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A comparative analysis of a fast atom beam and ion beam effect on a metal target in the binary collision model is performed.
Irradiation by fast atoms has been shown to more closely correspond to neutron radiation in a nuclear reactor, in terms of the
primary knocked-on atom spectrum and the efficiency and mechanism of the radiation defect formation. It was found that upon
irradiation by fast carbon atoms with an energy of 0.2-0.3 MeV, the average number of radiation defects in the displacement
cascade of one atom is four to five times higher than the calculated values using the SRIM program for ions with the same energy.
It is shown that during penetration in the target, the probability of ionization of atoms with energies less than 0.4 MeV

is negligible.

1. Introduction

Charged-particle beams (electrons, ions, and plasma
compression flow) are widely used in various techno-
logical processes and in the study of samples from
structural materials. Thermal quenching (hardening) and
hammering of metal products are the oldest methods
employed to improve their operational properties. Im-
proving the technological process of quenching can be
achieved by increasing the product temperature change
rates and processing only the surface layer, without
changing the bulk properties. For this purpose, laser
radiation [1], electron beam [2, 3], ion beam [4], and
plasma compression beam [5] are used. Exposure of a
high-intensity pulsed ion beam (HIPIB), with a duration
of 100-150ns and energy density 2-3J/cm? provides
heating and cooling of the processed product surface
layer at ~10°K/s [6]. When the HIPIB energy density is
higher than 3 J/cm?, ablation of the target material begins,
forming recoil shock waves in the processed product, and
the pressure exceeds 108 Pa [7, 8]. A fast atom beam has
many advantages over the ion beam. The use of a powerful
beam of fast atoms for the modification of materials
reduces its scattering when irradiating dielectric or
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slightly conductive surfaces [9]. Neutral beams are used
to heat plasma in fusion experiments [10, 11].

The development of the nuclear industry, active space
exploration, and the study of thermonuclear fusion re-
quire the development of structural materials with high
radiation resistance, first of all contribution to thermo-
nuclear technology and science with particular emphasis
on plasma-wall interactions [12]. During the operation of
the nuclear reactor, neutrons are formed, creating ra-
diation defects in the structural elements of the reactor
and reducing their mechanical resistance. It is impossible
to prevent defect formation, reducing radiation damage,
and it is necessary to ensure maximum efficiency of the
defect annealing and restoration of the original structure
of materials.

The development of new materials with high radiation
resistance requires a high-intensity radiation source.
Irradiation of samples in a nuclear reactor requires a long
amount of time to process the necessary neutron fluency
and postreactor exposure of materials to reduce radiation
activity. One of the most important changes neutron
radiation causes in metals is swelling [13]. It takes about a
year to achieve a regime of noticeable swelling during
irradiation by neutrons in a nuclear reactor. This process
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is faster when irradiated by ions [14, 15]. Therefore, in
recent years, simulation methods for the formation of
radiation defects have been actively developed. Simula-
tion irradiation of structural materials is carried out using

electron beams [16] or ion beams [14, 17].

However, simulated irradiation by charged-particle beams
has significant disadvantages compared to neutron irradiation
in a nuclear reactor. The energy spectrum of primarily
knocked-out atoms (PKA) in the target with ion irradiation is
significantly different from the spectrum with irradiation by
neutrons [18]. Iron target has about 80% PKA with energies of
30-60keV after irradiation by neutrons with energies
0.5-5MeV in the nuclear reactor [19]. Formation of radiation
defects by ions in metals occurs at low-angle scattering on
target atoms, and more than 90% of PKA have energies less
than 1keV [20]. The difference between simulation (by ion or
electron irradiation) and nuclear reactor radiation processes
does not make it possible to make accurate predictions of
radiation resistance of new structural materials in a nuclear
reactor. Simulated irradiation of structural materials with
accelerated atoms can overcome these disadvantages, but such
studies are practically absent. Simulated irradiation of struc-
tural materials with accelerated atoms can also simplify and
accelerate the study of activation of construction components
due to beam loss in heavy-ion accelerators [21] and studies of
collective effects in the absorption of accelerated particles in the
target [22]. Accelerated atoms, when absorbed into the target,
have significantly lower electron losses than ions. This makes it
possible to increase the yield of isotopes per accelerated particle
by hundreds of times. The purpose of this study is to compare
the effect of a fast atom beam and ion beam on the metal target.

2. Calculation of the PKA Energy Spectrum

The energy spectrum of the PKA in the target is the most
important parameter, determining the spatial distribution of
primary radiation defects, duration, and efficiency of their
subsequent annealing. Energy spectra of PKA, when irra-
diating a metal target with neutrons or ions, considerably
differ [18, 20]. Experimental or calculated data of PKA
spectra upon absorption of fast atoms in a metal target are

absent.

The formation of radiation defects by ions occurs during
small-angle scattering on target atoms due to the Coulomb
interaction of their nuclei [4, 7]. The nuclei radii (3.6-107° A
for Fe [23]) are significantly less than the distance between
atoms in a metal target (lattice constant for a-Fe is 2.9 A).
Therefore, the penetration process of ions and neutrons in
the target can be considered in the model of independent
binary collisions [13, 14]. After an elastic collision of two
particles, a fast particle (mass m;) and a target atom (mass
m,), the total momentum and total energy of the colliding
particles are preserved. The energy obtained by the PKA

after the collision is equal to [13, 14]

4m, - m, ,0
Epgp = Ej——5 1—cos§ ,
(my +m,)
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where E, is the initial energy of a fast particle (ion, neutron,
or fast atom) and 0 is the scattering angle of this fast particle.

The probability of ion scattering by target atoms is
described by the Rutherford formula:

4z,-7, -e2>2 1
E, sin® (6/2)’

£,(0) =< @)

where Z; and Z, describe the nuclei charges of an ion and
PKA, respectively, and e is an electron charge.

The energy spectrum of the PKA is determined by the
efficiency of kinetic energy transfer from the fast particle to
PKA, equal to the product PKA energy on the probability of
scattering. The dependence of the energy transfer efficiency
on PKA energy is extreme due to a decrease in PKA energy
and an increase in the probability of scattering with an
increase in the impact parameter (or decrease in 0), as seen
in equations (1) and (2). From equations (1) and (2), we
obtain the energy transfer efficiency in the elastic collision of

an ion with PKA that is equal to
K
Fi= fifoa = 1= 0sa

2 (3)
dm, -m,(4Z, - Z, - &*
where K = — 2( L )

Ey(m; + m2)2

Figure 1 shows the efficiency of energy transfer when
different ions are penetrated in an iron target. The efficiency
of kinetic energy transfer is normalized, and the integral on
all PKA energies (>1eV) is equal to 1.

In modern calculations [17, 18, 20], the same results are
obtained for the energy of the primary knocked-out atoms in
the target when irradiated with ions—PKA energy after ion
irradiation (with energy 0.2-0.4 MeV) is less than 1keV. It
makes no sense to consider more complex models of ion
radiation effects on the target, which describe more correctly
elastic collisions of the ion with the target atom in the energy
range of less than 30-40 eV, when the energy is not enough
to form defects.

The process of neutron penetration in the target can also
be considered with binary collisions of solid balls [14, 15],
whose radii are equal to the neutron radius (3.6:107° A) and
nuclei radius of the target atom. Their dimensions are much
smaller than the distance between atoms in the metal target.
The probability of the neutron colliding with the target atom
increases with the growth of the impact parameter and can
be written as

B 2mp _p g
fm,(P)—ng+r22npdp—rl+r2—cosz, atp<r, +1,

fu(P) =0, atp>r, +r,,
(4)

where p is the impact parameter and r; and r, are the
neutron and nucleus radii of the target atom, respectively.

From equations (1) and (4), we obtain that the energy
transfer efficiency in the elastic collision of a neutron with a
PKA is equal to
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FiGure 1: The dependence of the kinetic energy transfer efficiency
from the PKA energy upon penetration in an iron target.

Fnu = fnuEPKA

_E, 4m, - m,
(my +my)

F,, =0, atp>r, +r,.

Figure 1 shows the efliciency of energy transmission

during neutron penetration in an iron target.

Despite numerous studies of the radiation processes, ex-
perimental and calculated data for the penetration of fast atoms
in a metal target (PKA spectrum, energy balance, and depth of
the penetration) are practically absent. The consideration of
these processes in the ion deceleration model is incorrect, as the
fast atoms with energy less than 100keV have an insignificant
probability of ionization (see Section 5). A significant difference
in the penetration mechanism of ions and fast atoms in the
metal target is confirmed by the results of the energy balance
study of the accelerated particle. Molecular dynamics (MD)
modeling showed that PKA spends more than 60% of its energy
on the formation of radiation defects in the target [24]. Cal-
culations in SRIM showed that the electronic energy loss for a
carbon ion with an energy of 200-250keV in various targets is

75-85% [25].

A correct analysis of penetration of fast atoms in the
iron target is possible in an MD simulation, setting a large
energy to one of the target atoms (PKA method) at the
beginning of the simulation. However, MD simulation
requires large amounts of computation, which can only be
implemented on supercomputers. When modeling the
processes of a fast atom with an energy of 175keV, an
evolution analysis of 10°-~107 atoms is needed [26]. The
reliability of MD simulation largely depends on the choice
of interatomic potential [27]; therefore, the simulation
results are inconsistent. In addition, the use of the PKA
method in MD simulation makes it possible to calculate

the absorption of only the fast target atom.
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5 l—cosz -cosz, atp<r, +r,,

Numerous experimental studies confirm the correctness
of modeling the distribution of the ions over the depth of the
target by binary collisions [19]. However, when simulating
penetration of the fast atom in a metal target by this method,
it is necessary to consider the elastic collision of balls with
diameters equal to the atom diameter, not nuclei diameter.
The radius of the iron atom is 1.56 A [23], and lattice
constant for a-Fe is 2.9 A. Therefore, to calculate the PKA
spectrum when irradiating the target with fast atoms, first
consider the simplest option: penetration in the environ-
ment of atomic gas. Even with atmospheric pressure, the
average distance between atoms exceeds the sizes of the
atoms by approximately 10 times, and for the process of
collision, it is possible to consider a binary collision model.
The probability of the fast atom colliding with the target
atom increases with the growth of the impact parameter and
can be written as

2np p 0
fa(P) =%~ = =cos =, atp<R;+R,,
P Ifj‘ fo 2npdp Ri+ R, 2 Pt

(6)

where R; and R, are the radii of PKA and the fast atom,
respectively.

The Lennard-Jones potential can be used to describe the
interatomic interaction of a fast atom with an atomic gas

[27, 28]:
o) o

where & describes the interatomic interaction force in the
lattice (depth parameter) and r is the distance to an atom.

For a fast atom with energy that is significantly higher
than thermal energy, one can neglect the second stage, which
describes the weak attraction caused by Van der Waals
forces. The Lennard-Jones potential sharply decreases with
increasing distance between atoms, and at a distance of
r=2.3R, it is 0.016¢. Therefore, the probability of collision
can be written as

p
R, +R,

fa(p):

= cos g, atp<R; +R,,
b (8)
fa(p) =(cos 2) , atp>R; +R,.

Figure 2 shows the dependence of the scattering prob-
ability of the carbon atom on an iron atom on the impact
parameter. For a carbon atom, R=0.67 A, and for an iron
atom, R = 1.56 A. Dependence in Figure 2 is normalized, and
the scattering probability integral for all possible values of
the impact parameter is equal to one.

From equations (1) and (8), efficiency of kinetic energy
transfer in elastic collision of a fast atom with an atomic gas
atom is equal to
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F1GURE 2: The dependence of scattering probability of the fast carbon atom on the iron atom on the impact parameter in the model of solid

balls and taking into account the Lennard-Jones potential.

4m, -m 0
Fa = fa (p)EPKA = E01—22<1 - COSZ_)
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- cos > at p<R; +R,,

(9)

4m, - m,

— (1 - c052§>
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F,=fa(p)Epka = Eg

Figure 1 shows the efficiency of energy transfer upon
penetration of a fast carbon atom in an atomic gas medium.

For a fast atom, the minimum scattering angle in the
metal target corresponds to an impact parameter equal to
half the distance between the target atoms:

min __ Rl

=—=07. 10
2 R, +R, (1)

COoS

For a fast carbon atom and iron target, O, =91".
Figure 3 shows the efficiency of energy transfer upon
penetration of the fast carbon atom in an iron target.

The analysis showed that the PKA energy in the iron
target, after irradiation by fast atoms (with energy
0.2-0.4 MeV) and neutrons (with energy 1-3 MeV), differs
slightly and exceeds 50 keV. PKA energy after ion irradiation
(with energy 0.2-0.4 MeV) is less than 1keV. The PKA
energy spectra, upon penetration of accelerated atoms in a
solid target and gas, differ only in the low-energy area.

3. Analysis of the Spatial Distribution of
Radiation Defects

The analysis of the spatial distribution of radiation defects in
the target confirms the correctness of the PKA energy
spectrum calculations when irradiating the target by fast
atoms. The MD simulation shows [29] that when the PKA
energy is higher than the critical value of 10keV
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(corresponding to neutron irradiation), subcascades are
formed in the iron target, which indicates the transfer of a
large amount of energy in elastic collisions with the target
atoms. Irradiation of materials by electrons or ions leads to
the appearance of mostly isolated interstitial atoms, va-
cancies, and small clusters of these point defects due to low
PKA energy (0.1-1keV, see Figure 1).

The generation mode of radiation defects in the metal
target upon irradiation by fast atoms differs significantly
from the mode upon irradiation by ions and corresponds
more to the mode upon irradiation by neutrons. More than
90% of the PKA in the target after irradiation by fast atoms
(with energy 0.2-0.4MeV) have energies of more than
50 keV (Figure 3). These PKA will form subcascades, rather
than isolated interstitial atoms and vacancies.

The correctness of the PKA energy spectrum calcula-
tions, when irradiating the target with accelerated atoms, is
also confirmed by the analysis of the scattering angle of the
accelerated carbon atom, which is 90-120° during pene-
tration in an iron target (Figure 4).

The MD simulation also confirms that the PKA scat-
tering angle is higher than 90° (Figure 5) [26], and the
formation of subcascades is perpendicular to the direction of
the PKA movement.

The fast atom and PKA scattering in the target occurs
mainly at a high angle, which provides a weak connection
between penetration in the target and the fast atom energy.
In low-angle ion scattering in a metal target, penetration is
proportional to energy, allowing the term “linear energy
loss” to be used when considering the elastic and nonelastic
interactions of the ion with the target [24].

4. Investigation of the Number of
Radiation Defects

In implantation and thermal modification of the metal
sample surface layer, ions and fast atoms with the same
energy will have the same effect. However, the efficiency of
the radiation defect formation by fast atoms is higher than
for ions with the same kinetic energy, as the energy losses by
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F1Gure 3: The dependence of the kinetic energy transfer efficiency of accelerated particles from the PKA energy upon penetration in an iron
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fast atoms are less. An MD simulation has shown that the
PKA consumes more than 60% of its energy to form ra-
diation defects in the target [30]. When irradiating a metal
target by ions, the main part of their kinetic energy is spent
on the electronic stopping, without the formation of radi-
ation defects [14, 15]. Calculation in SRIM [31, 32] has
shown that the electronic energy loss for a carbon ion with
an energy of 200-250keV in various targets is 75-85%.
Therefore, we performed experimental studies of radiation
defects upon irradiation of a metal target by a fast atom

pulsed beam.

The experiments were carried out using a TEMP-6
accelerator (accelerating voltage 250-300kV and pulse
duration 150 ns) [33], consisting of a Marx generator, a
pulsed forming line, and a vacuum ion diode with self-
magnetic insulation of electrons. The metal mesh in the
field of ion transportation increased the charge exchange
between the ions and residual gas molecules in the gas
layer of desorbed molecules adjacent to the mesh, and the
energy of fast atoms, in the HIPIB total energy, increased
from 20 to 98% [34]. For analysis of the HIPIB parameters,
we used thermal imaging diagnostics of the energy density
(spatial resolution of 1-2 mm) [35, 36] and time-of-flight
diagnostics of the beam composition (time resolution of

1ns) [37].

These experiments were performed on a target with
dimensions that were much smaller than the transverse
dimensions of the fast atom beam. This ensured uniform
irradiation and prevented the loss of thermal energy from
the heated area due to thermal conductivity. A disc made of
stainless steel foil, 0.1 mm thick and 10 mm in diameter, was
installed in the central hole of a large stainless steel foil and
was fixed with a thin stainless steel wire, with a 0.1 mm

diameter.

The number of radiation defects was determined using
calorimetric diagnostics, which is based on the comparison
of the experimental power of energy loss in the target and the
calculated power of thermal radiation when the target is
cooled after irradiation by a fast atom beam or ions [25]. The
number of radiation defects (vacancies + interstitial atoms)
generated in the target was calculated from the following

ratio:

where E,,, is the energy of radiation defect annihilation in the
target after irradiation and E; is the threshold energy for

radiation defect formation.

Our studies have shown that radiation defects can be
divided into two groups: fast defects that are annihilated
before the target cooling measurement (within 0.1's after
irradiation for 150 ns) and slow defects that migrate to the
target from their formation point and are, then, annihilated
over tens of seconds [38]. Figure 6 shows the dependence of
the number of radiation defects in the target on the absorbed
beam energy [38]. We calculated the number of radiation
defects for a threshold energy of 40eV for the iron target

[39].
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F1GURre 6: Dependence of the number of fast and slow defects on the
absorbed beam energy in a stainless steel target.

Our research has shown that the dependence of the
number of radiation defects in the target on the absorbed
energy of the beam is described by a linear function
(Figure 6): Nj= K Eq,m, where K, is the coeflicient equal to
the number of radiation defects formed in the target by an
ion beam with an energy of 1].

One of the main parameters, calculated when modeling
the formation of radiation defects in the target, is the
number of defects in the cascade formed by a single
accelerated particle. The average number of radiation defects
in the displacement cascade can be calculated by the fol-
lowing ratio:

ng = Kd : Eatom> (12)
where E, o is the average energy of a fast atom in the beam.
Table 1 shows the calculation of the number of defects in the
fast carbon atom cascade.

In addition to experimental studies on the formation of
radiation defects during irradiation of a metal target, we
performed a simulation with SRIM. In the SRIM simulation,
we calculated the total number of vacancies and interstitial
atoms produced in the ion C* cascade with a lattice binding
energy of 3eV and a threshold energy of 40 eV. The SRIM
simulation results for an ion energy of 200 keV are shown in
Table 1. The simulation showed that the number of radiation
defects in the cascade of C" ions (Nsgpp) is four to five times
lower than the experimental values (Ng,m,). These results
confirm higher efficiency of radiation defect formation by
fast atoms compared to ions.

5. Fast Atom Ionization upon Absorption in
the Target

The analysis showed that irradiation of a metal target by fast
atoms is more consistent with radiation by neutrons in a
nuclear reactor, in terms of the PKA spectrum, efficiency,
and mechanism of radiation defect formation. However,
unlike neutrons, fast atoms can be ionized during pene-
tration in a target; the energy required to remove an electron
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TaBLE 1: Number of defects in the fast carbon atom cascade.

Fast defects Slow defects Noum Nsrim
4500 2025 6525 1250

does not exceed 30 eV and is significantly less than its kinetic
energy.

The ion charge exchange was discovered by Henderson
through experiments in which « particles (5.6 MeV, a-radon
decay) passed through foil of mica or gold [40]. It was noted
that after the passage of the foil, singly charged He" ions and
neutral He atoms appeared, which was explained by the
capture of electrons by « particles in the target. The MD
simulation indicated absence confirmation of fast atom
ionization during absorption of ions and neutrons in the
metal target [29]. At PKA energies less than 200 keV, atoms,
not ions, form radiation defects in the iron target.

The processes of elastic collisions, stripping (increasing
the multiplicity of ionization), and charge exchange of an ion
with target atoms are described in the binary collision ap-
proximation model [13, 14]. It was shown in [41] that at a high
ion energy and with an increase in the density of the medium,
the charge exchange cross section decreases by 10-15%, and
the ionization cross section increases, since the incident ion is
ionized, not only from the equilibrium but also from the
excited states. Therefore, the processes of changing the charge
state of ions and fast atoms during transportation in a solid
and gaseous target will differ slightly.

The first research on changing the charge state of an ion
during transportation in gas was carried out by Bohr [42]. It was
found that when the ion velocity is less than the electron velocity
in the orbit of the hydrogen atom (2.2-108 cmy/s), the electron is
captured (charge exchange). This condition corresponds to an
ion energy less than 20.5 keV/nucleon or 250 keV for a carbon
ion. The cross section for resonant proton charge exchange
(with an energy of 20keV/nucleon) by atomic hydrogen is
5-107'°cm?, and the ionization cross section is much smaller,
6107 cm? [43]. The monograph [44] presents the experi-
mental and calculated cross-section values for the charge ex-
change and ionization of heavy ions upon absorption in gaseous
and solid targets. When an iodine ion, with an energy less than
5MeV, passes through hydrogen and oxygen, the cross section
of capture of one electron is much larger than the ionization
cross section. Tolstikhina and Shevelko [45] reviewed experi-
mental data and theoretical methods for calculating the effective
cross sections for charge exchange and ionization of multiply
charged ions colliding with neutral atoms in a gas at energies up
to 10 GeV/nucleon. Such processes, with a change in the charge
state, occur with high probability (total cross sections:
107-107"° cm®). It was shown that at an ion energy less than
10 MeV/nucleon, charge exchange processes mainly occur with
a decrease in the ionization rate. Fast carbon atoms obtained at
the TEMP-6 accelerator have an energy of 250-300keV, and
upon absorption in the target, charge exchange, rather than
ionization, is more likely.

The results of an experimental study of the fast atom
generation in an ion diode with self-magnetic insulation of
electrons are presented in our article [46]. The HIPIB energy
density was measured using infrared imaging diagnostics
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and was calculated using the ion current density and
accelerated voltage. The energy density from the infrared
measurements exceeded measurements from the ion current
density, indicating that fast atoms are present in the beam.
Our studies have shown that the use of a metal mesh in the
field of the HIPIB transportation increases the energy of fast
atoms in the HIPIB total energy from 15-30 to 98%. The
total energy of the combined beam (ions + fast atoms) does
not change (considering the optical transparency of the
mesh).

Fast atoms in an ion diode are produced through charge
exchange between the ions and residential gas molecules in
the gas layer adjusting the mesh. During desorption of
molecules from the metal mesh surface, the thickness of the
sheath adjusting the mesh exceeds, by 5-15 times, the charge
exchange length of the ions in the processes C* + N, — C°
and C* + O, — C° [47-49]. When generating N** ions, the
use of a metal mesh in the transport region ensures
recharging of N** — N ions.

6. Conclusion

The performed analysis showed that pulsed beams of fast
atoms are most effective in simulated radiation exposure of
structural materials. Irradiation of a metal target by fast
atoms is more consistent with neutron irradiation in a
nuclear reactor, according to the PKA spectrum, efficiency,
and radiation defect formation mechanism. The PKA energy
in the target, irradiated with fast atoms (with an energy of
200keV) and neutrons (with an energy of 3 MeV), exceeds
10keV, and the PKA energy after ion irradiation (with an
energy of 200keV) is less than 100eV. The computer
simulation showed that the number of radiation defects in
the cascade of C* ions is four to five times lower than the
experimental values in the cascade of carbon atom with the
same energy.

The PKA energy spectrum upon irradiation of a metal
target by fast atoms, with an energy of 200-600 keV, more
tully corresponds to the PKA spectrum upon irradiation by
neutrons formed in the fission reaction ***U in a nuclear
reactor for targets made of titanium, copper, zirconium, etc.
Irradiation with a beam of fast atoms makes it possible to
study the radiation resistance of dielectric and weakly
conducting materials, which significantly expands the scope
of the installation.

Unlike a neutron, an accelerated atom can be ionized
during absorption in a target; the energy required to remove
an electron is much less than its kinetic energy. However, at
the energy of fast atoms, 200-600 keV, the ion charge ex-
change cross section during penetration in the target is
significantly higher than the ionization cross section, and the
ionization probability is negligible. High efficiency of ion
charge exchange during the fast atom pulsed beam for-
mation in the diode with passive anode, MD simulation of
the displacement cascade formation during the penetration
of ions and neutrons in the target, and formation of singly
charged He" ions and neutral helium atoms when « particles
pass through the foil confirm the low probability of ioni-
zation of accelerated atoms during absorption in the target.
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