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A B S T R A C T

Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) systems are engineered to produce 
uniform, flat-top beam profiles for optimal surface sampling. In practice, however, rounder beam profiles are 
prevalent. Their geometrical characteristics can be mathematically described using the two-dimensional super- 
Gaussian or even a Gaussian function for smaller beam sizes, with the super-Gaussian factor (n) serving as a 
quantifier. Since the beam profile and the ablation grid have a direct influence on the amount of sampled surface 
material, the idea is to reduce the ablation grid by sub-pixel mapping to improve the accuracy of surface 
scanning, increase pixel density, improve spatial resolution, and increase signal-to-noise ratio (SNR). This paper 
explores the relationship between super-Gaussian order (n), beam size, and laser fluence for circular beams, using 
two laser ablation systems with different wavelengths – 193 nm and 213 nm nanosecond lasers. An empirical 
model was developed to yield the factor n, facilitating the determination of the contraction factor (k). Identifying 
the precise contraction factor for each beam size brings the beam profile closer to a flat-top shape, producing 
smoother post-ablation surfaces and enhancing image quality due to heightened pixel density. Ultimately, such 
models improve our understanding of crater geometry optimization, leading to better analytical outcomes in LA- 
ICP-MS analysis.

1. Introduction

In recent years, laser ablation inductively coupled plasma mass 
spectrometry (LA-ICP-MS) has gained recognition as a powerful, high- 
resolution imaging method that has attracted attention from various 
fields such as biology [1], biomedicine [2], forensics [3], and geology 
[4].

Since its introduction [5], the core principle of LA-ICP-MS has 
remained unchanged, with its performance being influenced by laser 
parameters, ablation cell design, aerosol transport mechanisms, and ICP- 
MS operating conditions. Lasers can be categorized according to 
different aspects, such as the pulse duration, and the wavelength of the 
emitted energy [6]. Two interesting laser categories in LA-ICP-MS ac
cording to the pulse duration are nanosecond (ns) and femtosecond (fs) 
lasers. Because the pulse width of the fs laser is shorter (10− 15 s) than the 
electron-lattice heating, laser-matter interaction in femtosecond lasers is 

essentially athermal, with no interaction between the incipient laser 
ablation-generated plume and the laser beam itself [7,8]. In contrast, 
nanosecond laser-matter interactions are probabilistic, relying on 
existing lattice defects, high laser fluence, and longer pulse duration 
(10− 9 s), which leads to melting as the dominant process and results in 
fractionation [9,10]. Consequently, craters produced using two different 
ablation systems show distinct differences in their surface morphology. 
Femtosecond laser ablation generates smoother and more uniform cra
ters with well-defined brims that show no melting and re-deposited 
droplets of melted matter. The short pulse duration prevents thermal 
effects, eliminating melt formation and material re-deposition. In 
contrast, due to the extended pulse duration, nanosecond laser ablation 
produces craters with notable thermal artifacts. The molten material 
often re-solidifies both within and around the crater, creating irregular 
surface features and ejected droplets that re-deposit on the crater walls, 
ultimately yielding less precise and more textured crater formations 
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[11–13].
However, femtosecond lasers are quite costly and some studies 

[14,15] even suggested that their performance is not as superior to 
nanosecond lasers on certain isotopic analyses [16]. As a result, despite 
some drawbacks compared to the fs lasers, ns laser ablation ICP-MS 
remains a highly reliable and widely used method for elemental and 
isotopic analysis [9].

LA-ICP-MS systems operating at different wavelengths exhibit 
distinct characteristics that influence their analytical performance. 
Many studies [17–20] demonstrate that shorter wavelengths are more 
suitable because of the reduced fractionation effects. Among the avail
able laser wavelengths, the 193 nm and 213 nm nanosecond lasers have 
emerged as the most frequently utilized ones. The 193 nm laser system, 
an ArF excimer laser, demonstrates superior performance in terms of 
spatial resolution and is particularly effective when analyzing silicate 
materials [6,21]. This shorter wavelength consistently produces smaller 
particles, predominantly below 150 nm, resulting in a more stable 
transient signal and smaller variations of intensity ratios. Small particle 
sizes also allow for a more efficient conversion of particles into ions, 
resulting in higher sensitivity per ablated volume. The signal for the 193 
nm laser also shows better matrix independence, which could be due to 
the larger photon energy or the shallow optical depth [22]. The 213 nm 
laser, derived from frequency quintupling the emitted light of an Nd: 
YAG solid-state laser, has been described as a good alternative for the 
193 nm laser [23,24]. It produces larger particles in comparison, with an 
upper size limit of 500 nm [22]. The 213 nm wavelength typically causes 
less surface damage to samples and operates with good stability. For 
some materials, it even provided better depth resolution [21,22]. Both 
laser systems have become fundamental research tools in environmental 
studies [25], geology [26], and materials science [27].

In recent years, there has been significant progress in the develop
ment of rapid response laser ablation cells and sample transport tech
nologies, like the aerosol rapid introduction system (ARIS) [28]. These 
systems are designed to minimize aerosol dispersion in the cell and to 
greatly reduce washout time. When the aerosol exits the cell, it must be 
efficiently transported to the ICP-MS [29], which has been achieved by 
reducing the diameter of the transport tubing and eliminating dead 
volumes in the injector [30]. While these modifications help minimize 
aerosol dispersion, they also reduce the mass flux outflow from the cell. 
If the density of ablated particles exceeds the capacity of the transport 
tubing, excess material may be lost through gravitational sedimentation 
or inertial deposition, reducing efficiency [29]. Aimed to balance the 
need for rapid and efficient analysis with the physical limitations of 
aerosol transport, these advancements have significantly accelerated 
mapping times [29], increasing the mapping speed from 2 to 10 to 
200–1000 kpixels per hour [31]. Such acquisition rates combined with 
sensitive ICP-MS instrumentation facilitate the sampling of large surface 
areas with small laser beam sizes [32,33]. However, sensitivity issues 
can play a role when using small beam sizes due to the reduction of 
ablated material [34].

Typically, the laser beam profiles in LA-ICP-MS instruments are ho
mogenized to produce a flat-top beam profile that minimizes surface 
degradation from excessive heating [35]. In practice, these profiles often 
resemble a super-Gaussian, approaching a Gaussian profile at small laser 
beam sizes (<5 μm) [34,36]. The geometrical profile of the crater can be 
quantified using the parameter n, which describes the super-Gaussian 
order. It is essentially a mathematical description of a super-Gaussian 
beam profile, a shape parameter that gauges how closely the beam re
sembles an ideal flat-top, indicating the degree of central fitness and 
edge steepness in a single number. The smaller the n, the more Gaussian 
the shape. This underscores the critical importance of the beam profile 
for surface sampling, as ablation on a conventional single-pulse ablation 
grid may result in unrealistic sampling and undersampling of the surface 
[34,37], as depicted in Fig. 1. It shows post-ablation surfaces after 
mapping with the conventional single-pulse mode, using a single laser 
shot (dosage, D = 1).

To address these challenges, the oversampling approach has proven 
successful [29,33,34,36]. The method involves contracting the ablation 
grid, increasing the density of laser spots by overlapping them, thereby 
generating more pixels mapped in the same area. To reduce sensitivity 
issues in LA-ICP-MS, “thick” samples are used to accumulate counts of 
multiple partially overlapping laser shots (dosage) to generate a single 
pixel [34]. This ensures a smoother post-ablation surface, an enhanced 
signal-to-noise ratio (SNR), and improved lateral resolution as well as 
layer-by-layer mapping [36]. A high dosage is needed to maintain an 
SNR as high as possible. On the other hand, a high dosage increases the 
degree of blurring. While this approach can result in more accurate 
surface sampling and improved image quality, it is important to find a 
balance between image noise and image blur [32]. Noise is directly 
related to the counting statistics in ICP-MS, and blur arises mostly during 
laser ablation sampling, where a near-infinite continuous analog signal 
is converted into discrete, finite-sized pixels [34].

The contraction approach is commonly used in dentistry [38], in
dustrial micromachining [39], laser vision correction [40], and other 
applications to achieve high-quality surface finishes. These applications 
usually use laser devices with a Gaussian beam profile and optimized 
laser ablation conditions derived from geometrical modeling [41,42]. 
That kind of approach uses spot-related three-dimensional laser ablation 
crater geometries, allowing for the correlation between the area illu
minated by the beam, surface topography, and the induced roughness 
[36,40,42].

While modeling has been successful in the optimization of the LA- 
ICP-MS parameters, including beam size, repetition rate, scanning 
speed, dwell time, and acquisition time [34,36], experimental data 
needs to be collected in order to gain accurate information for such an 
approach. For that reason, this paper focuses on exploring the rela
tionship between super-Gaussian order (n), beam size (BS), and laser 
fluence (F) for round beams, comparing data utilizing two laser ablation 
systems with different wavelengths, 193 nm and 213 nm nanosecond 
lasers. An empirical model was devised, generating the factor n, and, 
thus, facilitating the determination of the accurate contraction factor 
(k). Identifying the precise contraction factor for each beam size and n 
will result in smoother post-ablation surfaces and improved image 
quality due to heightened pixel density. Such models will deepen 
comprehension of crater geometry optimization, ultimately enhancing 
analytical outcomes in LA-ICP-MS analysis.

2. Materials and methods

2.1. Sample preparation

The gelatin standards were prepared according to the earlier estab
lished protocol [43], using porcine-skin gelatine (type A, bloom strength 
300), purchased from Sigma-Aldrich.

Fig. 1. Different super-Gaussian orders (n) and an illustration of the post- 
ablation surface using the shot number per pixel, dosage, D = 1. At the value 
of n = 2, the crater follows a Gaussian behavior, while at higher values re
sembles a super-Gaussian, approaching a flat-top shape when the super- 
Gaussian order → ∞.
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Gelatin was used as a standard because of its diversity. Its structure 
resembles organic tissue samples, it demonstrates good temporal sta
bility, has a low ablation threshold, and a more homogeneous distri
bution of elements can be achieved, avoiding the “coffee-stain” effect, 
where the edges of a dried droplet have a higher concentration of ma
terial compared to the center. It can also be easily prepared with specific 
elements, allowing the concentration range to be tailored to the analysis 
needs, making it more versatile than the existing NIST SRM 610 and 612 
glass standards [43]. Preliminary tests also showed more defined cra
ters, compared to those of NIST standards, using the same parameters 
that were explored in our research.

2.2. LA-ICP-MS measurements

Dried gelatin samples were subjected to laser ablation to create 
round ablation craters using a range of beam diameters. Two different 
ablation systems were used: 

(i) A 193 nm ArF* (Analyte G2, Teledyne Photon Machines Inc., 
Bozeman, MT), was equipped with a standard two-volume abla
tion cell (HelEx II, aerosol washout time of approximately 0.5 s) 
and a helium carrier flow rate of 0.3 and 0.5 L min− 1 for cup and 
cell, respectively. Different beam sizes were used to create 5 μm, 
10 μm, 15 μm, 20 μm, and 25 μm ablation craters. The experi
ments were carried out at the National Institute of Chemistry 
(NIC) in Ljubljana, Slovenia.

(ii) A 213 nm (Analyte G2, Teledyne Photon Machines Inc., Bozeman, 
MT), was also equipped with a HelEx II ablation cell designed to 
provide efficient and uniform sample ablation. The ablation 
craters produced were 10 μm, 15 μm, 20 μm, and 25 μm in 
diameter. The measurements were performed at the Faculty of 
Science (PMF) in Zagreb, Croatia.

The measurements were carried out utilizing laser fluences of 0.5 J 
cm− 2, 1.0 J cm− 2, 2.0 J cm− 2, 3.0 J cm− 2, and 4.0 J cm− 2. For each 
combination of beam size and fluence, 25 replicate measurements were 
conducted to ensure statistical reliability.

2.3. Optical profilometry measurements

The morphologies of the craters were examined using optical pro
filometry (Zegage PRO HR, Zygo Corporation, CT), and representative 
surface profiles are provided in Supplementary Material, SI-1. They were 
used as an input for retrieving the volume of the craters and the super- 
Gaussian order (n) through geometrical modeling. 3D information was 
recorded using a 50× magnification lens, yielding a lateral resolution of 
0.173 μm (equivalent to the step size) and surface topography repeat
ability better than 3.5 nm.

2.4. Software and modeling

The numerical calculations and simulation modeling were performed 
using Python 3.11. A custom-developed internal script was utilized to fit 
a super-Gaussian function to the crater profiles obtained from a profil
ometer (the script is available upon request). The profilometer provides 
high-resolution measurements of the surface topography, which are 
crucial for accurately modeling the laser ablation craters. The process of 
determining the laser ablation crater profiles was as follows: 

- Selection of the region of interest
- Fitting of background surface
- Background surface subtraction
- Super-Gaussian function fitting (initial fit, intermediate fit, and final 

fit)
- Determination of super-Gaussian order (n), the volume of the crater, 

and the coefficient of determination (R2).

A more detailed description can be found in Supplementary Material, 
SI-2.

3. Results and discussion

The morphology of laser ablation craters exhibits more complexity 
than a simple flat-top profile. Their geometric characteristics can be 
mathematically represented by symmetric probability density functions 
with elevated super-Gaussian orders (n), with smaller beam diameters 
trending toward Gaussian profiles. The specific crater geometry is 
intrinsically linked to both the material's optical characteristics and its 
interaction with the incident laser wavelength [34,36].

While laser ablation systems are engineered to deliver homogenized, 
flat-top beam profiles for optimal surface sampling, round beam profiles 
remain predominant in LA-ICP-MS applications in the small beam size 
range. This prevalence stems from their widespread commercial avail
ability and a fundamental physical observation that even square beam 
profiles naturally tend to assume a rounded shape when beam sizes are 
reduced [34].

Super-Gaussian beam profiles for round (○) beam shapes can be 
described by the following equation: 

F(○) = Fp × exp( − 2×(r/ω0)
n
) (1) 

where F(○) is the round fluence distribution in the ablation spot, while r 
denotes the radial distance, and n represents the order of the super- 
Gaussian probability density function. The focused beam can be 
defined as the distance from the center of the ablation spot to the edge, 
where the fluence is equal to 1/e2 times the peak fluence Fp and it is 
defined by the beam waist, ω₀, a fundamental parameter that charac
terizes the beam width. It's a constant for a given beam setup, and the 
smaller the ω₀, the more tightly focused the beam is [44].

The maximum ablation depth Dmax per shot increases logarithmically 
with the Fp, as it is illustrated with the following equation: 

Dmax = (1/α)× ln
(
Fp
/
Fth

)
(2) 

where Fth represents a certain threshold fluence and α is the spectral 
absorption coefficient.

As previously mentioned, smaller beam profiles, characterized by 
their sloped edges rather than a flat-top geometry, can lead to significant 
undersampling, resulting in a rough surface topography. To mitigate this 
issue, the idea is to pack the ablation spots closer together – to over
sample them. An optimal grid contraction is indicated by reduced sur
face roughness after ablation. For effective surface sampling to a specific 
depth, it is crucial to carefully control the contraction to ensure a smooth 
post-ablation surface across all depth layers.

The ablation grid coordinates or ablation craters are determined by a 
horizontal and vertical contraction factor (k). The coordinates of an 
orthogonal ablation grid are provided: 

BS(○)× kx × p,BS(○)× ky × q (3) 

where p and q are positive integers associated with laser spot indexing in 
the ablation matrix [35].

For the closest packing of the square flat-top crater profiles (where n 
= ∞), the contraction factor is k = 1. In contrast, super-Gaussian crater 
profiles (where n < ∞) have a contraction factor of k < 1.

By symmetrically contracting the ablation grids (kx = ky) to match 
the crater geometry, the optimal contraction factor can be identified.

However, determining this requires knowledge of the super-Gaussian 
order (n). We achieved this by using our script to analyze ablation cra
ters of various sizes using two different laser ablation systems. The value 
of n determines how flat-topped or steep-edged the beam profile is. If n 
= 2, it is a classical Gaussian beam, while for n > 2, the beam becomes a 
super-Gaussian, approaching the flat-top shape the higher the values, as 
can be seen in Fig. 1.
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We used gelatin standards to ablate craters of different diameters. 
The selected ones were 5 μm, 10 μm, 15 μm, 20 μm, and 25 μm for the 
193 nm laser ablation system, as well as 10 μm, 15 μm, 20 μm, and 25 μm 
for the 213 nm laser ablation system. The dosage used was D = 1, a 
single laser shot that allowed for exploring the geometry of the craters. 
For the mentioned beam diameters and laser systems, the used fluences 
were 0.5 J cm− 2, 1.0 J cm− 2, 2.0 J cm− 2, 3.0 J cm− 2, and 4.0 J cm− 2. For 
all the beam size and fluence combinations, 25 replicate measurements 
were performed. The ablated samples were then subjected to profil
ometer measurements, allowing for examination of the sample surfaces. 
The collected data was imported into the custom-made script that 
allowed us to extract the super-Gaussian order (n) and volume (V).

Fig. 2 shows the effect of different beam sizes and laser fluences on 
the super-Gaussian order (n) of the craters for two different laser abla
tion systems operating at 193 nm (Fig. 2A) and 213 nm (Fig. 2B). The 
super-Gaussian order characterizes the beam profile, with higher values 
indicating a more flat-top shape. In general, an increase in beam size 
leads to an increase in n, indicating a transition to a more uniform (flat- 
top) crater profile at larger beam sizes. However, the absolute values of n 
and the rate of increase across the beam sizes differ significantly be
tween the two systems.

For the 193 nm laser, all crater sizes exhibit super-Gaussian prop
erties, with the smallest beam size (BS = 5 μm) approaching a Gaussian 
profile at certain fluences. In contrast, beam sizes below 10 μm were 
excluded from the analysis for the 213 nm laser due to poorly defined 
craters, making it difficult to accurately determine the value of n. In 
addition, the super-Gaussian order values for the 213 nm system are 
significantly lower than those obtained with the 193 nm laser, which is 
illustrated by the different scales of the y-axis. The variation in n across 
the beam sizes is also less pronounced for the 213 nm laser, indicating 
that the measured craters are more similar in geometry and tend to lean 
toward a Gaussian profile.

In terms of fluence, for the 193 nm system (Fig. 2A), higher fluences 
(2–4 J cm− 2) generally lead to a more pronounced increase in n, espe
cially for beam sizes ≥15 μm. This indicates that higher fluences 
contribute to a more homogeneous beam profile. Interestingly, using the 
lowest fluence (0.5 J cm− 2) with this laser system results in craters with 
a more pronounced super-Gaussian nature compared to those produced 
at higher fluences. At higher fluences, excessive heating can cause sur
face melting in addition to ablation, leading to the formation of an 
almost perfect Gaussian crater shape (n ≈ 2) and contributing to frac
tionation (see Supplementary Material, SI-1). Therefore, the non- 
monotonic behavior of the super-Gaussian order with fluence could be 

due to competing effects such as changes in ablation efficiency, material 
response to laser energy, or interaction dynamics between the beam and 
the material.

In contrast, the 213 nm system (Fig. 2B) shows a much weaker 
dependence of n on fluence, except for beam sizes of 10 μm and 25 μm. 
At 25 μm, the lowest fluence (0.5 J cm− 2) leads to the highest n and thus 
deviates from the trend observed in the 193 nm system. However, it is 
worth noting that the measurements at 0.5 J cm− 2 on the 213 nm system 
also show significantly higher standard deviations compared to other 
fluence values, indicating greater variability and lower reliability.

These results highlight the differences in the way the two laser sys
tems interact with the material, with the 193 nm system producing more 
distinct super-Gaussian profiles and being more sensitive to fluence 
fluctuations than the 213 nm system.

This can pose a major challenge during mapping, as different crater 
geometries have a considerable influence on the volume ablated during 
laser ablation (see Fig. 3). The square crater with a flat top (A) represents 
an ideal case where the entire area is ablated evenly, resulting in 100 % 
volume coverage. In contrast, an ideal round crater with the same 
diameter (B) occupies only 78.54 % of the volume, as a round beam does 
not fully utilize the square mapping grid and leaves gaps. The situation 
becomes even more complex with a Gaussian crater (C), where a super- 
Gaussian order of n = 2 leads to a crater volume that is only 24.03 % of 
the theoretical flat crater volume. This smaller volume is due to the 
Gaussian energy distribution, where the highest ablation occurs in the 
center, while the edges taper off, resulting in a steep-walled geometry.

The significant reduction in ablated volume in Gaussian profiles 
leads to undersampling as the laser does not fully ablate the material at 
the edges of each crater. As the laser moves across a sample, neighboring 
craters partially overlap, and with a Gaussian beam, the incomplete 
ablation at the edges results in inaccurate material removal. This 
distortion affects data acquisition as each laser spot is treated as a 
discrete sampling unit or pixel. If the craters do not represent the entire 
intended volume, the resulting data may misrepresent the true compo
sition of the material, resulting in an unrealistic pixel representation and 
spatial inaccuracies in the mapped region. The problem is particularly 
critical when small beam sizes are used, where the proportion of ma
terial removed per pulse is even smaller, exacerbating the effect of 
undersampling.

Overall, Fig. 3 underlines the importance of the choice of beam 
profile for reliable laser ablation mapping. A flat beam profile provides 
the most efficient and uniform material ablation, while a Gaussian 
profile results in significant volume loss and lower scanning accuracy. 

Fig. 2. Influence of varying laser beam sizes (BS) and fluences (F) on the super-Gaussian order (n) for the 193 nm laser ablation system (A) and the 213 nm laser 
ablation system (B).
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To enhance mapping accuracy, optimizing the beam profile by 
increasing the super-Gaussian order or applying beam shaping tech
niques can help mitigate these effects and ensure more accurate data 
representation.

The geometry of the laser beam plays a critical role in determining 
the accuracy of sampling and mapping processes, as illustrated in Fig. 4. 
This figure visually demonstrates the effect of different beam profiles on 
sampling accuracy and data representation in laser ablation mapping.

The simulated ablation profiles were derived assuming that the 
sample concentrations exhibit a uniform depth profile. The original 
image (Fig. 4A) serves as a reference and shows an idealized pattern. 
However, as beam profiles change, distortions in sampling become 
apparent. The square beam (Fig. 4B) appears pixelated and less defined 
at smaller scales, illustrating how the ideal shape is compromised by 
reduced area coverage. The round beam (Fig. 4C) also shows pixelation, 
with clear gaps between adjacent ablated areas. The difference between 
the square and round beam profiles (Fig. 4E) emphasizes these in
consistencies and highlights how changes in beam shape affect material 
removal.

The Gaussian beam brings additional challenges, as can be seen in 
Fig. 4D and F. The Gaussian profile results in uneven ablation with edges 
that are faded rather than sharply defined. The difference image be
tween the square and Gaussian beam profiles illustrates how Gaussian 
beams lead to undersampling, where large parts of the original pattern 
are poorly represented. To better illustrate those relative differences 
between beam profiles, Fig. 4E and F were normalized to their shared 
maximum value, rather than individually scaled from 0 to 1 as in the 
preceding panels.

The undersampling effect becomes even more problematic when 
small beam sizes are used, as the reduced energy distribution does not 

ablate the material evenly across the mapping area.
This emphasizes the importance of beam geometry in laser ablation 

mapping. Rounding of beam profiles, especially at smaller scales, leads 
to gaps and incomplete data collection, which ultimately affects map
ping accuracy. The transition from a sharp-edged square profile to a 
more diffuse Gaussian profile leads to considerable undersampling, 
further underscoring the importance of optimizing both beam shape and 
fluence to ensure accurate and reliable data acquisition for precise laser 
mapping applications.

In addition to quantifying the super-Gaussian order, the volumes of 
the craters were also assessed (Fig. 5). The 193 nm system (A) shows an 
almost linear trend, where an increase in beam size leads to a propor
tional increase in ablated volume, supporting the trends observed in our 
previous studies [45]. This system also exhibits high reproducibility, as 
evidenced by the minimal experimental uncertainties and the absence of 
visible error bars. The consistency of the crater volumes indicates a 
stable ablation process, which underlines the reliability of this laser 
system for applications requiring precise material ablation.

In contrast, the 213 nm system (B) exhibits a significantly higher 
measurement variability, as shown by the large relative standard devi
ation (RSD). The greater uncertainty in the measurement of the crater 
volume indicates inconsistencies in the ablation process, leading to 
highly variable and non-reproducible craters. This variability correlates 
with the previously discussed differences in the super-Gaussian order 
(Fig. 2), where the 213 nm system produced craters with lower super- 
Gaussian values, implying a less uniform beam profile. The irregular 
crater formation not only affects ablated volume consistency but also the 
accuracy of spatial mapping and bulk concentration analysis, as it un
dermines the reliability of the results.

Fig. 3. 3D models illustrating a volume occupied by a flat-topped square crater, 100 % (A), an ideal round crater of the same diameter, 78.54 % (B), and a Gaussian 
crater with the super-Gaussian order n = 2, 24.03 % (C).

Fig. 4. Visual representation of the mapping of a computed sample (A) using different laser beam profiles: square (B), round (C), and Gaussian (D). The differences 
between these profiles are highlighted in (E) and (F), showcasing the variations in sampling accuracy and beam-induced distortions.

A. Hrepić et al.                                                                                                                                                                                                                                  Spectrochimica Acta Part B: Atomic Spectroscopy 233 (2025) 107305 

5 



4. Conclusions

The geometric characteristics of laser ablation craters are quite 
complex. Even though LA-ICP-MS instruments are homogenized to 
achieve a flat-top shape for ideal surface sampling, the actual crater 
morphology follows symmetric probability density functions with 
elevated super-Gaussian orders (n). For the lower values of n, these 
profiles approximate Gaussian distributions, particularly evident in 
smaller beam sizes where round beam profiles dominate LA-ICP-MS 
applications. Notably, even square beam profiles naturally approach a 
rounded shape as beam sizes decrease. There is a significant challenge in 
surface sampling to improve the signal-to-noise ratio. To address this 
limitation, an oversampling approach has emerged as an effective so
lution, requiring a careful balance between image noise and image blur. 
To do so, it is important to determine the appropriate contraction of the 
ablation grid, which can be derived from the super-Gaussian order. Our 
research provides an elegant way to yield the parameter n, allowing for 
determining the exact contraction factor (k). Our findings also demon
strate that laser wavelength and beam size selection critically influence 
crater morphology, directly impacting sampling efficiency. Through the 
strategic application of oversampling and adjustment of the contraction 
factor based on the super-Gaussian order, it is possible to achieve 
enhanced lateral and depth resolution, resulting in smoother post- 
ablation surfaces. These advancements in understanding and control
ling crater geometry represent a significant step forward in optimizing 
LA-ICP-MS methodologies.
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