
1 
 

Spatiotemporally resolved optical emission spectroscopy and 

harmonic generation in Cu plasmas  
 

 
M. Oujja1, J. J. Camacho2, M. Sanz1, I. Lopez-Quintas3, M. Castillejo1, R. de Nalda1* 

 
1Instituto de Química Física Rocasolano, CSIC, C/ Serrano 119, 28006, Madrid, Spain 

2Departamento de Química-Física Aplicada. Facultad de Ciencias, Universidad Autónoma de 

Madrid, Cantoblanco, 28049 Madrid, Spain 

3Grupo de Investigación en Aplicaciones del Láser y Fotónica, University of Salamanca, E-

37008 Salamanca, Spain 

*Corresponding author: r.nalda@iqfr.csic.es 

 

Abstract 

Laser-induced ablation plasmas of Cu generated by nanosecond 1064 nm pulses have 

been examined as media for third harmonic generation of a nanosecond driving pulse. A 

narrow window of ablation fluences where third harmonic generation is optimized has 

been identified in a region around twice the ablation threshold. A detailed analysis of the 

features of the Cu plasma across this critical fluence window, through spatially and 

temporally resolved optical emission spectroscopy, has been used to assess critical plasma 

parameters such as temperature, electron density, and abundance of Cu species in 

different ionization stages. This description has been correlated with the conditions for 

optimum low-order harmonic generation in the Cu plasma. 
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1. Introduction 

The incidence of laser light of sufficient intensity on the surface of a solid initiates a 

cascade of phenomena that causes the ejection of material from the sample in the form of 

atoms, clusters, nanoparticles and droplets, [1], [2] often with extensive ionization. The 

created ablation-plasma expands in the three dimensions, with a net velocity in the 

direction perpendicular to the sample surface, with dynamics dominated by collisions, 

recombination and radiative processes [3].  

A detailed understanding of laser plasmas is important for their applications in fields 

like laser processing of materials, [4] synthesis of thin films, [5] elemental analysis of 

complex samples [6] or generation of extreme ultraviolet radiation [7] or X-rays [8]. Laser 

plasmas are inherently transient media and present sharp gradients of measurable 

quantities in space and time. The understanding of the mechanisms governing plasma 

formation and expansion is a challenging task that requires a detailed description of the 

dynamics in the solid from the laser-matter interaction to the formation of the plasma, and 

the subsequent plasma evolution and expansion. Some of the experimental techniques 

employed to describe these media are time-of-flight methods, [9] interferometry and fast 

photography [10]. The detection of optical emissions by excited particles in the plasma is 

particularly suitable and informative, since it can provide information not only on the 

composition of the plasma but also on the electron density and temperature, [11], [12], 

[13] with spatial and temporal resolution. 

As nonlinear optical media, laser plasmas offer interesting routes for exploration and  

optimization, due to their often complex composition, the presence of species that do not 

appear in other environments and the broad range of values that macroscopic variables 

like temperature or electron density can span across. A significant body of literature exists 
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describing harmonic generation in plasmas generated through laser ablation. Among 

these, some experiments have the exploited resonance enhancement of a given harmonic 

due to a resonance with a species present in the plasma, [14], [15] others have described 

harmonic generation in species like fullerenes, [16] clusters [17], [18], [19] or 

nanoparticles [18], [20], [21]. Additionally, the macroscopic conditions of the plasma 

region where harmonics are generated (temperature, gas pressure, electron density) have 

been shown to play a crucial role on harmonic emission [17], [22]. 

One of the main drivers of the studies of plasmas as nonlinear optical media has been 

the search for improved characteristics of harmonic emission, be it in the form of higher 

efficiency, higher cutoffs in high-order harmonic generation or intense generation of a 

given harmonic. In that arena, previous work has mainly focused on high-order harmonics 

generated with ultrashort near-infrared laser pulses [15], [17], [20]. However, it has been 

shown that the observation of harmonics from a laser plasma also constitutes a powerful 

diagnostic technique of the plasma itself, and can be sensitive to properties of the laser 

plasmas that are elusive through other techniques. This type of study has been dominated 

by low-order harmonic generation [14], [18], [19], [21], [23], [24]. Given that laser 

plasmas are media with local inversion symmetry, so that only odd harmonics can be 

emitted, the first orders to be observed are the third and fifth. When harmonic generation 

is employed as a tool to diagnose the laser plasma, it is important to design experiments 

that allow complete spatio-temporal exploration across broad ranges (at least millimeters 

in space, tens of microseconds in time). An example of this type of measurement can be 

found in [19], where a detailed temporal analysis of harmonic generation allowed the 

detection of middle-sized species in a complex fs plasma. 

The crucial roles of both microscopic (i.e. the local composition of the plasma) and 

macroscopic (i.e. dispersion) characteristics of laser plasmas on harmonic generation 
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have been broadly acknowledged in previous literature [17], [25], [26], [27]. In some 

previous contributions by us and other authors it had been described how optical emission 

spectroscopy can be used for a qualitative assessment of species present in the plasma 

where harmonic emission takes place [19], [21], [22], [28], [29]. Also, OES assessment 

of the electron density in plasmas employed for harmonic generation has been reported 

for instance in [25], or even, in a reverse approach, harmonic generation has been 

employed as a measurement of electron density through OES in a quasi-phase matching 

configuration [30]. On the other hand, detailed analysis of optical emissions has shown 

to be an invaluable tool for the description of laser-induced plasmas [13], [31], [32], one 

that can not only provide information on a given parameter like electron density but that, 

particularly when performed with high spatial, temporal and spectral resolution, can yield 

valuable and precise information on a broad range of plasma characteristics like 

composition, excitation temperature, degree of ionization or plasma expansion behaviour. 

However, a detailed description of the features of the plasma through optical emission 

spectroscopy, together with the determination of their repercussions on harmonic 

generation, is, to our knowledge, lacking. Contributing to filling this gap constitutes the 

main aim of this work, where we report the results of an experiment designed to study the 

behavior of a laser-generated Cu plasma as a nonlinear optical medium, in a 

spatiotemporal region diagnosed through optical emission spectroscopy. This allows us 

to determine the conditions, both micro- and macroscopic, that optimize third-order 

harmonic generation in a laser-generated Cu plasma. 

 

2. Materials and methods 

The experimental scheme employed in this work is presented in Figure 1. The output of 

a Q-switched Nd:YAG laser (Spectra Physics, Quanta Ray Indi-HG, 1064 nm, 6 ns 
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pulses, 10 Hz) was used for ablation of Cu samples inside a stainless steel vacuum 

chamber with a base pressure of  2×10-5 mbar. The metal samples were 2 mm thick, 10 

mm diameter cylinders (Kurt J. Lesker, 99.99% purity) held onto a continuously rotating 

holder. The laser beam was focused onto the target surface at normal incidence using an 

f = 20 cm lens. The Cu sample was placed ahead of the focal plane of the ablation beam 

in a position where the laser spot on the surface had a slightly elliptical shape with 

dimensions of around 700 μm × 800 μm. We will refer to this situation as “soft focusing” 

geometry.  

We performed two types of experiments on the Cu ablation plasmas obtained under 

the same conditions: detection of spontaneous emissions by optical emission 

spectroscopy (OES) from the excited species in the plasma and detection of the third 

harmonic (TH) of a second laser beam that crosses the plasma at controlled delays. In 

most cases the OES experiments are performed only with the pump laser pulses, while 

TH generation experiments require pump and probe lasers beams (see Fig. 1). It has been 

checked that spontaneous plasma emissions do not differ significantly when using single 

pulse or double pulse configuration. 

For the OES measurements, the plasma emission was collected and imaged onto the 

entrance slit of a 0.3 m spectrograph (Bentham, TMc300, grating with 1200 lines/mm 

blazed at 500 nm) coupled to an intensified charge-coupled device (ICCD) camera (Andor 

Technology, DH501-25F-03, 1024  128 active pixels, 26 μm × 26 μm pixel, intensifier 

diameter 25 mm). The image was 2:1 magnified with a set of two lenses and rotated by 

90º with a quartz Dove prism. This allowed to project the expansion axis of the plasma 

onto the entrance slit of the spectrograph, obtaining spatial resolution in the vertical axis 

of the detector and spectral resolution in the horizontal axis. We will refer to this type of 

measurements as 1D-1D OES (see reference [13]). In these conditions the spatial 
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resolution is mainly limited by pixel size, which is around 26 µm × 26 µm. The ICCD 

detector was temporally gated for 100 ns for the acquisition of emissions at selected 

delays after the ablation event. The intensity response of the detection system in the 

spectral region 350 - 600 nm was calibrated using a tungsten filament lamp (Osram 

Xenophot HLX 64640, 24 V, 150 W) (see ref. [32] for more details). 

For TH measurements, a second NIR laser pulse, which will be subsequently called 

driving laser, was employed as the fundamental radiation for harmonic generation. It was 

produced by a second Q-switched Nd:YAG system (Lotis TII LS-2147, 1064 nm, 15 ns 

pulses, 10 Hz), which propagated across the plasma perpendicularly to the ablation laser 

beam and parallel to the Cu surface at a distance of approximately 1 mm. This driving 

beam was focused with a f = 20 cm focal length lens on the plasma expansion axis. A 

confocal parameter of b = 4 mm was determined from the characterization of beam 

geometry in the focal region. The driving laser intensity in the plasma area is estimated 

around 2×1011 W/cm2. The delay between the two nanosecond lasers can be varied 

arbitrarily, since it is controlled electronically, and the resolution is only limited by their 

pulse width. The time resolution in detection is limited by the rise time in the ICCD, 

which is around 2 ns. For these measurements the Dove prism and the imaging system 

were removed and replaced by two dichroic mirrors enhanced for 355 nm reflectivity. For 

spectral dispersion, the same spectrograph described above was used, with a grating of 

300 lines/mm. In these conditions the spectral resolution was around 0.25 nm. 
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Figure 1. Experimental scheme employed for the measurement of the nonlinear optical 

response of the laser ablation plasma through the detection of the third harmonic of an 

NIR fundamental pulse propagating across the Cu plasma. 

 

3. Results 

3.1. Third-order harmonic generation 

The nonlinear optical response of the ablation plasma is a rapidly varying function of the 

spatial and temporal coordinates, in correlation to the rapidly varying composition of 

neutral and ionized species present in the expanding medium. As described in previous 

reports, [14], [21] the intensity of the TH of the driving beam as a function of the x 

coordinate (see Figure 1, where x measures the distance to the target surface) decays 

rapidly, following the rapidly decaying density. For the experiments described in this 

work we chose 1 mm as a compromise distance that avoids irradiating the target surface 

with the driving beam while at the same time keeping a strong nonlinear signal. The signal 

intensity also depends strongly on the position of the focal plane of the driving beam with 
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respect to the plasma expansion axis (along the z direction in Figure 1). In this respect, 

for the measurements described below, we placed the focal plane of the driving beam on 

the axis of the expanding plasma (z = 0). In this spatial configuration, we measured the 

third harmonic of the fundamental beam as a function of the delay time with respect to 

the ablation event, for three different values of the laser ablation fluence on the target 

(2.7, 3.4 and 4.7 J/cm2). The results of this measurement are shown in Figure 2. The 

graph shows that the main feature in the temporal response is a peak in the region of 300-

500 ns and a decay for delays of 1 µs and longer. The temporal behavior of the main peak 

does not seem to depend strongly on the laser fluence on target, except a slight temporal 

displacement to longer times for the lowest fluence employed, which can only be assessed 

by calculating the center-of-mass of the distribution around the peak. The ratio of delay 

maxima for different fluences is of the order of that expected by assuming that the kinetic 

energy acquired by the plasma particles is linearly dependent on laser fluence, causing 

lower average kinetic energies for lower laser fluences, resulting in turn in longer times 

required to reach the interaction region. Another feature worth mentioning in the results 

shown in Figure 2 is the presence of a weaker, delayed temporal component appearing 

in the region of 10-20 µs, mostly visible for the highest fluence employed. This late 

component has been described in previous works and has been attributed to the presence 

of a low speed component of the expanding plasma dominated by nanoparticles [18] , 

[21]. The harmonic emission was explored for longer delays until 200 µs but no signal 

was observed beyond 30 µs. 
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Figure 2. Intensity of the TH generated in the Cu plasma as a function of the delay 

time with respect to the ablation event. Note that the graph is plotted on a log-log scale. 

The three panels correspond to the three ablation fluence values of (a) 2.7 J/cm2, (b) 

3.4 J/cm2 and (c) 4.7 J/cm2 as indicated. The dotted line at 300 ns indicates the temporal 

delay position where subsequent measurements were acquired. 

 

Even though the normalized temporal behavior of the early temporal component does 

not show important changes with laser fluence for the values employed in the above 

measurements, maximum TH signal levels do show a strong dependence on fluence. In 

order to show this, we have selected a fixed delay time of 300 ns with respect to the 

ablation event and measured the TH signal as a function of fluence in the 1-25 J/cm2 

range. The results are plotted in Figure 3, where the harmonic generation intensity is 
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plotted together with spontaneous emissions from the Cu plasma acquired 

simultaneously. The most prominent emission in this region is the Cu doublet 

corresponding to the decay of the outermost electron from the 4p orbital to the ground 

state 4s orbital, i.e. 3d10 4p(2P0
3/2) → 3d10 4s(2S1/2) and 3d10 4p(2P0

1/2) → 3d10 4s(2S1/2), 

emitting at 324.75 nm and 327.40 nm, respectively. The evolution of the intensity of the 

emission at 324.75 nm is shown in Figure 3 (in red). For high ablation laser fluences, a 

weak line that can be attributed to Cu+ in its 3d8 4s2(1G) → 3d9 4p (3F0) transition is also 

detected at 368.66 nm; the evolution of the intensity of this line is shown on the graph (in 

blue). The relative intensities of the third harmonic and these two emissions are not 

comparable; they have been scaled so that they can be visualized on the same graph. 

We shall first direct our attention to the inset of Figure 3, where the measurements 

correspond to fluences around the ablation threshold. These results provide estimates of 

the threshold fluence. Harmonic generation is observed at a fluence of ≈ 1.7 J/cm2, 

whereas spontaneous emissions require somewhat higher fluence, in the region of ≈ 2.7 

J/cm2. It must be recalled that harmonic generation is sensitive to the presence of ground 

state Cu atoms, whereas spontaneous optical emissions require a certain degree of 

electronic excitation. The finding of a laser fluence window where only ground state 

atoms are produced has been described before for infrared laser ablation of metals [33], 

[34]. These experimental values should be compared with previously reported data and 

with estimations of laser ablation threshold fluence in Cu. For metals irradiated with 

nanosecond pulses, laser wavelength is normally not the important parameter, since there 

is sufficient time for heat conduction during irradiation and thus the affected layer is 

defined by the thermal properties of the material and the pulse duration. In this case the 

threshold laser fluence can be estimated from the relation[35],[36] Fth= 𝜌 √𝐷√𝜏𝑝, where 

 is the density of the solid (8.96 gcm-3 for Cu),   is the latent heat of vaporization 
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(4.73×103 Jg-1), D is the heat diffusion coefficient (0.28 cm2s-1), and 𝜏𝑝 is the laser 

pulse duration (6 ns). The heat diffusion coefficient was calculated through D = k/( Cp) 

where k (0.96 Cal  s-1  cm-1  K-1) is the thermal conductivity and Cp (0.38 Calg-1ºC-

1) is the specific heat. From the above equation, the calculated threshold fluence of Cu for 

the laser used in these experiments is 1.7 J/cm2. This is in very good agreement both with 

our determination based on detection of harmonic signal and with previous experimental 

values [37], [38]. Thus, it is worthwhile noting that the measurement of the third-order 

harmonic generation in laser plasmas as a function of the fluence of the ablation laser can 

be used as a method for the determination of the ablation threshold, due to its sensitivity 

to the presence of non-emitting species.  

 The results shown in Figure 3 indicate that the TH signal at 300 ns delay grows very 

rapidly with fluence in the region 1.7-3.7 J/cm2, with a maximum at 3.7 J/cm2, and then 

decays to very low values for higher fluences. Contrarily, the intensity of the spontaneous 

emissions, both those attributed to neutral Cu atoms and Cu+ ions, show a monotonous 

rise as a function of laser fluence. 

For increasing ablation fluences up to the region of maximum harmonic emission 

(3.5 J/cm2), it is clear that higher fluences imply higher number density of emitters in the 

interaction region, causing a higher harmonic generation intensity. Beyond this region, 

even though the total density is bound to increase, as is revealed by the monotonously 

growing signals of the spontaneous emissions, the third harmonic emission undergoes a 

dramatic drop. This rather counterintuitive behavior of harmonic generation efficiency as 

a function of laser ablation fluence has been found before [29], [39] and had been 

qualitatively attributed to the detrimental role of increasing electron density for phase 

matching. 
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Figure 3. Intensity of the TH of the NIR fundamental laser beam generated in the Cu 

plasma as a function of the ablation laser fluence for a fixed delay of 300 ns (black 

solid circles). Spontaneous emissions from Cu (red open squares) and Cu+ (blue open 

triangles) detected simultaneously are also plotted on the graph (see text for details). 

The inset shows a zoomed out section near the threshold laser fluence (indicated in the 

main graph with a dotted box) wherefrom estimates of threshold fluences are obtained. 

The arrows indicate the fluence values for which OES experiments were performed 

(see below). 

 

 These results above indicate that, within a relatively narrow interval in ablation laser 

fluence, from 3 to 5 J/cm2, the characteristics of the plasma that determine the conditions 

for third harmonic generation undergo a profound change. This led us to pursue further 

exploration into the nature of the Cu laser plasmas generated in these conditions. To that 

end, we have performed OES experiments in the absence of the driving laser pulse at the 

two fluences indicated with arrows in Figure 3 (3.4 and 4.7 J/cm2). From this point 

onwards, we will call these situations plasma 1 (3.4 J/cm2) and plasma 2 (4.7 J/cm2). 
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3.2. Spatiotemporally resolved optical emission spectroscopy 

For fluences above ≈ 2.7 J/cm2, emissions from the plasma start to become detectable. 

Figure 4 shows 1D-1D maps (on a wavelength-distance space) of OES emissions from 

the Cu plasma in the most informative region of 480-530 nm. The top row corresponds 

to data acquired for an ablation laser fluence of 3.4 J/cm2 (plasma 1) and the bottom row, 

to 4.7 J/cm2 (plasma 2). Data are shown for three selected delays with respect to the 

ablation event: from left to right, these are 0, 100 and 300 ns. On all panels of Figure 4, 

two horizontal lines mark the region of 0.5 - 1.0 mm distance from the target, where the 

interaction occurs with the driving laser in harmonic generation experiments. Integration 

of signals across this spatial interval leads to the emission spectra shown on top of each 

map. Emissions from neutral Cu are dominant for the lower fluence used at all times, in 

particular three well defined emissions detected at 510.55 nm, 515.32 nm and 521.82 nm 

corresponding to the transitions 3d104p (2P°3/2) → 3d94s2 (2D5/2), 3d104d (2D3/2) → 3d104p 

(2P°1/2) and 3d104d (2D5/2) → 3d104p (2P°3/2), respectively. 

 

Figure 4. Spontaneous optical emissions from the Cu plasma, represented in 1D-1D maps as 

a function of wavelength (x axis) and distance from the target (y axis). Spectrally, the region 

chosen is 480-530 nm, which contains emissions from neutral Cu and Cu+ ions. The top row 

(a1-a2-a3) contains the data for a 3.4 J/cm2 ablation beam and the bottom row (b1-b2-b3), for 

a 4.7 J/cm2 ablation beam. In all cases, emissions at the delays of 0 ns (left), 100 ns (middle) 

and 300 ns (right) with respect to the ablation event are shown. The horizontal lines on each 

map indicate the region of interaction with the driving beam in TH experiments. 
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Upon an increase of the laser ablation fluence from 3.4 J/cm2 to 4.7 J/cm2, the 1D-

1D maps of OES emission change dramatically, as is displayed in the bottom row of 

Figure 4. This figure shows that immediately after ablation, continuum radiation  

dominates, due to the combination of Brehmsstrahlung processes (free-free transitions) 

and radiative recombination (free-bound transitions) [31], [40], [41]. This emission 

continuum shows superimposed Cu+ and Cu lines. Shortly afterwards, the three neutral 

Cu emission lines at 510.55 nm, 515.32 nm and 521.82 nm described above become the 

most prominent contributions to the spectrum, but they are accompanied by a relatively 

intense plethora of ionic Cu+ lines spreading from 481 to 513 nm. It is known that 

nanosecond lasers cause very significant ionization in laser plasmas, [42], [43] as opposed 

to shorter pulse (femtosecond) lasers, since the trailing part of the pulses can be absorbed 

by the plasma by reverse Bremsstrahlung and multiphoton absorption, causing additional 

excitation and ionization. 

 The series of space-integrated (0  z  6.6 mm) emission spectra as a function of time 

is shown in Figure 5, where the change for the dominant emission in the temporal region 

from 0 to 1 µs (continuum emission – Cu+ ionic lines – Cu neutrals lines) can be better 

visualized. During the initial stages after the laser pulse (td  100 ns), the continuum and 

Cu+ emission dominate the spectra. The emission lines for Cu+ progressively become 

spectrally narrower, as a consequence of the decrease in the electron density and electron 

temperature during plasma expansion. For longer delays (td > 100 ns), the intensity of Cu+ 

emission lines steeply decreases as a consequence of the radiative recombination between 

these ions and electrons which is detected up to  500 ns.   
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Figure 5. Spontaneous emission spectra from the Cu plasma as a function of time, acquired 

with a fixed gate width of 100 ns, for a 4.7 J/cm2 ablation beam (plasma 2). The spectra 

correspond to spatially integrated emission maps over the 0  z  6.6 mm range.  

 

 Another observation derived from the maps shown in Figure 4 is that ionic emitters 

effectively move much faster away from the surface than neutrals. The expansion 

velocities of Cu and Cu+ species were estimated from the evolution of the maxima of the 

vertical line-profiles as a function of the distance from the target, through a procedure 

analogous to that described in ref. [13]. Estimates of these effective velocities deduced 

from the neutral Cu emission at 521.82 nm (3d104d 2D5/2  3d104p 2P0
3/2) and Cu+ at 

495.37 nm (3d9(2D3/2) 4f 2[9/2]0
5  3d9(2D3/2) 4d 2[7/2]4) yield an average speed of 10 ± 

1 km/s for neutrals and 27 ± 2 km/s for singly ionized ions. 

 The detailed analysis of the optical emissions can provide estimations of the 

parameters defining the plasma, particularly electron density, ion stage distribution and 

local temperature [44], [13]. Atomic and ionic emission lines in plasmas are subject to the 

Stark effect due to collisions with electrons and ions. In laser-induced plasmas Stark 

broadening is normally the main broadening mechanism in comparison with Doppler or 

pressure broadening. Stark broadening contains the electron and ion broadening 
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components; for nonhydrogenic atoms electron impact is the predominant mechanism, so 

that the measurement of the Stark-broadened line profiles is a very powerful 

spectroscopic tool to obtain reasonable estimates of the electron density (ne), through the 

expression[40] 

∆λ𝑠 = 2𝑤 (
𝑛𝑒

𝑛𝑒,𝑟𝑒𝑓
)                                                                                                           (1) 

where ΔλS is the observed Stark broadening of the line (in Å), w is the electronic impact 

parameter and ne,ref is the electron density used as reference (often 1016 cm-3 for neutral 

atoms). For the Cu plasma we have selected the 3d10 4p(2P3/2
0) → 3d10 4s(2S1/2) line 

detected at 324.75 nm for which an accurate, relatively recent measurement has been 

found as reference [45]. This work tables a measured w of 12.5×10-3 nm at an electronic 

density of ne = 6.6×1016 cm-3 and a plasma temperature of 19300 K. The spectral 

broadening observed in the present work in the spatiotemporal region of interest (1 mm 

from the surface, 300 ns after ablation) has been measured for plasma 2 (4.7 J/cm2) and 

a value of 0.15±0.05 nm (once deconvoluted from the instrumental width of 0.1 nm) has 

been obtained, which yields an electronic density in the range 8×1017 – 2×1018 cm-3, 

assuming, as is normally the case, that the dependence of the impact parameter with 

temperature is slight [36]. For plasma 1 (3.4 J/cm2), the Stark spectral broadening is just 

below the detection threshold in our conditions, implying that the electron density in that 

case is ≤ 4×1017 cm-3. 

 Description of the plasma in terms of local temperature is only possible if the plasma 

is in or near a state of local thermodynamic equilibrium (LTE). The conditions for LTE 

have been discussed in detail by Fujimoto and McWhirter [46]. It is considered that LTE 

exists if the time between collisions is shorter than the other time scales relevant for 

plasma evolution. Therefore, high particle densities favor LTE. A necessary (albeit not 

sufficient [47]) requirement for the electron density can be formulated as follows [11]: ne 
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(cm-3) > 1.4×1014 Te
1/2 (ΔEul)

3, where Te is the electron temperature and ΔEul the 

separation between the upper and lower energy levels (both in eV). For the 3d10 4p(2P3/2
0) 

→ 3d10 4s(2S1/2) Cu transition observed at 324.75 nm, ΔEul = 3.8 eV. Since electron 

temperatures are expected to be in the region 1-2 eV (see below), in the most unfavorable 

case this threshold electron density would be 1016 cm-3. Electron densities found in this 

work, which are in the region of 1017 ‒ 1018 cm-3, are sufficiently high so that LTE can be 

assumed. 

 With estimates of electron density and under LTE, the plasma emission spectra can 

be simulated by using the Saha-Boltzmann equations in combination with those that 

describe the intensity of spontaneous optical emissions. The Saha-Boltzmann 

system[40],[13] describes the ratio between the populations in different ionization stages: 

𝑁𝑖+1

𝑁𝑖
=

2

𝑛𝑒

𝑍𝑖+1

𝑍𝑖
(

2𝜋𝑚𝑒 𝑘𝑇

ℎ2 )
3

2⁄
𝑒−𝜀𝑖 𝑘𝑇⁄ ,                                                                      (2) 

where Ni and Ni+1 are the populations of the ionization stages i and i+1, respectively, Zi 

and Zi+1 are the partition functions of these states, me is the electron mass, k is the 

Boltzmann constant, h is the Planck constant, ne is the electron density and εi is the 

ionization energy. The system of Saha equations can be supplemented by the condition 

of electro-neutrality, ∑ 𝑖 × 𝑁𝑖 = 𝑛𝑒, where Ni is the density of species in the i-th state of 

ionization.  

 In a situation where self-absorption is not important, the intensity of a radiative 

transition from a given upper state u to a lower state l is given by [40] 

𝐼𝑢𝑙 =
1

4𝜋
𝑁𝑢𝐴𝑢𝑙∆𝐸𝑢𝑙 ,                                                                                                        (3) 

where Nu is the population of the upper state, Aul the Einstein coefficient for radiative 

spontaneous emission from the upper to the lower state, and ΔEul is the energy difference 

between the states. 
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 We have carried out a simulation of the section of the spectra from 470 to 530 nm 

using the Saha–Boltzmann NIST code available online.[48] Some examples of 

simulations compared to the corresponding experimental spectra are displayed in Figure 

6. The top and middle panels show the experimental spectra at the plasma 1 (top panel) 

and plasma 2 (middle panel), together with the best simulation for each case. Very good 

agreement can be achieved for both acquired spectra. For the simulations, an electron 

density of 4×1017 and 8.8×1017 cm-3 were chosen, respectively, for the case of moderate 

fluence shown in panel (a), and high fluence, shown in panel (b). Only small changes in 

the simulated spectra are observed for changes in the electron density value within the 

confidence range. On the other hand, changes in the plasma temperature do produce very 

significant modifications of the shape of the simulated spectra. The best fits were obtained 

for a plasma temperature of 0.9 eV for plasma 1 and 1.3 eV for plasma 2. The relative 

intensity of the main three neutral Cu lines and the relative importance of the Cu+ lines 

versus neutral lines are very sensitive indicators, so that the errors associated with these 

estimates are low, of the order of 5%. For a given electron density and plasma 

temperature, the Saha equations predict the ratio of the species with different degree of 

ionization. The values obtained are shown in Figure 6(c) for the whole range of 

temperatures from 0.4 eV to 2.0 eV, and for an electron density of 4×1017 cm-3 (displayed 

with open symbols and thin lines) and 8.8×1017 cm-3 (displayed with solid symbols and 

thick lines). On Figure 6(c), two dashed vertical lines mark the temperature positions that 

provide the best fit to the two experimental situations studied. They indicate that Cu+ ions 

are the predominant species in the plasma (90%) in plasma 2 (4.7 J/cm2, T=1.3 eV), 

whereas neutral Cu atoms constitute the majority of species (51%) for plasma 1 (3.4 

J/cm2, T=0.9 eV). 
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Figure 6. (a) and (b) Experimental and simulated emission spectra detected from the 

Cu plasma at 1 mm from the surface and 300 ns after ablation, for a fluence of (a) 3.4 

J/cm2 and (b) 4.7 J/cm2. The simulations have been performed for the estimated 

electron densities at each laser fluence, i.e. 4×1017 cm-3 for (a) and 8.8×1017 cm-3 for 

(b). Best fit was achieved for a plasma temperature of 0.9 eV for the lower fluence (a) 

and 1.3 eV for the higher fluence (b). Estimates of proportions of Cu and Cu+ species 

in both conditions are indicated on the panels. (c) Distribution of neutral and ionic Cu 

species in the plasma as a function of electron temperature as calculated with the Saha 

system of equations for an electron density of 8.8×1017 cm-3 (solid symbols, thick lines) 

and 4×1017 cm-3 (open symbols, thin lines). The two vertical dashed lines indicate the 

two temperature values that produce the best fit for the cases presented in panels (a) 

and (b). 
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4. Discussion 

It is the comparison between the conditions of plasma 1 and plasma 2 that contains the 

key to the higher conversion efficiency for third harmonic generation for the former, and 

the significantly reduced efficiency for the latter. As has been noted before,[49] it is a 

complex combination of particle densities, phase matching and absorption, that determine 

optimum conditions for harmonic generation in a plasma. 

 We should first focus our attention to the microscopic aspect, i.e. the composition of 

the Cu plasma at the time and distance from the target where harmonics are produced. 

The analysis above shows that in plasma 1 neutral Cu atoms are the major constituent 

(51%), whereas plasma 2 is dominated by Cu+ ions (90%). The densities of neutrals and 

ions in the plasma at the moment of arrival of the driving pulse define the microscopic 

generation efficiency, mediated by the third order nonlinear susceptibility of the two 

species at stake, Cu and Cu+. It is known that ions can be the source of harmonic 

generation as well as neutrals, [28] but their nonlinear response is weaker [17]. However, 

this effect alone cannot account for the sharp efficiency drop beyond 3.5 J/cm2. Even 

though the relative proportion of Cu atoms experiences a marked decrease for the higher 

fluence, the absolute density of neutral Cu atoms in the plasma is expected to be higher, 

which is confirmed through the measurement of the intensity of the spontaneous emission 

3d10 4p(2P0
3/2) → 3d10 4s(2S1/2) at 324.75 nm, which grows by a factor of three from 

plasma 1 to plasma 2.  

 Next, we will consider the macroscopic conditions for harmonic generation. In this 

respect, phase matching is the main concern, since harmonic generation only occurs 

efficiently if the harmonics emitted in different positions along the propagation direction 

interfere constructively, [50] which can only happen if the induced field is in phase with 

the driving field. As has been described in detail in the literature before, [51] the 
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contributors to dephasing are of two types: dispersion and geometrical. Both limit the 

coherence length, Lcoh, i.e. the length over which the harmonic can be generated 

coherently in the medium.  

 The geometrical component of phase mismatch is also known as the Guoy phase 

shift, and is related to the  phase jump that a light beam experiences across its focus, of 

the form[52] 𝜑𝐺𝑢𝑜𝑦 = arctan (2𝑧/𝑏), where b is the confocal parameter. However, for a 

finite medium that is short compared to the confocal parameter of the beam, only part of 

this phase shift occurs in the medium. The coherence length limited by this effect is given 

by 𝐿𝑐𝑜ℎ
𝐺𝑢𝑜𝑦

= 𝜋𝑏/2𝑞, where q is the harmonic order. This effect, thus, becomes important 

for high harmonic orders and tight focusing conditions. In the situation described in our 

experiments 𝐿𝑐𝑜ℎ
𝐺𝑢𝑜𝑦

≈ 2 mm. The length of the plasma medium used in the soft focusing 

geometry employed (spot size on the Cu target of 700 μm × 800 μm) is estimated to be 

approximately 1 mm. Since the Guoy phase shift is longer than the medium length, it can 

be considered that it does not limit phase matching in this case. 

 The second effect is related to the different group velocities of waves of different 

frequencies. The normal dispersion of atoms and ions can be disregarded in this 

experiment, since the atomic density is relatively low even for the conditions of plasma 

2 [53]. However, the presence of free electrons can have a considerable effect. The phase 

mismatch for the generation of harmonic q in the plasma due to the presence of free 

electrons is given by [54], [55] 

∆𝑘𝑑𝑖𝑠𝑝 =
𝑞 𝑛𝑒𝑒2𝜆

4𝜋𝑚𝑒𝜀0𝑐2
                                                                                                             (4) 

where λ is the driving pulse wavelength, e and me are the electron charge and mass 

respectively, ε0 is the permittivity of vacuum, c is the speed of light and ne is the electron 

density. 
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 This defines a coherence length Lcoh in the medium over which the harmonic field 

and the polarization field stay in phase: 

𝐿𝑐𝑜ℎ ≈ 𝜋 Δ𝑘𝑑𝑖𝑠𝑝 ≈
4𝜋2𝑚𝑒𝜀0𝑐2

𝑞 𝑛𝑒𝑒2𝜆
.⁄                                                                                            (5) 

For a driving field of 1064 nm wavelength this becomes 

𝐿𝑐𝑜ℎ(𝑚𝑚) ≈
1.05×1018

𝑞 𝑛𝑒(𝑐𝑚−3)
.                                                                                                    (6) 

 With the values estimated in this work for the electron densities, for plasma 2 

(8.8×1017 cm-3), the expression above yields a coherence length of Lcoh ≈ 0.4 mm, whereas 

for plasma 1 (4×1017 cm-3), Lcoh ≈ 0.9 mm. Therefore, the coherence length is of the order 

of the length of the nonlinear medium for the moderate fluence employed, and 

significantly shorter than the medium for the higher fluence. 

 The output intensity of the generated harmonic in a medium of length L depends on 

the phase mismatch according to  

𝐼𝑞 = 𝐼𝑞
𝑚𝑎𝑥 sin2(𝐿∆𝑘 2⁄ )

(𝐿∆𝑘 2⁄ )2
.                                                                                                    (7) 

 By introducing the estimates above, a drop of third harmonic generation by a factor 

of ten is expected for plasma 2 in relation to plasma 1 solely from the phase mismatch 

caused by free electrons. We can therefore conclude that this is the main factor limiting 

third harmonic generation above the optimum laser fluence value (≈ 3.4 J/cm2) 

corresponding to the conditions of plasma 1. Finally, no significant absorption of the 

emitted third harmonic is expected, since there are no strong resonances of either Cu or 

Cu+ in the vicinity of 355 nm [48]. 

 The analysis above indicates that the fluence transition region from plasma 1 to 

plasma 2 corresponds to the transition from the dominance of neutral Cu atoms to Cu+ 

ions. In correspondence with the presence of charged Cu+ ions, a higher density of free 

electrons is present in the plasma, and it is the macroscopic detrimental effect of those on 
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phase matching that determines the reduced global efficiency of the plasma as a third 

order nonlinear medium.  

 It is interesting to point out that the sharp decrease of harmonic emission in a narrow 

ablation fluence window provides a method for the determination of electron densities in 

laser plasmas, in particular around the critical value for which the coherence length 

becomes of the order of length of the nonlinear plasma itself.  

 

5. Conclusions 

The characteristics defining NIR-laser ablation plasmas of Cu have been determined in 

this work, including ablation thresholds, ion abundances, expansion velocities, electron 

densities and electron temperatures. The study has focused on the impact of those 

characteristics on the properties of the laser plasma as an optical nonlinear medium, in 

particular for third-order harmonic generation. The micro- and macroscopic properties of 

the medium have been diagnosed through optical emission spectroscopy resolved in space 

and time, allowing for the direct characterization of the plasma region where harmonic 

generation is produced. An optimum ablation fluence window is detected in the region 

where the positive effect of increasing density is still not cancelled by the phase mismatch 

caused by free electrons. 
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