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A B S T R A C T

We report quantitative analysis of manufacturing-induced trace contaminants of optical glass surfaces by laser-
induced breakdown spectroscopy (LIBS). Therefore, spectra recorded with an echelle spectrometer coupled to a
gated detector were analysed using a calibration-free LIBS approach based on the calculation of the spectral
radiance of a plasma in local thermodynamic equilibrium. The measurements were carried out in experimental
conditions that enable both accurate modelling of plasma emission and high sensitivity for trace element ana-
lysis. Depth-resolved measurements were performed by recording spectra for successive laser pulses applied to
the same irradiation sites. Validated via inductively coupled plasma atomic emission spectroscopy for the bulk
glass composition, the measurements evidence a surface contamination that originates from polishing during
glass manufacturing. The measured penetration depths of the contaminants are discussed in the frame of the
underlying mechanisms of surface contamination and related to the changes of the optical properties evidenced
by ellipsometric measurements. Demonstrated here for optical glass, the sensitivity-improved calibration-free
LIBS approach can be used to quantify contaminations of surfaces in all kind of technological applications.

1. Introduction

In classical optics manufacturing polishing is achieved by different
interactions of the glass surface with the used polishing pad material
and the polishing suspension. The effect of surface smoothing is not yet
fully understood, but generally based on four different mechanisms, (i)
flow of glass material, (ii) fretting due to friction of the glass surface
and the tool, (iii) mechanical removal via abrasion, and (iv) decom-
position of the glass surface by chemical reactions [1]. Since the last
two effects are typically predominant, the polishing process is usually
referred to as chemo-mechanical polishing [2]. Mechanical removal can
easily be described by the interaction of the glass surface with grains
such as cerium oxide or aluminium oxide from the aqueous polishing
slurry. Moreover, chemical reactions are induced by the polishing
suspension. Here, the main mechanism is the penetration of water into
the glass surface and an accompanying hydrolytic scission of the glass
network [3]. By the following reaction of hydrogen and the constituents
of the network forming silicon dioxide, a thin layer consisting of hy-
drated silica or silanol (Si-O-H) is formed [4,5]. This layer, referred to
as polishing re-deposition layer or Beilby layer [6], has a thickness of
some nanometres to some tens of nanometres [7,8]. In the course of

layer growth, residues from polishing agents are usually embedded in
the formed Beilby layer [6,9]. In addition, polishing agents and other
elements from the polishing suspension can penetrate into the glass
material due to hydrolysis and diffusion [10]. The penetration depth
depends on the polishing agents, glass type and process parameters, and
values up to several microns have been reported in literature [11].

This surface contamination may deteriorate the functionality of
optics surfaces. For instance, it is well known that the presence of re-
sidues from polishing agents leads to a decrease of the laser damage
threshold [12–14]. The damage threshold lowering is particularly se-
vere for ultraviolet laser radiation due to the strong UV absorption of
conventional polishing agents [15]. Further, such contaminants may
also alter the near-surface index of refraction as shown in previous work
[16]. As a result of a change in chemical composition at the glass sur-
face, the index of refraction may notably differ from the nominal value
of the bulk material, and the performance of a present dielectric func-
tional coating may be lowered.

Against this background, laser-induced breakdown spectroscopy is
proposed to investigate the polishing-induced surface contamination of
heavy flint glass. LIBS was already used for analysis of glass, for ex-
ample for quality control in industrial production [17], recycling
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[18,19], conservation of artworks [20–22], archaeometry [23], forensic
research [24–26], and nuclear waste management [27–29]. Calibra-
tion-free laser-induced breakdown spectroscopy was shown to be a
promising technique for quantitative analysis of complex multi-com-
ponent glasses [30]. More recently, it was shown that calibration-free
LIBS measurements enable the charcaterisation of multi-elemental thin
films with analytical performances better than the traditional techni-
ques of thin film analysis [31]. In the present work, we apply a sensi-
tivity-improved calibration-free LIBS approach that was previously
prosed to quantify trace-element contamination in seafood [32]. The
method is here applied to perform accurate analysis of optical glass
including depth-resolved measurements of major, minor, and trace
elements.

2. Materials and methods

2.1. Sample preparation and initial characterisation

For the investigation of polishing-induced surface contamination
plane parallel plates made of heavy flint glass (Schott, N-SF5) were
produced by classical optics manufacturing. The plates were cut from a
glass block using a water-cooled circular saw with a saw blade coated
with a copper matrix and embedded diamond grains. The cut surfaces
were then lapped using a slurry consisting of water and silicon carbide
abrasive grains with different grain sizes. Starting with rough lapping,
the grain size was successively reduced. After fine lapping, the samples
were polished for 6 h on a polishing pad made of a polyurethane foil
using a cerium oxide-based polishing suspension (Pieplow & Brandt,
Ceri3000). In the course of all manufacturing steps, tap water was used
for mixing the aqueous cooling lubricant, the lapping slurry, and for
thinning down the polishing suspension. After polishing, the index of
refraction of the polished surfaces was measured using an ellipsometer
(Accurion, model ep4) at a wavelength of 546.1 nm.

Heavy flint glass was chosen as sample material since this type of
glass has a notable relevance in optics manufacturing. Due to its high
index of refraction and low V-number it is an essential medium for the
realisation of optical systems with high imaging quality. In combination
with crown glasses it allows for the minimisation of chromatic aber-
rations. Heavy flint glasses are further used in spectacle optics in order
to produce thin ophthalmic lenses with high optical refraction power.
Since flint glass features a considerable nonlinear behaviour and a
significantly higher peak Raman gain than fused silica it is also used for
the production of photonic crystal fibres for supercontinuum generation
[33,34]. However, the impact of optics manufacturing and especially
polishing on the chemical composition of polished heavy flint glass
surfaces is usually not considered in literature whereas extensive work
was reported for fused silica, see summary in [11].

2.2. Calibration-free LIBS measurements

The LIBS experiment is illustrated by the scheme in Fig. 1(a). The
plasma was generated on the heavy flint glass sample surfaces using
Nd:YAG laser (Quantel, model Brilliant) pulses of 4 ns duration. The
laser was operated at its fourth harmonic wavelength of 266 nm. The
laser pulse energy was attenuated down to 6 mJ using an energy control
unit consisting of a half-wave plate and a polariser. The laser beam was
focussed onto the sample surface by a plano-convex lens with a focal
length of 150 mm. According to a beam diameter of 100 µm on the
sample surface, the incident laser fluence was of about 100 J/cm2. This
fluence was shown to be large enough to ensure stoichiometric ablation
[35]. The samples were placed on a motorised xyz linear stage mounted
in a vacuum chamber of 10−4 Pa residual pressure. During LIBS mea-
surements, the chamber was filled with argon at a pressure of 5 × 104

Pa. We emphasise that the precise pressure has no influence on the
analytical performance of the method and that the measurements can
be performed with an argon jet in ambient air for practical reasons.

The emission of the laser-produced plasma was captured by a con-
denser setup consisting of two convex lenses with focal lengths of
150 mm and 35 mm, respectively, and coupled into a multimode optical
fibre of 600 µm core diameter. According to an image magnification of
about 1:5, a cylindrical volume of 3 mm diameter was observed to make
sure that emission from the entire plasma was captured. The optical
axis of observation was tilted by an angle of 15° with respect to the
surface normal. The optical fibre was coupled to an echelle spectro-
meter (LTB, model Aryelle Butterfly) with a resolving power of
1 × 104. The spectrometer was equipped with an intensified charge-
coupled device (ICCD) matrix detector (Andor, model IStar) for time-
resolved spectra recordings.

The measured spectra were analysed using a calibration-free LIBS
measurement procedure based on the calculation of the spectral ra-
diance of the laser-induced plasma. To enable accurate modelling of the
plasma emission, the experimental conditions were chosen so that the
plasma is in local thermodynamic equilibrium and characterised by
almost uniform spatial distributions of temperature and densities [36].
In that condition, the emission spectrum of a plasma composed of n
elements is determined by n + 2 parameters, the temperature T, the
electron density ne, the relative fractions of n-1 elements, and the
plasma diameter along the line of sight L [30]. An iterative algorithm is
used to deduce the parameters from the comparison of the measured
and computed spectra in the spectral ranges of appropriate spectral
lines. The algorithm consists of principal loop for the successive mea-
surements of the n + 2 parameters with an embedded calculation loop
for the derivation of each parameter from the best agreement between
measured and computed spectra in the ranges of preselected spectral
lines [see Fig. 1(b)].

Calibration-free LIBS measurements usually suffer low sensitivity.
To satisfy the condition of local thermodynamic equilibrium (LTE), the
electron density must be large enough so that the rates of collisional
excitation and de-excitation dominate the radiative decay [37]. The
processes of bremsstrahlung and radiative recombination associated to
the charged particles generate a continuum radiation that hinders the
observation of low-intensity spectral line emission from trace elements.
To increase the sensitivity of the calibration-free LIBS measurements,
we apply a two-step procedure that was recently proposed for trace-
element analysis of organic materials [32]. The method is based on the
recording of two spectra with different delays between the laser pulse
and the detector gate. The early measurement is performed in full LTE
conditions, when the electron density is large enough to ensure Boltz-
mann equilibrium distributions of all plasma species. According to the
low signal-to-noise ratio, this spectrum enables the quantification of
major and minor elements only. To complete the analysis, a second
spectrum is recorded with larger delay. Due to the lower electron
density, the equilibrium condition is not fulfilled for all elements.
Atoms such as oxygen, characterised by large energy gaps between their
electronic excitation levels, are out of equilibrium. Contrarily, the
equilibrium condition is still fulfilled for metallic atoms as their energy
levels lie closer to each other. The number of charged particles being
reduced, the continuum emission intensity is lower and low-intensity
emission lines are observable with an improved signal-to-noise ratio.
This situation is exploited to quantify trace elements. In the present
experiment the early and late measurements were recorded with gate
delays td of 400 ns and 2000 ns, respectively. The corresponding gate
widths were set to Δtg = td/2 to make sure that the variations of elec-
tron density ne and temperature T during the time of observation are
small compared to their absolute values. We measured
ne = 3.2 ± 0.8 × 1017 cm−3 and T = 13200 ± 400 K for the early
delay, and ne = 4.1 ± 1.1 × 1016 cm−3 and T = 8800 ± 300 K for
the late delay.

Depth-resolved measurements were performed by recording spectra
for consecutive laser pulses applied to single ablation sites. Each re-
cording was obtained by accumulating the signal over 100 ablation
sites to reach a sufficiently large signal-to-noise ratio. The depth of the
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laser-produced craters was measured via optical microscopy (Nikon,
model Eclipse LV100ND). The spectral lines used for the quantification
of major, minor, and trace elements are listed in Table 1 with the data
used for the calculations. Most Stark broadening parameters have been
measured in a separate experiment as illustrated in Refs. [38,39]. Al-
though the applied calibration-free approach accounts for self-absorp-
tion, all measurements have been performed with lines of optical
thickness < 1. We note that the resonance lines of potassium and
sodium neutral atoms have moderate optical thickness during the early
measurement when the major elements are quantified.

2.3. Inductively coupled plasma atomic emission spectroscopy

The depth-resolved calibration-free-LIBS measurements have been
validated by comparing the composition deduced for the bulk glass to
that obtained via inductively coupled plasma atomic emission spec-
troscopy (ICP-AES). Here, a commercial ICP-AES system (Varian, model
Vista-MPX with axial aim) was used to measure the mass fractions of all
elements. For this purpose, a sample with a mass of 100 g was taken
from the investigated glass. The fractions of Si and La were determined
by acid dissolution after alkaline melting (Spectroflux, high purity
Li2B4O7) whereas the other elements were measured in a solution ob-
tained by fluoro-nitric acid etching. All reagents used were of analytical

Fig. 1. (a) Experimental setup used for LIBS spectra recordings and (b) flow chart of the applied calibration-free LIBS measurement approach consisting of a principal
loop for the consecutive measurements of electron density ne, temperature T, elemental fractions Cx and plasma diameter L, and an embedded calculation loop for the
determination of each single parameter.

Table 1
Transitions used for calibration-free LIBS measurements: wavelength λ, transition probability Aul with relative error ΔAul, energy E and statistical weight g of lower
(index l) and upper (index u) electronic states, Stark broadening width w and shift d for ne = 1 × 1017 cm−3.

Species λ (nm) [reference] Aul (µs−1) ΔAul (%) El (eV) gl Eu (eV) gu w (pm) d (pm)

Pb I 363.957 [40] 32.0 20 0.97 3 4.38 3 27 14
O I 777.194 [41] 36.9 7 9.15 5 10.74 7 105 15
Si I 390.552 [42] 13.3 15 1.91 1 5.08 3 31a 16a

K I 769.896 [43] 37.5 5 0.00 2 1.61 2 105 24
Na I 588.995 [44] 61.6 2 0.00 2 2.10 4 44 13
Ba II 455.403 [45] 111 15 0.00 2 2.72 4 40 −1.7
Ca II 393.366 [46] 140 25 0.00 2 3.15 4 20b −4.0b

Al I 394.400 [47] 49.9 10 0.00 2 3.14 2 29 19
Zn I 481.053 [48] 70.0 25 4.08 5 6.65 3 64 38
La II 394.910 [49] 147 10 0.40 7 3.54 9 17 0.00
Mg I 517.268 [50] 33.7 10 2.71 3 5.11 3 90 50
Li I 670.776 [51] 36.9 1 0.00 2 1.85 4 39 −2.7
Ti II 336.121 [52] 158 25 0.03 8 3.72 10 11 0.06
Fe I 358.119 [53] 102 7 0.86 11 4.32 13 11 2.0
Ag I 328.068 [54] 140 5 0.00 2 3.78 4 16 0.00
Cu I 324.754 [55] 140 2 0.00 2 3.82 4 1.4c 0.00c

Sr II 421.552 [56] 126 7 0.00 2 2.94 2 41 −3.4

a Ref. [57].
b Ref. [58].
c Ref. [59].
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grade.

3. Results and discussion

3.1. In-depth measurements of glass surfaces

Depth-resolved LIBS measurements require the knowledge of the
ablation depth produced by each consecutive laser pulse. Therefore, a
series of craters was drilled with an increasing number of laser pulses
and the depth of the craters was measured via optical microscopy. From
the linear growth of crater depth with the number of laser pulses ob-
served in Fig. 2, an ablation depth of 0.73 µm per pulse is deduced. The
variation in crater depth as represented by the error bars can be ex-
plained by the brittle character of the investigated glass and the re-
sulting differences in material removal during phase explosion induced
by the high applied fluence.

Cerium oxide-based polishing suspensions are usually a mixture of
cerium oxide and lanthanum oxide [13]. For the commercial polishing
suspension used in the present work the cerium oxide content is merely
60–65 wt% where the total content of rare earths is 86–91 wt% [60].
The second major constituent is lanthanum oxide and in some cases, the
lanthanum content in cerium polishing agents even exceeds 30 wt%
[61,62]. An amount of lanthanum comparable to that of cerium was
also evidenced by the present LIBS measurements. Both elements are
characterised by rich emission spectra composed of many atomic and
ionic transitions. However, the most intense cerium lines are interfered
with atomic or ionic transitions of other elements. Thus, the limit of
cerium detection was of about one order of magnitude higher than that
of lanthanum detection. The spectral line that was used to quantify
lanthanum is observed in the spectrum shown in Fig. 3. The spectrum
exhibits also several transitions that were used for the quantification of
aluminium, barium and calcium.

The mass fraction of calcium deduced from the LIBS measurements
is displayed in Fig. 4 as a function of depth. It is maximum at the sample
surface and decreases exponentially to the constant value of the bulk
glass. The description by an exponential decay represented by the solid
line allows us to deduce mass fractions of 290 ppm and 45 ppm at the
surface and for the bulk, respectively.

3.2. Validation via ICP-AES measurements

The measurement accuracy of the calibration-free LIBS analysis was
evaluated by comparing the elemental fractions deduced for the bulk
glass to reference values obtained via ICP-AES analysis (see Table 2). In
addition, the elemental fractions are compared to values measured
previously with a simple calibration-free approach based on single
spectrum analysis [30].

Due to the lower sensitivity, the previous LIBS analysis enabled the
quantification of a reduced number of elements only. The measured

mass fractions are in fair agreement with the reference values. The
sensitivity-improved calibration-free LIBS approach enables the quan-
tification of several trace elements that have not been quantified pre-
viously. The mass-fractions deduced for the bulk glass are in good
agreement with the reference values for most elements. The main error
sources are attributed to the accuracy of transition probabilities and to
intensity measurement errors. The latter are due to low signal-to-noise
ratio and/or uncertainties in the apparatus response correction.

3.3. Characterisation of surface contamination

The mass fractions of several trace elements measured via calibra-
tion-free LIBS are displayed in Fig. 5 as functions of depth. It is shown
that silver and titanium (a) are uniformly distributed within the glass.
Both elements are known trace contaminants in heavy flint glasses [63].
Contrarily, lanthanum (b) and magnesium (c) have non-uniform depth
distributions. Similar to the distribution of calcium (see Fig. 4), their
mass fractions have a maximum at the sample surface and decrease
exponentially with increasing depth. The residual amount of magne-
sium is small within the bulk glass. Lanthanum is absent in the bulk
indicating that this element originates from the surface polishing

Fig. 2. Crater depth versus number of applied laser pulses.

Fig. 3. Measured (black curve) and computed (red curve) spectral radiance of
transition from calcium, barium, aluminium, and lanthanum. The spectrum was
recorded with a gate delay of 2 µs and gate width of 1 µs. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 4. Mass fraction of calcium in heavy flint glass versus depth.
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process only.
Neauport and co-workers [13] reported similar depth-dependence of

La and Ce for cerium oxide-polished fused silica samples. They per-
formed depth-resolved measurements by means of consecutive etching
of 800 nm thick layers and ICP-AES analysis of the removed matter.

The enrichment of the near-surface region with calcium and mag-
nesium is attributed to the use of tap water in the consecutive steps of
sample preparation: (i) cutting, (ii) preparing the lapping slurry and
(iii) thinning down the polishing suspension. The penetration depth
derived from the exponential decrease is of 1.1 ± 0.2 µm and
1.0 ± 0.2 µm for lanthanum and calcium, respectively. The penetra-
tion depth of magnesium is notably higher and accounts for
1.8 ± 0.4 µm. This difference in penetration depth can be explained by
the fact that magnesium is the smallest of those three elements and thus
features the highest diffusion length. In addition to diffusion, elements
transported by water can accumulate in the near-surface Beilby layer
that is formed on the surface and within micro cracks during polishing
of silicon dioxide-based glasses. Such accumulation of residues from
polishing agents in this layer is quite well known in literature [6,9] and
a similar depth-dependence as measured in this work was partially
observed as already mentioned above [13].

It should finally be noted that the depth of penetration of residues
from polishing suspensions strongly depends on the particular glass and
the applied process parameters during polishing. For example, quite
different values for cerium are reported in literature [11], ranging from
40 nm [64] up to 8 µm [65].

3.4. Impact of surface contamination on optical properties

As shown in the previous section, the near-surface glass layer is
contaminated by trace elements originating from operating materials
used in optics manufacturing. This leads to an alteration of the chemical
composition of this layer up to a depth of several microns. Since the
optical properties of any glass strongly depend on the glass stoichio-
metry and admixtures, the observed manufacturing-induced con-
tamination results in a modification of optical parameters such as the
index of refraction. This was verified by ellipsometric measurements of
the polished heavy flint glass surfaces. As shown in Fig. 6, the actually
measured index of refraction differs from the theoretical or nominal one
as specified by the manufacturer’s data sheet.

The measured index of refraction of 1.6747 is notably lower than
the reference value of 1.6776 [66]. This can be explained by the

modification of the chemical composition in the near-surface region
during the manufacturing process by means of the observed accumu-
lation of contaminants. Even though the glass bulk material is not af-
fected by the manufacturing process the change in index of refraction at
the surface has an appreciable effect on the functionality of an optical
component. This mainly applies to the reflectance of the glass surface.
For perpendicular incidence of light, the reflectance of an interface
between air (n = 1.0003) and undisturbed heavy flint glass
(n= 1.6776) is 6.40% as calculated by the simplified Fresnel equation.
Considering the observed reduction in index of refraction (n= 1.6747),
the reflectance accounts for 6.36%. As a percentage, the difference
between both values consequently amounts to 0.64%. The possible
impact of such deviation in index of refraction and surface reflectance,
respectively, on dielectric coatings applied to contaminated glass sur-
faces was already discussed in previous work [16]. Summing up it can
be stated that manufacturing-induced surface contamination may lead
to a reduced or even insufficient performance of optical coatings in
some cases.

Table 2
Mass fractions of the glass-composing elements measured via sensitivity-im-
proved calibration-free LIBS for the surface CLIBS, surface and for the bulk CLIBS,

bulk including comparison to values previously measured via calibration-free
LIBS CLIBS, 2014 and to reference values Cref from ICP-AES analysis.

Element Unit CLIBS, 2014 CLIBS, surface CLIBS, bulk Cref

Si % 19.6 18.7 18.7 18.04 ± 0.15
Ba 0.14 0.22 0.22 0.246 ± 0.003
K 2.96 4.4 4.4 3.50 ± 0.03
Na 1.18 1.5 1.5 1.21 ± 0.07
Pb 50.4 48.6 48.6 49.45 ± 0.92

Ti ppm – 16 16 13 ± 1
Al – 200 100 68 ± 1
Ca 32 290 45 50 ± 2
Sr – 3 1 1 ± 0.3
Mg – 180 2 5.7 ± 0.3
Li – 40 – < 5b

La – 220 – < 2b

Fe – 10 10 5 ± 2
Ag – 6 6 4 ± 0.2
Cu – 6 – < 3b

aRef. [30].
b Limit of quantification of ICP-AES measurement.

Fig. 5. Mass fractions of selected trace elements – silver and titanium (a) as well
as lanthanum (b) and magnesium (c) – in heavy flint glass versus depth.
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4. Conclusions

We demonstrate that calibration-free LIBS is a powerful tool for
accurate elemental analysis of materials with micrometric depth re-
solution. Using a sensitivity-improved calibration-free LIBS approach,
we were able to measure the complex composition of heavy flint glass
including major, minor and trace elements. The depth-resolved mea-
surements allowed us to identify trace element contaminants according
to the exponential decrease of their abundance from the surface into the
bulk. The analytical performance of the method is illustrated by the
comparison of the elemental fractions measured for the bulk glass to
reference values obtained via ICP-AES analysis. The characterisation of
the trace element contaminants via their mass fraction amounts and
their penetration depths contributes to the better understanding of the
interactions between glass surfaces, tools and working materials used in
optics manufacturing. The findings are therefore useful to improve the
manufacturing processes and consequently the performance of optical
components. Validated here for analysis of multi-elemental heavy flint
glass, the presented method is applicable to any materials that require
accurate surface analysis in the view of their technological applications.
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