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It is important to manipulate the density of nanoparticles on a substrate subjected to laser ablation.
In this paper we have summarized our approach for changing the projected paths of nanoparticles
by using magnetic fields and polarization. This enables us to change the concentration of
nanoparticles in specific areas which also enable us to control their density at a given location on
the substrate. This concentration of nanoparticles can then be redirected towards a magnetic lens
and used in various other applications. We experimentally showed that the nanoparticle aggregates
were concentrated at locations consistent with Lorentz force law and highly concentrated towards
the direction electric field vector in the polarized case. Therefore our findings can be used to
understand how nanoparticles react under the influence of magnetic fields and polarized

femtosecond laser ablation.

Nanoparticles have attracted much interest in the nanotechnology applications due to their huge
potentials in medicine and new engineering materials. Several methods have been developed to
generate nanoparticles in large quantities, among which laser ablation is desired because of
simplicity in configuration and short process time. Recently, femtosecond laser ablation has been
investigated for nanoparticle generation and it was observed that the nanoparticle structure
generated by femtosecond laser ablation presents unique characteristics, compared to

nanoparticles that are generated with conventional long pulse lasers. The differences in ablation



characteristics among femtosecond, picosecond and nanosecond lasers are discussed in detail in
the reference [1]. Our recent research revealed that fibrous nanoparticle aggregates can be created
by laser ablation of a target material in ambient atmosphere at room temperature [2].

We used a femtosecond laser capable of producing variable pulse widths and pulse frequency. The
laser source is an all-diode-pumped, direct-diode pumped Yb-doped fiber oscillator/amplifier
system capable of producing variable pulse energies up to 10 mJ at a pulse frequency between 200
kHz and 25 MHz. Average power varies between 0-20W. The samples obtained were
characterized using scanning electrical microscopy (SEM). Large amounts of fibrous

nanostructures were observed [3], as shown in Figures [2].
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Figure [1] : Setup for investigating the magnetic effects on the sample.
We observed that the formation of nanoparticle aggregates in Silicon were deviated to either the
left or the right half around the ablated area if the magnetic field is directed upward or downward
in Figure[2]. The higher concentration depended on the direction of the magnetic field. Figure [2]

shows a clear difference between the two sides.

Figure [2] : Femtosecond laser ablation under the influence of magnetic field in - Figure [1]



According to the Lorentz force law the above observation can be expected. Lorentz force law [4]
can be writtenas F=+nq(V X B). V is the upward velocity of the plume. Taken the cross product
with B (forward) gives the force F to the left. The outward ejection pattern of nanoparticles is

further evident when the ablated points are zoomed outward as below in Figure [4].

Figure [3] : Influence of the magnetic field on nanoparticle direction. The same test was repeated
many times to confirm that the deviated particles to the top occurred as a result of non other than
the magnetic field.

When observing with less magnification it is clearly visible that the nanoparticles have travelled
more than twice the distance upward than they have travelled downward in Figure [4]. This
difference is indicated by the two rectangles. The magnetic field is towards right. Therefore the
Lorentz force is upward.

In addition to the Lorentz force, it is important to investigate the magnetohydrodynamics (MHD)
effects on plasma that produces nanoparticles. In the presence of a magnetic induction field, the
motion of an electrically conducting fluid across magnetic field lines of force generates a current.
Fluid elements carrying current, which traverse magnetic field lines of force, give rise to additional
forces through MHD effects acting on the elements in addition to the Lorentz force. In ordinary
hydrodynamics, apart from surface waves the only small-amplitude waves possible are longitud-
inal, compressional (sound) waves. By analogy with ordinary sound waves whose velocity
squared is of the order of hydrostatic pressure, divided by density, we expect hydrostatic waves

called Alfvén waves, will have a velocity
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Alfvén wave velocity can be vectorially defined as :
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The magnetic fields induced by these different waves can be found from the third equation

in Equations (2).
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Figure [4] : Longitudinal and transverse Alfvén waves. Arrows show the direction of  field
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The magnetostatic wave moving perpendicular to (first case) causes compressions and

rarefactions in the lines of force without changing their direction as indicated in Figure [5-a].

The Alfven wave parallel to causes the lines to oscillate back and forth laterally. Figure [5-b].
It is the task of the experimentalist to minimize the nanoparticles that would deviate out of the
collimated direction by choosing the appropriate values for and k.

In order to further concentrate the nanoparticles into a smaller area, let us look at the effects of
S-polarization [5] or the E vector during the nanoparticle ejection. Polarization of the laser beam

that ablates the target shows a very important effect when diverting nanoparticles.

Plane of incidence
and reflection. /

Kk B and reflection.
B :
E E \
E>\ E
= / y/
E
E is perpendicular to the plane of
incidence and B is on the plane. S-Polarized

(@) (b)
Figure [5] : The femtosecond laser strikes the Si target at an oblique angle on a plane of incidence
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The theoretical analysis of energy transmission into the medium of the target is important when it
comes to understanding the constituents of the ablated material. That is, either if they are surface

waves or if the absorbed energy is high enough to ablate as a plasma.
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Figure [6] : (a) Plane of incidence, reflection and refraction. Reflecting and refracting angles have
been exaggerated for clarity. (b) The graph illustrates that plasma ejection from the target occurs

only at high pulse rates with high fluence.

The transmission coefficients are defined correspondingly. Intensity is proportional to the
amplitude square of a field vector ( in vacuum | =E2 thetdfore E 1/2), we get the relative

intensities for the both s and p components as follows:
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Unlike in the case of the ripples [Figure 6b], [9] we expect to see a higher concentration of

nanoparticles deviated towards the directions that the E field would direct since the plasma that



condensates to nanoparticle aggregates is positively charged. This can be clearly seen by the

Figure [7] below. YZ-plane is the plane of incidence and reflection [6 ].

Figure [7] : A side view of Figure [5] towards y-axis direction. The motion of nanoparticles into

the E vector direction is shown.
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Figure [8] : shows the higher concentration of nanoparticles in the direction of electric field
(a) NP motion due to magnetic field (b) NP motion due to Electric field. (c) the

combined effect of both Electric and Magnetic fields.

Figure [9] : (a) NP concentration under the influence of a B field (b) NP concentration under

s-polarization (c) NP concentration combining both effects from (a) and (b).

Through our research we mainly focused on manipulating the direction of the nanoparticles.

According to our research, the material manipulation was done while it was still at a plasma stage.



Since crystallization occurs after condensation of plasma [7], we believe that the nanoparticle
crystals are arranged according to some Si paramagnetization [8] in addition to their electric dipole
moments. This is important since this effect may not be achievable through laser ablation with low
repetition rates or fluence, Figure [6b], since in this case the nanoparticle condensation occurs as a
concentric ripple wave around the ablated area at first which gets concentrated towards the
directions perpendicular to the electric field. Instead of the ripple effect that has been observed by
majority of researchers [9,10] who study polarization effects we see higher concentration of
nanoparticle aggregates that build upward as 3D structures only by using higher repetition rates
with high fluence Figure [6b]. This enhancement effect for polarized laser ablation along with the
magnetic field effects and avoiding transverse MHD effects, nanoparticle aggregates can be

concentrated into any small area on the target surface.
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