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ABSTRACT 

Harmonic generation of a driving laser propagating across a laser ablation plasma serves 

for the diagnosis of multicomponent plumes. Here we study the contribution of atomic 

and nanoparticle precursors to the generation of coherent ultraviolet and vacuum 

ultraviolet light as low-order harmonics of the fundamental emission (1064 nm) of a Q-

switched Nd:YAG laser in a nanosecond infrared ZnS laser ablation plasma. Odd 

harmonics from the 3
rd

 up to the 9
th

 order (118.2 nm) have been observed with distinct 

temporal and spatial characteristics which were determined by varying the delay 

between the ablation and driving nanosecond pulses and by spatially scanning the 

plasma with the focused driving beam propagating parallel to the target. At short 

distances from the target surface (≤ 1 mm), the harmonic intensity displays two 

temporal components peaked at around 250 nanoseconds and 10 microseconds. While 

the early component dies off quickly with increasing harmonic order and vanishes for 

the 9
th

 order, the late component is notably intense for the 7
th

 harmonic and is still 

clearly visible for the 9
th

. Spectral analysis of spontaneous plume emissions help to 

assign the origin of the two components. While the early plasma component is mainly 
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constituted by neutral Zn atoms, the late component is mostly due to nanoparticles, 

which upon interaction with the driving laser are subject to breakup and ionization. 

With the aid of calculations of the phase matching integrals within the perturbative 

model of optical harmonic generation, these results illustrate how atom and nanoparticle 

populations, with differing temporal and spatial distributions within the ablation plasma, 

contribute to the nonlinear medium. 
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1. Introduction 

Harmonic generation (HG) is a well-established nonlinear optical process that yields 

coherent light in the short wavelength region of the spectrum [1]. Odd harmonics of a 

fundamental driving laser beam can be generated in centrosymmetric gaseous media, a 

process that is typically described by a perturbative approach when using nanosecond 

pulses as fundamental radiation [2]. However, with highly intense femtosecond pulses, 

high-order harmonics are generated [3], and in this case, the non-perturbative, three-step 

model adequately describes the main features of the process [4]. For fundamental 

radiation pulses in the nanosecond and femtosecond regimes, the quest for efficient 

nonlinear media enables the generation of coherent light in the vacuum ultraviolet 

(VUV) and extreme ultraviolet (XUV)/X-ray regions respectively, with high enough 

intensities to be used for fundamental studies and in practical applications [5].  

Although gases have been traditionally employed in low- and high-order HG studies, 

latest research has revealed the advantages offered by laser ablation plasmas as 

nonlinear media, in terms of the increase of conversion efficiency or extension of the 

harmonic spectrum towards shorter wavelengths [6-9]. In fact, the presence of a variety 

of species in the laser plasma, from atoms to nanoparticles, offers the possibility of 

exploiting atomic or plasmon resonance effects to enhance the nonlinear optical 

response of the medium [10-14]. Particularly, as expected from the three-step model, 

nanoparticles can increase the efficiency of high HG in laser plasmas due to the larger 

cross-section of recombination of the accelerated electron with the parent particle. More 

generally, the characteristics of the laser ablation plasma, such as density, composition, 

spatial extent or degree of ionization, can be controlled through the selection of the 

ablation laser parameters, including wavelength, intensity, pulse duration, polarization 

and spatial profile of the beam, bringing the possibility to tailor its nonlinear response. 
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Analyses by optical emission spectroscopy (OES) and mass spectrometry have revealed 

that, together with atomic and molecular species, clusters and nanoparticles are common 

components in the nanosecond laser ablation plasmas of solid targets [15-20], and that 

their velocities and angular distributions are commonly dependent on their mass. In 

recent works we have studied low-order HG and frequency mixing in laser ablation 

plasmas of various types of materials using a Q-switched Nd:YAG driving laser [21-

26]. Spatiotemporal control of the driving beam with respect to the position and time of 

the ablation event allows for the differentiation of distinct populations of species and 

enables the in-situ diagnosis of the complex ablation plasma environment. Further 

development of this method, to be used as stand alone or in combination with OES, is of 

interest to assist in the controlled generation of thin film and nanostructures by pulsed 

laser deposition (PLD). An additional element for the control of the medium and the 

search for HG enhancement lies in the features of the secondary plasma typically 

created by the driving laser, which can cause excitation, fragmentation and ionization of 

the precursor population.  

Zinc sulfide (ZnS) is a direct II-VI wide band gap semiconductor with a broad range of 

applications. Thin films and nanostructures of this compound are becoming of interest 

for the fabrication of electrodes for solar energy conversion, nonlinear optical devices, 

light emitting diodes, lasers, and others [27]. PLD has been advantageously applied as a 

synthesis procedure for ZnS thin films and nanostructures, as it provides control routes 

of their crystallinity and crystal lattice (cubic or hexagonal) and morphology at 

nanometer scale, based on the choice of laser and deposition parameters [26-30].  

Lately we have undertaken the investigation of the nanosecond laser ablation plasmas of 

ZnS, including its diagnosis by low-order HG, up to the 5
th

 order [22,31,32], and have 

related the properties of the nanostructured films grown by PLD to the composition and 
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dynamics of the various plume species [28]. Here, we report an investigation of the 

atomic and nanoparticle populations present in a ZnS ablation plasma initiated by 

nanosecond, infrared 1064 nm laser. The spatiotemporal distribution of the plasma 

species is probed through the behaviour of odd, low-order harmonics, from 3
rd

 to 9
th

 

order, of a second laser of the same wavelength used as driving radiation and 

propagating through the plasma plume. The experimental results are compared with 

calculations of optical frequency up-conversion of the driving radiation in the 

perturbative regime in order to assess the contributions to the nonlinear medium of atom 

and nanoparticle populations and the effect of their differing spatial and temporal 

distribution within the plasma. 

2. Experimental 

The experimental set up (Fig. 1) is based on a system described formerly [21] and 

includes an ablation chamber connected to a second chamber for propagation and 

separation of the harmonic radiation generated by the interaction of a fundamental 

driving beam with the ablation plasma. ZnS ablation targets were prepared as 13 mm 

diameter, 2 mm thick pellets from powders supplied by Sigma Aldrich (99.99%, particle 

size < 10 m) using a hydrostatic press at 8 ton/cm
2
 followed by sintering at 350 

o
C in 

air for 12 h.  

The targets were mounted on a rotating holder inside the ablation chamber (pressure 

below 10
-5

 mbar) to reduce crater formation during repetitive irradiation and were 

ablated at normal incidence with a Q-switched Nd:YAG laser (Spectra Physics, Quanta 

Ray Indi-HG, 1064 nm, pulses of 7 ns, 10 Hz) using pulse energies up to 30 mJ 

(fluences below 4 Jcm
-2

). The driving laser, responsible for HG (Q-switched Nd:YAG 
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system, Lotis TII LS-2147, 1064 nm, pulses of 15 ns, 10 Hz), propagated across the 

plume perpendicularly to the ablating beam and up to 3 mm from the target surface.  

The delay between the ablation event and the arrival of the driving laser pulses to the 

plume was electronically controlled in the 0-100 s range with nanosecond resolution. 

The Gaussian driving beam was focused at the centre of the plume with a spherical lens 

of 20 cm focal length. The measured confocal parameter is ≈ 4 mm, and the peak 

intensity at focus is estimated to be in the range of 8.5x10
10

 to 4.3x10
11

 Wcm
-2

. In 

addition to the temporal mapping of the ablation plume by HG, exploration of the 

spatial variation of its nonlinear optical response was possible by displacement of the 

focus along the propagation direction and along the normal to the target (z and x 

coordinates respectively, see Fig. 1). The generated harmonics co-propagated with the 

driving laser through a lithium fluoride window into the second chamber (with around 

the same base pressure as the ablation chamber) and were spectrally separated with a 

60
o
 lithium fluoride prism which, for each harmonic, was adjusted by rotation to the 

appropriate incident angle of the incoming beam. Additional spectral filtering of 

harmonics was achieved in a 0.2 m vacuum monochromator (Acton VM-502, 1200 

lines/mm grating) and the harmonic signals were measured with a sodium salicylate 

coated window-photomultiplier (EMI 9781B) combination attached to the exit slit.  

Additionally, optical emission spectroscopy (OES) was employed to measure the 

spontaneous emission from the ablation plasma. It was detected at 30
o
 with respect to 

the z direction through the exit window of the ablation chamber (after removing the 

harmonics separation chamber shown in Fig. 1). This geometrical configuration made it 

possible to measure the plume OES both in the presence or absence of the driving laser. 

To record the spectra of the emitting plasma, the light was collected with a 20 cm focal 

length lens onto the entrance slit plane of a monochromator (Bentham, TMc300, 300 
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lines/mm grating) and measured with a time-gated intensified charge coupled device 

(ICCD, Andor Technologies, 2151) placed at its exit slit. Temporally resolved light 

collection was achieved by delaying the gate with respect to the laser ablation pulse. 

Plasma spectra resulted from the accumulation of over 125 laser ablation pulses.  

3. Results 

3.1. Characterization of 3
rd

 to 9
th

 harmonics in a laser ablation plasma of ZnS 

HG of the fundamental driving laser was observed for the 3
rd

 up to the 9
th

 odd orders. 

The nonlinear nature of the process generating light detected in the UV-VUV range at 

the wavelengths of the corresponding harmonics (354.7, 212.8, 152.0 and 118.2 nm) 

was confirmed by measuring the dependence of the signal with the energy of the driving 

laser pulse. We obtained the expected power laws in the perturbative regime [22], where 

the intensity of the n
th

 harmonic scales with the n
th

 power of the laser intensity (see 

Section IV). Figure 2 displays, as an example, the case of the 5
th

 harmonic. The slopes 

obtained for the range explored in the log-log plots are compatible with the value of 5 

expected for the behaviour of a fifth order nonlinear process.  

Each harmonic order displayed distinct temporal and spatial characteristics which were 

characterized by varying the temporal delay between the ablation and driving pulses and 

by spatially scanning the plasma plume with the focused driving beam along the x and z 

coordinates (Fig. 1). Fig. 3a shows the delay dependence of the normalized harmonic 

signals measured at a distance x= 0.6 mm from the target surface and by focusing the 

driving beam at the centre of the ablation plasma (z= 0). The data provide evidence of 

two temporal components observed for the 3
rd

 to 7
th 

harmonics and of only one 

detectable component for the 9
th

 harmonic. For the 3
rd

 to 7
th 

harmonics, the early 

component finds its maximum value at around 250 ns, while the much broader, late 
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component peaks in the region of 10 s. Only this latter component is detected for the 

9
th

 harmonic. It should be noticed that early and late components of the respective 

harmonic orders follow the corresponding power laws, as mentioned earlier and 

exemplified in Fig. 2 for the 5
th

 harmonic. The relative intensity of the early to the late 

component is observed to decrease as the harmonic order increases from 3
rd

 to 9
th

 orders 

(Fig. 3a). For a laser driving peak intensity of 4x10
11

 Wcm
-2

, the corresponding ratios 

are around 55, 1.6, 0.1 and 0.  

Direct comparison of the generation efficiencies in the different harmonic orders is not 

straightforward, due to the broad spectral range where the harmonics are emitted. The 

detected signals were corrected considering the instrument spectral response that was 

evaluated taking into account all components of the detection system. After correction it 

can be claimed, within our confidence limits, that for the first temporal component the 

efficiencies follow a quasi-logarithmic drop with harmonic order, which is the expected 

behaviour in the absence of resonances. Contrarily, the late component shows an 

anomalous trend as a function of harmonic order, with a very low 3
rd

 harmonic 

emission, higher 5
th

 harmonic emission, and even higher for the 7
th

 order, to the point 

where the late-component emission of the 7
th

 harmonic is comparable to the 3
rd

 

harmonic emission of the early component. This corresponds to a pronounced emission 

enhancement at 152.0 nm in the VUV region when the second temporal component of 

the plasma is used as nonlinear medium. 

The temporal behaviour of the nonlinear response of the ablation plasma depicted in 

Fig. 3a merits detailed consideration. In previous works [22,25] we have attributed the 

multicomponent behaviour of the harmonic signal to the presence of species of different 

sizes in the ablation plume, ranging from neutral atoms and ions to nanoparticles 

moving away from the target at different velocities according to their mass. Thus, the 
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optimum delay for maximum harmonic signal of the two observed components is 

expected to increase with the distance of the driving beam to the target. We measured 

this dependence by collecting delay scans for the different harmonics at various 

distances from the target in the x= 0-3 mm range. The data corresponding to the early 

component of the 3
rd

 to the 7
th

 harmonic signals are shown in Fig. 3b. The linear 

dependence observed allowed an estimation of an average velocity of expansion of the 

fast nonlinear species of around 3400 m/s (represented by the continuous, straight line). 

Similar representation of the data for the late component of the harmonic signals (not 

shown) yielded a much lower average velocity of 100-200 m/s, although in this case the 

dispersion of the data is higher in correspondence with the larger temporal width of this 

delayed contribution to the harmonic signal. 

The intensity of the coherent light generated at discrete wavelengths in the UV-VUV 

region strongly depends on the ablation pulse energy, as this controls the amount of 

ejected material and thus the plasma density. The behaviour is shown in Fig. 4 for the 

early component of the harmonic signals. A sharp increase at pulse energies above 4, 8 

and 11 mJ is observed for the 3
rd

, 5
th

 and 7
th

 harmonics respectively. Above these values 

the signals grow linearly with pulse energy until a certain order-dependent maximum 

value, where some form of saturation seems to occur. The behaviour observed for high 

ablation pulse energy can be attributed to several effects, including the dependence of 

harmonic amplitude on phase mismatch and scattering or absorption of the driving and 

harmonic beams by the plasma plume. The solid lines on Fig. 4 correspond to the results 

of applying a model for HG in these conditions that will be described later (Section IV).  

As regards the spatial mapping of the harmonic signals, Fig. 5a illustrates the 

dependence of harmonic emission as a function of the distance of the driving beam to 

the target (x coordinate). We observe, in similarity with results of low-order harmonics 
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generated in ablation plasmas of various materials [23], a fast decay that leads to a 

vanishing nonlinear response for distances to the target above 3 mm. As shown in Fig. 

5a for the early component of the 3
rd

 and 5
th

 harmonics, the decay is faster for the 5
th

 

harmonic. As for the previous figure, the solid lines correspond to the application of the 

frequency conversion model (see Section IV below). We also observe (not shown in the 

figure) that the late component of the harmonic signal experiences a more pronounced 

decay than the corresponding early component.  

The assessment of the spatial characteristics of the plasma nonlinear response was 

complemented by z-scan measurements. To that purpose, the signal for a given 

harmonic order was monitored as the position of the driving beam focus moves through 

the ablation plasma in the laser propagation direction (z axis in Fig. 1). Fig. 5b is a 

representative example for the 5
th

 harmonic measured at x= 0.6 mm. The z-scan was 

performed at two ablation-driving delays (250 ns and 10 s), which correspond to the 

maximum frequency up-conversion from fast and slow plume species respectively 

(early and late components represented by the two maxima of Fig. 3a). For the early 

component, the amplitude of the harmonic signal decreases symmetrically when the 

focus of the beam is displaced from the centre towards the boundaries of the plasma. In 

stark contrast, the z-scan for the late component displays a non-symmetrical behaviour 

as the focus is moved towards each side of the centre of the plasma, and a minimum is 

found at a position compatible with z= 0. All generated harmonics follow the same z-

scan trends as described for the 5
th

 harmonic, with the early and late components 

showing respectively maximum and minimum response near the centre of the plume. 

Thus, it must be emphasized that the high efficiency conversion found for the 7
th

 

harmonic by the second temporal component of the plasma can be enhanced further by 
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positioning the focal plane of the driving laser a few millimetres in front or behind the 

centre of the plasma. 

3.2. Optical emission spectra of the ZnS laser ablation plasma. 

In order to provide direct characterization of the dynamic composition of the plasmas 

we recorded optical emission spectra, both in the absence and in the presence of the 

driving beam, using different gate widths and delays with respect to the ablation/driving 

event. 

Fig. 6a presents a spectrum of the plasma spontaneous emission, collected with a gate of 

100 ns at a delay of 200 ns with respect to the ablation event, in the absence of the 

driving beam. These acquisition conditions ensure the collection of the early ablation 

plasma emission. The spectrum is entirely constituted by atomic emission lines mostly 

assigned to neutral Zn atoms (Zn I) [33], indicating the formation of a mildly ionized 

plasma upon ablation. The spectrum of this fast plasma atomic component was recorded 

with acquisition delays up to 1 s. The spectral line distribution is found practically 

constant in the short time range, with the global intensity evolving with time in the way 

shown in the inset of Fig. 6a for the Zn I emission line at 481.05 nm. The most intense 

Zn atomic emission is observed at around 200 ns, in coincidence with the temporal 

range at which the harmonic signals present their first maximum (Fig. 3a), followed by 

a decline to zero above 800 ns. The delayed emission from heavier plasma species was 

measured using delayed gates and longer acquisition delays. Fig. 6b shows the spectrum 

collected with a gate delay and width of 1 and 20 s respectively. In this case there is a 

very weak indication of the presence of atomic lines and the most salient feature is a 

broad emission with an apparent maximum centred at around 600 nm. This emission 

can be attributed to hot plasma nanoparticles [34,35] and after correction by the spectral 

response of the detection system, a fit of the continuous emission spectrum to Planck's 
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law yielded a temperature of ca. 2500 K. Some evidence of the presence of 

nanoparticles in the ablation plasma is provided by atomic force microscopy analysis of 

the ejected material that has revealed the growth of nanoparticle-assembled films out of 

the ZnS plasma species deposited on a substrate placed in proximity of the ablation 

event [28]. 

Since the driving laser used for these experiments is of nanosecond duration, there is 

sufficient time for it to change the properties of the plasma plume, in such a way that the 

effective nonlinear medium results from the combined interaction of the ablation laser 

with the solid, and the driving laser with the ejected particles. Under this light, we also 

recorded the plume emission spectra when the driving beam was propagating 

perpendicularly to the plume expansion direction, at x= 0.6 mm and different delays 

with respect to the ablating laser, i.e. HG conditions. When ablation and driving lasers 

temporally overlap (at zero delay), the spectral distribution is identical to that recorded 

in absence of the driving laser (shown in Fig. 6a). However, as soon as the driving laser 

is delayed by 100 ns or more with respect to ablation, the spectrum changes markedly, 

as illustrated in Fig. 7. For short delays (< 1 μs) the overall emission intensity increases 

with respect to the absence of driving beam, new lines appear that correspond to ionized 

species (mainly Zn II), and there is hardly any indication of Brehmsstrahlung. However, 

for delays > 3 μs and during a wide temporal window covering up to  100 μs, a 

dramatic change is found in the emission spectrum, which is now more than 2 orders of 

magnitude more intense, includes extensive indication of lines from ionic species and 

shows pronounced Brehmsstrahlung. Clearly these features are characteristic of a much 

denser and ionized plasma. For the inset of Fig. 7a we have chosen a neutral (Zn I) and 

an ionic line (Zn
 
II) and have plotted their intensity as a function of the delay between 

the ablation event and the driving laser. It must be noted that the temporal structure 
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found here much resembles the temporal structure found for harmonic emission (see 

Figure 3), with a rapid component peaking in the few hundreds of nanoseconds and a 

delayed component most important at 10 μs. It must also be emphasized that the 

intensity of the later ionic line is almost one order of magnitude higher than that of the 

early neutral line, thus indicating a considerably larger degree of ionization in the 

second, delayed plasma component.   

4. Calculation of optical-frequency up-conversion in a ZnS ablation plasma 

The results reported were obtained with a fundamental beam peak intensity at focus of 

ca. 4x10
11

 Wcm
-2

.
 
For such intensity the perturbative approach is adequate in describing 

the nonlinear interaction of the driving laser, of frequency  with a gaseous medium 

that leads to the generation of odd harmonics of frequencies n2 The formalism 

described in [2], which includes phase matching effects in media with inhomogeneous 

densities, and displacements of the laser focus from the centre of the density 

distribution, has been applied in order to rationalize the findings of this work. 

For a laser ablation plume, the normalized inhomogeneous density distribution of 

species along the direction of propagation of the driving laser, z, at a distance x from the 

target, 𝑆(x, z), can be well represented by a Lorentzian function centred in z= 0: 

𝑆(x, z)= 
𝑁(𝑥,𝑧)

𝑁0(𝑥)
=

1

1+[
2𝑧

𝐿(𝑥)
]

2        (1) 

where N0(x) is the density of nonlinear species at the centre of the plume, and L(x) the 

full width at half maximum (FWHM) of the gas density distribution at a distance x from 

the target. For a driving Gaussian beam of lowest order of intensity I, the generated 

harmonics also present lowest-order Gaussian distributions and the intensity of the 

newly generated coherent light at frequency nis: 
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𝐼𝑛𝜔 =  𝛼(𝑛, 𝜔, 𝑏, 𝑘𝜔 , 𝑘𝑛𝜔)|((𝑛)|
2

(𝐼𝜔)𝑛 (𝑏∆𝑘(𝑛)(𝑥, 0))2𝐹(𝑛)[𝑏∆𝑘(𝑛)(𝑥, 𝑧), 𝑥, 𝑧]  (2) 

In this expression, 𝛼(𝑛, 𝜔, 𝑏, 𝑘𝜔 , 𝑘𝑛𝜔) is a function that includes the dependence with 

the harmonic order n, the confocal parameter of the driving beam b, the fundamental 

frequency  and the wave vectors of the fundamental and harmonic light beams, k and 

kn respectively. The n
th

 order susceptibility of the nonlinear medium is denoted by (n)
, 

zis the distance of the driving beam focus to the centre of the plume and 

𝐹(𝑛)[𝑏∆𝑘(𝑛)(𝑥, 𝑧), 𝑥, 𝑧] is the phase-matching function which depends on x, z and 

𝑏∆𝑘(𝑛)(𝑥, 𝑧).  ∆𝑘(𝑛)(𝑥, 𝑧) refers to the wave-vector mismatch between the generated 

radiation and the driving polarization and has the same spatial dependence as the 

density of nonlinear species: 

∆𝑘(𝑛)(𝑥, 𝑧) = 𝑘𝑛𝜔(𝑥, 𝑧) −  𝑛𝑘𝜔(𝑥, 𝑧) =  𝑆(𝑥, 𝑧)∆𝑘(𝑛)(𝑥, 0)   (3), 

where, in turn, ∆𝑘(𝑛)(𝑥, 0) is proportional to the maximum density N0(x) of nonlinear 

scatterers: 

∆𝑘(𝑛)(𝑥, 0) = 𝑁0(𝑥)𝐶(𝑛)         (4) 

and C
(n)

 gives the wavelength dependence of the wave-vector mismatch per atom for the 

n
th

 order HG process.  

The phase-matching function is represented by the integral: 

𝐹(𝑛)[𝑏∆𝑘(𝑛)(𝑥, 𝑧), 𝑥, 𝑧] = |
2

𝑏
∫

𝑆(𝑥,𝑙)

(1+𝑖𝜀)𝑛−1 𝑒𝑥𝑝 [−𝑖 ∫ ∆𝑘(𝑛)(𝑥, 𝑙′𝑙

−∞
)𝑑𝑙′]

∞

−∞
𝑑𝑙|

2

 (5) 

with2(l-z)/b.  

The integral in (5) was evaluated numerically for odd n= 3-9 values in order to analyse 

the dependence of the intensity of the harmonics generated in the ablation plume of ZnS 

with the ablation pulse energy, the distance to the target x and the position of the focus 

along the propagation direction of the driving beam, z (i.e. the data shown in Figures 4 



 

15 
 

and 5). This is represented by the corresponding dependences of the function G
(n)

 

defined as: 

𝐺(𝑛)[𝑏∆𝑘(𝑛)(𝑥, 𝑧), 𝑥, 𝑧] =  (𝑏∆𝑘(𝑛)(𝑥, 0))2𝐹(𝑛)[𝑏∆𝑘(𝑛)(𝑥, 𝑧), 𝑥, 𝑧]   (6). 

In the calculation it was assumed that both the driving and harmonic beams propagate 

through the plume with negligible absorption.  

We examine the evolution of the early component of the harmonic signals with ablation 

pulse energy Eab by calculating the functions G
(3)

, G
(5)

 and G
(7)

 at the centre of the 

plume, z= 0, and at a distance x= 0.6 mm from the target surface. According to (4), the 

dependence of these functions with 𝑏∆𝑘(𝑛)(𝑥, 0) expresses their dependence with N0(x), 

the density of species interacting with the driving beam, and consequently with Eab if 

one assumes a linear dependence between Eab and N0(x) [36]. For all harmonic orders, a 

satisfactory comparison of the calculated functions with the experimental curves was 

found for a value of L(x), the FWHM of the plasma density distribution, of 4 mm for the 

considered distance to the target. This is shown in Fig. 4, where the calculations appear 

as solid lines. It is observed that the values of 𝑏∆𝑘(𝑛)(𝑥, 0) for which the harmonic 

amplitude is maximized at x= 0.6 mm correspond to -6, -10 and -14 for n= 3, 5 and 7 

respectively. The values indicate that the medium is negatively dispersive and that 

phase mismatch increases with harmonic order [2].   

For examining the experimental dependence of harmonic signal with the distance to the 

target x, we calculated the corresponding dependences of G
(3)

, G
(5)

 and G
(7)

. Again in 

this case the calculation was performed for z= 0, by taking (4) into account and 

assuming that the density of scatterers in the centre of the plume decays as 𝑁0(𝑥) =

𝑎/𝑥 with a constant. Considering the optimum values of 𝑏∆𝑘(𝑛)(𝑥, 0) derived in the 

previous paragraph, we compared the dependence of the measured and calculated 

harmonic amplitude with x. Fig. 5a illustrates the satisfactory agreement for the early 
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component of 3
rd

 and 5
th

 harmonics and provides evidence that phase mismatch effects 

mostly govern this spatial dependence of the harmonic signals.  

Finally, to better understand the marked differences in the z-scan profile of the early and 

late component of harmonics (i.e. Fig. 5b) we calculated the dependences of G
(3)

, G
(5)

 

and G
(7)

 with z for x= 0.6 mm at different values of 𝑏∆𝑘(𝑛)(𝑥, 0). For the early 

component (top panel), and as above, the FWHM of the density distribution, L(x), is 

taken as 4 mm. Fig. 5b displays the good agreement with the experimental behaviour for 

the value 𝑏∆𝑘(5)(𝑥, 0) = −10 that maximizes the harmonic amplitude (see above). For 

the late component (bottom panel), the experimental behaviour is reasonably 

reproduced considering values of both L(x) and of 𝑏∆𝑘(𝑛)(𝑥, 0) that are larger than 

those used for the early component. The curve displayed in the bottom panel of Fig. 5b 

was calculated for L(x)= 14 mm and 𝑏∆𝑘(5)(𝑥, 0) = −20. Thus, the dissimilar values 

of the width of the density distribution and phase mismatch of early and late 

components, that provide best fits to the data within the approximations of the model, 

are indicative of the different spatial extension along the driving laser propagation 

direction and of the dissimilar composition of the species present in the plasma at the 

explored ablation-driving time delays. These results show that the distribution of late 

nonlinear precursors along the driving laser propagation direction is considerably wider 

than that of the early emitters and that at these delays higher populations of bound states 

and free electrons contribute to create a more dispersive nonlinear medium [7,37].  

5. Discussion 

As presented herein, the interaction of a 1064 nm, nanosecond driving beam with the IR 

laser ablation plasma of a ZnS target leads to the generation of low-order odd harmonics 

that could be detected up to the 9
th

 order with the present experimental setup. The 
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harmonic signal was found to maximize at two distinct temporal delays with respect to 

the ablation event, suggesting the presence of two components of the plasma plume 

moving away from the target at different velocities. The harmonic spectrum is markedly 

dissimilar for the early and late components; for the former, maximum signals are 

obtained for the 3
rd

 harmonic and the intensities of higher harmonics drop following a 

quasi-logarithmic decay, becoming undetectable for the 9
th

 harmonic.  The harmonic 

spectrum observed for late times is anomalous in that it maximizes for the 7
th

 harmonic, 

is still clearly visible for the 9
th

 harmonic, and lower intensities are emitted at the 5
th

 and 

3
rd

 harmonics. As a consequence, the ratio of harmonic intensities of the early to the late 

component, measured in the centre of the plasma plume, suffers a decrease from the 3
rd

 

to the 9
th

 orders across more than two orders of magnitude over the narrow range of 

harmonics observed. To further accentuate the difference, faster and slower components 

of the harmonic signals display their own characteristic dependence with plasma 

coordinates x and z, representing the distance to the target and direction of propagation 

of the driving beam respectively.  

The analyses of plasma emissions by OES help to obtain a consistent picture of the 

characteristics of the medium at different delays and to clarify the nature of the 

nonlinear species that are the origin of HG in the plasma plume. The early plasma 

component is mainly constituted by atomic species, with hardly any evidence of ions. 

The interaction with the driving laser increases the degree of ionization to a moderate 

extent. The late component is constituted mainly by nanoparticles, as revealed by their 

black-body emission. Interaction of the driving laser with this nanoparticle-rich medium 

causes extensive explosion, fragmentation and ionization, very high particle densities 

and a high degree of ionization, with abundant free electrons. The direct measurement 

of the temporal delay where harmonic emission maximizes as a function of the distance 
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from the target allows an estimation of the central speed of both components. The early 

component propagates at > 3000 m/s, a high velocity value characteristic of atomic 

species in nanosecond ablation plumes [18,19]. Among the possible neutral atom 

emitters, it is expected that Zn plays a significantly more important role than S due to its 

larger polarizability [38].  

To provide further support to the assumption that neutral Zn atoms constitute the main 

nonlinear component of the 1064 nm, ZnS ablation plasma in the early temporal region, 

we characterized the behaviour of the harmonics generated in an ablation plume of a 

metallic Zn target. Using identical conditions as those employed for ZnS, we observed 

harmonic generation with intensity of the order of that in ZnS and maximizing in the 

same temporal region (200-300 ns). Moreover, we compared the intensity of the 

spontaneous emission line from neutral Zn atoms at 334 nm (4s4d
3
D – 4s4p

3
P) (see Fig. 

6a) with that of the 3
rd

 harmonic. The ratio measured for a Zn target (4x10
-3

 approx.) is 

compatible with that found for ZnS. We believe that the three pieces of evidence 

acquired from the comparison of the ablation of Zn and ZnS targets (similar 3
rd

 

harmonic intensity for the early component, same temporal maximum and same ratio 

with respect to spontaneous atomic Zn emissions) sustain the conclusion that early 

nonlinear emitters in the ZnS ablation plasma are indeed Zn atomic species.  

As mentioned, clusters and nanoparticles are described to be formed in nanosecond 

laser ablation plumes of various materials by recombination of atomic and molecular 

species near the target surface at some delays with respect to the ablation event [15,16, 

18-20]. In our case, the temporally delayed component of the plasma is shown by OES 

to be mainly constituted by nanoparticles and the results obtained provide enough 

evidence of extensive atomization and ionization of these nanoparticles by the driving 

laser. At the long time delays measured for the slow component, the driving laser 
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generates a fragmented and ionized secondary plasma, where the resulting excited 

atoms and ions act as delayed nonlinear species and yield a particularly high conversion 

efficiency towards higher harmonic orders. Previous studies have revealed the alteration 

of nanoparticle population in laser ablation plasmas by a delayed probe laser pulse, 

leading to an increased atomic population [39-42]. We believe that the Zn
 
II species 

may be the main contributor to HG in this component. Ions are known to present lower 

HG efficiency due to their lower polarizability, but it is also known that they tend to 

generate harmonics at higher orders than neutrals, at least in the strong field regime. 

Kulander et al. [43] showed that the ratio of harmonic emission from neutrals to ions 

was > 1 for low harmonic orders but < 1 for higher harmonic orders. This expected 

trend coincides with the ratios of the early vs. late harmonic emission component in this 

experiment, and thus constitutes an additional element for the assignment of the first 

component to neutral species and the late component to ionic species. In fact, the 

particularly favoured 7
th

 order nonlinear response at long delays is feasibly related with 

the enhancement of the nonlinear susceptibility via a seven-photon resonant 3d
10

4s – 

3d
9
4s

2
 transition of singly charged Zn

 
ions at 65441.41 cm

-1 
[33]. This transition could 

also play a role in the significant emission of the 9
th

 harmonic that could be enhanced 

via an intermediate seven-photon resonant state.  

The above considerations serve to explain the origin of the two temporal components of 

the harmonic signal and the harmonic spectrum of each component. Crucially, the 

characteristics of the secondary plasma created by the driving beam play a defining role 

on the effective nonlinear medium and provide a route for the control of harmonic 

emission, mediated by the laser modification of the density and degree of ionization of 

this plasma. Elementary calculations of the phase matching integrals indicate that phase 

matching effects dominate the dependence of harmonic signals with the ablation laser 
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pulse energy and with the position of the driving beam focus across the spatial 

dimensions of the plume. This comparison also serves to estimate the different widths of 

the density distribution of the fast Zn neutral atoms and of the slow singly charged Zn 

ions that are originated by fragmentation of nanoparticles (around 4 and 14 mm 

respectively at a 0.6 mm above the target). Earlier investigations have demonstrated that 

atomic species in nanosecond ablation plumes display distinct angular distributions 

[44,45] with a stronger forward bias in the direction normal to the target surface with 

increasing charge state of the atom. The results obtained herein display a tendency 

opposed to this general trend. However, one should keep in mind that the Zn ions, 

considered to be the main origin of the harmonic signals at longer times, are the 

constituents of a secondary plasma created by interaction of the driving beam with a 

slow nanoparticle population and therefore their angular distribution reflects that of 

their precursor population. 

6. Conclusions 

We demonstrate odd harmonic generation up to the 9
th

 order of a 1064 nm fundamental 

driving beam propagating through a nanosecond infrared laser ablation plasma plume of 

a ZnS target. The harmonic signals present two temporal components that are ascribed 

to fast neutral Zn atoms and to singly charged Zn ions, the latter resulting from 

fragmentation by the driving laser of slower ZnS nanoparticles. For Zn ions, the 

enhancement of the nonlinear susceptibility by a seven-photon resonance accounts for 

the favoured nonlinear response of the late 7
th

 order signal. Calculations of the phase 

matching integrals reveal the influence of phase matching in the behaviour of harmonic 

signals with ablation pulse energy and spatial coordinates of the plasma plume. These 

calculations allow an estimation of the width of the distribution of Zn neutrals and 
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nanoparticles, at about 0.6 mm above the target, of around 4 and 14 mm respectively. 

Thus, it is concluded that optical harmonic generation in the infrared laser ablation 

plasma of ZnS serves to assess the presence of atomic and nanoparticles and their 

differing spatial and temporal distributions. The driving beam creates a secondary 

plasma and the possibility of modifying its density and degree of ionization opens new 

routes for finding efficient media for generation of coherent vacuum ultraviolet light by 

nonlinear frequency up-conversion. 
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Figure captions 

FIG. 1 Scheme of the experimental set up used for measuring low-order (3
rd

-9
th

) HG of 

a fundamental IR driving laser in a plasma induced by laser ablation at 1064 nm. The 

inset shows the interaction region in detail. 

FIG. 2 Log-log plot of the 5
th

 harmonic signal as a function of the energy of the laser 

driving pulse focussed at z= 0, in the 1064 nm ablation plume of ZnS measured at x= 

0.6 mm from the surface of the target; a) and b) refer to measurements at an ablation-

driving laser delay of 250 ns and 10 s respectively. The ablation pulse energy is 20 mJ. 

The slopes of the linear fits are compatible with a fifth order nonlinear process.  

FIG. 3 Temporal behaviour of harmonics in the 1064 nm ablation plume of ZnS: a) 

Normalized signals of the 3
rd

 to the 9
th

 harmonic orders of the IR driving laser, focused 

at z= 0, in a ZnS ablation plasma, as a function of the delay between the ablation event 

and the arrival of the driving laser, measured at x= 0.6 mm from the surface of the 

target. Intensities and delays are represented in logarithmic scales for better 

visualization. b) Optimum delay for maximum value of the early component of the 

harmonic signal as a function of the distance of the driving beam to the target along x. 

The continuous straight line corresponds to an average velocity of expansion of 

nonlinear species of 3400 m/s. For these measurements the ablation pulse energy is 20 

mJ and the laser driving peak intensity is 4x10
11

 Wcm
-2

. 

FIG. 4 Experimental dependence of the normalized early component (peaked at an 

ablation-driving delay of around 250 ns) of the 3
rd

, 5
th

 and 7
th

 harmonics (squares, 

circles, and triangles respectively) with ablation pulse energy. The driving laser 

propagates at x= 0.6 mm from the target and is focused at the centre of the ablation 
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plume (z= 0). The continuous lines represent the dependence of harmonic intensity 

calculated as a function of 𝑏∆𝑘(𝑛)(𝑥, 0) (see text). The laser driving peak intensity is 

4x10
11

 Wcm
-2

. 

FIG. 5 Spatial behaviour of harmonic emission. a) Harmonic intensity (normalized to 

the value at x= 0.6 mm) as a function of the distance of the driving beam to the target 

for z= 0. For each measurement the ablation-driving laser delay was set at the value for 

optimum harmonic signal. Full red squares and blue circles refer to the experimental 

early 3
rd

 and 5
th

 harmonic signals. The continuous red and blue lines are the result of the 

calculation for the respective harmonics (see text). b) z-Scans of the 5
th

 harmonic signal 

as a function of the position of the driving beam focus with respect to the centre of the 

ablation plasma (z= 0) in the propagation direction (shown by a black arrow)  for x= 0.6 

mm. The ablation-driving delays are set at 250 ns (and 10 s), for measuring the early 

(top panel) and late (bottom panel) temporal components of the harmonic signal. The 

continuous lines represent the calculation for L(x)= 4 mm, 𝑏∆𝑘(𝑛)(𝑥, 0) = −10 (top) 

and L(x)= 14 mm,  𝑏∆𝑘(𝑛)(𝑥, 0) = −20 (bottom) (see text). The laser driving peak 

intensity is 4x10
11

 Wcm
-2

. 

FIG. 6 Optical spontaneous emissions from a ZnS plume generated by ablation at 1064 

nm with pulses of 20 mJ in the absence of driving beam: a) Spectrum collected with a 

100-ns wide acquisition gate delayed 200 ns with respect to ablation; the emissions are 

mainly assigned to neutral Zn and weak evidence for S atomic lines, and a minor 

contribution from an ion Zn II line (see text). The inset shows the evolution of the Zn I 

emission at 481.05 nm with acquisition delay. b) Spectrum of spontaneous emission 

obtained with a 20-s acquisition gate delayed 1 s with respect to ablation. In this 
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temporal window the emissions are dominated by black body radiation from 

nanoparticles, with minor contributions from atomic lines (see text).  

FIG. 7 Optical emission spectra from a ZnS plume generated by ablation at 1064 nm 

with pulses of 20 mJ in the presence of the driving beam: a) Spectrum detected for 400 

ns ablation-driving delay. Emission lines are assigned to neutral Zn I, ionic Zn II, and 

second orders of shorter wavelength Zn lines. The inset shows the intensity of the 

strongest Zn I line (at 481.05 nm) and the strongest Zn II line (at 491.16 nm) as a 

function of ablation-driving delay. b) Spectrum detected for 12 s ablation-driving 

delay. The plasma shows a high degree of ionization, with most lines corresponding to 

ionic Zn II, and strong Brehmsstrahlung. Scales in a) and b) are in arbitrary units but are 

comparable. The laser driving peak intensity for these measurements is 4x10
11

 Wcm
-2

. 
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Figure 1 (colour online) 
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Figure 2 (colour online) 
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Figure 3 (colour online) 
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Figure 4 (colour online) 
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Figure 5 (colour online) 
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Figure 6 (colour online) 
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Figure 7 (colour online) 
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