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Abstract

Particle acceleration is an important tool in material modification and several other applications. There are multiple
techniques to generate and accelerate ion beams. In the current research work, ions emitted from laser induced plasma
were accelerated by employing a DC high voltage extraction assembly. The Nd:YAG laser (1064 nm) with 10 mJ
energy and 12 ns pulse width was irradiated on Aluminum target. Thomson parabola technique using Solid State
Nuclear Track Detector (CR-39) was employed for measurement of ions energy generated from laser induced plasma.
In response to a stepwise increase in acceleration potential from 0-10 kV, an evident increase in energy, in the range
627-730 keV, was observed. In order to utilize this facility as an ion source, Aluminum was exposed to these ions.
The Optical and AFM micrographs revealed that the damage produced by the ions on Al surfaces, become more
prominent with the increase in ion energy. TRIM simulations were performed for the analysis of the damage at the
irradiated samples. Changes in the total displacements, target vacancies and replacement collisions, calculated by
TRIM simulation, were analyzed for ion irradiations with increasing ion energies.
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1. INTRODUCTION

Laser matter interaction initiates different phenomena that
are responsible for ablation from the surface of matter that
causes a thermal spike, material ejects from the surface lead-
ing to generation of forwardly peaked plasma (Rai er al.,
2000; Anwar et al., 2006; Doria et al., 2004; Laska et al.,
2007; 2004a; 2004b; 2005; 2006a; 2006b; Torrisi 2007;
Schaumann et al., 2005; Jungwirth, 2005). The Coulombian
acceleration in plasma generates high fluxes of energetic and
highly charged anisotropic ions (Rai et al., 2000; Anwar
et al., 2006; Laska et al., 2007; 2008; Torrisi, 2007;
Caridi et al., 2008; Malka, 2002; Borghesi et al., 2005;
Roth et al., 2005; Brambrink et al., 2006).

The kinetic energy and charge states of ions depend upon
properties of the incident laser beam and that of the irradiated
material (Laska et al., 2008; Krunshelnik et al., 2005; Chri-
sey & Hubler, 1994; Fisher et al., 2005; 2006). Laser energy,
fluence, pulse width and focal spot influence the character-
istics of emitted ions (Laska er al., 2007; Caridi et al.,
2008; Laska er al., 2008). The focus position determines
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the intensity of laser beam (Laska er al., 2007; 2008;
2004a). These ions can be further accelerated by externally
applied, strong electric field hence forming a device which
generates high energy ion beams namely, “laser driven ion
accelerator” (Torrisi et al., 2008).

The applications of a laser driven ion accelerator include
the material processing by multi-energetic ion implantations.
The properties of materials which can be altered by high
energy ion beams are the chemical and electrical conduc-
tivity, mechanical and chemical resistance, hardness and
wear. The semiconductor parameters can also be altered by
ion implantation technique (Torrisi et al., 2008; Giuffrida
etal.,2011; Zhu, 2011; Manova et al., 2006). Intense particle
beams are used in material modification (Xin et al., 2010;
Krasa et al., 2009; Li et al., 2009; Renk et al., 2008; Stasic
et al., 2009).

In this research work, the Nd:YAG laser system with,
10 mJ energy, 1064 nm wavelength, and 12 ns pulse width,
has been used to generate laser induced plasma ions. A DC
high voltage acceleration assembly has been employed. A
well-known Thomson parabola technique using SSNTD
(CR-39) was employed to extract the ion energy for the ap-
plied potential (Springham er al., 2000; Rafique et al.,
2007). In the next step, Al substrates were irradiated by
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accelerated ions at different energies. Irradiated surfaces were
analyzed by optical microscope, scanning electron micro-
scope, and atomic force microscope. Furthermore, TRIM
analyses of total displacements, target vacancies and replace-
ment collisions were performed to have the idea about the da-
mages produced by the ions.

2. EXPERIMENTAL

The purpose of this research work was to fabricate a “laser
driven ion accelerator.” The Nd: YAG laser system (1064 nm
wavelength, 10 mJ energy, and 12 ns pulse width) was used
to generate plasma. The ions emitted from this plasma were ac-
celerated by an externally applied potential to generate a strong
electric field (Doria et al., 2004; Ogawa et al., 2003), using a
high voltage DC supply (0-30 kV). The external electric field
was applied with the help of an acceleration assembly which
will be discussed in detail later. The experiment was per-
formed under vacuum (~10"> Torr).

Figure la shows the schematic of the acceleration setup.
The laser beam was focused on Al target to generate
plasma. Laser beam spot corresponding to 22 cm focal
length of the lens was calculated to be 18.62 um. The laser
power density was about 10'® W/cm?. It has been found in
literature that, at laser intensity of 10'° W/ cm2, 62 keV
ions have been generated by using external acceleration
potential (Giuffrida & Torrisi, 2011). The power density
used in this experiment is greater than its threshold value
for ion emission which is 108-10° W/ cm? (Ogawa et al.,
2003; Laska et al., 2007; 2008; Torrisi et al., 2001; Margar-
one et al., 2006). An external electric field was applied to
these ions by using an acceleration assembly. This assembly
(Fig. 1a) comprised of an extraction box /chamber (EB) and
ground electrodes (2.5 cm away from EB). The target (placed
inside EB) was kept at positive potential with respect to the
ground electrodes. The externally applied potential was in-
creased from 2-10 kV with a step size of 2 kV. As a result,
ions were accelerated, along their direction of propagation.
The ions accelerated by the externally applied potential
were then made to pass through the magnetic field induced
by placing permanent magnets (0.01 T) 2 cm away from
the ground electrodes as shown by Figure 1a. Two ion streaks
are shown in Figure la, ions are deflected by the magnetic
field according to their charge states. The central one is
taken as so-called neutrals; the deflected ions are taken as
single charged ions. The deflection values depend on
energy of ions. Slower ions shall be deflected to larger dis-
tances in comparison with fast ions. Tracks were formed at
the surface of CR-39 by these ions. These tracks of deflected
ions were etched (6N solution of NaOH) and then observed
by optical microscope and were used for ion energy measure-
ments (Springham et al., 2000). Figure 1b is a diagram for
the Thomson parabola technique, the associated parameters
are shown. For ion energy, E = ¢’B’R*/2 M T was used
where, R*=a[x + (% + 1)1/ 2] is the radius of curvature
of ion trajectory in magnetic field, and x=L/d. Here
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Fig. 1. (Color online) (a) A schematic of ion acceleration setup. (b) Par-
ameters involved in Thomson Parabola Technique.

“a (1 cm)” is radius of magnetic field region, “L(16 cm)” is
the distance from center of magnetic field region to CR-39
substrate, “d” is the displacement of ion track on the CR-39
surface obtained by the optical microscope (Springham
et al., 2000; Rafique et al., 2007). Increase in acceleration
potential resulted in reduced displacement between the so-
called neutrals and the ions. The corresponding vales of d
in response to applied potential are given in Table 1. In

Table 1. The acceleration potentials, corresponding values of ion
track displacements and the resulting in energies

ITon track
displacements (um)

Acceleration

potentials (kV) Ion energies (keV)

2 54 627
4 53 651
6 52 676
8 51 702
10 50 730
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Fig. 2. (Color online) A schematic of ion irradiation setup.

order to explore the high energy ion implantation, another
setup was designed to irradiate the samples with these ener-
getic ions.

Figure 2 shows a schematic of the ion irradiation setup.
The substrates were kept 2 cm away from the ground electro-
des to irradiate a well collimated beam at the surface. Five
hundred laser shots were used to generate ions at 2 kV,
4kV, 6 kV, 8kV, and 10 kV acceleration potentials. The ir-
radiated samples were analyzed by optical microscope and
atomic force microscope. A TRIM simulation for a “detailed
calculation with full damage cascades” was performed to
gather information about the damage produced by energetic
ions in the substrate material. The angle of incidence of
ions for simulation is considered as 0. The depth of substrate
is an important parameter to calculate the range of ions. For
current TRIM calculations a layer depth of 1.5 um was chosen.

3. RESULTS AND DISCUSSIONS

This section comprises of results for ion energy measure-
ments at increasing acceleration potential obtained by Thom-
son parabola technique and micrographs of Al substrates
irradiated by accelerated ions at different energies.

3.1. Ion Energy Measurements

Ion energy measurements were performed by using the
Thomson parabola technique. Figure 3 shows the graphical
representation of the increase in the average kinetic energy
of ions with an increase in the acceleration potential.
The ion energies obtained by this method were, 627 keV,
651 keV, 676 keV, and 702 keV, 730 keV in response to
the acceleration potentials; 2 kV, 4kV, 6kV, 8kV, and
10 kV, respectively. There is an overall increase in the aver-
age kinetic energy of ions (Fig. 3) with the increasing accel-
eration potentials.
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Fig. 3. Graphical representation of the increase in energy with increasing ac-
celeration potential.

Plasma is an ionized state; it can be defined as hot elec-
trons and ions. Ions are emitted from the plasma due to
space charge effect. There are three phenomena involved in
ion acceleration from plasma, thermal interactions, adiabatic
expansion of plasma in vacuum, and the coulomb inter-
actions. When an external field is applied on laser induced
plasma there are two possible ways in which plasma will
be affected. First, the charged species experiences the effects
of external electric field according to its polarity. Second, if
the target is at high potential, the phenomena occurring in the
process of plasma generation and propagation will change
altogether. The electric fields in the plasma are bound to be
altered in both cases. Applying a positive potential to the
metallic target is expected to increase collisions between
the plasma species hence increasing number density of the
charged particles causing a strong acceleration. Positive bias-
ing of the metallic target can increase ion energy and direc-
tivity (Torrisi et al., 2008). There is evidence of significant
variations in plasma emission spectral lines due to change
in recombination and collisional processes in response to
the externally applied electric field (Park et al., 2007; Elhas-
san et al., 2010). Increase in ions energy with an increase in
acceleration potential is reported by Yeates et al. (2010) with
the expression of zev, where z is the charge state, e is ion’s
charge, and v is the ion velocity. In this case, the laser pro-
duced ions are delivered to an extraction system with HV
electrodes. Surely, the same effect of externally applied elec-
tric field cannot be expected from a system that incorporates
an acceleration assembly with the target at positive HV
potential. Wolowski ez al. (2002) has applied a —5 kV poten-
tial to the target. This arrangement decelerated ions up to
40%. It can be expected that applying a positive potential
to the target would accelerate laser produced ions by more
than just 2-3 keV in response to 2 kV increase in acceleration
potential. Application of HV to the target will impart effects
on the laser produced plasma in an unpredictable way as is
the behavior of laser induced plasma. Hence, this phenom-
enon is still under discussion and yet to be resolved.
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3.2. Analyses of Ion Implanted Al Substrates with
Varying Ion Energies

Al substrates were irradiated by Al ions generated by 500
laser shots with energies; 627 keV, 651 keV, 676 keV and
702 keV, 730 keV. The ion implanted Al substrates were ana-
lyzed by optical microscope and by atomic force microscope
for topography of the irradiated surface. A binary collision
approximation simulation namely TRIM was performed to
understand the physical phenomena and the type of damage
in response to the ion irradiation energies. In a Filippov-type
plasma focus device, Al anodes are used because they are
changeable after they experience degradation due to its inter-
action with energetic particles (Roshan et al., 2008). Al and
its alloys are the metals being used mostly these days. Al is
being used in production of pipes, rods and plates other
than wires, foils, painting masses and in production of mirrors
for ultraviolet, visible and infrared radiation (mirrors for full
sky cameras, space glass, mirrors of projectors, thermo
vision cameras) (Bartl & Baranek, 2004). The energetic ion
irradiation of Al surface can melt the top few micro-meters.
A quick temperature rise can be of a few thousand degrees,
so the Al surface is restructured and reformed during melting.
It results in a decrease in micro-hardness of Al surface (Tor-
risi et al., 2001). Figure 4 shows the optical micro-graphs of
unexposed Al surface. There are some scratches due to the
mechanical polishing at the surface. Figure 5 shows the Al
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Fig. 4. Optical micrographs of unexposed Al substrate at
magnification.

surface irradiated with 627 keV ions, (a) optical micrograph,
(b) three-dimensional (3D) AFM image, (c) ion range from
TRIM simulation, and (d) is TRIM 3-D target damage plot.
Surface damage is observable in the optical micrograph
(Fig. 5a). The damaged zone has been marked which com-
prises of a few craters and small holes at the surface.

When ions are bombarded on a substrate, they collide with
the surface atoms transferring large amount of energy to the
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Fig. 5. (Color online) Al surface irradiated with 627 keV ions. (a) Optical micrographs at x1000 magnification (b) 3D AFM image, (c)

TRIM simulation for ion range, and (d) TRIM total damage plot.

https://doi.org/10.1017/50263034614000081 Published online by Cambridge University Press


https://doi.org/10.1017/S0263034614000081

Implantation by laser ion source

surface (Foti, 2001). An energetic ion can collide with sev-
eral atoms before coming to rest. In this process, the atoms
in the path of an ion are displaced and energized resulting
in a cascade collisional process, which is responsible for
the sputtering of the substrate atoms hence creating damage
(Foti, 2001; Janson, 2003; Bhuyan et al., 2007). This
damage inducing process is defined by two types of col-
lisions between the impinging ions with the substrate
atoms. These two types are nuclear and electronic collisions
(Janson, 2003; Ogawa et al., 2003). Due to these collisions,
occurring up to certain depth in the substrate material, the
thermal effects range in depth is greater than the ion ranges
(Ogawa et al., 2003). The ion irradiation can also change
the structural properties of the substrates (Janson, 2003).

In a nuclear (elastic) collision, the incident ion interacts
with the nuclei of the substrate atom. This interaction results
in the deflection of ion and it can displace the lattice atom.
The outcome of this interaction depends on the energy of
ion. The displaced atom (primary recoil) can then initiate
cascade collisions (Janson, 2003; Moller, 2004; Ziegler
et al., 2008; Correa et al., 2012; Averback et al., 1997; Sat-
pati et al., 2003). The cascades and sub-cascades can result in
a thermal spike. This could generate heat and cause melting
and evaporation in substrates (Bringa et al., 2002). Phonons
can also be generated if the atom does not possess enough
energy to move away from its lattice site and hops back
into its original position (Ziegler et al., 2008). Nuclear col-
lisions become dominant for ion energies of about 100
keV or below (Janson, 2003; Ogawa et al., 2003).

In an electronic (inelastic) collision or ionization, the inci-
dent ion interacts with the electrons of substrate atoms
(Moller, 2004; Janson, 2003). The electrons gaining energy
from this collision leave the atom and possess enough
energy to induce electron phonon interaction. It results in
heat production and it can also lead to thermal spike. The in-
tense ionization along the path of ions can also lead to cou-
lomb explosion. Electronic collisions become dominant
for ion energies of about 1 MeV or above. For ion energies
in between 100 keV and 1 MeV, a mixing of both nuclear
and electronic collisions occurs (Correa et al., 2012).

Energetic ions impinging a solid slow down by transferring
their energy by elastic or in elastic collisions, ions loose energy
until they reach the thermal energy of the substrate. At this
point, the ion is considered to be stopped (Correa et al.,
2012; Ziegler et al., 2008). This ion can either become an in-
terstitial or replacement atom (Ziegler et al., 2008). In case of a
replacement, the lattice atom will become the interstitial. This
is more probable if the ion is of the same material as the sub-
strate. The interstitials induce mechanical tangential stresses in
the substrate. By ion irradiations, material can be plastically
deformed resulting in observable change in surface structure
(Janson, 2003; Krasa et al., 2002; Giuffrida & Torrisi,
2011). A vacancy is produced if the ion displaces an atom
and still possesses the energy greater than the lattice energy
of the substrate. Energetic ions can generate micro voids in
the substrate, which can also produce stresses (Foti, 2001).
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The stress relaxation occurs in two ways namely, fast and
slow. Fast relaxation occurs by the annihilation of point de-
fects after ion interruption whereas, defect transformation,
movement of dislocations, and crystal interface shift cause
the slow stress relaxation after the irradiation (Janson,
2003). The stress fields and shocks generated in the substrate
can range two times higher than ions’ range in depth (Ogawa
et al., 2003) inducing damage. A crater at the ion irradiated
Al surface can be observed from the 3D AFM image
(Fig. 5b). A maximum height of 1.25 um can be observed.

Figure 5c shows the TRIM simulation result for 627 keV
ions range in Al substrate. The ion penetration and straggling
of ions as well as substrate atoms (recoils) can be observed.
Figure 5d shows the TRIM total damage calculations pro-
duced by 627 keV ions in depth of Al substrate. There are
some limitations to TRIM simulation. TRIM takes every in-
coming ion at zero doses and does not consider the effects or
damage of previously implanted ions which means it per-
forms its calculation considering the surface to be smooth
with no roughness (Ziegler, 2008). The highest peak reaches
up to 0.09 displacements/ion-A. The total displacements
were 2991 /ion, vacancies were 2853 /ion and replacement
collisions were 138/ion as calculated by TRIM (Fig. 5d).
The straggling of ions and recoils can also be observed
along the ion path in the substrate, this increase in the
depth of damage. The straggling mainly occurs when the
ion and recoil atom’s energy has reduced due to nuclear col-
lisions and deflections (Janson, 2003; Moller, 2004).

Figure 6 shows the Al surface irradiated with 651 keV
ions, (a) optical micrograph, (b) 3D AFM image, (c) ion
range from TRIM simulation, and (d) is TRIM 3D target
damage plot. Surface damage is observable in the optical
micrograph (Fig. 6a). Energetic metallic ion irradiation can
cause sputtering of the substrate surface forming craters
and a pattern of linearly arranged dots, at some places they
might form a uniform pattern, or/and self-organized surface
morphological structures. Surface segregation can also occur
at the substrate surface (Krasa et al., 2002). This surface seg-
regation and linearly arranged dots which can also be called
ion chains are present in Figure 6a, which shows the optical
micrograph of Al surface irradiated with 651 keV ions. Cra-
ters at the ion irradiated Al surface can be observed from the
3D AFM image (Fig. 6b). A maximum height of 2 um can be
observed. Figure 6¢ shows the TRIM simulation result for
651 keV ions range in Al substrate. The ion penetration
and straggling of ions as well as substrate atoms (recoils)
can be observed. Figure 6d shows the TRIM total damage
calculations produced by 651 keV ions in depth of Al sub-
strate. The highest peak reaches up to 0.09 displacements/
ion-A. The total displacements were 3001 /ion, vacancies
were 2862 /ion and replacement collisions were 139 /ion as
calculated by TRIM (Fig. 6d). Ions can impinge on the sub-
strate as a bunch which produces non-linear effects in the
substrate material. In the form of a cluster, when ions interact
with the atoms, it is possible for several ions to transfer their
energy to the same atom.
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Fig. 6. (Color online) Al surface irradiated with 651 keV ions. (a) Optical micrographs at x1000 magnification, (b) 3D AFM image, (c)

TRIM simulation for ion range, and (d) TRIM total damage plot.

Figure 7 shows the Al surface irradiated with 676 keV
ions, (a) optical micrograph, (b) 3-D AFM image, (c) ion
range from TRIM simulation, and (d) is TRIM 3D target
damage plot. The surface segregation and ion chains can
be observed at the exposed surface due to irradiation of
676 keV ions as shown by the optical micrograph
(Fig. 7a). The size of the holes and ion chains has increased
which can be attributed to greater energy transfer of imping-
ing ions to the surface and a deeper range of ions in the sub-
strate. The ion chains observed in this case are longer and
wider as compared to previous image.

The 3D AFM image shows the topography of the damage
induced by 676 keV ions. A crater can be observed, in
response to acceleration potential of 6 kV, were observed
to be deeper than at lower voltages and the height of
damage has also increased to 2.4 um. Damage has increased
with increase in energy.

Figure 7d shows the 3D damage given by the TRIM simu-
lation. The surface straggling has increased as compared to
the straggling produced by lower energy ions. If compared
with the previous 3D TRIM damage plot there is a slight
longitudinal as well as lateral spread of damage in the sub-
strate. The total displacements calculated by TRIM 676
keV ions were 3058 /ion. The target vacancies were 2916/
ion and replacement collisions were 142 /ion as calculated
by TRIM. Replacements also include the neighboring
atoms replacing the primary recoils. The number of total
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displacements has increased with the ion energy as there is
more damage due to higher energy of ions. The highest
peak has also increased to a value, 0.1 displacements /ion-A.

An intense pulsed ion beam when irradiated on a metal
surface causes super-fast heating, melting and evaporation
or ablation. It also produces holes, weaver on irradiated sur-
face along with creating an amorphous state at the surface.
Mass transfer or mixing occurs in the substrate, fast heating
and cooling induces defects and generation and propagation
of shock waves in irradiated regions. The input power trans-
ferred to the substrate is converted in to its internal energy
(Ogawa et al., 2003).

Figure 8 shows the Al surface irradiated with 702 keV
ions, (a) optical micrograph, (b) 3D AFM image, (c) ion
range from TRIM simulation, and (d) is TRIM 3D target
damage plot. A damaged surface has been focused in the op-
tical micrograph (Fig. 8a). The crater size has increased (en-
circled) with the spreading of damaged zone. Fast heating
and cooling can reform the surface. The depth of damage in-
duced by ion energy transfer is expected to have increased
and the damaged surface is reshaped (Belloni ef al., 2006).

The AFM image shows the pattern formation at the Al sur-
face along with small peaks in response to 702 keV ions
irradiation. These patterns are more than 20 um in length
(range of the scanned area) and 3.2 um of height can be ob-
served (Fig. 8a). Figure 8c is the ion range of 702 keV Al ions
in Al substrate, simulated by TRIM.
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Fig. 7. (Color online) Al surface irradiated with 676 keV Al ions. (a) Optical micrographs at x1000 magnification, (b) 3D AFM image,
(¢) TRIM simulation for ion range, and (d) TRIM total damage plot.
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Fig. 8. (Color online) Al surface irradiated with 702 keV Al ions. (a) Optical micrographs at x1000 magnification, (b) 3D AFM image,
(c) TRIM simulation for ion range, and (d) TRIM total damage plot.
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Fig. 9. (Color online) Al surface irradiated with 730 keV Al ions. (a) Optical micrographs at 1000 magnification, (b) 3-D AFM image,

(c) TRIM simulation for ion range, and (d) TRIM total damage plot.

Figure 8d is the 3D TRIM damage plot for 702 keV ions.
The damage is more slightly extensive and has more spread.
The surface straggling at depth has increased even farther in
this plot. The highest peak has although a reduced value,
0.08 displacements/ion-A. This can be caused by a spread
in ion energy transfer in the depth of irradiated substrates.
The total displacements calculated by TRIM were 3086/
ion. The target vacancies were 2943 /ion and replacement
collisions were 143 /ion.

Figure 9 shows the Al surface irradiated with 730 keV
ions, (a) optical micrograph, (b) 3D AFM image, (c) ion
range from TRIM simulation, and (d) is TRIM 3D target
damage plot. The extent of surface damage has increased
for 730 keV ion irradiation (Fig. 9a). Ion implantation with
high current density can induce changes in, lattice parameters
and their types and orientation and dimensions of grains until
amorphization (Giuffrida & Torrisi, 2011; Torrisi et al.,
2001).

The AFM image (Fig. 9b) shows a more uniform pat-
tern at the surface. The above micro-graph shows in-
creased degree of damage at the surface of Al sample
irradiated with 730 keV ions. The height of damage ob-
served in the scanned region was 3.7 um. Figure 10
shows the graph between ion energy and the height of
damage at the irradiated surfaces. Figure 9c is the ion
range of 730 keV into Al substrate as calculated by
TRIM simulation.
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Figure 9d is the 3D TRIM damage plot for 730 keV ions.
The height of the peak reaches 0.09 displacements/ion-A.
The total displacements calculated by TRIM were 3125/
ion. Target vacancies were 2980/ion and replacement col-
lisions were 145 /ion as calculated by TRIM simulation.

Table 2 summarizes TRIM calculated values of total dis-
placements, target phonons and replacement collisions per
ion occurring as a result of incident ion implantations at
627 keV, 651 keV, 676 keV and 702 keV, 730 keV.

Figure 10 shows the graphical representation of the in-
crease in height of damage with an increase in the ion
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Fig. 10. Graphical representation of the increase in height of damage with
increasing ion energy.
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Table 2. TRIM calculated values for total displacements, target
vacancies and replacement collisions per ion for increasing ion
energies

Total Target

Energy of Displacements Vacancies Replacement
Tons (keV) (/Ton) (/Ton) Collisions (/Ion)
627 2991 2853 138

651 3001 2862 139

676 3058 2916 142

702 3086 2943 143

730 3125 2980 145

—=— Total Displacements
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Fig. 11. (Color online) Graphical representation of total displacements, target
vacancies and replacement collisions per ion for increasing ion energies.

energy. The surface damage is mainly produced by the displa-
cements occurring at or near the surface. At higher energies
the incident ion energy is being utilized in other phenomena
like surface and sub-surface melting and evaporation.

Figure 11 shows the graphical representation of total dis-
placements, target vacancies and replacement collisions per
ion for increasing ion energies. The total displacements
and target vacancies are close in number. It can be concluded
that most of the displacements end up leaving a vacancy. The
replacement collisions have much less values as compared to
the other two parameters. This indicates that replacement col-
lisions are less probable as compared to the vacancies and in-
terstitial defects generation.

4. CONCLUSIONS

The laser produced ions were accelerated by externally ap-
plied potential. The extraction assembly employed in this re-
search was able to accelerate and collimate the ions generated
from laser induced plasma. A stepwise increase in the accel-
eration potential from 0-10 kV resulted in an increase in
ions’ energy in the range 627-730 keV. Ion penetration
depth, straggling and associated damages in Al substrates in-
creased with energy of ions. lon straggling was also observed
to have increased with ion energy.

https://doi.org/10.1017/50263034614000081 Published online by Cambridge University Press

269
REFERENCES

ANWAR, ML.S., LATIF, A., IgBAL, M., RAFIQUE, M.S., KHALEEQ-UR-
RanMaNn, M. & SippIQUE, S. (2006). Theoretical model for heat
conduction in metals during interaction with ultra short laser
pulse. Laser Part. Beams 24, 347-353.

AVERBACK, R.S. & Diaz pE LA RuBia, T. (1997). Solid State Physics
(Ehrenreich, H. & Spaepen, F., eds.). Cambridge: Academic Press.

BArTL, J. & BARANEK, M. (2004). Emissivity of aluminum and
its importance for radiometric measurement. Measur. Phys.
Quant. 4, 31-36.

BEeLLoN, F., Doria, D., Lorusso, A. & Nassisi, V. (2006). Develop-
ment of an ion source via laser ablation plasma. Proc. EPAC,
Edinburg, Scotland THPCH 139, 3119-3121.

Buuvan, H., FAVRE, M., VALDERRAMA, E., Avaria, G., Guzman, F.,
CuuaqQui, H., MITCHELL, 1., WYBDHAM, E., SAAVEDRA, R. & PAUL-
RAJ, M. (2007). Effect of high energy ion irradiation on Silicon
substrate in a pulsed plasma device. App. Sur. Sci. 254, 197-200.

BoraHESI, M., AUDEBERT, P., BuLanov, S.V., Cowan, T., Fucss, J.,
GAUTHIER, J.C., MACKINNON, A.J., PaTEL, P.K., PRETZLER, G.,
Romacnant, L., Schiavi, A., Toncian, T. & WiLLl, O. (2005).
High-intensity laser-plasma interaction studies employing laser-
driven proton probes. Laser Part. Beams 23, 291-295.

BramBrINk, E., RotH, M., Brazevic, A. & ScHLEGEL, T. (2006).
Modeling of the electrostatic sheath shape on the rear target sur-
face in short-pulse laser-driven proton acceleration. Laser Part.
Beams 24, 163-168.

BrinGga, E.M. & Jounson, R.E. (2002). Coulomb explosion and
thermal spike. Phys. Rev. Lett. 88, 165501 /1-4.

Carmi, F., Torrisi, L., MARGARONE, D. & BorrieLLi, A. (2008).
Investigations on low temperature laser-generated plasmas.
Laser Part. Beams 26, 265-271.

CHrIsEY, D.B. & HUBLER, G.K. (1994). Pulsed Laser Deposition of
Thin Films, pp. 3, 63, 69. New York: John Wiley and Sons, Inc.

CORREA, A.A. KOHANOFF, J., ArRTACHO, E., PorTAL, D.S. & CARO, A.
(2012). Non-adiabatic forces in ion-solid interaction: the initial
stages of radiation damage. Phys. Rev. Lett. 108, 213201-213205.

Doria, D., Lorussoni, A., BELLoNI, F., Nassisi, V., Torrisi, L. &
GammINo, S. (2004). A study of the parameters of particles
ejected from a laser plasma. Laser Part. Beams 22, 461-467.

ELHASsAN, A., ABD ELMoNIEM, H.M. & Kassem, A.K. (2010). Effect
of applying static electric field on the physical parameters and
dynamics of laser induced plasma. J. Advanced Res. 1, 129-136.

FisHER, D., FRAENKEL, M., ZINAMON, Z., HENIS, Z., MosHE, E., Hor-
ovitz, Y., Luzon, E., MamaN, S. & ELIEZER, S. (2005). Intraband
and interband absorption of femtosecond laser pulses in copper.
Laser Part. Beams 23, 391-393.

Fisuer, D.V., Henis, Z., ELIEZER, S. & MEYER-TER-VEHN, J. (2006).
Core holes, charge disorder, and transition from metallic to
plasma properties in ultrashort pulse irradiation of metals.
Laser Part. Beams 24, 81-94.

Fori, G. (2001). Silicon carbide: From amorphous to crystalline
material. App. Sur. Sci. 184, 20-26.

GIUFFRIDA, L. & Torrisi, L. (2011). Post-acceleration of ions from
the laser-generated plasma. Nukleonika 56, 161-163.

Janson, M. (2003). Hydrogen diffusion and ion implantation in si-
licon carbide. In Material and Semiconductor Physics. Stock-
holm: Royal Institute of Technology.

JunewirtH, K. (2005). Recent highlights of the PALS research
program. Laser Part. Beams 23, 177-182.


https://doi.org/10.1017/S0263034614000081

270

KRrasa, J., Laska, L., RoHLENA, K., PERINE, V. & HNaTOWICZ, V.
(2002). Energy spectra of Ag, Au, Sn, and Pb ions emitted from
laser-created plasmas determined from their implantation depth
profile in a metallic substrate. Laser Part. Beams 20, 109-112.

KRrUSHELNIK, K., CLARK, E.L., BEG, F.N., DANGOR, A.E., NAIMUDIN,
Z., Norreys, P.A., WEL, M. & Zepr, M. (2005). High intensity
laser-plasma sources of ions-physics and future applications.
Plasma Phys. Contr. Fusion 47, B451-B463.

Laska, L., Bapziak, J., GamMmiNo, S., JUNGWIRTH, K., KASPERCZUK,
A., Krasa, J., Krousky, E., KuBkgs, P., PArys, P., PFEIFER, M., P1-
SARCZYK, T., ROHLENE, K., RosiNski, M., Ryc, L., SKALA, J., Tor-
risL, L., ULLscHMIED, J., VELYHAN, A. & WoLowski, J. (2007).
The influence of an intense laser beam interaction with pre-
formed plasma on the characteristics of emitted ion streams.
Laser Part. Beams 25, 549-556.

Laska, L., JunewirTH, K., KrALIKOVA, B., KrASA, J., PFEIFER, M.,
RoHLENA, K., SKkALA, J., ULLSCHMIED, J., BADzZIAK, J., PARYS, P.,
Worowski, J., WoryNaA, E., Torrise, L., Gammino, S. &
Boopy, F.P. (2004a). Charge-energy distribution of Ta ions
from plasmas produced by 1v and 3v frequencies of a high-
power iodine laser. Rev. Sci. Instrum. 75, 1588—-1591.

Laska, L., JuNGWIRTH, K., KRrRASA, J., KROUSKY, E., PFEIFER, M., RoH-
LENE, K., ULLSCHMIED, J., BADzZIAK, J., PARYS, P., WoLowski, J.,
Torrisy, L., GammiNo, S. & Booby, E.P. (2006a). Self-focusing
in processes of laser generation of highly-charged and high-
energy heavy ions. Laser Part. Beams 24, 175-179.

Laska, L., JuNGgwIrTH, K., KRrRASA, J., KROUSKY, E., PFEIFER, M., ROH-
LENA, K., SkaLA, J., ULLscHMIED, J., VELYHAN, A., KUBES, P.,
Babpziak, J., Parys, P., Rosinski, M., Ryc, L. & WoLowski, J.
(2006b). Experimental studies of interaction of intense long
laser pulse with a laser-created Ta plasma. Czech. J. Phys. 56,
B506-B514.

Laska, L., JuNGWIRTH, K., KRrRASA, J., KROUSKY, E., PFEIFER, M., RoH-
LENA, K., VELYHAN, A., ULLSCMIED, J., GAMMINO, S., TorrisI, L.,
Bapziak, J., Payys, P., Rosinski, M., Ryc, L., & WoLowski, J.
(2008). Angular distributions of ions emitted from laser
plasma produced at various irradiation angles and laser intensi-
ties. Laser Part. Beams 26, 555-565.

Laska, L., JunewirTH, K., KraAsA, J., PFEIFER, M., ROHLENE, K.,
ULLcSHMIED, J., Bapziak, J., PArys, P., WoLowski, J., Booby,
F.P., GammiNo, S. & Torrisy, L. (2004b). Generation of extreme
high laser intensities in plasma. Czech. J. Phys. 54, C370-C377.

Laska, L., JungwirTH, K., KrasA, J., PFEIFER, M., ROHLENE, K.,
ULLSCHMIED, J., BADZIAK, J., PARYS, P., WoLowski, J., GAMMINO,
S., Torrisy, L. & Boopy, F.P. (2005). Charge-state and energy
enhancement of laser-produced ions due to nonlinear processes
in preformed plasma. Appl. Phys. Lett. 86, 081502.

Li, LM., L, L., CHeng, G.X., Xu, Q.F.,, Gg, X.J. & WEN, J.C.
(2009). Layer structure, plasma jet, and thermal dynamics of
Cu target irradiated by relativistic pulsed electron beam. Laser
Part. Beams 27, 497-5009.

ManNovA, D., GERLACH, J.W., NEUMANN, H. AssMANN, W. & MaNDL, S.
(2006). Phase formation in Ti after high fluence/high temperature
nitrogen implantation. Nucl. Instrum. Meth. Phys. Res. B 242,
282-284.

MARGARONE, D., Torrisi, L., GAMMINO, S., Krasa, J., Krousky, E.,
Laska, L., PFEIFER, M., ROHLENA, K., SkALA, J., ULLSCHMIED, J.,
VELYHAN, A., PArYs, P., Rosinski, M., Ryc, L. & WoLowski, J.
(2006). Studies of the laser-created craters produced on solid sur-
faces at various experimental conditions. Czech. J. Phys. 56,
B542-B549.

https://doi.org/10.1017/50263034614000081 Published online by Cambridge University Press

R. Ahmad et al.

MoLLER, W. (2004). Fundamentals of ion-solid interaction. Techni-
cal university of Dresden.

Ocawa, M., YosHIDA, M., NaKAIIMA, M., HASEGAWA, J., FUKATA, S.,
Horioka, K. & Oguri, Y. (2003). High-current laser ion source
based on a low-power laser. Laser Part. Beams 21, 633-638.

Park, H.S., Nam, S.H. & Park, S.M. (2007). Laser ablation of a Zn
target in electric field. J. Phys. 59, 384-387.

RaAFIQUE, M.S., KHALEEQ-UR-RAHMAN, M., AzZ1z-UL-REHMAN, SIRAJ,
K. & Knan, F. (2007). Laser-produced copper ion energy spec-
trum employing Thomson scattering technique. Laser Phys. 17,
282-285.

Rai, V.N,, SHukLa, M. & Pant, H.C. (2000). Effect of chamber
pressure induced space charge potential on ion acceleration in
laser produced plasma. Laser Part. Beams 18, 315-324.

Renk, T.J., MaNN, G.A. & Torres, G.A. (2008). Performance of a
pulsed ion beam with a renewable cryogenically cooled ion
source. Laser Part. Beams 26, 545-554.

RosHaN, M.V., RawaT, R.S., BaBAZADEH, A.R., EMaMI, M., SADAT
Kiar, S.M., VErRMA, R., LIN, J.J., TALEBITAHER, A.R., LEE, P. &
SpRINGHAM, S.V. (2008). High energy ions and energetic
plasma irradiation effects on Aluminum in a Filippov-type
plasma focus. App. Sur. Sci. 255, 2461-2465.

RotH, M., BRAMBRINK, E., AUDEBERT, P., BLAZEVIC, A., CLARKE, R.,
CoBBLE, J., CowaNn, T.E., FERNENDEZ, J., FucHs, J., GEISSEL, M.,
HaBs, D., HeGeLicH, M., KarscH, S., LEpINGHAM, K., NEELY,
D., Runt, H., ScHLEGEL, T. & SCHREIBER, J. (2005). Laser accel-
erated ions and electron transport in ultraintense laser matter
interaction. Laser Part. Beams 23, 95-100.

Satpatl, B., Goswami, D.K., Vaisunav, U.D., Som, T., DeEv, B.N. &
Saryam, P.V. (2003). Phy. Rev. Lett. 212, 157-163.

SCcHAUMANN, G., SCHOLLMEIER, M.S., RODRIGUEZ-PRIETO, G., BLAZE-
vic, A., BRaMBRINK, E., GEIsSEL, M., Korostry, S., PIRZADEH,
P., RotH, M., Rosmel, F.B., Faenov, A.Y., Pikuz, T.A., TsiGuT-
KIN, K., MaroN, Y., TaHR, N.A. & Horrmann, D.H.H. (2005).
High energy heavy ion jets emerging from laser plasma gener-
ated by long pulse laser beams from the NHELIX laser system
at GSI. Laser Part. Beams 23, 503-512.

SPRINGHAM, S.V., LEE, S. & RaAFIQUE, M.S. (2000). Correlated deu-
teron energy spectra and neutron yield for a 3 kJ plasma focus.
Plasma Phys. Control. Fusion 42, 1023-1032.

Stasic, J., Gakovic, B., Krmpor, A., Paviovic, V., Trtica, M. & JE-
LENKOVIC, B. (2009). Nickel-based super-alloy Inconel 600 mor-
phological modifications by high repetition rate femtosecond
Ti:sapphire laser. Laser Part. Beams 27, 699-707.

Torrist, L., ANpo, L., Gammmo, S., Krasa, J. & Laska, L. (2001).
Ion and netral emission from pulsed laser irradiation of metals.
Nucl. Instrum. Meth. 184, 327-336.

Torrisy, L., MARGARONE, D., CARIDI, F., BoRRIELLI, A. & GAMMINO,
S. (2008). A laser driven acceleration method. Proc. EPACOS8
084, 253-255.

Torrisi, L., MARGARONE, D., Gammivo, S. & Anpo, L. (2007). Ion
energy increase in laser-generated plasma expanding through
axial magnetic field trap. Laser Part. Beams 25, 453-464.

XN, JP., Zuu, X.P. & Le, MK. (2010). Significance of
time-of-flight ion energy spectrum on energy deposition into
matter by high-intensity pulsed ion beam. Laser Part. Beams
28, 429-436.

YEATES, P., CostELLO, J.T. & KENNEDY, E.T. (2010). The DCU laser
ion source. Rev. Sci. Instrum. 81, 043305/1-14.

ZEIGLER, J.F., BIERSACK, J.P. & ZIEGLER, M.D. (2008). The Stopping
and Range of lons in Matter. Morrisville: Lulu Press Co.


https://doi.org/10.1017/S0263034614000081

	Implantation of various energy metallic ions on aluminium substrate using a table top laser driven ion source
	Abstract
	INTRODUCTION
	EXPERIMENTAL
	RESULTS AND DISCUSSIONS
	Ion Energy Measurements
	Analyses of Ion Implanted Al Substrates with Varying Ion Energies

	CONCLUSIONS
	REFERENCES


