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Abstract—The outbreak of SARS-CoV-2 resulted in more than 11 000 000 infections and over
530 000 deaths. Coronavirus (S) spike glycoproteins promote entry into cells and are the main target of
antibodies. We studied the effect of electron beams on the SARS CoV-2 glycoprotein and also on RNA
using Monte Carlo simulation. We demonstrated that S-SARS CoV peak glycoproteins damaged by
irradiation electrons corresponding to an energy loss of approximately 1.2 keV with a damage rate of the
efficiency that can be as high as 68%.
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1. INTRODUCTION

Currently, because of the new threat of SARS
VOC-2 in the world, many researchers and compa-
nies are trying to find effective results to save human-
ity. Until the beginning of the second millennium,
virologists knew that only two viruses of this family
infect humans (HCoV-229E and HCoV-OC43).

In 2003, the SARS virus appeared in Hong Kong
and China, and in 2004 a new strain called NL63
was discovered. In 2005, a research group at the
University of Hong Kong recorded the discovery of a
fifth strain called HKU1 [1].

In June 2012, the first patient died of a Coron-
avirus infection, different from the previously known
types, and the infection was in Saudi Arabia. Initially,
the virus was given many names and it was recently
agreed to name it Coronavirus, which causes MERS-
CoV [2].

In December 2019, pneumonia was reported in
Wuhan, China. Officially named 2019-nCoV by the
World Health Organization. As of July 2, 2020,
516 738 confirmed deaths, and more than 10 717 158
confirmed cases had been reported. The Wuhan strain
has been defined as a new strain of group 2B corona
beta virus with a genetic similarity of approximately
70% to the SARS virus. The virus was believed to be
the root of the snake, but many prominent researchers
disagreed with this belief. The virus is 96% similar
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to the corona bat virus, so it is widely believed to
be of bat origin [3]. Forcing millions of people to
isolate themselves in their homes to avoid infection,
soapy water is the first line of defense to attack the
virus on surfaces, and ethanol has been proven to kill
coronaviruses in less than 30 s. In industry, radiation
and particle radiation can be used to kill bacteria and
viruses quickly and effectively [4].

Recent studies have shown several different viru-
ses and how long they stay on surfaces, including
SARS-CoV-2 which causes COVID-19, and it ap-
pears that the duration of the virus varies depending
on the type of surface. Through studies, it has been
established that the virus stayed up to nine days on
stainless steel (rustproofing) surfaces, while it stayed
up to one day on paper and cardboard. Compared
to the ultraviolet disinfection method for killing the
virus, electron beam radiation with high keV energy
can only concentrate the loss of energy more effec-
tively on surface viruses. Although much research
and studies have been carried out on electron beam
radiation of the virus worldwide [5], this is still not
enough. How the radioactive electron interacts with
the new coronavirus (COVID-19) remains uncertain.
This is due to the difficulty of conducting the electron
radiation experiment on the new coronavirus at the
present stage and remains a major concern. Theoret-
ical research by numerical simulation is an important
means of explaining this phenomenon [6].

In this work, first, we studied the characteris-
tics and results of the interaction of the radioactive
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beam with the new Coronavirus (COVID-19) using
the Monte Carlo numerical simulation. Approved
the physical model of COVID-19 granted by Protein
Data Bank. The interactions are calculated, includ-
ing the elastic and inelastic scattering between the
radioactive electrons and all the protein layers of the
virus.

In the second part, we present a method for calcu-
lating damage to COVID-19 using a more realistic
description of the virus molecules. The strategy is
indeed to combine the atomistic description of the
Coronavirus molecules with the energy deposits cal-
culated with Geant4-DNA.

Through this literature review, there is no doubt
that the problem of irradiation of the structure of
COVID 19 is widely studied. Despite this, to the
author’s knowledge, the calculation of the number
of single and double-strand breaks has not yet been
studied.

2. MATERIALS AND METHODS

2.1. Virus Structure Model

As the new coronavirus (COVID-19) has many
types of proteins of surrounding function [7], for the
feasibility of the calculation, we choose here three
types of proteins mainly during the construction of the
physical model with a reasonable simplification. Like
other coronaviruses discovered [8], such as SARS,
MERS, the new coronavirus (COVID-19) is first
surrounded by a few scattered spike glycoproteins,
as shown in Fig. 1 [6], and then under the spike
glycoproteins there is more than one layer of enve-
lope proteins Table 1. Although in this area there
is still a fraction of haemagglutinin which helps to
fuse viruses to cells [9], in our physical model we
choose as representing the envelope proteins mainly.
Inside the new coronavirus, the nucleocapsid tightly
attaches RNA, both wander inside the virus with an
empty space. Given the complex structure of RNA
space and the randomness of RNA movement, we
can therefore treat them in our physical model as the
nucleocapsid surrounds the RNA in a uniform region.
The constituent elements including the spike glyco-
proteins, the envelope, the nucleocapsid and the RNA
are represented by Z1, Z2, Z3, and Z4, respectively.
As reported by the Centers for Disease Control and
Prevention (CDC), COVID-19 is a large virus with a
diameter of approximately 120 nm [10]. Thus, in this
study, the thickness of Z1, Z2, and Z3 is fixed at 20,
20, and 10 nm respectively, and the (Z4) RNA is in
the 25 nm radius [8].

In our studies, we used a PDB file, representing
the N-terminal RNA structure of the phosphoprotein
of the SARS-CoV-2 nucleocapsid [11].

Spike glycoprotein (S)

M-Protein

E-Protein

RNA and N protein

Envelope

Hemagglutinin-esterase
dimer (HE)

Fig. 1. СOVID-19 structure.

NSP7

NSP7

NSP12

Fig. 2. Visualization of RNA SARS-CoV-19 PDB
files.NSP: non-structural proteins.

2.2. Physics

The electron interacts with atomic electrons or
nuclei through Coulomb interactions. Electrons can
undergo elastic or inelastic interactions. During an
elastic interaction, the incident electron is deflected
without losing energy (diffusion). During an inelas-
tic interaction, the incident electron is deflected out
of its path and transfers part of its kinetic energy
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Table 1. Statistical data of proteins from NCBI

Spike proteine (S) Enveloppe proteine N-proteine RNA

Average molecular weight 128.89 131.19 124.42 126.46

Average molecular formula C4.95H9.67O2.49 C5.23H10.2O2.35 C4.61H9.29O2.45 C4.5H4.68O1.02N3.67

N1.2S0.04 N1.25S0.03 N1.3S0.02

Table 2. The most commonly used names in PDB files

Denomination Description

HEADER, TITLE, and Information on the researchers who defined the structure;

AUTHOR any other general type of information

ATOM Coordinates (X, Y, Z) of the atoms, expressed in Angstrm, the chain identifier,

and the residue number (the group of atoms corresponding to

the nucleotide in the case of DNA)

HETATM Coordinates (X, Y, Z) of the atoms, expressed in Angstrm

TER End of a residue chain

HELIX Location and type of propellers

SHEET Location, direction in relation to the previous strand

to an atomic electron or in the form of braking ra-
diation (“Bremsstrahlung”). Standard models for
electrons in Geant4 include the ionization process,
Bremsstrahlung, multiple scattering, and single scat-
tering.

2.2.1. Ionization. The energy loss (stopping
power) for ionization in the Standard model is based
on the Berger–Seltzer formula derived from Bethe–
Bloch theory. The energy loss of an electron with
kinetic energy E below the threshold of secondary

Fig. 3. Extract from PDB file
6m71.pdb describing a tetranucleosome
(http://www.rcsb.org/pdb/files/6m71.pdb).

particles Tcut is given by the following formula:(
dE

dx

)
T<Tcut

= 2πr2emc2nel

× 1

β2

[
ln

2(γ + 1)

( I
mc2

)2
+ F ± (τ, τup)− δ

]
(1)

such as:
dx: distance traveled,
re: electron radius,
mc2: mass energy of the electron,
nel: densit electronique,
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Fig. 4. 3D Track structure of SARS CoV-2.
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I: potentiel moyen dexcitation,
β2 = 1− 1

γ2 with γ = E
mc2

,
δ: density effect correction factor,
F ± (τ, τup): Function based on the Möller cross
section where τ = γ − 1 and τup = min(τc, τmax) with
τc =

Tcut
mec2

and τmax = τ
2 maximum transferable en-

ergy during the collision.
2.2.2. Secondary electrons. The production of

secondary electrons with an energy higher than the
production threshold Tcut is simulated discretely. The
total effective cross section of production is calculated
by integration of the differential effective cross sec-
tion:

σ(Z,E, T ) =

Tmax∫
Tcut

dσ(Z,E, T )

dT
dT. (2)

When the incident electron irradiates inside
COVID-19, a series of collision processes occur
between the energetic electrons and the structural
molecule of the virus. Based on the energy loss
situation, this collision process can be divided into an
elastic diffusion process without energy loss and an
inelastic diffusion process with energy loss [12]. In the
present study, we compute the elastic scattering pro-
cess with the Rutherford mode, and we manage the
inelastic scattering process with the fast secondary
electron (FSE) mode. Each electron (including
the incident electron and the generated secondary
electron) must be tracked. electron) until its energy
is depleted or it exits the surface of the COVID-19
through a numerical Monte Carlo simulation. The
elastic scattering process requires that a scattering
angle be obtained when the electron collides with
the atoms. Here, the Rutherford model was used to
calculate the elastic scattering cross section σE :

σE = 5.21 × 10−21 z
2

E2

4π

α(1 + α)

(
E + 511

E + 1022

)2

.

(3)

Here, E is the electron energy, z is the atomic number,
is the shielding factor which indicates the shield-
ing capacity of the outer electron on the nucleus.
For COVID-19 which is a polyatomic molecule, the
atomic number can be treated as an average atomic
number. With respect to the inelastic scattering pro-
cess, we must take into account not only the angle
change but also the energy transfer [13]. On the basis
of the FSE mode, this inelastic scattering cross-
section σin can be designated as follows when it is
taken as a quantum rotation mode:

σin =

0.5∫
Ωc

(
dσ

dΩ

)
M
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Fig. 5. The excitation number distribution according to
the z-direction.
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Fig. 6. The frequencies of energy deposition in Spike-
protein, N-protein, and RNA.

=
πe4

E2

{
1

Ωc
− 1

1−Ωc
+ ln(

Ωc

1− Ωc
)

}
(4)

with Ωc is the lower limit of normalized energy loss
coeficient.

The deposited energy is recorded in concentric
layers whose thickness is a fraction of the CSDA
(Continuous Slowing Down Approximation) path of
the primary electrons. The calculation of the dose
kernel point (normalized and dimensionless quantity)
is carried out according to the following formula [14]

J(r/RCSDA, E) = 4πr2D(r,E)
RCSDA

E
(5)
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Fig. 7. The frequencies of energy deposition in Spike-
protein, N-protein, and RNA.

Fig. 8. Atomistic visualization with Van der Waals radius
of RNA.

J(r/RCSDA, E) is the normalized quantity represent-
ing the share of energy deposited by primary particles
in a spherical layer delimited by the rays r/RCSDA and
r/RCSDA + d(r/RCSDA).

The energy loss (dE/dS) can be calculated by
Bethe mode:(

dE

dS

)
= 78 500

ρZ

AE
ln

(
1.166(E + kJ)

J

)
(6)

such as is the density of the material, Z is the atomic
number, and A is the mass of the atom, k is the
correction factor, J is the ionization energy, and dS
is Bethe Surface. For COVID-19, Z, A, and J should

be the average number of atoms, the average atomic
mass, and the average ionization energy.

2.3. Monte Carlo Method
The application of the Monte Carlo method at the

microscopic and nanoscopic scale is very interest-
ing in radiobiology to calculate energy deposits in
volumes of small dimensions to estimate the dam-
age to cells and molecules [15] of DNA (single and
double-stranded breaks) as well as cell survival rates.
Monte Carlo simulation codes at the microscopic and
nanoscopic scales are based on the so-called “trace
structure” technique. Such codes provide the distri-
bution of the coordinates in space of all interactions of
the primary particle as well as the secondary particles
generated. Most of the effective sections used in
the Monte Carlo trace structure are calculated by
a combination of data experimental and theoretical
models. The theoretical models developed are to be
validated with the experimental data when available.
All such data must be able to describe the physical
phase, i.e., the set of elemental interactions (mainly
ionizations and excitations) that cause deposition of
energy.

2.3.1. Geant4. Geant4 (Geometry and Track-
ing) is a tool for simulating the passage of particles
through matter by the Monte Carlo method main-
tained and developed by an international collabora-
tion. Since 1993, this tool has been developed in
C++ language by a CERN Group and a CEC Group.
The Geant4 simulation code was initially developed
for the needs of the LHC (Large Hadron Collider)
experiments and publicly distributed for the first time
in 2001 [16]. Thanks to many features of Geant4,
such as geometric shapes, materials, elemental parti-
cles, electromagnetic physical processes, optical and
hadronics, visualization, detector sensitivity, extrac-
tion of the information from the simulation at different
stages, users can build a full simulation.

2.4. Determination of DNA Breaks
2.4.1. Integration of the PDB (Protein Data

Bank) file in Geant4. The PDB format. The PDB
(Protein Data Bank) file format is a text file format
describing the three dimensional structures of the
molecules held in the Protein Data Bank. The PDB
format provides for the description and annotation of
proteins and nucleic acid structures. A PDB file is
a text file that consists of lines of information. Each
line of the file contains different types of structural
information about the molecule. In Fig. 8 and Table 2,
we present an excerpt from a PDB file, and the de-
scriptions the more used [17].

For the COVID-19 simulation, it is not relevant to
load the atomic representation of the PDB (Protein
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DATA Bank) file via Geant4 volumes into memory.
The simulations are therefore performed inside a box
containing the structure of the molecule and made
of liquid water. A specific algorithm makes it pos-
sible to associate the position of the energy deposits
returned by Geant4–DNA to an atom of the PDB
structure. To calculate the number of Single-Strand
DNA Breaks (SSB), it is assumed that an energy
deposit greater than in the sugar-phosphate group is
sufficient to induce this break. This energy thresh-
old corresponds to the first excitation energy level of
liquid water in the physical models of Geant4–DNA.
This threshold value is adjustable. To calculate the
number of Double-Stranded DNA Breaks (DSB), we
assume that a maximum distance of 10 base pairs
between two DSB induces DSB [18]. This default
setting is also adjustable.

3. RESULTS
3.1. Track Structure

Figure 3 illustrates the track structures of the
volume of COVID-19. 20 000 electrons are defaulted
here to better describe the ionization characteristic.
The incident electrons and internal secondary elec-
trons generated will occur through a series of inelastic
ionization processes, the final amount of ionization is
much greater than the number of incident electrons.

3.2. Ionization Distribution
From Fig. 4 we can intuitively obtain the ioniza-

tion situation in each of the four layers. As the peak
proteins are weakly distributed along with the outer
envelope, the ionization experienced is not as high as
in the spike-protein. The major excitation occurred
in the spike-protein envelope as shown. After pass-
ing through space, the N-protein undergoes strong
electron beam ionization, whereas, in the center of the
COVID-19 virus, the RNA ionization rapidly with-
draws with the R radius.

3.3. Calculation of Energy Deposition Frequencies
Figure 5 shows the variation in energy deposi-

tion frequencies in the Spike-protein, N-protein, and
RNA layers obtained at the depth of the Bragg peak
and monoenergetic electrons corresponding to the
average energy of the spectrum at the same depth of
the E-beam line spectrum.

3.4. RNA Damage Determination
Figure 6 shows the number of single or double-

strand breaks calculated for twelve RNA base pairs
(6m71.pdb file) after electron irradiation. monoener-
getic from 10 eV to 50 keV. These two figures show
us that the number of single or double-stranded RNA
breaks is maximum at 100 eV.

4. DISCUSSION AND CONCLUSION

In this paper, we studied the properties and results
of the interaction of the radioactive electron beam
with the physical model of COVID-19 tuned by the
Protein Data Bank using Monte Carlo numerical
simulation. After modeling the molecular structure
and dispersion processes of COVID-19, we obtained
the following results.

The main ionization damage occurs in the protein
layer of the envelope to protect the RNA.

The energy loss of the electrons interacting with
the COVID-19 atoms is concentrated on 10 to
100 eV at 90%.

Physical DNA models from Geant4, which were
used to study the frequency of energy deposition in
COVID-19 RNA, showed that the number of single
or double-stranded RNA strand breaks is at most
100 eV.

Our calculations of DNA molecule strand breaks
are still limited because the Physico-chemical and
chemical steps play an important role in the produc-
tion of DNA damage. These models are under devel-
opment and the Geant4 example we have developed
will need to be adapted.
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