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This paper dealswith the study of the collection optics required by a LIBS system that has to performon-line anal-
ysis of moving samples whose distance may vary during measurements. Main requirement of this system is to
maintain good collection efficiency over a wide range of sample distances by using a fixed focus optical arrange-
ment. The selected configuration is based on the use of two spherical mirrors with the same curvature radius.
Tests carried out on an experimental prototype are in good agreement with the previously performed
simulations.
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1. Introduction

Elemental analysis of moving samples, like e.g. raw minerals
transported by conveyor belts, is one of the most challenging applica-
tions of a LIBS measuring system in industrial plants [1–3]. Most of the
LIBS systems, conceived for the analysis of moving samples transported
by conveyor belts, undergo to some common requirements: a small size
to simplify the installation, a quite large operating distance to prevent
interactions with the transported material, and, in order to allow the
analysis of a large number of elements, a wide spectral range. One of
the main difficulties in performing such measurements is represented
by the variable distance at which the samples are located when passing
through the measuring point. In fact, because of their optical configura-
tion, conventional LIBS systems start reducing their performances
(mainly in terms of collection efficiency) as soon as the position of the
samples falls outside a very limited range of distances from the collec-
tion optics. This problem has been solved in the past by means of feed-
back controlled devices, utilizing either optical systems with variable
focal length or mechanical systems that keep the collection optics at a
fixed distance from the sample [4,5].

To avoid the use of servo-mechanisms and, at the same time, to pro-
vide reliable LIBS systems robust enough to work in industrial plants,
we have developed an innovative measuring system [6] using an on-
axis configuration –based on a fixed focus collection optics with a

large depth of field– capable of maintaining a good collection efficiency
over a wide range of measuring distances.

In this work we present the study which led to the development of
the collection optics including a comparative analysis with some of
the most conventional systems. Among all the investigated systems,
three different configurations provided the most interesting results.
The first onewas an ideal air spaced achromatic lens system, a refractive
component that can operate over awide spectral rangewith a negligible
chromatic aberration; the other two were a parabolic and a spherical
mirror based configurations, which are intrinsically immune from chro-
matic aberration.

As a result of this analysis, we found that the use of two spherical
mirrors with the same curvature radius, although affected by a residual
astigmatism, provides a good tradeoff betweendepth offield and collec-
tion efficiency. Tests with an experimental mock-up reproducing this
optical system have also been carried out and their results compared
with the previously performed simulations.

2. Analysis of different collection optics configurations

The specific application for which this study has originally been con-
ceived, was the on line analysis of raw coal, transported by the conveyor
belts feeding the burners of power plants. This measuring system re-
quired the collection of the plasma emitted light over a broadband spec-
trum, ranging from 200 nm to 900 nm; the distance between the
measuring system and the conveyor belt was required to be of the
order of 1 m to allow for large variations in the coal height on the con-
veyor belt. The collected light was delivered to the spectrometers
through a 600 μm core, 0,22 N.A. optical fiber.
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Different solutions have been considered under the hypothesis of
utilizing an on-axis LIBS configuration (see Fig. 1), which is the most
convenient arrangement when the sample distance is not constant; a
LIBS system, in fact, can only perform measurement in the region
where the laser and the collection optic axes intersect. Either a holed
mirror or a dichroic mirror could be employed to separate the focused
laser beam from the emitted radiation traveling in the opposite direc-
tion; a holed mirror is however preferable for our application, because
the high power laser could easily damage the dichroic mirror [7].

The different optical systems have been analyzed and compared,
employingboth commercial software (WinLens3D) and properly devel-
oped ray-tracing algorithms. The parameters selected to compare the
systems were the collection efficiency, the depth of field and the
shape of the collection volume. The collection efficiency has been de-
fined as the fraction of light, emitted by a point like source, that the sys-
tem is actually able to fed into thefinal collecting element. As such, it is a
dimensionless quantity and it is function of the relative position of the
light source and the collection optic. The depth of field has been defined
as the FWHM of the optical efficiency, measured along the optical axis;
also, the collection volumehas been defined as the volume insidewhich
the collection efficiency is at least 50% of the maximum value.

2.1. Single lens

A single lens represents the simplest refraction based collection sys-
tem. It should be noticed, however, that the use of lenses is not immune
from inconveniences, like e.g. spherical aberration, glass transmission

and chromatic aberration. Problems arising from spherical aberration
can easily be solved by using aspheric lenses, commercially available
in a large variety of diameters and focal lengths. Care, however, has to
be paid in the selection of the optical glasses, as most of them exhibit
good transmission only over a limited spectral range. Among the most
used ones, only two show a good transmission over the whole ideal
measuring spectral range (from 200 nm to 1100 nm), namely the
fused silica and the calcium fluoride.While the lattermaterial has better
optical quality, its mechanical properties areworse, since it is brittle and
prone to be damaged by humidity and thermal shocks. Fused silica, in-
stead, is a stable and reliable material. However, lenses made with
these materials exhibit great chromatic aberration. When operating in
the wavelength range 200–1100 nm with a fused silica plano-convex
lens, a chromatic aberration as large as 19% of its effective focal length
at 500 nm is observed. As a consequence, once the distance between
the lens and the collecting optical fiber has been chosen, the efficiency
of the collection system is strongly affected by the wavelength of the
light, since only a small fraction of the spectrum can actually be coupled
into the collecting fiber. As an example, Fig. 2 shows the calculated col-
lection efficiency of a plano-convex fused silica lens (diameter 1 in.,
focal length 2 in.) as a function of the collected wavelength. As it can
be noticed the collection efficiency rapidly decreases outside the 250–
350 nm spectral range.

To overcome this problem, achromatic lenses must be used. Most of
these lenses, however, are manufactured by gluing their components
together using UV-cured optical adhesives. As a consequence, they do
not transmit wavelengths lower than 320 nm. The use of air-spaced
corrected triplets, an apochromatic lens systems made by three optical
elements held together by an external housing, is therefore mandatory.
As the simulation shows (Fig. 3), this kind of solution exhibits both a
good depth of field and a large field of view. It should also be noticed
that there is a large volume, surrounding the working point, where
the collection efficiency is almost independent of the lateral displace-
ment of the emitting source. However, commercially available air-
spaced achromatic triplets are quite expensive and usually with a
small aperture (typically smaller than 1 in.) which drastically limits
the collecting angle and therefore their collection efficiency, especially
when working distances are quite large. In addition, the use of CaF2 op-
tical elements makes these components unsuitable for application in
harsh environments.

2.2. Parabolic mirrors

The simplest way to avoid the problems stemming from chromatic
aberration is the use of mirror based collection optics, which is a com-
mon practice among LIBS experiments performed in laboratory con-
trolled environments.

Fig. 1. Schematic representation of an optical system employing: A) a single, holed,
parabolic mirror. B) Two spherical mirrors. C) Two spherical mirrors and a plane one to
fold the optical path.

Fig. 2. Collection efficiency of a plano-convex fused silica lens as a function of the
wavelength.
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