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Steel impacts a variety of industries such as construction, automotive and ship building. The physical
properties of steel (e.g., hardness, weldability) are significantly affected by the concentration of carbon.
Hence, accurate determination of carbon content in steel has been, and still is, an active field of
research. Laser induced breakdown spectroscopy (LIBS), has been extensively used applied to measure
the concentration of carbon in steel. Specifically, vacuum-ultraviolet (VUV) LIBS is a favourable technique
for detection of light elements. In this work, a line plasma, as opposed to the more commonly used
point like plasma plume, is explored to systematically investigate its effect on the limit of detection for
carbon in steel. In addition, the effect of moving the target surface and cylindrical lens focus with
respect the optic axis of the spectrometer is studied. The presence of a fore slit, between the plasma
and entrance slit of the spectrometer, provides a degree of space resolution, by allowing radiation from
a specific slice of the plasma plume to enter the spectrometer. Importantly, the experimental findings
suggest a significant improvement in the relative limit of detection, by a factor of six, over the more

rsc.li/jaas usual point-like plasmas.

1. Introduction

Laser-induced breakdown spectroscopy (LIBS) is a robust
analytical technique that uses atomic** and/or molecular®
emission spectrometry of Laser Produced Plasmas (LPPs) to
determine the elemental composition of solids, liquids or gases.
Several advantages are accredited to LIBS including, but not
limited to: little or no sample preparation, fast data acquisition
and ability to detect any chemical element in complex hosts or
matrices.** In light of such compelling advantages, LIBS has
found application in a broad range of fields (e.g. detection of
explosives,®® preservation of culutral heritage,®* metal-
lurgy,*>*® the food industry,'** environmental analysis*>*~*” and
biology***°) with significant socio-economic impact. Impor-
tantly, LIBS has also been applied to the analysis of nuclear
reactor materials.*>** Even though LIBS is a well proven tech-
nique for the detection of trace elements at high and moderate
concentrations, getting to lower and lower detection limits for
all elements is an ongoing challenge for the LIBS community to
meet.>>*

Different approaches have been adopted, in an endeavour to
enhance the sensitivity of LIBS. In this context, e.g., the so-called
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dual pulse excitation scheme makes use of two laser beams in
either a collinear or an orthogonal arrangement, to enhance the
signal to background ratio (SBR) of the LIBS signal.'®*® Specif-
ically, several LIBS studies investigating the optimization of
limit of detection (LoD) of carbon in steel, have been re-
ported,**? including Vacuum-UV (VUV) LIBS that facilitates the
detection of light elements.?>*>*

The Bessemer process heralded the era of modern steel-
making in the late 1850s. Since that time, steel has become
crucial for the world's industrial economy due to its impact in
the fields of: construction, automotive and ship building. The
competitiveness of the steelmaking industry critically depends
on the development of novel techniques for the production of
steel with lower-impurity levels. One known such impurity is
carbon, which determines the mechanical strength and hard-
ness, making its machining more difficult. The key role of
carbon in the mechanical properties of steel renders it critical
for the steel industry. For example, low carbon steel (0.005-
0.25 wt%) possesses low strength and high ductility. Hence it
has applications in e.g., automobile body components, pipes,
concrete construction components and food cans. Medium
carbon steel (0.25-0.60 wt%) exhibits midlevel strength and
ductility. Hence it is used in e.g., railway tracks, train wheels,
crankshafts and gearboxes. High carbon steel (0.60-1.25 wt%) is
characterised by high strength combined with low ductility.
Hence it is especially important where high wear-resistance and
hardness are critical characteristics of a material. Examples
include cutting tools, springs, high strength wire and dies. Thus
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Fig. 1 Schematic diagram of the VUV LIBS experimental setup. A plano-cylindrical lens (f-130 mm) was used to focus the laser beam onto the
target samples. An adjustable iris (not shown) was placed in front of the lens in order to adjust the length of the plasma column. The VUV emission

spectra were obtained by a means of a 1 m normal incidence vacuum

the identification and accurate determination of carbon and its
concentration in all steels is crucial.

Although in principle LIBS is a straightforward technique,
there are a variety of experimental parameters that affect its
performance.**** These pertain to the main components such
as the laser pulse characteristics, the target shape, the sensi-
tivity, resolution and type of spectrometer and also the type of
detection.

Besides the above mentioned parameters, the focusing
geometry plays an important role in LIBS measurements. In that
case, a thorough understanding of the impact of parameters
such as the lens type (e.g. cylindrical, sphere-cylindrical or
spherical), the focal length of the lens, the distance between the
lens and the sample, and the angle of laser incidence® have on
the experimental findings, is required.

Line focused plasmas, created by cylindrical lenses*****® have
been the subject of investigations for different applications.
Rodolfa and Cremers* used cylindrical optics to create a linear
spark for spatial surface mapping whereas Mateo et al.*® used this
geometry for fast atomic mapping of heterogeneous surfaces.

In this work, emphasis is placed on the effect of the focusing
geometry on VUV LIBS for carbon in steel. Specifically, the key
performance parameters for LIBS,***® namely signal to background
ratio (SBR) and limit of detection (LoD) are compared for time
integrated, space resolved (TI-SR) VUV LIBS for both point and line
focus geometries. Experiments on the latter are performed,
specifically the effect of focusing and the location of the plasma
with respect to the optic axis of the spectrometer is explored in
detail. Thus, the measurements presented here, consitute
a systematic investigation aiming to highlight the potential
enhancement of the performance of a VUV LIBS system by
applying an apparently simple, but impactful, modification.

2. Experimental setup

A schematic of the experimental setup is shown in Fig. 1. The
light source was an Nd:YAG Continuum Surelite III-10 laser,
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spectrometer.

generating pulses of 6 ns duration at a central wavelength of
1064 nm. The maximum pulse energy was 650 mJ at a repetition
rate of 10 Hz. The energy was controlled by a combination of
a half waveplate and a polarizer. The laser beam was focused by
a 130 mm focal length plano-convex cylindrical lens (1064 nm
antireflection coated). As a plano-cylindrical lens was used,
focusing occurred in only one direction and the length of the
line formed depended on the diameter of the laser beam. The
length of plasma column so formed could then be adjusted by
controlling the diameter of the laser beam. This was done by
placing an aperture (an adjustable iris) in the beam before it was
incident on the lens. The effect of defocusing and of the abso-
lute target position with respect to the optic axis of the spec-
trometer were both important parameters to be varied and
optimised to obtain the best possible LoD values.

The spectra were obtained with the aid of a 1 m normal
incidence spectrometer (Acton Research Corporation VM521),
operated in an off-Rowland circle arrangement and equipped
with a 1200 grooves mm ' grating (Al/MgF, coated). The width
of the entrance slit of the spectrometer was set to 50 um. The
registration of the spectra took place via a 2D Andor™ back-
illuminated charge-coupled device (CCD). The interaction
chamber and the spectrometer were pumped down to a base
pressure of ca. 10 ° mbar. A Glass Capillary Array (GCA) has
been used to maintain differential pumping conditions
between the target chamber and the spectrometer.** The targets
used here (tabulated in Table 1), were all standard, certified
reference (carbon/steel) metals purchased from Glen Spectra
Reference Materials™ presented to the laser as flat surfaces
aligned with the optic axis of the spectrometer. Importantly the
long axis of the plasma is aligned vertically, to lie along the
direction of the entrance slit of the spectrometer.

This geometry leads to a significant enhancement in the
signal level over that provided by a point-like plasma source, for
a number of reasons. Firstly, the normal incidence spectrom-
eter configuration is quite stigmatic. This, combined with fact
that the line plasma can be considered to behave like a quasi

This journal is © The Royal Society of Chemistry 2022
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Table 1 Steel samples and the respective carbon concentrations

No. Certified Sample Label Concentration (ppm)
1 CRM Fe 1/1 50
2 11 CM 5078 180
3 108 BS XAAS 410
4 CRM 12 B 1767 520
5 TARM-206A 206A 680
6 CRM 12X 15252 940

continuous array of point sources, means that VUV radiation
from the full length of the vertical line plasma can be captured
and imaged onto the CCD camera. Thus, when the CCD is
operated in full vertical binning mode (i.e., when the full 512
pixels constituting each CCD column are summed vertically), an
enhancement of the signal to noise ratio (SNR), compared to
that yielded by the point plasma geometry, is observed. Alter-
natively, one can view the line plasma source as giving rise to
a vertically stacked array of point like plasma spectra on the
CCD, which are subsequently aggregated to yield a single one
dimensional (1D) spectrum with decreased quantum noise.

Regarding the space resolved measurements, a 250 pm wide
fore slit, aligned vertically with the entrance slit of the spec-
trometer, was placed between the target and entrance slit of the
spectrometer allowing for selection of specific slices of the
expanding plasma plume. At the early stages of the plasma
expansion, continuum emission, bremsstrahlung and recom-
bination radiation dominate the observed spectrum. In addi-
tion, the emission lines originating from bound-to-bound
transitions in the hot plasma core are strongly broadened by the
Stark effect such that close lying lines are blended into a quasi-
continuum close to the target surface. Thus, the key role of the
foreslit is to minimize the contribution of continuum emission
from the hot plasma core, thus improving the signal to back-
ground ratio. Overall the goal is to obtain a high SNR for the
emission line along with a high SBR. The achievement of the
former optimises the slope sensitivity ‘S’ for the concentration
calibration curve while the latter ensures a low (relative ot the
line) background count level. Since, for quantum noise with
a Poisson distribution, the noise scales as the square root of the
signal, the achievement of a low background ensures a low
value for ‘o’ the standard deviation and hence a low value for the
limit-of-detection (LoD) which scale as 34/S.

3. Effect of laser focus and target
position

The emission line at 97.7 nm, corresponding to the 1s*2s* 'Sy~
1s”2s"2p' 'P; transition in the C III spectrum was used to
determine the LoD in this experiment. This line was selected
due to its relatively high intensity with respect to the adjacent
lines. The absence of any other strong emission lines in the
spectral vicinity results in a low background level. Hence, it is
the combination of high emission intensity (signal) along with
low background, and low background fluctuation, amounting

This journal is © The Royal Society of Chemistry 2022
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to a low standard deviation ‘o’ for the background, that must be
aimed for. In order to achieve such favourable conditions, the
optimum position for both the cylindrical lens and the target
should be established. Thus, a steel sample with a known
carbon concentration of 520 ppm was used in experiments
designed to determine the lens and target positions that opti-
mised SNR, SBR and ultimately, LoD.

Measurements performed for target positions
(displacements from the optic axis of VM521 VUV spectrometer)
ranging from 0.5 mm to 2.0 mm, in steps of 0.5 mm. These
measurements were also performed at each target position for
different lens focus and defocus positions, ranging from
12.5 mm to 7.5 mm, in steps of 1 mm, so that the optimum
combination of the lens and target position is established.

Single shot spectra were captured, stored and aggregated
after each experiment for post processing and analysis. For each
of the spectra presented in this work, 25 such single shot
spectra were recorded at each target and lens position and were
then averaged. The signal to background ratio and the standard
deviation of the background for the abovementioned set of
target positions are plotted Fig. 2(a). The average background
intensity was extracted by computing the integral of 11 pixels
around 104.4 mm, whereas the standard deviation of the
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Fig. 2 Line (97.7 nm) and background (104.4 nm) intensities obtained
(a) at four different target positions ranging from 0.5 mm to 2.0 mm
and a fixed lens position (defocused by +1.0 mm) (b) at lens positions
ranging from —12.5 mm to +7.5 mm at a fixed target position (1.0 mm).
The signal to background ratio (SBR) and standard deviation of the
background (SBR) at ca. 104.4 nm were extracted in both cases.
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background was calculated by averaging 150 spectra at every

> (x — 300)
150

corresponds to the total number of accumulated spectra and x
represents the background level at a wavelength of 104.4 nm for
each spectrum. As shown in Fig. 2(a), a target position of
1.0 mm yielded a low background signal, a low standard devi-
ation of that background signal and a relatively high signal to
background ratio (SBR) for the C III 97.7 nm line. Although
a target position of 2.0 mm yielded a higher SBR, the 97.7 nm
line signal was found to be less stable at that position and hence
the 1.0 mm value was chosen for all subsequent experiments.

In a similar manner, the signal to background ratio and the
standard deviation of the background for the set of lens posi-
tions mentioned above are plotted Fig. 2(b), for a fixed lens
position of 1.0 mm. As it is observed in this graph, the optimum
lens position is around 2.5 mm, above the target surface. This
finding can be explained as follows: when the focal point is
above the sample surface, the plasma temperature is expected
to be higher because the plasma plume expands into the more
tightly focused laser beam region where the laser beam power
density is correspondingly higher than in the case where it is
focused below the target surface. This behaviour has previously
reported in studies involving point plasmas.****-** Furthermore,
the data presented in Fig. 2(b) yielded good SBR values for the
97.7 nm line, stable SBR values of ca. 5.5, along with low fluc-
tuation in the background. For this reason, the target surface
was located at a distance of 1 mm from the optic axis of the
spectrometer and the lens focus was chosen to lie 2.5 mm in
front of the target.

target and lens position as: ¢ = , where 150

4. Relative limit of detection (LoD)
optimization

Having established the optimum lens position and target
position for the line plasma geometry, the next step is to
determine the LoD for these optimum experimental conditions
and compare it to measurements performed using the point
plasma geometry. In addition, the present measurements are
compared to previously reported LoD values obtained for point
plasma focusing geometries, with the existing VUV LIBS setup,
in order to highlight the more general trends in the perfor-
mance of the system. It is noted that the performance of any
LIBS system and the lowest achievable LoD value critically
depends on experimental factors such as the source intensity,
the spectrometer (VUV) transmission/throughput and the
detector sensitivity/noise performance. Thus, the key objective
of this section is to highlight the relative enhancement of the
performance of this specific system, due to the modification of
the focusing geometry.

4.1 TI-SR VUV LIBS spectra for optimum SBR and LoD

TI-SR VUV LIBS experiments were performed for line plasmas
formed on six different steel targets of low carbon concentration
(listed in Table 1). The data extracted from these spectra (shown
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Fig. 3 Spectra (representing the average of 150 laser shots) obtained
using samples 1 to 6 (Table 1) as reference target materials. Spectra are
arranged in the order of concentration with the lowest carbon
concentration as sample 1 and highest concentration level as sample
6. The spectra are offset vertically in order to make them more visible
to the reader.

in Fig. 3) were used to construct the calibration curve for the
determination of the carbon content in unknown steel samples.
The line intensity for each carbon concentration was obtained
by taking the integral of 11 pixels around C III line at 97.7 nm.
These data were used to construct the calibration curve for
carbon in steel and determine a limit of detection for the TI-SR
VUV LIBS measurements performed using the line focus
geometry.

4.2 Calibration curve

In order to construct the calibration curve, 150 single shot VUV
spectra of each steel sample were averaged, from which the C III
line at 97.7 nm was extracted and the background continuum
level was determined. Background elimination for the emission
line of interest was done by subtracting the integral of 11 pixels
of the background signal (close to the 97.7 nm line at 104.4 nm)
from the integral of 11 pixels of the raw carbon emission line
intensity values at 97.7 nm. The background subtracted C III
emission line intensity was then used to form the final cali-
bration curve shown in Fig. 4.

As a next step, the limit of detection and limit of quantifi-
cation for carbon in steel were determined. In order to do so, the
slope of the calibration curve ‘s’ and the variance in the back-
ground signal ‘¢’ had to be determined.

4.3 Limit of detection (LoD) and limit of quantification
(LoQ)

On the basis of the calibration curve obtained in the previous
section the limit of detection can be calculated. The formula
used to obtain limit of detection (LoD) is:

LOD:?JXU

N

This journal is © The Royal Society of Chemistry 2022
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Calibration curve for Carbon in steel — CIll 97.7 nm line Table 2 Comparison of LIBS parameters for point and line plasma
' geometries
6000 T T T T
Method (VUV) LIBS R LoD (ppm) SBR g
__ 5000
a2 1 TISR at 2 mm (point plasma) 0.9880 224 2.4 4.5
g 4000 TISR at 4 mm (point plasma) 0.9998 316 2.8 6.3
S 3 TISR at 1 mm (line plasma) 0.9998 50 44 —
2 3000
v
c
£ 2000 . . ,
= Up to a six-fold improvement in the value of beta can be
1000 achieved by using a line plasma focusing geometry, with a target
surface displacement of 1 mm. It can also be seen from Table 2
0 - . . that a lower beta (4.5) is obtained for a target displacement of 2
0 200 400 600 800 1000 . . ) :
mm. Since the value of the SBR is greater in this case, the result
Concentration (ppm) looks rather counter intuitive. However, it can be seen that the

Fig. 4 The extracted calibration curve constructed using six different
samples with carbon concentrations of 50 ppm to 940 ppm (cf. Table 1).

By definition it is the lowest quantity of a substance (analyte)
which can be distinguished from the absence of that substance
with some defined confidence level, typically 99.7%, or 3¢.>* The
latter is the signal corresponding to the absence of the analyte,
in this case carbon, is sometimes referred to as the limit of
blank (LOB). The limit of detection may be obtained from the
calibration curve (Fig. 4) by dividing the slope (s = 5.6) of the
calibration plot by three times the standard deviation of the
background signal (93 counts) for the lowest concentration
target. The lowest concentration target was used to determine
the LoD for the worst-case scenario. Thus, the limit of detection
is given as:

3 x (0 =93)

LoD= —— =

~ 50
5=56 bpm

For the case of TI-SR VUV LIBS of carbon in steel, using line
plasma formation, the limit of detection is found to be ~50 ppm
(or 50 ug g~ ") as calculated above. The corresponding limit of
quantification (LoQ) is usually taken as 3.3. x LoD*” and hence it
is 167 ppm (or 167 pg g~ ') in this work. These values are then
compared with those obtained from VUV LIBS measurements
made with point plasmas, tabulated in Table 2. The target
displacement values are selected according to the previously
reported measurements performed with the existing VUV LIBS
setup.

The comparison suggests that TI-SR VUV LIBS with a line
plasma source improves the limit of detection for trace amounts
of carbon in steel samples in the case of single pulse LIBS in
vacuo. Specifically, if one introduces an ‘improvement param-
eter’ 3 given as the ratio of the LoD corresponding to the point
plasma geometry and that of the line plasma geometry:

,3 _ LODpoim plasma
LOD]inc plasma

This journal is © The Royal Society of Chemistry 2022

R’ value for the fit to the calibration curve is poorer than in the
4 mm case. This is due to a greater fluctuation in the data point
spread and a lower value of the slope sensitivity S.

Even though this work is a comparative study between the
two focusing geometries, the measurements obtained here
should be compared to previously reported experiments per-
formed with the existing VUV LIBS system, for the sake of
completeness. The earliest measurement of the LoD for carbon
in steel using the current TI-SR VUV LIBS setup was carried out
by Khater et al.*® in 2002 while a later measurement was carried
out by Xi and co-workers.*> Both investigators performed LIBS
in single pulse mode by placing the steel target at 4 mm from
the optic axis of the spectrometer. Xi et al. obtained a LoD of
54 ppm in vacuo, while Khater and co-workers reported a value
of 1.2 ppm in air at very low pressure 0.1 mbar. The authors did
not measure the LoD in vacuo but did mention a signal to
background ratio that was 5 times lower in that case. Hence,
one can expect the LoD at that time to lie somewhere between 5
and 10 ppm for vacuum conditions which is at least 5 times
lower than when Xi Jiang performed her experiments and ob-
tained a LoD of 54 ppm. The latter experiment was repeated in
this work and yielded a LoD value of 316 ppm (¢f. Table 2). Thus,
it is inferred that it is the lower performance of the LIBS optical
system that should account for the deterioration of the absolute
LoD values. Specifically, as mentioned above, experimental
factors such as the source intensity, the spectrometer (VUV)
transmission/throughput and the detector sensitivity/noise
performance critically affect the performance of the system.
As a result, a direct comparison with those previously reported
measurements and LoD values reported by other groups (see
e.g. ref. 36-41) is beyond the scope of this work.

5. Conclusion

This work reports LIBS measurements performed in time
integrated-space resolved (TI-SR) mode, using a plano-
cylindrical lens to ensure the formation of a line plasma. As
with a point plasma there is a vast parameter space available to
improve the LIBS performance. In this study the parameter
investigated was the focusing geometry. Using this geometry,
the optimum optical emission was obtained when the target
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was displaced by a distance of 1 mm from the optic axis of the
spectrometer and the cylindrical lens was displaced by 2.5 mm
so that its focus position lay 2.5 mm above the target. Further-
more, the calibration curve was constructed and the LoD for the
TI-SR VUV LIBS was obtained for point and line plasma plumes
in vacuo. These results were compared with measurements
acquired using the point plasma geometry, showing a signifi-
cant improvement of the limit of detection (LoD).

Regarding the absolute LoD value, it is not feasible to
compare it with the previously reported values due to the
deterioration of the performance of the existing LIBS optical
system. Clearly, new spectrometer optics and CCD detection
would improve the absolute value of the LoD, restoring it to the
earlier values. In addition, the optimal use of background
gases® along with the implementation of double pulse excita-
tion** would significantly improve the value reported here.
Future improvements will also include extension of the current
option for single channel, time resolved VUV detection,> to
multichannel VUV detection which is well known to improve
the LoD for UV-Visible LIBS.*
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