photoelectrons only have forward velocities.

The effect of photoelectrons with different energies on the HEMP is illus-
trated in this section. As proved by the previous study (Savage et al., 2010),
the electrostatic component is the electric field in the direction of X-rays
propagation (i.e., E, in our study), and the electromagnetic component is
the electric field in the direction perpendicular to the X-rays propagation
and geomagnetic field (i.e., E, in our study). The electrostatic component is the local field and could not
propagate. Because of the coordinated phasing effect, the electromagnetic component increases in propaga-
tion and gradually becomes the HEMP.

The history of the amplitude of these two electric field components is shown in Figure 3. Red and black
lines in Figure 3 are the waveform of Run 1 and Run 2, respectively. The electrostatic component (E,) is
represented by solid lines, the electromagnetic component (E,) is illustrated by dashed lines. The amplitude
of the electrostatic component (E,) quickly increases to the péak within 50 ns, and then decreases gradually.
The amplitude of electromagnetic field component (E,) gradually increases and reaches saturation. Previ-
ous studies (e.g., Carron & Longmire, 1976; Chadsey etal., 1975; Higgins et al., 1973) proposed that the am-
plitude of the electromagnetic field component is smaller than that electrostatic component. Thus, in their
work, they only considered the electrostatic component. However, as shown in Figure 3, this assumption
is only valid for the stage of t < 50 ns, during which E, is an order of magnitude greater than E,. Following
that, E, decreases while E increases gradually, these two values will be equal at# ~ 300 ns. This assumption
is no longer appropriate throughout this period.

The amplitudes of electric fields are also closely related to the average

1200 energy of photoelectrons. The maximum amplitude of the electrostat-
—E, (run1) ic component E, for Run 2 with photoelectrons energy E, = 20keV is
---E, (un1) about 1,050 V/m, nearly twice that for Run 1 with photoelectrons energy
1000 —E, (un2) | E, =10keV. Similar result can be found in the electromagnetic compo-
---E, (run2) nent E|. The saturated amplitude of E| is the consequence of a compe-

800

600 -

Amplitude (Vm™")

400 1

200 [

tition between the primary electron current and the secondary electron
current. Larger photoelectron energy results in a longer saturation time,
which eventually results in a larger saturation amplitude.

The waveform of electric fields at different observed points is shown in
Figure 4. The red and black lines represent the waveforms of Runs 1 and
2, respectively. We have subtracted the delay time (the time it takes for
X-rays to travel from the left side of the simulation domain to the ob-
servation point) in different figures to make comparison more conven-
ience. The amplitude of the electrostatic field E, is larger than that of
the electromagnetic field E| for the observer located at small x. As the
observation position x increases, the amplitude of E decreases while the

amplitude of E  increase. When observer locates at large x, the amplitude

400
t(ns)

Figure 3. The evolution of the maximum amplitudes of the electrostatic
field E, (represented by solid lines) and the electromagnetic field £,
(represented by dashed lines). Red and black lines represent the field in the
Runs 1 and 2, respectively.

of the electrostatic field E_ will be smaller than that of electromagnet-
ic field E|. This is consistent with the result illustrated in Figure 3. As
shown in Figures 4a and 4b, at the position x = 15m, the amplitude of
E, is much larger than that of E,. At x = 96 m (shown in Figure 4c), the
amplitude of E, is close to that of E,. With the further increase of obser-
vation position x, at x = 144 m (shown in Figure 4c), the amplitude of E,
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Figure 5. The waveforms of J (ordinates on the left) and E, (ordinates on the right) for the observation point located
atx = 45min Run 1.

will be larger than that of E. The waveform of E ) (dashed lines) is the standard E1 HEMP waveform (Hoad
& Radasky, 2013), the rising time is about 30 ns.

It should be noted that the tail of the waveform of E | is less than zero, which is caused by the reverse cur-
rent at the tail. Figure 5 depicts the waveforms of E, and J, for Run 1. According to the electrostatic field

E, equation: g, Oy _ —J,, the positive (negative) J, will result in decreasing (increasing) the amplitude of
the positive £ or increasing (decreasing) of the amplitude of the negative E . As a result, the maximum
E corresponds to the point with J, = 0, and the positive J reduces the amplitude of the positive £ until
E, < 0, and then increase the amplitude of negative E.

In conclusion, previous study ignored the influence of air density, and overestimated the number density of
secondary electrons. As a result, the saturation time is underestimated, resulting in an underestimate of the
electromagnetic component. In fact, the electromagnetic component can actually rise to an order of magni-
tude with the electrostatic component and should be considered. Because the electromagnetic component
has a larger range of action and has a significant influence on the safety of adjacent spacecraft, our study is
critical to assessing aircraft flight safety.

Figure 4. The waveform of the electric field at different observed points. Observation points are located at (a) x = 15m, (b) x = 45m, (¢) x = 96m, and (d)

x = 144 m, respectively. (al) and (b1) are enlarged views of (a) and (b), respectively. Only the electromagnetic component E, is presented in (al) and (b1). The
red and black lines represent the waveforms of Runs 1 and 2, respectively. The electrostatic component (E,) is shown with solid lines, while the electromagnetic
component (E,) is shown with dotted lines. The electrostatic component (E,) is shown with solid lines, while the electromagnetic component (E,) is shown
with dotted lines.
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Figure 6. The evolution of photoelectrons distribution in the v, — v, plane for Run 1 at different moments (a) # = 1ns, (b) 7 = 50ns, (¢) r = 450 ns, and (d)

t = 650 ns.

3.2. The Evolutions of Photoelectrons and Secondary Electrons

The kinetics of photoelectrons and secondary electrons are critical for interpreting the HEMP process. We
will discuss the evolution of electrons in this subsection. In the following, we will study the dynamic evolu-
tion process of primary electrons and secondary electrons, respectively.

The evolution of primary electrons in the in the v, — v, plane for Run 1 is shown in Figure 6. Primary elec-
trons are significantly slowed. The initial distribution of primary electrons is shown in Figure 6a, photoelec-
trons are distributed in the right semicircle plane. Due to the Lorentz force and elastic collisions, as shown
in Figure 6b, photoelectrons are gradually transported to the whole plane. Simultaneously, the primary
electrons are considerably slowed, and a huge number of electrons congregate near v = 0. This can be fur-
ther illustrated by the evolution of photoelectrons in the phase space x — v, presented in Figure 7. Initially,
photoelectrons only disperse in the space v, > 0 (as shown in Figure 7a). Subsequently, with X-rays propa-
gating to the right side, photoelectrons continue to be injected into the phase space. As shown in Figure 7b,
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Figure 7. The evolution of the distribution of photoelectrons in the phase space (x — v, plane) for Run 1 at different moments (a) ¢ = 1ns, (b) r = 50ns, (c)
t = 450 s, and (d) ¢ = 650 ns.

due to the Lorentz force and elastic collisions, photoelectrons are transported to the plane with v < 0. In
Figures 7c and 7d, the number density of photoelectrons with v, ~ 0 in the left side increases significantly.
This implies that a significant number of photoelectrons ejected at the early stage are decreased tov, ~ 0.

The distribution of secondary electrons is critical to determining the conductivity, which directly affects the
saturated amplitude of the HEMP. The distribution of secondary electrons in Run 1 at the early stage is pre-
sented in Figure 8. The distribution of “newly born” secondary electrons produced via ionization deviates
away from the Maxwellian (or drifting Maxwellian) distribution. Through elastic collision, these electrons
will gradually reach an equilibrium state, and correspondingly, their distribution function will gradually
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Figure 8. (a) The distribution of secondary electrons for Run 1 ats = 2ns in v, — v, plane. (b) The distribution of secondary electrons f(v,) for Run 1 ats = 2ns
(represented by solid line), the dashed line is the distribution fitted by the Maxwelhan distribution. (c) The distribution of secondary electrons for Run 1 at
t = 8nsinv, — v_plane. (d) The distribution of secondary electrons f(v,) for Run 1 ats = 8ns (represented by solid line), the dashed line is the distribution fitted

by the Maxwellian distribution.

trend to the Maxwellian (or drifting Maxwellian) distribution. As illustrated in Figure 8a, at7 = 2 ns, “newly
born” secondary electrons deviate significantly from equilibrium Maxwellian distribution, v_is much larger
than v,. This indicates that the scattering angle (0 = arctan(v,/v,)) of these electrons approaches 90°. This
phenomenon can be explained by the scattering angles of secondary electrons after ionization, the scattering
angles of secondary electrons (z,,) and scattered preliminary electrons ( y,.) are presented in the following:

0.5
&
— se
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Eine ~ €io
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ondary electrons, respectively, ¢, is the ionization energy. According
to Equations 4 and 5, cos® z,, + cos® z,, = 1, thus g, + z,, = 90, this
means the scattering angles of secondary and scattered electrons satisfy
momentum conservation. In the simulation, the initial energy of the in-
cident primary electron is ¢;,. = 10 KeV, the ionization energy threshold
& = 15.6eV for nitrogen and 12.5¢V for oxygen molecules. In general,
the secondary electrons generated via ionization by primary electron has
much lower energy than ¢, , that is, ¢, < ¢,,., thus, cos y,.. < 1, hence
Zwe —> 90". This indicates that when the energy of incident electron ¢,
is much larger than the ionization threshold ¢, , the trajectory of incident
electron remains unchanged, that is, y,. ~ 0, while secondary electrons

are perpendicularly scattered.

300 400 500 600 The non-Maxwellian distribution of secondary electrons can be better il-
t(ns) lustrated in Figure 8b, where the solid line represents the distribution f(v, )
of secondary electrons at ¢ = 2 ns, the dashed line represents the fitted

Figure 9. The evolution of the amplitude of E, and £, for Run1and Run  Maxwellian distribution. The fitted Maxwellian distribution is obtained

3.

by substituting the mean velocity v,, temperature kT = 0.5m,(v, — v,)*,

and amplitude A, into the drifting Maxwellian distribution function

f(v,) = Aexp[m;(v, — v,)*/kT]. The solid line deviates significantly from
the dashed line, indicating that the distribution of the secondary electrons atz = 2 nsis far from Maxwellian
distribution. Subsequently, as shown in Figures 8c and 8d, via frequent elastic collisions, at 7 = 8 ns, second-
ary electrons approaches Maxwellian distribution.

In conclusion, the “swarm theory” (Higgins et al., 1973; Pusateri et al., 2015, 2016), which is based on the
drifting Maxwellian distribution, could not be applied to describe the motion of secondary electrons ionized
by photoelectrons before 8ns. This is consistent with results in a recent experiment (Gilbert et al., 2013).

3.3. The Effect of Photoelectron Angle Distribution on the HEMP

In addition to photoelectrons’ energy, the distribution angle of photoelectrons influences HEMP. We discuss
this issue in this part.

The assumption that primary electrons move forward has been widely used in previous study of the
y-ray-produced HEMP, and proved to have little effect on the peak value and the rising edge of HEMP (Li
et al., 2020), this assumption has also been applied by previous studies to investigate the X-ray-produced
HEMP (e.g., Carron & Longmire, 1976; Higgins et al., 1973). In this part, via comparing Run 1 and Run 3,
we will study whether this assumption is appropriate for the X-ray-produced HEMP. The evolution of the
amplitude of E, and £, for Run 1 and Run 3 is illustrated in Figure 9. In which, red and blue lines represent
electric fields for Run 1 and Run 3, respectively. The electrostatic and electromagnetic fields are presented
with solid and dashed lines, respectively. It is clear that £ and E, for Run 3 are roughly twice as large as
those for Run 1. This means the assumption that photoelectrons all move forward increases the strength of
electric fields significantly.

Further investigation of secondary electrons distribution reveals that secondary electrons ionized by for-
ward-moving photoelectrons are also far from Maxwellian distribution, and need more time to reach equi-
librium. As shown in Figure 10a, at ¢ = 8 ns, the secondary electrons have not yet reached the equilibrium
state, correspondingly, the secondary electrons in Figure 6¢ have achieved the equilibrium state at 7 = 8 ns.
It needs to take 30 ns to reach equilibrium for forward-moving photoelectrons.
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Figure 10. (a) The distribution of secondary electrons for Run 3 at# = 8nsin v, — v, plane. (b) The distribution of secondary electrons f(v, ) for Run 3 at

t = 8ns (represented by solid line), the dashed line is the fitted Maxwellian distribution. (c) The distribution of secondary electrons for Run 3 at7 = 30 ns in

v, — v_plane. (d) The distribution of secondary electrons f(v,) for Run 3 ats = 30 ns (represented by solid line), the dashed line is the distribution fitted by the
Maxwellian distribution.

In conclusion, the assumption that photoelectrons move forward will lead to “newly born” secondary elec-
trons need more time to achieve equilibrium, reducing the conductivity at the early stage and increasing the
amplitude of HEMP according to the previous study (Gilbert et al., 2013). Therefore, the assumption that
primary electrons move forward will cause the calculated field strength to be larger.
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4. Conclusion and Summary

In this study, via a 1-D PIC/MCC simulation model, we study the HEMP produced by X-rays in the D-re-
gion of the ionosphere. We find that the amplitude of the electrostatic component (E,) quickly increases
to the peak within 50 ns, and then decreases gradually. The amplitude of electromagnetic field component
(E,) gradually increases and reaches saturation. Before ¢ ~ 300 ns, the intensity of E, is stronger than that
of E, after that, E will have a stronger intensity. This is because the electromagnetic field accumulates in
the propagation due to the synchronized phasing effect. This contradicts the assumption used in previous
studies: E, is much smaller than E, and E, can be neglected. This is because previous scholars neglected
the low air density at the altitude where the HEMP produced by X-rays, the ratio of net current to secondary
ionized current has been seriously underestimated. Therefore, the saturated electromagnetic field compo-
nent neglected by previous study should be considered.

The investigation of the evolution of secondary electrons produced by photoelectrons via ionization reveals
an interesting phenomenon: initially, the distribution of “newly born” secondary electrons deviates away
from the Maxwellian distribution. Subsequently, via frequent elastic collision, they reach equilibrium. This
finding is consistent with recent experiments on secondary electrons formed by Compton electrons (Gilbert
et al., 2013), which show that “newly born” secondary electrons require several ns to achieve equilibrium,
rendering the “swarm hypothesis” based on the assumption that secondary electrons satisfy a drifting Max-
wellian distribution invalid.

This paper also tests the widely accepted assumption that primary electrons travel forward in previous
studies of the y-ray-produced HEMP. We find that this assumption increases the strength of electric fields
significantly. What's more, under this assumption, “newly born” secondary electrons need more time to
achieve equilibrium, reducing the conductivity at the early stage and increasing the amplitude of HEMP
(Gilbert et al., 2013). We also investigate the impact of photoelectrons' energy, the greater the photoelectron
energy, the greater the maximum amplitude of HEMP.

Our study indicates that the ignored electromagnetic field in previous study (Higgins et al., 1973) should
be considered. Because the electromagnetic field's impact range is significantly greater than that of the
electrostatic field, the electromagnetic field of X-ray-produced HEMP is important to the flight safety of
adjacent space vehicles. Besides, our simulation shows that the “newly born” secondary electrons deviate
from the drifting Maxwellian distribution, thus fluid equations cannot be applied to describe the motion
of these electrons. Recent experiment also revealed this point. Compared with earlier nuclear explosion
experiments, for example, the Starfish prime, we found that the unexpectedly large EMP is caused by the
synchronized phasing effect. The distortion of the radar waves is caused by an increase of local electron
density, especially secondary electron density. Our simulation work has Deepened the understanding of
these phenomena.

Data Availability Statement

The simulation data and code will be preserved on Jiansheng Yao et al. (2021). Nuclear high-altitude elec-
tromagnetic pulse (HEMP): X_ray_ HEMP_JGR_paper, 10.5281/zenodo.5565558.
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