
HAL Id: hal-04228819
https://hal.science/hal-04228819

Submitted on 14 Jun 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Target properties – Plasma dynamics relationship in
laser ablation of metals: Common trends for fs, ps and

ns irradiation regimes
Stefan Andrei Irimiciuc, Petru-Edward Nica, Maricel Agop, Cristian Focsa

To cite this version:
Stefan Andrei Irimiciuc, Petru-Edward Nica, Maricel Agop, Cristian Focsa. Target properties – Plasma
dynamics relationship in laser ablation of metals: Common trends for fs, ps and ns irradiation regimes.
Applied Surface Science, 2020, 506, pp.144926. �10.1016/j.apsusc.2019.144926�. �hal-04228819�

https://hal.science/hal-04228819
https://hal.archives-ouvertes.fr


1 
 

Target properties – plasma dynamics relationship in laser ablation 
of metals: common trends for fs, ps and ns irradiation regimes 

Stefan Andrei Irimiciuc1,*, Petru-Edward Nica2, Maricel Agop2 and Cristian Focsa3 

1National Institute for Lasers, Plasma and Radiation Physics, 077125 Bucharest, Romania 
2 Department of Physics, Gh. Asachi Technical University, 700050 Iasi, Romania 

3Univ. Lille, CNRS, UMR 8523 - PhLAM - Physique des Lasers Atomes et Molécules, F-59000 Lille, 
France  

*contact : stefan.irimiciuc@inflpr.ro; 

Address: National Institute for Laser, Plasma and Radiation Physics, Atomistilor Street, No. 409, Magurele 
city, Ilfov county, PO :077125, Romania 

Abstract 
Better understanding of complex relationships between laser-produced plasma dynamics and 

ablation target material properties is key for optimization of numerous technological and analytical 
applications. Continuing a previous work [Irimiciuc et al., Appl. Surf. Sci. 417 (2017) 108-118] 
which proposed empirical laws for some of these relationships (in femtosecond irradiation regime), 
we present here a systematic study on several metallic targets (Al, Cu, Mn, Ni, Ti, Zn) irradiated 
by nanosecond, picosecond and femtosecond laser pulses. The experimental approach is based on 
complementary diagnostics, with the implementation of both electrical and optical techniques for 
transient plasma characterization. The empirical equations previously reported for femtosecond 
ablation pulses are now extended to the picosecond and nanosecond regimes. 

Keywords: laser ablation, transient plasma diagnostics, optical emission spectroscopy, Langmuir 
probe.  

1. Introduction 

 Fundamental understanding of the transient plasmas generated by laser ablation is of 
paramount importance for a number of analytical and technological applications, such as Pulsed 
Laser Deposition (PLD) of thin films [1,2], micro-machining [3], nano-material synthesis [4] or 
other analytical applications of laser ablation (Laser Induced Breakdown Spectroscopy (LIBS), 
laser ablation laser induced fluorescence (LA-LIF), laser ablation laser absorption spectroscopy 
(LA-LAS), laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) or laser 
ablation inductively coupled plasma optical emission spectroscopy (LA-ICP-OES)) [5]. All these 
processes involve interaction of matter with pulsed laser radiation in various temporal regimes (i.e. 
pulse durations), from nanosecond (short) to picosecond to femtosecond (ultra-short). Numerous 
experimental and theoretical studies have tried to isolate and explain the various (often intricated) 
phenomena occurring in this interaction, in a sustained effort to solve the complex target-beam-
plasma relationship for further optimization and control of the applications. From the beam pulse 
duration side, the difficulty in reaching a unified description resides in the fundamentally different 
mechanisms occurring on the various time scales: if in the ultra-short (fs) regime there are mainly 
non-thermal phenomena leading to Coulomb explosion as main ejection mechanism [6], in the ns 
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irradiation regime the thermal mechanisms are dominant at the target level and subsequent ejected 
plume – laser beam interaction can lead to significant plasma heating. An interesting, worth to 
study regime is the intermediate ps one, where the pulse duration is on the same timescale as the 
(heated) electrons – lattice equilibration. When considering the target side, the difficulty arises 
from the wide variety of physical (mechanical, thermal, electrical) properties involved, which 
occurs from simple, mono-elemental targets to highly-complex composition ones. Finally, the 
comprehensive study of the laser ablation plasma is often made difficult by its transient character, 
requiring space- and time-resolved sensitive techniques to measure a multitude of parameters, such 
as (among others) chemical composition (atoms, molecules, clusters, nanoparticles), electrical 
composition (ionization stages, electron number density), individual species dynamics and 
energetics, plasma potential etc. Various diagnostic methods are available for this, mainly divided 
in two categories: optical (fast camera photography [7], interferometry [8], shadowgraphy [9], 
optical emission spectroscopy [10], laser induced fluorescence [11], Thomson scattering [12] etc.) 
and electrical (mass spectrometry [13], electrostatic analyzers [14], Langmuir probes [15], Faraday 
cups [16]). Each of these techniques has intrinsic limitations (for instance, interferometry or 
Thomson scattering require significantly higher electron densities than the Langmuir probe) and 
usually reveals only a facet of the plasma dynamics (optical methods usually deal with excited 
states, while electrical probes provide information only on the charged particles), in a restrained 
space-time domain. A combined use of (several) techniques from both categories is therefore 
suitable for a more complete description of the plume evolution.  

 From an applicative point of view, the systematic (and time-consuming) investigation of 
the ablation plasma plume is often overlooked. In the PLD technique, the optimization of the 
grown thin film properties is frequently based on an empirical (trial and error) approach (which is 
also time- and resource-consuming) and on target-specific strategies. Some studies have 
nevertheless tried to relate the properties of the deposited film with those of the ablation plasma 
[17], in an effort to understand and overcome undesirable effects like, e.g., non-congruent transfer 
[18,19]. More peculiar phenomena such as plume splitting, oscillations, or rebound at the substrate 
[20,21] may also affect the deposition process and therefore deserve further investigation. A 
unitary understanding of the target-beam-plasma-film interaction would provide a useful tool for 
the design of optimized PLD processes. However, the intrinsic complexity and interconnectivity 
of these relationships usually lead to a sequential tackling of each step. Several groups have 
previously reported on the target-plasma relationship [22–26], focusing on particular aspects of 
the ablation process like ablation threshold, ablation yield or particle density generated by 
(common) ns ablation, while other groups focused on laser-produced plasma formation and 
dynamics in various ablation regimes [27,28], with parallel investigations of the impact on the 
synthesized thin films [29,30]. Finding general relationships that transcend the ablation regime 
(ns, ps, fs) or the type of ablated material thus appears as an appealing route to propose and 
implement universal optimization strategies for the PLD process or other technological/analytical 
applications.  

 Continuing ongoing experimental [31-33] and theoretical [34] efforts in the quest for 
identifying such general trends, we propose here a systematic study on the ablation of several 
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metals in ns, ps and fs regimes. In a previous paper [31] we evidenced some links between the 
target physical properties and the generated plasma parameters for fs laser ablation, and proposed 
for the first time empirical relationships between them. In the current paper, we extend this study 
to the ps and ns regimes and demonstrate the universality of these relationships, regardless of the 
ablation laser pulse duration. Optical (fast ICCD camera imaging and space- and time-resolved 
optical emission spectroscopy - OES) and electrical (Langmuir probe) investigations have been 
used to link target properties (atomic mass, electrical conductivity) to plasma parameters such as 
expansion velocity, plasma potential, ion density, electron temperature throughout the plasma 
plume volume. 

2. Experimental set-up 

The combined optical-electrical diagnostic set-up was presented in previous papers 
[20,25,28], thus only a brief overview will be given here. For the present study, 20-mm diameter 
and 1-mm thickness disks of metals with different physical properties (Al, Cu, Mn, Ni, Ti, Zn) 
were placed on a rotating target system, inside a stainless-steel vacuum chamber evacuated at 10−5 
Torr base pressure. The targets were successively irradiated at quasi-normal incidence (AOI < 5°) 
by femtosecond/picosecond mode-locked Ti:Sa (Spectra Physics Spitfire regenerative amplifier, 
Tsunami oscillator, 800 nm wavelength, 100 Hz repetition rate, 40 fs and 1 ps pulse durations) and 
Q-switched Nd:YAG (Quantel Brilliant Eazy, 532 nm, 10 Hz, 10 ns). The energy per pulse for 
each of the laser systems was as follows : 1.6 mJ for fs, 1.2 mJ for ps and 20 mJ for ns, with each 
laser beam focused at different spot diameters on the metallic targets (140 μm for fs, 120 μm for 
ps and 500 μm for ns) to result into similar fluences of ≈10 J/cm2.. 

For the optical analysis, the dynamics of the laser-produced plasma (LPP) has been studied 
by means of a high-resolution monochromator (Acton SP2500i, 500 mm focal length) and an 
intensified charge-coupled device (ICCD) camera (Roper Scientific PI MAX2-1003-UNIGEN2, 
1024×1024 pixels, minimum gating time 2 ns). For fast photography measurements, ICCD 
sequential pictures of the spectrally unresolved plasma optical emission were recorded at various 
delays (between 25 ns and 12-20 μs) with respect to the laser pulse. The ICCD camera gate was 
triggered by a fast response photodiode placed outside the chamber and an internal routine was 
used to increment the delay between the laser pulse and the gate opening. For spectrally resolved 
studies, plasma emission from 300μm-wide plume slices (parallel to the target surface) was imaged 
using a two-lens system (1/10 magnification) onto the entrance slit (30 μm width) of the 
monochromator. High-resolution spectra were recorded with a 2400 l/mm grating and a slit width 
of 30 μm, resulting in a spectral resolution of ≈0.02 nm on ≈ 8 nm broad spectrum for a given 
grating position.  

The plasma evolution was also monitored by a cylindrical Langmuir probe [31-33] made of 
stainless steel (0.8 mm diameter, 5 mm length), placed on the plume expansion axis at various 
distances from the target (12 measurement points between 5 mm and 40 mm). A detailed view of 
the experimental arrangement can be found in Fig. 1 of Ref. [20]. The probe was biased at 40 
different voltages spanning between -35 V and +35 V using a stabilized DC power source, while 
the target and vacuum chamber were electrically grounded. The electronic and ionic currents were 
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measured from the voltage drop on a 4.6 kΩ resistor and the transitory signals were recorded with 
a digital 600 MHz, 2.5 GS/s Oscilloscope (LeCroy Wave Runner 6200A) at 1 MΩ or 50 Ω input 
impedance. Each experimental point was recorded by averaging the current signals over 50 laser 
pulses. The continuous rotation movement of the target offered fresh ablation surfaces per each 
pulse. 

3. Results and discussion 
3.1 Plasma global structure by ICCD fast photography  

Figure 1 displays as a typical example, the characteristic snapshots of optical emission from 
plasmas produced in nanosecond, picosecond and femtosecond regimes by ablation of the Ti 
target. The splitting of the plasma plume in two structures (fast and slow) has been observed as a 
general feature, for all studied targets and for all three ablation regimes, confirming previous 
studies (see [20] for a review), where the origin of the first (fast) structure was preferentially 
assigned to electrical-driven mechanisms, while the second one to subsequent thermally-driven 
processes. As expected, we observed (for all investigated targets) that the ns-LPP has a stronger 
global emission intensity and it is described by a larger volume, while the picosecond and 
femtosecond laser-produced plasmas are more directional and the emission is centered around the 
expansion axis with reduced lateral extension. Similar results were reported in [35,36], with 
differences in the width of the ionic distribution of about 30o between the plasma plumes produced 
by nanosecond and femtosecond ablation.  The extended emission of the ns-LPP compared to fs 
and ps ones is generally accepted as coming from the plasma heating by the “tail” of the laser pulse 
in the short ablation regime. An interesting observation is that the moment of the plasma split in 
two structures differs between ns irradiation, where it can be observed after ~150 ns from the laser 
pulse, and ps and fs regimes, where it is seen after ~50 ns delay. In our opinion, this cannot be 
fully explained by the plasma heating in ns regime and the difference in kinetic energies of the 
ejecta (see below) and therefore deserves further investigation. 

 

Figure 1. Emission of Ti LPP in fs, ps and ns ablation regimes (ICCD snapshots recorded with 10 ns gate width at 
150 ns delay from the laser pulse). 

For each ablation regime, the “center-of-mass” expansion velocities [37] of the two 
structures were estimated by plotting the axial displacement of the maximum emission spots as a 
function of the delay from the laser pulse. The derived values presented in Figure 2a with respect 
to the atomic mass of the target material exhibit a decreasing trend as the ejected particles get 
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heavier (see also [17-19,21]). Among the three irradiation regimes, the ns-LPPs display the highest 
velocities, ranging from 46.8 km/s for the fast structure and 12.6 km/s for the slow structure in the 
case of Al target to 18 km/s for the fast structure and 5.5 km/s for the slow one in the case of Zn 
target. The expansion axial velocities are lower in ps (ranging between 26.8 km/s and 15.1 km/s 
for the fast structure and between 10 km/s and 4.6 km/s for the slow one) and fs (fast structure: 
15.8 – 9.78 km/s and slow structure 3.6 – 0.39 km/s) regimes. Some attempts to explain the 
relationship between axial expansion velocity (v) and target atomic mass (A) found in the literature 
[38,39] are mostly based on the classical kinetic energy approach, leading to a v ∝ A-1/2 
dependence. However, by considering such a relation we admit that the particle ejection is driven 
mainly by thermal mechanisms. This assumption, understandable in the ns ablation regime, does 
not remain valid in the case of fs or ps regime, where thermal effects are reduced. Therefore, the 
contribution of other non-thermal mechanisms to the overall values of the plasma plume velocity 
components should be also considered. 
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Figure 2. The evolution of the “center-of-mass” expansion velocities of the two plasma structures with the target 
atomic mass (a) and vaporization heat (b, c) in the three ablation regimes (ns, ps, fs). 

 

When plotting the fast and slow expansion velocities with respect to the vaporization heat of 
the target material (Figure 2 b,c), we observe that they follow quasi-proportional trends on two 
distinct regions (< 300 kJ/mol and > 300 kJ/mol) defined by different slopes. The first region 
includes the Zn, Mn and Al plasmas, while the second one covers the other investigated targets 
Cu, Ni and Ti. The nature of these quasi-linear evolutions is rather peculiar, as one would rather 
expect a decrease of the expansion velocity with the heat of vaporization (in the frame of thermal-
driven mechanisms [38-42]). Our data suggest that the kinetics of the LPP is not (predominantly) 
influenced by thermal ejection mechanisms, but rather by electrostatic ones, with an important role 
of the double layer generated by space charge separation [20,43,44]. Therefore, other physical 
parameters of the target should be considered (especially for the ps and fs cases where the thermal 
mechanisms are not as prominent as for the ns case) in order to find the most relevant plasma - 
target relationships. 

 

3.2 Individual plasma species probed by optical emission spectroscopy  

A more “individualized” view (i.e. for individual species in the plasma) of the plume 
dynamics can be provided by OES, which allows us a qualitative estimation of the contribution of 
the radiative processes to the total energetic balance. For all investigated plasmas we recorded 
emission from excited states corresponding to neutral atoms and singly- and doubly-charged ions. 
The ns-LPP emission lines were more intense compared with the ones generated in fs or ps 
regimes, as expected due to the plasma heating by the ns pulse [17,21,35].  

The excitation temperatures (Tex) of individual plasma species can be easily determined by using 
the Boltzmann plot method, following for example the procedure described in [27,28,37]. For the 
present calculations only neutral emission was taking into account, having in view its abundance 
comparing to those of the singly or multiply charged ions. More than 100 emission lines were used 
to derive the excitation temperatures from Boltzmann plots. The full list of these lines is available 
from the corresponding author on request. The resulting excitation temperatures (Figure 3a) exhibit 
a decrease with the target atomic mass, similar (but more marked) to the one found for the 
expansion velocities (Figure 2a). The only (not yet explained) exception to this trend is for Cu 
target in ps ablation regime. The plasma heating by the ns pulses leads again to higher temperatures 
compared to the ps and and fs regimes, although for the heaviest atoms (Cu and Zn) this trend is 
reversed. Our results are in good agreement with previous studies which focused on differences 
observed in the excitation temperature [35,36] for plasmas generated in various ablation regimes. 
We note that the evolution of the excitation temperature with the atomic mass (presented in Figure 
3b) does not depend significantly on the measuring distance, as the same dependence was observed 
at 1 mm and 20 mm from the target. A significant decrease (~50%) of the excitation temperature 
is observed over the first 5 mm from the target. We must note however that at longer distances the 
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excitation temperature calculation can be strongly affected by errors due to the decrease of the 
signal/noise ratio and possible (expected) deviations from the LTE, related to the electron density 
decrease and the transition of the LPP towards a predominant collisionless expansion regime. 

 

 

Figure 3. Excitation temperatures vs target material atomic mass at (a) 1mm and (b) 5mm, 10 
mm, 20 mm from the target. 

When investigating the impact of the heat of vaporization or that of the melting point of the 
metallic targets on the excitation temperature of the ejected atoms, we observe a similar 
dependence as in the previous case of expansion velocity (Figure 2b, c), i.e. the excitation 
temperature increases as the heat of vaporization and the melting point increase. These results are 
in good agreement with our previous interpretation on the effect of the properties like vaporization 
heat or melting point, where we saw an increase of the kinetic energy of the particle. With this 
augmentation the probability of multiple collisions increases and thus the possibility a higher Tex 
induced by these collisions [45]. This result is better understood for fs and ps ablation regime, 
where the thermal effects are reduced, while the electron-ion energy transfer (in the bulk material) 
and the electron heat conduction times are significantly higher than the pulse time-width. 

In order to build a stronger image of these dependences, we also looked at other parameters 
(electrical/thermal conductivity, boiling point, ionization potential), but no clear connection with 
the excitation temperature was found, just a general decreasing trend. For example, the Mn and Cu 
plasmas have similar excitation temperatures, despite the large differences between their thermal 
or electrical conductivities. The plasma with the second highest value of the excitation temperature 
was the one generated on a Ti target, the material with the highest heat of vaporization, boiling 
point and ionization energy, while the lowest value was found for the plasma generated on the 
material having the lowest heat of vaporization, melting point and ionization energy (Mn). 
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Comparison between the three ablation regimes can be rather difficult, especially if we take 
a broader look at all ablation mechanisms involved. In the case of nanosecond laser irradiation, 
the ablation process is dominated by thermal processes which lead to melting and vaporization, 
material removal and the absorption of the incident pulse energy by the plasma. By contrast, for 
shorter ablation regimes (fs and ps laser ablation) the laser pulse is shorter than the characteristic 
relaxation times [6]. The heat load to the surrounding material is reduced, allowing a well-defined 
heat-affected area in contrast to ns regime where the re-solidification of melted layers leads to 
irregularities on the material surface [6,42]. For low fluence fs-laser irradiation, the Coulomb 
explosion is the dominant ejection mechanism, while at sufficiently high laser intensities the phase 
explosion is followed by non-thermal vaporization of the bulk material and becomes the main 
mechanism for material removal [6]. Therefore, alternative plasma diagnostics, which can offer 
more localized spatio-temporal information, are necessary. 

 

3.3 Langmuir probe measurements 

The diagnostic chosen as an alternative for OES measurements was the Langmuir Probe (LP) 
method in its time-resolved sequential approach. In the framework of the LP technique, all plasma 
parameters that are derived are only related to the charged particles (electron temperature, density, 
ionic temperature, thermal velocity, plasma potential). Although the thermal velocity describes 
mainly the movement of the electrons, it is related to the local thermal energy of the whole plume. 
In a similar manner, the drift velocity determined using the method presented in [31] can be related 
to the overall kinetic energy of the ions. The energy of the ejected particles, according to [41,42], 
can be correlated to some extent to the cohesive energy of the lattice ions, therefore we will first 
look at the dependences on the material properties related to the electrostatic ablation mechanism.  

Increased thermal and drift velocities were observed (Figure 4 a,b) for LPPs generated on 
targets with high electrical conductivity. According to a theoretical study of Bulgakova et al. [6], 
when Coulomb Explosion (CE) is considered as (the main) particle removal mechanism, a highly 
conductive material irradiated above the threshold fluence may lead to the ejection of a high 
density of electrons. This is followed by the formation of an intense positive charge region on the 
target surface in the early moments of the laser ablation process. The charge separation leads to a 
strong ambipolar electric field which acts as a driving force for the kinetics of the ejected ions. 

 Our results show a quasi-linear increase for the thermal velocity from values of 2 km/s for 
the material with the lowest electrical conductivity (Mn) to ≈ 5 km/s for Cu which has the highest 
electrical and thermal conductivities (Figure 4a). The highest thermal velocities are seen for the ps 
LPP. Although the increasing trend can be observed at all investigated ablation regimes, some 
discrepancies between different regimes can be understood as a direct result of the higher lateral 
expansion in the nanosecond regime coupled with high localization of the LP technique.   

The drift velocities present a steep rise for low conductivity elements reaching a quasi-
saturation regime after (20 – 40) × 106 Sm-1. Although the evolution with the electrical 
conductivity follows a similar trend for all the ablation regimes (ns, ps and fs), the highest values 
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are found for the nanosecond regime while the lowest ones are found for the fs regime (Figure 4b). 
These divergences from the results seen through ICCD fast camera imaging can be attributed to 
the high directionality of the fs and ps LPP compared to the ns one. 

 

Figure 4. Electron thermal velocity (a) and ionic drift velocity (b) vs electrical conductivity of the target materials. 

These results are also in good agreement with our previous findings [25], where the 
expansion velocities of LPP from multi-element chalcogenide targets increased as the electrical 
conductivity of the target was altered by the addition of Se2Sb3. We used a similar approach in 
[31] for fs-LPP on a wider range of metallic targets (Al, Ni, Mn, Cu, In, Te, W) and we have found 
the same quasi-linear increase. There we reported an exception to this rule for the Te plasma 
explained by the low boiling point (≈ 1261 K) compared to all other investigated materials which 
let us on the role of thermal mechanisms in this plasma generation. 

In Figure 5 we have represented the evolution of the plasma potential and electronic 
temperature with the electrical conductivity of the metals. We choose to focus more on the 
electronic temperature (Te) instead of the ionic (Ti) one, as Te represents a well-defined “local” (in 
space and time) measurement, and has a better theoretical understanding in the framework of the 
Langmuir Probe method. We note however that Ti is following roughly the same evolution as the 
electron temperature. Both quantities were derived at a certain distance away from the target, from 
time-resolved LP characteristics of current-voltage (I-V) type [31]. The plasma potential and the 
electronic temperature present a steep increase for low conductivity elements reaching a quasi-
saturation regime after 20 × 106 Sm-1. The same dependence was reported by our group [31] for a 
different set of materials (Al, Ni, Mn, Cu, In, Te, W). We would like to note that although some 
materials are different, the range of conductivities is the same, as both studies contain Cu which 
has the highest conductivity and Mn with the lowest value.  
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Figure 5. Electron temperature (a) and plasma potential (b) dependences on the electrical conductivity of the 
investigated metals fitted with the functions (1) and (2), respectively, and electron temperature dependence (c) on 

the electrical conductivity for 1 μs delay, at different target-probe distances for the ns-LPP 

The relationship between the electronic temperature and the electrical conductivity of the 
materials can be explained by admitting a contribution from Coulomb Explosion (CE) mechanism 
[6] to the overall particle ejection and expansion in all ablation regimes. This will automatically 
give a relation of proportionally between the charge carrier mobility and the electric current density 
generated by laser irradiation, which can be exploited through the LP method. Within the 
“classical” LP method, parameters like Te are extracted by fitting the linear increase of the 
electronic region in a logarithmic representation of the I-V characteristic [31]. Since the electrical 
conductivity (σ) is proportional to the charge mobility and subsequently to the collected probe 
signal, we proposed in [31], in the fs ablation regime, a 1/σ dependence for Te, in the form: 

( ) T
e T

T

bT c
a

σ
σ

= −
+

     (1) 

where aT (Sm-1), bT (eV.Sm−1), and cT (eV) are fitting parameters. This dependence is also 
confirmed here, both for the ps and ns regimes (see Figure 5a), meaning that the fingerprint of 
electrostatic ablation mechanisms remains noticeable even though the thermal ablation 
mechanisms become more prominent. 
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We applied the same formalism to the plasma potential, which was determined from the 
logarithmic representation of the electronic current vs. the probe voltage, as the inflection point. 
The universality of the empirical logarithm-type function proposed in [31]: 

( ) ln( )Plasma V V VV a b cσ σ= + +     (2) 

where aV (V), bV (V), and cV (Sm-1), are fitting parameters, to explain the relationship between the 
plasma potential and the target electrical conductivity in fs ablation, is now confirmed (see Figure 
5b) as the it can be used to also describe the data for ps- and ns-generated plasmas.   

 After the fitting for each ablation regime, a set of characteristic parameters were extracted 
characterizing the data collected at 5 mm from the target after 1 μs, and they are presented in Table 
1. We observe some difference among the values for each ablation regime. All parameters 
determined for fs LPP are higher than those for ps or ns. At this moment it is difficult to assess if 
the evolution of the fitting parameters can be directly related to the weighted contribution of the 
Coulomb explosion as the main ablation mechanism. A subsequent study regarding the variation 
of these plasma parameters with other metal characteristics (such as atomic weight or ionization 
potential) did not reveal any direct correlation, and thus a clear physical description of these 
empirical fitting parameters was not possible. However, we can state that the proposed empirical 
functions describe well the considered set of materials in the range for the laser fluence / 
background pressure conditions used in this study.  

Table 1. The values of the empirical parameters for each ablation regime derived after fitting with Eqs. 
(1) and (2) the excitation temperature and the plasma potential evolution with the electrical conductivity 

of the metallic targets. 

Parameter Femtosecond regime Picosecond regime Nanosecond regime 

aT (S m−1) 0.00914(1) 0.00497(3) 0.00341(2) 

bT (eV.S m−1) 0.358(2) 0.0115(6) 0.0038(4) 

cT (eV) 9.12(3) 3.221(5) 2.13(8) 

aV  (V) 14.75(6) 13.1(1) 10.6 (5) 

bV (V) 4.7(2) 3.72(5) 3.16 (4) 

cV (S m−1) 0.061(2) 0.03(1) 0.0183(7) 

 

 We would like to emphasize that the “universal” trends revealed by Eqs. (1) and (2) cover 
a wide range of target conductivity values (approximately two orders of magnitude), and a wide 
range of electron temperature values (0.2 - 9 eV) and plasma potentials (1– 7 V). To our knowledge 
this is the first report of a mathematical correlation between the plasma plume parameters and the 
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target material properties in all ns, ps and fs ablations regimes, and it stands as the main finding of 
this report. However, we must stress that the empirical parameters derived in Table 1 are specific 
to a particular plasma volume investigated at a specific moment of time, thus a systematic mapping 
of the plasma space-time evolution is needed for a complete description. We represented in Figure 
5c the ns-LPP electronic temperature dependence on the electrical conductivity at different 
distances from the target. The result revealed similar dependence between Te and the electrical 
conductivity although the data becomes more scattered for distances above 5 mm. For longer 
distances, the data are significantly scattered and we can speculate on a “loss of memory” for the 
plasma with respect to the initial stages of expansion. 

Because our experiments were performed on a wide range of elements and in three different 
ablation regimes, the comparison with other similar attempts are necessary in order to confirm our 
newly proposed dependences and the generalization of other data existent in literature. This is not 
a simple task as the main parameter considered in literature is the total ionic density and it is 
usually compared with the bonding energy of the ions in the crystalline lattice [39,41,42,46]. The 
dependences proposed in [41,42] are focused on the volatility of the materials, which can be also 
described by the heat of vaporization or the melting point. Let us consider for example Figure 6, 
where we represented the saturation ion density (recorded at 10 μs delay) as a function of the 
melting point of the target material, function described by a decreasing trend. A similar observation 
was found in [42] where the ns ablation plasmas of different targets (Mo, Fe, Mn, Cu, Al, Zn, Pb 
and Sn) were investigated. A significant decrease in the ablation efficiency (estimated as a function 
of the ablated crater depth) with the increase of the melting point was observed. The same type of 
influence of the melting point on the ablation yield was found by Thestrup et al. [41] when 
investigating the ns-laser produced plasmas of metallic targets (Al, Cu, Zn, Bi and Ag). A decrease 
of about two orders of magnitude in ablation yield with the increase of cohesive energy was 
observed by Schou et al. [41]. In [41] both melting point and cohesive energy are considered as a 
measure of the degree of volatility. Our present results act as a generalization of the previous 
results, as we find a decrease in the ionic density with the increase of the melting point in all three 
ablation regimes. Higher ionic densities were found for the ns and ps regime as opposed to the fs 
one due to the increasing contribution of secondary (thermal) ablation mechanism to particle 
ejection. This result can be now coupled with the dependences seen for the drift velocity of 
excitation temperature with the vaporization heat of the target. The increase in the vaporization 
heat (bonding energy) does lead to an overall decrease in ionic density although the overall kinetic 
energy of the ejected particles is increasing.   
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Figure 6. Ionic density dependence on the melting point (a) and the heat of vaporization (b) of 
the target materials. 

4. Conclusions 

We report here on a series of relationships between the physical properties of the ablation 
target and the kinetic and energetic parameters of the laser-produced plasma plumes, 
characterizing three different irradiation regimes (ns, ps and fs). The experimental approach 
involves the use of ICCD fast camera imaging, optical emission spectroscopy and Langmuir probe 
method implemented for the study of plasma generated on ablation on various single-element 
metallic targets (Al, Ti, Mn, Ni, Cu, Zn) The experimental data revealed fundamental differences 
between plasma generated in each ablation regime which are attributed to specific mechanisms 
involved in material removal. The optical investigation revealed a good correlation between the 
excitation temperature or expansion velocities and the atomic mass, result explained on the basis 
of a thermal ejection mechanism. A general relation validated in all three ablation regimes was 
found between the electrical conductivity of the materials and the expansion velocity, electron and 
ion temperature and plasma potential. These relationships are discussed in the framework of the 
Coulomb explosion scenario and come as generalizations of our previous reported results. Some 
results have been well correlated with the formation mechanisms of the two-plasma structure, but 
it is difficult specify if there is no other contribution to these evolutions. All the discussion 
regarding the energetic plasma parameters like electronic/excitation temperatures, plasma 
potential, thermal/drift velocities and how the ablation mechanisms are influencing the dynamics 
of the ejected particles was made on the basis that our empirical relationship transcends all three 
ablation regimes. this lead to the confirmation and generalization of the already known  ion 
density- vaporization heat relationship. The strength of the proposed relations can be further tested 
against different types of materials (dielectrics, semi-conductors, etc.) and other experimental 
conditions in terms of background pressure or laser fluence.  
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