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Abstract

In this work we will represent the calculation for an optical LIBS system, as
well as the parameters for the beam characterization. On the realized
simulation, the beam was treated with the wave optics theory and its
propagation with the paraxial approximation. It was described as a beam of
Gaussian intensity profile and its propagation was acquired through the
ABCD’s law. Our results have showed the appropriated lens to hold a LIBS
sign for different kinds of materials, depending on their bond cleavage. Also,
we have showed a table with typical values of focus lens, used in LIBS setups,

and its respective irradiance.
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1.- Introduction

The LIBS (Laser Induced Breakdown Spectroscopy) system is widely used in
several research fields for atomic analysis of many materials, including alloys, soils,
fertilizers, grains, architectonic objects, semiconductors and medicines, among
others [1-7]. A short period of time have passed since the first experiments, and the
technique progress is still far away from stagnate. The fact of LIBS system owns a
great potential as an analytical tool originated a kind interest by the scientific
community in the last decades. As a result, the number of international publications
related with the technique has grown substantially. In 2011, a LIBS system was
coupled to the Curiosity robot and then it was sent to Mars, showing its maturity

and utility [8,9].

The LIBS technic is a type of atomic emission spectrometry that uses the
plasma generation by high-power short pulses of a laser. The laser’s pulse duration
is typically of nanoseconds (ns), however there are experiments with lasers of
picoseconds (ps) and femtoseconds (fs) [2,10-12]. The high-power laser focusing in
the sample (~GW/cm?) causes ablation of a small portion of matter, in order of nano
grams, which generates a plasma plumb with a temperature over 50.000K. In this
temperature, the material dissociates into ions and excite atoms, emitting a
continuous spectrum of radiation, which is not useful to characterize materials. Due
to the high velocity of plasma elements, occurs a supersonic and adiabatic
expansion, cooling the plasma between 5.000K and 15.000K in approximately 1 to
2 ps, when it is possible to measure the atomic/ionic emission lines and identify the
elements present in the sample. The time between the ablation pulse and the

radiation acquirement can vary in the range of 1 to 10 ps.

Owing the small amount of material which is wasting in the analysis (ng and
fg), LIBS is considered a semi-destructive technique for several applications, since
with an average power density less than 1 W, the sample don’t heat out of ablation
region. Because of its nature, this technique enables in loco analysis, which deals out
complex sample preparation processes, eliminating production of chemistry
residues [13-14]. Other possibility is to use it in gaseous, liquid or solid samples, in

conductor and non-conductor materials and also on that hardly dissolution [15].
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In this work we present the calculation achieved for an optical LIBS system
setup supposing the Gaussian profile of the laser beam. To do so, we applied the
Maxwell’s Equations resolution in cylindrical coordinates and the Gaussian beam
propagation method in optical systems. Thereby, we have found the best optical
setup which will allow us the suitable power density (Gw/cm?) to reach the

breakdown of different sample matrixes.

2.- Gaussian beam and its propagation

From Maxwell’s four equations, that describe wave light behavior, we can

derive the wave equation for electric field E, given by eq. (1):
VZE + k2(HDE =0 (1)

where k = uew? is the wave vector, u is the magnetic permeability of the
medium, € is the electric permittivity and w is the wave frequency. For simply, we’ll

treat the case in which the medium is homogeneous and non-magnetic, i. e., the

vector k is a constant.

Writing the laplacian operator in cylindrical coordinates and separating it
into transverse portion to beam propagation (r, 8) and parallel to beam propagation
(z), we achieved the wave equation resolution e we found the electric field

expression [16,17].

As the wave intensity is proportional to the square of electric field magnitude,

thus the light intensity I(r, z), resultant from E wave equation, is given by eq. (2)

Wo

2
and exhibits the Gaussian form, with maximum intensity IO( ) at radial

w(z)

coordinate r = 0.

r2

I(r,2) = I, ( o )Ze‘zwz_m (2)

w(z)

For r = w(z), the beam intensity decreases 1/e? from its maximum value

and this distance is called beam ray. Then the parameter wy is called waist and its
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relation with w(z) is given by eq. (3). Note that, in the origin of beam propagation

z = 0, the beam reaches its minimum value wy,.

2
2 — 1,2 z
w(z) = w; {1 + (%) } (3)
kw2  mnwé . -
The parameter z, = S = s called Rayleigh’s length and represents the

beam focusing region, where wy, < w(z) < v2w,. For small z,, there is a short
focalization and for great z,, there is a long focalization. Figure 1 illustrates the

Gaussian profile of a laser beam.

1(r,z)

-

Figure 1: Gaussian profile for a laser beam.

To find the beam ray w(z), the waist w, and the curvature ray of the
wavefront R(z) as the beam propagates and interacts with the optical elements
(mirrors and lens), we need to apply the ABCD’s law, widely used in geometric optics
and that, with the correct construction of parameters which describe the beam, can
be utilized in the Gaussian wave [17]. To do so, it is defined the parameter q(z),
given by eq. (4), which is a complex number. Note that its real part gives information

about the beam wavefront R(z) and its imaginary part depends on the beam ray

w(z).

1 1 il

9@ R@  mwi(2) (4)
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where n is the refraction index of the propagation medium and A is the

wavelength in the vacuum.

In accord with the matrix optics, each optical element can be represented by

a unitary matrix 2x2 and its elements are called A, B, C and D in the form (‘2, g)

When the beam strikes an optical element, the new parameter q,(z) is given by eq.

(5) and thus it is possible to find a new beam ray w(z) and the new wavefront R(z).

Aq(z)+B
cq(z)+D

q2(2) = (5)

In this way, in an optical system composed of various elements, we only need
to apply this routine in each element or to calculate the total matrix of the optical
system, given by the multiplication of individual matrixes, to characterize the

Gaussian beam, i. e,, to find its ray w(z) and the ray of the wavefront R(z).

3.- Calculation for the optical LIBS system setup

To determine the best optical setup of a LIBS system, we have solved the
following problem: assuming the beam arrives collimated at the focusing lens of the LIBS
system, which is the beam waist w, after the lens. Besides, we need to answer if the
joined wy is enough to presents a power density (irradiance) able to cause the material

ablation and to create the LIBS signal. Figure 2 illustrates the calculated situation.

d; a- as

> Z
Figure 2: Optical setup of the LIBS assembly.
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As the beam is collimated when strikes the lens, its wavefront ray R; — co.
y)

>
nnwsy

Thus, by eq. (4), we have qi =—i Using ABCD’s law, eq.(5), and a thin lens
1

matrix M gyt = (—11/f 2), we obtain that the parameter gq,, immediately after

1. . A
. . . 1 z .
the lens, satisfies the following relation: — = Lwlz, where f is the lens

q 2
C ()

focusing distance.

After the lens, we apply the ABCD’s law once more, eq. (5), for a translation

1 1
0 1

parameter g satisfies the relation given by eq. (6).

with distance [, whose matrix is Mrgansi =( ) and we obtain that the

1 _ (a*+p*)[((a®+b?)-a-ib] 6
s [Wa?+b?)-a]2+b? (6)

where we introduce the parameters a =

1 pl 1 L .
> b= w? = 7o to simplify the equation.

As Figure 2 shows, at g3 plan the wavefront ray is R; — oo, therefore the real
part of eq. (6) is null. This information takes us to find the translation distance [ as a

function of the lens focusing distance f and the Rayleigh’s length zy4, eq. (7).

1=—1 ©)

Note that, if zy; > f, we have [ = f, i. e.,, we are at geometric optics regime.

Matching the imaginary part of eq. (6) with imaginary part of eq. (4), we have:

(a?+b2)b 2
[l(a2+b2)—al?2+b?  mnw? (8)

Substituting the values of a and b in the equation above, we achieved the

relation between waist w, and its initial ray w;, given by eq. (9).

f

Wo = ———="w, (9)
Zo1 1+(ZOL1)
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Note that, if the Rayleigh’s length z,, is larger than the lens focusing distance
£

n”Wll

f, eq. (9) will assume the simple form w, =

To represent a LIBS system, we use a pulsed Nd:YAG laser, with pulse width
of 10 nanoseconds, in fundamental harmonics (A = 1064 nm) and energy about 50
m] per pulse. Figure 3 shows the variation of the lens focusing distance value and

the calculation of light irradiance at wy, i. e., where the analyzed sample was placed.

The irradiance calculation was achieved dividing the beam power (10 i

) by the

0ns

lighted area mw¢ in the sample.
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Figure 3: Irradiance and w,, versus Focus Distance plot for a LIBS assembly. The w;

utilized on simulation was 1mm, according to actual lasers Nd:YAG.

For sample matrixes utilized in LIBS spectroscopy, bond cleavage following
material ablation happened in the range of 5 to 10 GW/cm?2. In this case, we can overcome
this value with the initial use of a lens with focusing distance of to 20 cm. If in the
experiment it was necessary a higher or lesser irradiance in the sample, we would change
it easily according to the calculation realized and the Figure 3. In Table 1, we show the

values of w, and irradiance for some f values usually used in LIBS assemblies.
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Table 1. w, and Irradiance values for focus distances usually used in LIBS assemblies.

Focus Distance f (cm) wo(um) Irradiance (GW/cm?)
5,0 16,9 5,55 x 10?
7,5 25,4 2,46 x 10?
10,0 33,8 1,39 x 10?
12,5 42,3 8,90 x 10*
15,0 50,7 6,18 x 10!
20,0 67,6 3,48 x 10!

4.- Conclusion

Utilizing the Gaussian beam formalism to treat the laser used in Laser Induced
Breakdown Spectroscopy (LIBS) and the ABCD’s law to model its propagation in the
optical system, it was possible to find the values of focusing distance more suitable for
LIBS setup. The simulation was reliable enough to change the optical assembly in the
laboratory without compromise its validity. With a lens of f = 7,5 cm we achieved an
irradiance in the sample of approximately 246 GW/cm?, which is enough to cause material

ablation and consequently to obtain a LIBS signal.

The realized simulation in this work was necessary to know the beam parameters
before and after it strikes the sample. Thus, the optical assembly of the LIBS system has
all of its parameters known, that permits more agility and efficiency in the measurements

and sample changes.
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