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This work studies the energy loss by different mechanisms in materials of nuclear interest

(Al, Ti, Fe) when these are irradiated with an hydrogenic beam. The materials chosen were

aluminum, titanium and iron, and the selected beam energy was of the order of 100 keV.

The mechanisms considered for energy loss are electron excitation and phonon produc-

tion, for both of them two quantities are defined: one to compare energy deposition by a

single ion beam in different materials, the other to characterize several beams impinging a

given material.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Ion irradiation in metals is a field of great interest due to

technological applications such as ion implantation technol-

ogy, lithography, aerospace and nuclear technology [1e6].

Moreover, the continuum research in condensed matter and

in particular metallic materials supports the development of

different industries (e.g. steels, aluminum and titanium) [7,8].

Among the physical quantities involved in the interaction

of radiation with matter, the range of the particles in the

material and the energy dissipation mechanisms must be

specifically taken into account. On the one hand, the range is

an average distance that characterizes the particle trajectory

inside the material until it loses all its energy. On the other

hand, the mechanisms for energy loss depend on the
.cnea.gov.ar (M.G. Petacc
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characteristics of the material under irradiation and are a

function of the beam energy.

Energetic ions interact with matter by three different

mechanisms: (1) Collisions with nuclei, (2) Collisions with

electrons and (3) Nuclear reactions at very high beam en-

ergies. At high non relativistic energies, the ion-nucleus in-

teractions are classical binary collisions under a Coulomb

repulsive potential. Since the ion mass is 1800 times higher

than the electron mass, the interaction of ions with electrons

does not change its trajectory. In addition, nuclear reactions

occur at very high incident energies and involve energy loss by

the creation of new atomic species from the target atoms. This

last phenomena is out of the scope of the present work given

the energy range considered.

Due to the large number of collisions that occurs at high

energies, each of the three mechanisms are averaged and
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described separately by the corresponding stopping powers [9]

leading thus to a total stopping power given by:

SðEÞ ¼ SeðEÞ þ SnðEÞ½ þ SreactionsðEÞ� (1)

here SeðEÞ is the electronic stopping power and accounts for

energy losses involving excitation of the electrons present in

the target, SnðEÞ is the nuclear stopping power that considers

the interactions with nuclei in the material, and SreactionsðEÞ
stands for the occurrence of nuclear reactions that will be

neglected as mentioned previously.

For SeðEÞ the excitation processes taken into account are

atomic electron and collective (plasmons) excitations,

whereas for SnðEÞ there are two mechanisms that are consid-

ered: the creation of phonons in thematerial and the radiation

damage process. This work studies the energy loss due to

phonon production in Aluminum, Titanium and Iron under

irradiation of Hydrogen isotopes with energies of the order of

100 keV. As mentioned before these materials are of great

importance in several industries and for technological

development.
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Fig. 1 e Protons energy loss depth distributions to electron

(black circles) and phonon (red triangles) excitations in

aluminum. Beam energy ¼ 160 keV. (For interpretation of

the references to color/colour in this figure legend, the

reader is referred to the Web version of this article.)
Simulation methods

In order to study the first instants of irradiation in amaterial, a

simple binary collision approximation (BCA) is used. Such a

program generates a continually branching sequence of two-

atom collisions in each of which a beam atom collides with

an initially stationary target atom. The cascade is initiated by

the ejection of a primary knock-on atom (PKA) from an atom

site by a ion from the beam. This PKA is the first projectile

atom in the simulation. It subsequently collides with the first

target atom and, in general, both the projectile and target

atom emerge from the collision with enough energy to induce

a new collision.

To carry out this study the IM3D code [10] (based on BCA)

was chosen. It uses the TRIM-SRIM [11] database which has

been extensively used to study different situations [12e15]. In

addition, it offers the very useful alternative of parallel

computing reducing considerably the CPU time.

IM3D [10] is a massively parallel, open-source, 3D Monte

Carlo code for simulating the transport of ions and the pro-

duction of defects within different materials. IM3D can model

the 3D distribution of ions and the material evolution associ-

ated with the ions energy loss, such as displacement, sput-

tering, damage, ionization, and phonon production.

The code computes random trajectories of ions to give

statistically meaningful data. Each trajectory corresponds to a

particle (ion or knocked target atom) with a specified starting

position, a given direction, and an incident or primary energy.

The particle is tracked as a random sequence of straight free-

flight-paths, ending in a binary nuclear collision event where

the particle changes its direction of movement and/or loses

energy as a result of nuclear and electronic interactions.

The projectile proliferation in a cascade does not continue

indefinitely. At each collision, the projectile kinetic energy is

subdivided into three contributions: (1) target atom kinetic

energy; (2) reduced projectile atom kinetic energy; and (3)

electronic excitation energy. As a consequence of this pro-

gressive energy subdivision, either one or both collision
partners will eventually fail to induce a new collision and, as a

consequence, the cascade eventually dies out.

Since the target atoms are in fixed positions at the begin-

ning of each cascade the temperature of the bombarded ma-

terial is T ¼ 0K.W hen the beam particles impinge the target,

the temperature will locally rise but this heat will be con-

ducted or radiated out to the surroundings, and the local

temperature falls back to 0 K with no more atom movement.
Results and discussion

This section discusses the results of simulations regarding

irradiation of Al, Ti and Fe with H and its isotopes. The energy

for the proton, deuterium and tritium beams were chosen to

be of the order of 100 keV. The energy loss depth distributions

for electron excitation as well as phonon production are dis-

cussed for selected cases. In addition, data treatment is per-

formed in order to compare materials and characterize

different beams.

Fig. 1 shows a comparison of the energy loss depth distri-

butions in aluminum for a 160 keV beam of protons. It is

observed that the energy loss due to electron excitations is

two orders of magnitude larger than the corresponding due to

phonon excitations. In addition, the depth distribution asso-

ciated with electron excitations is practically almost constant

along the entire ion trajectory. On the other hand the depth

distribution for phonon excitations reaches a maximum at

large depths. This means that the ion loses energymainly due

to interactions with electrons and afterwards it interacts with

nuclei producing lattice vibrations. This is verified by

comparing this result with Fig. 2 where the range for different

ions are exhibited: the position of the maximum of the energy

loss to phonon excitation is similar to the range for this energy

(160 keV).

However, this behavior for the energy loss depth distribu-

tions is understood by looking at Fig. 3 that exhibits the

different components of the stopping power for protons in

aluminum in the energy range of interest. It is observed that
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Fig. 2 e Ranges for the three different hydrogen isotopes in

aluminum as a function of energy.
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Fig. 4 e Protons energy loss depth distributions to electron

and phonon excitations in aluminum, titanium and iron.

Beam energy ¼ 100 keV.
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the electronic stopping power is two orders of magnitude

larger than the nuclear stopping power for all energies, as

expected.

All the cases under study are compared for a 100 keV pro-

ton beam in Fig. 4. The energy loss depth distribution due to

electron excitation falls to zero at smaller depths as the

atomic number of the target increases. In addition, more en-

ergy is lost for high atomic number materials. These differ-

ences between the electron excitation energy loss depth

distributions arise because, for high Z materials, there are

more electrons available in the target to stop the incident

proton, therefore the energy loss under this mechanism is

higher. On the other hand, when considering energy loss due

to phonon production, the atomic density of the target is a

fundamental parameter: more target atoms are available

when density increases.

It is worth noticing that the fraction energy devoted to

electron as well as phonon excitation is independent of the

material and the beam energy being of 5% for electron and

about 0.05% for phonon excitations. The same results are
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Fig. 3 e Electronic (black circles) and nuclear (red squares)

Stopping Powers for protons in aluminum. (For

interpretation of the references to color/colour in this figure

legend, the reader is referred to the Web version of this

article.)
obtained when applying a data integration procedure for

different particle beams (i.e. deuterium and tritium).

Fig. 5 shows the results obtained in the case of phonon

production when a titanium target is irradiated with a

deuterium beam. It is observed that the peak moves to deeper

regions of the target and decreases when the beam energy

increases. Although the first behavior is expected, the second

is not. In order to understand the decreasing maximum, it

must be emphasized that the representative quantity is the

total energy loss, given by the area under the distributions.

Data integration shows that this area increases with

increasing beam energies, so more phonons are produced per

incident ion under this condition.

Fig. 6 illustrates the behavior of the energy loss depth

distribution for phonon production when the different

300 keV hydrogen isotopes pass through iron. The maximum

of the distribution is displaced when the ion mass increases.

It is observed that protons losses less energy to phonon

excitation than the other two cases, this is explained

considering that the maximum energy transfer in a classical

elastic collision, for beam particles lighter than target nuclei,

is given by:
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Fig. 5 e Energy loss to phonon excitation by a beam of

deuterium into Titanium at different energies.
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Fig. 6 e Energy loss to phonon excitation by beams of the

different hydrogen isotopes at 300 keV into Fe.

Table 2 e Relative energy loss to electron excitation in
iron as a function of beam energy for different ion beams.

E(keV) a
protons
Fe;Al adeuterium

Fe;Al atritium
Fe;Al

100 1.011 0.994 0.995

120 1.017 0.995 0.998

140 1.020 0.996 1.007

160 1.023 0.999 1.006

180 1.024 1.001 1.011

200 1.024 1.003 1.018

250 1.059 1.015 1.028

300 1.048 1.020 1.037

Table 3 e Comparison of the relative energy loss to
phonon production by deuterium irradiation for different
materials as a function of the beam energy.

E(keV) b
D;p
Al b

D;p
Ti b

D;p
Fe

100 2.465 2.429 2.510

120 2.510 2.422 2.489

140 2.472 2.384 2.437

160 2.413 2.371 2.398

180 2.386 2.340 2.387

200 2.281 2.282 2.374

250 2.398 2.295 2.303

300 2.205 2.292 2.276
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Tmax ¼ 4
mp

mt
E

�
1þ E

2mpc2

�
; (2)

where mp is the projectile mass, mt the target atom mass, E

stands for the beam energy and c is the speed of light [16]. It is

observed that this quantity increases with mp when all the

remaining parameters are fixedas is the case exhibited in Fig. 6.

A comparison of the total energy devoted to produce elec-

tron and phonon excitation by each isotope in each material is

performed: all the depth distributions fion;mat are integrated

with respect to z, resulting in energy dependent functions:

Wion;matðEÞ ¼
Zzmax

0

fion;matðE; zÞdz; (3)

where z is the depth coordinate and E stands for the beam

energy. The integration limits are the target surface ðz ¼ 0Þ
and themaximumdepth where energy is deposited ðz ¼ zmaxÞ.

These energy functions are then compared for different

materials taking the aluminum as the reference i.e. the ratios

given by:

aion
X;AlðEÞ ¼

Wion;XðEÞ
Wion;AlðEÞ (4)

are assessed. In the above formula X stands either for tita-

nium or iron.

The results of the analysis described above are shown in

Tables 1 and 2 for the case of phonon production and electron
Table 1 e Relative energy loss to phonon production in
titanium as a function of beam energy for different ion
beams.

E(keV) a
protons
Ti;Al adeuterium

Ti;Al atritium
Ti;Al

100 0.980 0.965 1.011

120 1.015 0.979 0.991

140 1.017 0.981 0.999

160 1.016 0.999 1.007

180 1.017 0.997 1.014

200 0.993 0.994 1.034

250 1.087 1.040 1.034

300 1.010 1.049 1.033
excitation respectively. As can be observed (see Table 1),

aion
Ti;AlðEÞx1 and remains constant independently of the beam

energy and ionmass. This means that energy used to produce

phonons in Ti and Al are practically the samewhen adding up

all depth contributions.

On the other hand, when electronic excitation is consid-

ered the ratios aion
Fe;AlðEÞx1 for all practical purposes in every

situation studied along this work.

A similar analysis is performed to compare the three

different beams for a fixed target material. The functions

defined by:

b
ion;proton
mat ðEÞ ¼ Wion;matðEÞ

Wproton;matðEÞ (5)

are calculated by considering the proton beam as reference,

and the results are shown in Table 3 for the case of energy loss

to phonon production by deuterium irradiation. It is observed

that the quantity b
D;p
mat does not exhibit large variations with

respect to thebeamenergyor to thematerial under irradiation.
Conclusions

The energy loss for hydrogen, deuterium and tritium was

studied in three different materials of nuclear interest at

several beam energies using the IM3D code. A difference of

two orders of magnitude is found between the electron and

phonon excitation energy loss depth distributions for all the

cases under study. The ranges of all hydrogen isotopes are

calculated and a coincidence with the phonon production

depth distribution is found. These different depth distribu-

tions are compared by assessing the amount of energy

devoted to each process (electron excitation and phonon

production).
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For a fixed ion beam the quantity a is defined to compare

energy deposition in differentmaterials. In the case of phonon

production, similarities in this parameter are found between

Ti and Al at all beam energies. On the other hand, when

considering electron excitation, comparing Fe with Al show

similar results.

In addition, for each material, all the ion beams are char-

acterized by comparing the total energy deposition of a given

isotope with respect to an proton beam (b). It is observed that

variations in these quantity are small when different mate-

rials are used for the characterization and also when the beam

energy is changed.

The study of phenomena such as ion implantation, va-

cancies production and defect creation as well as other radi-

ation damage effects on these materials is under way.
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