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Using Monte Carlo methods, this study investigates energy deposition of energetic electrons and ionization in the
2019 novel coronavirus by electron irradiation, which are important characteristic quantities related with
biological damage formation. The inelastic scattering of low-energy electrons (< 10 keV) was calculated by
dielectric theory. The optical energy-loss functions of viral proteins and RNA were derived from an empirical

method in the energy-loss range < 40 eV and the calculation of optical parameters of the biomolecules. The
densities and distributions of energy deposition and ionization were calculated from the stopping power and
inelastic cross-sections in the electron-cascade simulation. Electrons with primary energies of approximately
1-3 keV produced significant energy deposition and ionization in the target coronavirus. More energetic elec-
trons were less effective due to the larger electron range and fewer scattering events in the coronavirus.

1. Introduction

The 2019 novel coronavirus (2019-noCoV) was responsible for the
COVID-19 pandemic of 2020 (Sohrabi et al., 2020; WHO World Health
Organization, 2020). To avoid exposure to COVID-19, effective
methods that kill or inactivate the virus on contaminated media or in
specific environments are demanded. Electron beam irradiation is
widely used for killing microorganisms, bacteria, and viruses (Berovic
et al., 2002; Benson, 2002; Feng et al., 2020), because its penetration
depth and dose can be controlled to comply with environmental pro-
tection requirements. Moreover, under controlled irradiation, the virus
can be partially or totally inactivated, providing useful information on
its properties (Lidzey et al., 1995; Smolko and Lombardo, 2005).

Electron irradiation damage on biological macromolecules is mainly
characterized by inactivity and the irreversibly chain broken (Tan and
Liu, 2014). The severity of these effects is highly correlated with the
energy deposition and ionization in the molecules, which occur by in-
elastic interactions between the electrons and molecules (Boudaiffa
et al., 2000; Kempner, 2001, 2011; Tan et al., 2018; Zhang and Tan,
2010). To properly understand electron irradiation effects on the novel
coronavirus, the energy deposition and ionization must be calculated,
because experimental evaluation with currently available methods is
very difficult.

High-energy electrons (above tens of keV) are usually applied for
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antiseptic purposes. When primary electrons interact with a target
molecule by inelastic scattering, they lose energy and excite the shell
electrons as secondary electrons (SEs). Low-energy electrons, including
decelerated primary electrons and SEs with energies below 50 eV,
significantly contribute to the large number of SEs during the electron-
cascade process, exerting a considerable ionization effect (Emfietzoglou
et al., 2012; Nikjoo et al., 1997; Zhang and Tan, 2010). Therefore, the
interaction of low-energy electrons with the main proteins and RNA
macromolecules of the novel coronavirus was the key issue of our
calculation. The stopping power was suitable for describing the energy-
deposition probability in the target, and the ionization events were
determined as the inelastic cross-sections of collisions with the shell
electrons of an atom. The stopping power and ionization events of low-
energy electrons are usually calculated by dielectric theory, which re-
quires the energy-loss function (ELF). The ELF can be derived from the
optical ELF (OELF) through a proper dispersion relation. However, as
important input data for the calculation of the OELF, the optical
parameters of macromolecules of proteins, RNA are not available. Tan
et al. developed an empirical method that estimates the OELF of organic
biomaterials at energy losses below 40 eV (Tan et al., 2004a, 2004b).
The same approach is expected to be applicable to the novel cor-
onavirus.

In this work, we calculated the distributions of energy deposition
and ionization in the novel coronavirus irradiated with electrons having
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primary energies below 10 keV. The calculation was performed by
Monte Carlo simulations of the electron cascade in the fundamental
component macromolecules of the coronavirus, which are arranged in a
multilayer spherical shell configuration. The distribution characteristics
of the energy deposition and ionization were evaluated in each shell of
the virus, and the influence of primary electron energy on the irradia-
tion effects was determined. The characteristics of electron irradiation
determined in this study can assist our understanding of irradiation-
induced damage on the novel coronavirus.

2. Models and methods
2.1. Model of the coronavirus

For the calculations, we used a simplified physical model of the
novel coronavirus with a multilayer spherical shell configuration. The
model is based on published information of the novel coronavirus and
similar known coronaviruses (CDC, 2020; Lu et al., 2020). The novel
coronavirus is comparatively large (with an approximate diameter of
120 nm), and its main proteins are spiked glycoproteins (S) on the outer
layer, envelope proteins (E) in the next layer, a water layer, the nu-
cleocapsid (N), and RNA in the centre (see Fig. 1). The diameters of
each shell are marked in Fig. 1. The components of each shell were
assumed as the typical amino acid sequences or nucleobase sequences
of the main proteins within the shell, extracted from the sequence re-
sources published in the National Centre for Biotechnology Information
(NCBI, 2020). The statistical results yielded the average molecular

formulas of the three types of proteins as follows:
C4'95H9'6702'49N1'2050_04 for the Spike prOteinS,
C5.23H10_2001_25N2_3550.04 for the envelope, and

C4.61H9.29002 45N71 30S0.02 for the nucleocapsid. The RNA was determined
as C4.50H4.6801.02N3.67-

2.2. Calculation methods

The energetic electrons interact with the novel coronavirus through
elastic and inelastic scattering. Elastic scattering describes the collision
between electrons and the nuclei of the target atoms, which changes the
direction of the electron trajectories. The elastic-scattering calculation
of electrons with energy < 10 keV was usually based on the Mott cross-
section. In this calculation, the atomic differential elastic-scattering
cross-sections were taken from the NIST electron elastic-scattering
cross-section database (Salvat et al., 2002). Following the additivity
rule (Chiari et al., 2013; Jiang et al., 1997), the differential cross-sec-
tion of each kind of molecule in the novel coronavirus was calculated by
summing the differential cross-sections o, of the individual atoms in
the target molecule as follows:

Electron irradiation

— S (spike glycoproteins)
E (envelop proteins)
P water

: N (nucleocapsid)
. RNA

Fig. 1. Simplified structure of the 2019 novel coronavirus assumed in the
present calculation, based on published information about the coronavirus
(CDC, 2020; Lu et al., 2020; NCBI, 2020).
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where n; is the atomic number of the i-th atom in the molecular formula,
and Q is the solid angle determined by the scattering angle 6.

The inelastic cross-sections of low-energy electrons are usually
calculated by dielectric theory. This calculation requires the ELF, given
by the negative of the reciprocal of the imaginary part of the dielectric
function (Im[—1/e(q, AE)]). Penn (1987) and Ashley (1988) obtained
the ELF by extending the dielectric function in the optical limit, where
the momentum transfer is q = 0. By fitting the OELF Im[—1/¢(0, AE)]
to the experimental optical data and introducing a suitable dispersion
relation, the differential inelastic cross-section o0j,e; of the incident
electrons colliding with the shell electrons can be calculated as (Ashley,
1988)

do'me](E, AE) _ 1 Im| — 1 L(ﬁ)
dAE  27a,NE €(0, AE) E) )
with
4 7 33
L(x) = (1 —x)ns — Zx + x3/2 = 2242,
0)=0-x n— = X+ x o5 3

In these expressions, ao is the Bohr radius, N is the number of
molecules per unit volume in the target, E is the electron energy, and
AE is the energy transfer.

To calculate the energy loss along the electron trajectories, we re-
quire the stopping power of the electrons, which represents the average
energy loss of an electron in the unit distance. The stopping power is
given by

E2
_dE_ 1 J AEIm SR - G(ﬁ)dAE,
ds  maoE < €(0, AE) E 4
where
2
G(x)=1n 11658 _ 3 Xpd y Len X4 3l
x 4 4 x 2 16 x 48 (5)

However, the experimental OELF data of most complex compounds
are lacking in the literature. For the constituent molecules in the novel
coronavirus, which certainly lack available optical data, the OELFs at
energy losses below 40 eV were estimated by an empirical approach for
bioorganic compounds developed by Tan et al. (2004a, 2004b). The
OELF was expressed by the following single Drude function:

a(AE)

Ve AR = TGy P+ @y ©

where the parameters b and c are linearly related to the average atomic
number Z of the molecule, and a can be determined by inputting the
mass density of the target, the molecular weight and the total number of
electrons per molecule to the f-sum rule. For energy losses larger than
50 eV, the atomic photoabsorption data of Henke et al. (1993) are
available, so the OELF can be calculated from the refraction index and
the extinction coefficient (Ding and Shimizu, 1996). For energy losses
between 40 eV and 50 eV, the OELF was calculated by spline inter-
polation.

If the electron energy decreases by 2-3 times the bandgap energy
during the electron cascade, the main energy-loss mechanism should be
electron—-phonon interactions, and the cross-section can be treated by
Frohlich's theory (Frohlich, 1954). Low-energy electrons are also af-
fected by the polarization field induced by their own motions through
the target. This interaction is known as the polaronic effect. In this
study, the cross-section of the polaronic effects was calculated by a
semi-empirical approach proposed by Ganachaud and Mokrani (1995).

As shown in Fig. 1, uniformly distributed electrons with primary
energies below 10 keV were irradiated over the 120-nm diameter of the
novel coronavirus. The number of primary electrons was 10°. The
densities of protein, RNA and water were set to 1.3, 1.35, and
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1.0 g/cm?, respectively.

The electron trajectories were traced by two Monte Carlo strategies.
The energy deposition was determined by a simple and fast Monte Carlo
method based on the continuous slowing down approximation (CSDA).
The CSDA assumes that electrons continuously lose energy along the
electron trajectories, and change directions by elastic scattering. In the
ionization-characterizing calculation, each energy loss and direction
change along the electron trajectories was calculated by the energy
straggling strategy. If the amount of energy lost in a single inelastic
scattering event exceeded the binding energy of the atomic shell, the
site became ionized, producing an inner secondary electron that was
traced by the same procedure as the primary electrons (Caleman et al.,
2009). This simulated electron cascade considered the events of elastic
scattering, electron—electron inelastic scatterings, and electron—phonon
and electron—polaron interactions (Dapor, 2014).

3. Results and discussion
3.1. OEFLs

To describe the inelastic interactions between the electrons and
molecules, the OEFLs of the constituent molecules in the novel cor-
onavirus were calculated by using Eq. (6) and atomic photoabsorption
data (Henke et al., 1993), as mentioned above. The OEFL of water was
adopted from Heller et al. (1974). As shown in Fig. 2, the OEFL curves
of the five components peaked at energies between 20 and 25 eV. The
envelope yielded the highest OEFL peak, and RNA has the maximum
peak position. From the OEFLs, the probability of inelastic scattering
events and the energy-loss distributions were determined.

3.2. Energy deposition

From the OELFs, the stopping power and electron-electron inelastic
cross-sections were calculated by Egs. (2)-(5). The energy deposition
was investigated by the CSDA-based Monte Carlo simulation. Fig. 3
plots the energy densities deposited per unit volume (nm?) in each shell
of the novel coronavirus, as functions of the primary electron energy
from 200 eV to 10 keV. Strong peaks in the energy-deposition densities
appeared at primary energies of 1.5-1.7 keV. The peaks of the en-
velope, water, nucleocapsid, and RNA were around 1-3 keV wide, in-
dicating that electrons with energies around 1-3 keV produce the most

107 prre — ——rrrrT ——r
- ___S E
L5 water ]
[ N 6
= 107k RNA e
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% Tind 3
- 3 E
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10" 10 10° 10°
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Fig. 2. Calculated optical energy-loss functions (OEFLs) of constituent mole-
cules in the novel coronavirus: S (spike glycoproteins), E (envelope), water, N
(nucleocapsid), and RNA. The OEFL of water was adopted from Heller et al.
(1974).
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Fig. 3. Energy-deposition densities in each shell of the novel coronavirus versus
energy of primary electrons.

Table 1
Total energy deposition and ionization (normalized units) in the four main
components of the coronavirus (energy of primary electrons = 1.5 keV).

Component Deposited energy (normalized Ionization (normalized unit)
unit)
Envelope 1 1
Water 0.73 0.51
Nucleocapsid ~ 0.27 0.23
RNA 0.37 0.25
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Fig. 4. Ionization densities in each shell of the novel coronavirus versus energy
of primary electrons.

obvious energy transfer and deposition in the target molecules. The
energy-deposition density at 1.5 keV was maximized in the nucleo-
capsid and RNA. Primary energies below hundreds of eV or higher than
10 keV deposit much lower energy densities in the four main shells. In
contrast, the energy density deposition in the spike glycoproteins
(which are sparsely spread across the outer surface) was a gently de-
creasing function of the primary energy. This result can be explained by
the deposition of more incident electrons in the tiny outer volume of the
spike glycoproteins at lower than at higher primary energies.

The total energy deposited in each main shell was obtained by
multiplying the spherical shell volume and the corresponding energy-
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Fig. 5. Distributions of deposited energy (a)—(c) and ionization (d)-(f) through the vertical section of the novel coronavirus. The primary energies are 500 eV in (a)

and (d), 1.5 keV in (b) and (e), and 5 keV in (c) and (f).

deposition density. The total energy (in normalized units) deposited by
1.5 keV primary electrons in the internal layers of the virus (from the
envelope to the central RNA) are listed in Table 1. The energy deposit
was maximized in the envelope.

3.3. Ionization

The inelastic scattering of the electron cascade in each component
of the coronavirus was traced by the energy straggling strategy in
Monte Carlo simulations. If the energy loss during a single inelastic
scattering exceeds the binding energy of the atomic shell, an ionization
event occurs. Each ionization event and its site were recorded. The
ionization density was then computed as the number of ionization
events in each unit volume (nm?®) of the target. Fig. 4 plots the ioni-
zation densities in each shell as functions of primary electron energy.
Strong peaks in the ionization densities of the envelope, water, nu-
cleocapsid and RNA shell appeared at primary energies of 1.2-1.5 keV.
The ionization density was maximized in the nucleocapsid. The total
ionization in each main shell (in normalized units) at the primary

energy of 1.5 keV are listed in Table 1. Like the deposition energy, the
ionization was maximized in the envelope. Both the energy deposition
and ionization densities appeared over a larger range of primary en-
ergies (~400 eV-3 keV) in the envelope than in the other viral com-
ponents (see Figs. 3 and 4).

3.4. Distribution characteristics

Fig. 5 shows the distribution characteristics of the deposited energy
and ionization densities through a vertical section of the novel cor-
onavirus. To simplify the presentation, the sparse structure of the spike
glycoproteins was neglected, and the deposited energy and ionization
were assumed to be uniformly distributed through the shell volume.
The primary energy was varied as 500 eV, 1.5 keV, and 5 keV. At
500 eV, the energy deposition and ionization were concentrated in the
upper shell (the envelope) because the penetration range of the primary
electrons was small. Approximately 60% of the primary electrons lost
all their energy and were deposited in the target. At a primary energy of
1.5 keV, the energy deposition and ionization covered a large part of
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the cross-section. At higher energy (5 keV), over 99.9% of the primary
electrons were transmitted through the coronavirus, and the energy
deposition and ionization were lowered.

In this calculation model, the primary electrons vertically incident
from the edge of the spherical virus will travel a slightly longer path
and then lose more energy in spike glycoproteins, compared with those
incident from the centre position of the shell. For example, primary
electrons of 5 keV with vertical incidence from the edge are decelerated
more through the spike glycoproteins, and will more likely be ionized in
the next envelope shell. Thus, the ionization density was slightly raised
at the edge of the envelope shell, as shown in Fig. 5(f).

Most of the electrons with energies below hundreds of eV will fi-
nally loss their energy and be deposited inside the target. As the pri-
mary energy decreases, the total amounts and densities of the energy
deposition decrease accordingly. The estimated deposition depth of
primary electrons with energies above 2 keV in the thick materials of
the envelope, nucleocapsid, and RNA is 180 nm (Fitting, 1974), larger
than the coronavirus diameter. As fast electrons have lower probability
of inelastic interactions with molecules than slow electrons, their en-
ergy deposition and ionization in the target will decrease, as shown in
Figs. 3 and 4. Therefore, the energy deposition and ionization densities
are maximized over an optimal range of primary energies (1-3 keV).
The presented results demonstrate that the characteristics of energy
deposition and ionization depend on the energy loss and electron range
in the coronavirus, which are mainly determined by the primary energy
of the electrons. Furthermore, the electron energy deposition is corre-
lated with the temperature rise imparted by the electron irradiation.
High temperature is expected to be an important deactivating factor of
the novel coronavirus.

Although electrons with lower energies (1-3 keV) effectively de-
posit their energies and ionize the viral macromolecules, irradiating the
novel coronavirus by low-energy electrons is difficult to achieve in
practice. Theoretical calculations may provide fundamental physical
information on the electron irradiation of viruses.

4. Conclusions

In this paper, we performed calculations of energy deposition and
ionization on the novel 2019 coronavirus by electron irradiation, using
Monte Carlo methods. The electron cascade was simulated by the CSDA
and the energy straggling strategy. The energy deposition and ioniza-
tion densities in the main components of the coronavirus were max-
imized at primary electron energies of approximately 1.5 keV. At these
energies, the primary electrons should largely contribute to the ster-
ilization or inactivation effect. The correlations between the destruction
of biological activity and the characteristics of energy deposition and
ionization in the novel coronavirus require further investigation.
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