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A B S T R A C T   

The purpose of this study is to investigate the possible improvement of the limit of detection of laser induced 
breakdown spectroscopy using the stagnation layer formed at the centre of an annular plasma. An axicon was 
used to form an annular plasma on various certified reference targets, the spectra from which were used to 
construct calibration curves and extract the limit of detection for the system. Comparisons were drawn between 
the limit of detection for the annular case, dual colliding plasma case and a single plasma case. Clear signal 
enhancement for certain spectral lines can be seen in the presented spectra. The limits of detection between 
systems are similar, but the stagnation layer produced from an annular plasma produces the lowest value, for the 
lowest laser power density and hence least target damage. The signal enhancement and improved limit of 
detection, at lower power densities, from a stagnation layer at the centre of an annular plasma is a promising 
result.   

1. Introduction 

Laser induced breakdown spectroscopy (LIBS) is a well-developed 
analytical technique which requires no sample preparation and prom-
ises fast, minimally destructive, qualitative and quantitative sample 
analysis. A significant body of work has been carried out towards the 
lowering of the limit of detection (LOD) of LIBS for many different el-
ements in a whole host of matrices. This work includes investigations 
into the effects of; laser fluence, wavelength and pulse length as well as 
space and time optimization along with double pulse arrangements 
[1–4]. Limits of detection have gradually dropped over the years so that 
values in the parts per million are possible with LIBS in the UV–visible 
range of the spectrum. [5–10] while values down to 1 ppm have been 
achieved with vacuum-UV LIBS, e.g., for the detection of carbon in steel 
[11–13]. In this contribution the focus is on UV–Visible LIBS, albeit the 
target is held in vacuum so that the annular plasma can expand to form a 
region of stagnated plasma (often referred to as a stagnation layer) along 
its axis of symmetry, normal to the target surface. 

Traditional stagnation layer generation involves forming two adja-
cent plasmas, in an ambient gas at a pressure of less than 1×10− 1 mbar, 
which expand not just away from the target but also laterally into each 

other in a direction parallel to the target [14,15]. The plasmas decelerate 
at the collision plane, with their kinetic energy being converted into 
excitation energy, forming what is known as a stagnation layer; the two 
initial plasmas are known as seed plasmas [16]. Most reported studies 
use a wedge prism to split a beam [17–19] and form two adjacent 
plasmas. In this work a biprism is used to split the laser beam into two 
halves for comparison with the annular plasma. We have found that 
using the Fresnel bi-prism allows us to create two laser spots which are 
almost identical for the formation of the seed plasmas. This is in contrast 
to the Wedge prism case where each laser spot has different amounts of 
astigmatism. 

A number of studies have been carried out comparing the dynamics 
of a laser produced plasma (LPP) produced by both Gaussian and 
annular laser beams [20–23], but all of these studies were carried out in 
experimental conditions preventing stagnation layer formation. To the 
best of our knowledge the only study demonstrating the formation of a 
stagnation layer within an expanding annular plasma, through time 
resolved imaging, was carried out by Valenzula-Villaseca et al. [24,25]. 
Implementation of an annular LPP into a LIBS system has also been re-
ported [26]. But annular LPPs have not been implemented into a low 
pressure LIBS system. In fact, the effect of beam shape on the 
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performance of LIBS is relatively under-explored even though it has been 
shown to significantly affect the LIBS performance indicators such as 
limit of detection [27]. There are also reports of annular plasma gen-
eration being effective in studying Thin-Films with LIBS [28]. 

In this paper we compare a traditional LIBS setup with two modified 
setups; the first captures emission from a stagnation layer formed be-
tween two seed plasmas, while the second captures emission from a 
stagnation layer formed at the centre of an annular plasma. Given 
appropriate environmental conditions both of these modified setups will 
yield a stagnation layer. Acquisition of the line emission from the stag-
nation layer provides for an evaluation of the performance of these 
systems for trace element detection in solid aluminium samples. Cali-
bration curves which allow for the determination of the LOD for copper 
are presented. A comparison of the three setups in terms of signal to 
background ratio (SBR) and LOD is given. We are not aware of any 
previous implementations of annular plasmas in a low pressure envi-
ronment to investigate the viability of the stagnation layer formed as a 
source for LIBS. 

2. Materials and method 

Time and space integrated spectroscopy was carried out on four 
standard aluminium targets containing known concentrations of trace 
element impurities, copper being the element of interest for the pre-
sented results. These spectra were acquired using the setup shown in 
Fig. 1, at a pressure of 1 × 10− 5 mbar. The magnified section of Fig. 1 
shows each of the three focussing geometries; namely annular, dual 
colliding and single plume plasmas. The annular focus was achieved by 
placing an axicon before the focusing lens, similarly the dual colliding 
focus was achieved by placing a biprism before the focusing lens. Both 
the axicon and biprism had a vertex angle of 0.5. For each focusing 
geometry, fifty single shot acquisitions (exposures) were taken for each 
target at three different laser energies; 28 mJ, 38 mJ and 52 mJ. These 
laser energies were set by attenuating a 6 ns pulse from a Nd:YAG laser, 
the acquisitions were taken using an Andor iStar ICCD with an exposure 
time of 150 μs, delayed by 130 ns from plasma formation. 

A Dove prism was used in line with the collection optics to rotate the 
image of the plasma by 90 degrees, allowing it to expand along the 
entrance slit (width set at 60 μm) of the half meter Czerny-Turner 
spectrometer. The alignment of both stagnation layer types, relative to 
the slit of the spectrometer is shown in Fig. 2. The focusing of the 
combined stagnation layer system (seed plasmas plus stagnation layer) 

was done in a fashion which permitted us to separate the different ele-
ments from each other and collect radiation only form the stagnation 
layer (Fig. 2). In the case of the biprism the seed plasmas are physically 
separated from the stagnation layer and so they are imaged on either 
side of the entrance slit preventing them from making any contribution 
to the observed spectrum. In the case of the annular plasma seed, two 
actions help to reduce its contribution to negligible. The emission in-
tensity at a time delay of 130 ns from the ring plasma is very weak and 
also we arrange the imaging to ensure the most of the ring lies below the 
bottom the entrance slit. For the single plasma plume we aligned its 
expansion axis with the vertical slit and captured all radiation from the 
target surface as the plume expanded upwards along the slit. 

The irradiances for each focusing geometry and energy combination 
are given in Table 2. These irradiances were calculated from areas ob-
tained by imaging the craters from 10 shots at 28 mJ for each focusing 
geometry. These craters are shown in a composite image in Fig. 3, the 
craters were imaged using a Keyence VHX 5000 optical microscope. The 
distance between the seed plasmas using the biprism focusing geometry 
is equal to the outer radius of the annular focusing geometry, at 2.2 mm. 

The certified reference materials used for these experiments were 
supplied by MBH Analytical. Each sample had aluminium as the bulk 
material and varying amounts of trace elements, with the percentages of 
Cu and Al listed in Table 1. 

3. Theory 

3.1. Annular beam generation 

Annular beam profiles can be generated from a collimated light 
source using a variety of techniques; annular apertures [29], tunable 
acoustic gradient (TAG) lenses [30], spatial light modulators (SLM) [31] 
and, as used in this study, an axicon [32]. An axicon is a rotationally 
symmetric prism, which can be either concave or convex [33]. Axicons 
generate both Bessel and annular beam profiles along the propagation 
axis. The length of the region along the axis where a Bessel beam forms is 
known as the depth of focus (DOF) and is defined by Eq. (1), where R is 
the diameter of the input beam, n is the refractive index of the axicon 
and α is the vertex angle of the axicon. In practice the beam formed in 
the area defined by the DOF is a Bessel-Gauss approximation, given the 
Gaussian input beam [34]. 

DOF =
R

(n − 1)α (1) 

Fig. 1. Experimental setup for time gated spectroscopy of single, dual—colliding and annular plasmas. The laser was a Continuum Surelite III-10 system, the 
spectrometer a Chromex 0.5 m Czerny-Turner mount and the ICCD was an Andor Technology iSTAR ICCD. A Dove prism was used to rotate the plasma image so that 
it expanded up along the vertical slit of the stigmatic spectrometer. 
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Beyond the DOF an annular beam profile forms, this is the region of 
interest for this study. The ring-thickness of this annular profile is half 
the diameter of the beam propagating through the axicon while its 
outside diameter is given by Eq. (2), where L is the distance from the 
axicon to the image plane. 

dr = 2Ltan[(n − 1)α ] (2) 

Through the placement of a lens on the axis of propagation, as shown 
in Fig. 4, Eq. (2) becomes dependant on f, the focal length of the lens, 
rather than L, yielding Eq. (3) 

dr = 2ftan[(n − 1)α ] (3)  

3.2. Limit of detection for LIBS 

The limit of detection (LOD) of LIBS is defined as the smallest con-
centration of a trace element which can be identified from a spectral 
line. In order for this spectral line to be identifiable it must produce a 
signal which is greater than three times the standard deviation of the 
background (counts). The LOD can be expressed using the following 
equations. 

XL = XB + k.σB (4)  

XL − XB = k.σB (5) 

Target

Annular LPP

Stagnation layer

Dove prism at 45o

Zoom collection lens

Rotated image of plasmasSpectrometer

entrance slit

Target

Dual colliding LPPs

Stagnation layer

Dove prism at 45o

Zoom collection lens

Rotated image of plasmasSpectrometer

entrance slit

Fig. 2. Schematic of image falling on slit.  

(a) (b)

(c)

Fig. 3. Crater images for laser produced point, dual and annular plasmas 
formed on an Al target. The craters represent the accumulation of 10 
laser shots. 

Table 1 
Elemental concentrations of interest contained within the certified reference 
materials.  

Reference 
Material 

Sample 
Number 

Percentage 
Copper 

Percentage 
Aluminium 

XG6082 (B) 1 0.014 97.64 
XG6082 (A) 2 0.018 97.71 
XG3000B4 3 0.086 96.87 
XG6061 4 0.26 97.5  

Table 2 
Irradiance (W/cm2) for each focusing geometry.   

28 mJ 38 mJ 52 mJ 

Single Plasma 2.3 × 1010 3.2 × 1010 4.3 × 1010 

Dual Colliding Plasma 2.1 × 1010 2.9 × 1010 3.9 × 1010 

Annular Plasma 3.3 × 108 4.5 × 108 6.1 × 108  

Table 3 
Signal to background ratios for each focusing geometry and energy combination.   

28 mJ 38 mJ 52 mJ 

Single Plasma 5.8 9.2 9.4 
Dual Colliding Plasma 4.7 2.8 5.2 
Annular Plasma 10.2 6.5 4.2  

Table 4 
Limit of detection (parts per million) and coefficient of determination for Cu in 
an Al matrix obtained from the calibration curves constructed for each combi-
nation of focusing geometry and laser energy.  

Configuration LOD (ppm) Line of Best Fit R2 

Axicon 28 mJ 1.4 0.976× + 1502 0.96 
Biprism 28 mJ 18.1 0.058× + 268 0.87 
Single 28 mJ 7.8 0.069× + 322 0.84 
Axicon 38 mJ 5.4 0.685× + 1552 0.91 
Biprism 38 mJ 5.5 0.222× + 429 0.96 
Single 38 mJ 1.5 0.311× + 360 0.98 
Axicon 52 mJ 6.2 0.634× + 2797 0.99 
Biprism 52 mJ 5.7 0.199× +1008 0.83 
Single 52 mJ 1.8 0.510× + 1395 0.99  

Fig. 4. Schematic diagram showing the formation of an annular focus using the 
combination of an axicon and a focusing lens. db is the laser beam width. 
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LOD =
k.σB

S
(6) 

Where XL is the lowest discernible response, XB is the average 
response due to the background, k is the confidence level within which 
you are working, in this case 3, σB is the standard deviation of the 
background signal and S is the slope of an intensity versus concentration 
calibration curve. 

4. Results and limit of detection determination 

Annular, dual colliding and single plasma spectra were taken for 
laser pulse energies of 28 mJ, 38 mJ and 52 mJ as shown in Fig. 5. These 
enabled the determination of signal to background ratios (SBRs) for each 
case and the construction of calibration curves for each focusing ge-
ometry. Signal to background ratios were obtained by dividing the peak 
intensity of the copper 521.96 nm line by the average signal between 
528 nm and 529 nm. 

The signal to background ratios for each set of experimental pa-
rameters are given in Table 3. These ratios were calculated using the 
signal captured from target four. 

Fig. 6 shows a comparison of the signal, centred at 519 nm, for each 
target with an input laser energy of 28 mJ. This figure clearly shows a 
higher level of signal when an annular beam profile is used. 

Using the spectra from Fig. 6, the areas under the 521.96 nm Cu 
neutral peak were used to build the calibration curves presented in 
Fig. 7. The value for the standard deviation of the background signal was 
also determined from these plots. In line with the signal to background 
measurements the standard deviation of the signal between 528 nm and 
529 nm, where the spectrum is flat and featureless and thus represents a 
good measure of the background signal, was taken. 

The limit of detection for each combination of experimental pa-
rameters is given in Table 4, along with the linear fit parameters and the 
R2 value for the fit. The calibration curves show high linearity, but also 

exhibit large intercept offsets from the expected zero value for zero 
concentration. Generally, the intercepts associated with the Axicon 
configuration are higher than the bi-prism and single plasma configu-
rations. We attribute theses offsets to matrix effects which can result in 
significant non-zero offsets in LIBS calibration curves. The authors of 
reference [35] have shown that using the laser-assisted LIBS technique 
which accounts for matrix affects can reduce the offsets. 

It is clear from Fig. 5 that, in the case of the axicon configuration, the 
spectrum is dominated by emission from the neutral species in the 
plasma whereas for the single, and bi-prism configurations there is more 
ionic emission. Because we have used the neutral line at 521 nm to 
determine the limit of detection, the LOD for the axicon case is lower 
than the other two. The argument is that the laser power density in the 
axicon case is much lower and so the annular seed plasma will be mainly 
composed of slower moving neutral species. Hence the resultant stag-
nation layer will itself have a lower temperature, remembering that 
kinetic energy of the plasma species converging on the central axis of the 
annulus is converted into excitation energy and thus to light emission. In 
summary it appears the axicon case gives the best limit of detection for 
an energy of 28 mJ which is equal (roughly) to the limit of detection 
obtained from a single plasma with a laser energy of 38 mJ. Our 
explanation for these trends broadly follows. In the case of the single 
plasma plume collisional excitation of neutral species is by binary 
electron-neutral collisions along with atom-atom and atom-ion colli-
sions involving both trace element and bulk material species. In the case 
of the bi-prism and annular plasma generation, there is a further 
contribution to the overall collision rate at the stagnation layer location. 
In the case of the bi-prism, when the laser energy of the seed plasmas is 
large this increases the lateral velocity of the plasma plumes and drives a 
harder stagnation of the colliding seed plasmas resulting in a higher 
number density of excited emitting species, especially ions over neutrals. 
This explains why the limit of detection decreases for increasing energy 
in the bi-prism case. For the annular plasma case the collision of species 
from the collapsing annular plasma take place along a single axis. At 

Cu

Cu+

Cu+

Cu+CuCu+

Cu+
Cu+

Cu+

Cu

Cu+
Cu+

(a (b

(c

Cu

Cu

Cu

Fig. 5. Time and space integrated spectra centred at 519 nm captured from the stagnation layer formed at the centre of an annular plasma, the stagnation layer 
formed between two seed plasmas (half of total energy per seed) and a single plasma generated with a laser energy of a) 28 mJ, b) 38 mJ, c) 52 mJ. The target used 
was number 4 in Table 1 above (0.26% Cu and 97.5% Al). 

B. Delaney et al.                                                                                                                                                                                                                                



Spectrochimica Acta Part B: Atomic Spectroscopy 193 (2022) 106430

5

Cu 521.96nm
Cu 521.96nm

Cu 521.96nm
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(c

Fig. 6. Time and space integrated spectra centred at 519 nm, for each target, captured from the stagnation layer formed at the centre of a) an annular plasma, b) dual 
colliding plasma and c) a single plasma generated with a laser energy of 28 mJ. 

(a (b

(c

Fig. 7. Calibration curves constructed using the 521.96 nm copper neutral line for each focusing geometry. Plasmas were generated with a laser energy of a) 28 mJ, 
b) 38 mJ, c) 52 mJ on each of the four targets. A linear regression of each dataset is also shown, the parameters of which are given in Table 4. 
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lower laser pulse energy (e.g., 28 mJ) this results in mainly neutral 
species at the stagnation layer. As the laser pulse energy is increased, the 
proportion of ions increases. This in turn depletes the population of 
neutrals and is therefore a potential argument as to why the limit of 
detection is higher at lower laser energies. One piece of evidence to 
support this assertion is the fact that the relative emission from the ionic 
species increases for the annular case as the laser energy increases. Ul-
timately, our data show that the effects induced by the formation of a 
stagnation layer can significantly alter the emission characteristics and 
therefore the LIBS performance. Due to the relative ease of its experi-
mental implementation, we can suggest that the stagnation layer can act 
as an extra control parameter to optimize the performance of a LIBS 
system. 

5. Conclusions 

In this work we have presented a novel implementation of stagnation 
layer formed using annular plasmas into LIBS. 

Signal to background ratios and limits-of-detection (LOD) have been 
presented for the trace element Cu in an Al matrix for three different 
plasma systems, namely a single plasma plume, a stagnation layer 
formed in a dual colliding plasma plume experiment and a stagnation 
layer formed along the axis of symmetry of an annular colliding plasma. 
Experiments were carried out for three different laser pulse energies, 28 
mJ, 38 mJ and 52 mJ, at a pressure of 1 × 10− 5 mbar. The neutral copper 
line at 521.96 nm was chosen for these signal to background ratios and 
LOD determinations. 

For these specific cases the LOD was found to be best for an annular 
colliding plasma at 28 mJ followed closely by a single plasma plume at 
52 mJ, with the full data set for the calibration curves presented in 
Table 4. While the LOD for both systems is equivalent, with different 
laser energies, it should be noted that much less material will be ablated 
with a power density which is two orders of magnitude lower, as is the 
case for the annular plasma. While the area ablated is larger in the 
annular case, the damage to the target is less. 

The results are promising and warrant further investigation in a 
wider parameter space, with a particular focus on power density 
matching between focusing geometries. Such power density matched 
experiments should make clearer the advantage of annular beam profiles 
when it comes to LIBS in a low pressure environment. 
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