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Abstract: The dependence of the ablation rate of aluminium on the fluence of nanosecond laser pulses with
wavelengths of 532 nm and respectively 1064 nm is investigated in atmospheric air. The fluence of the
pulses is varied by changing the diameter of the irradiated area at the target surface, and the wavelength
is varied by using the fundamental and the second harmonic of a Q-switched Nd-YAG laser system. The
results indicate an approximately logarithmic increase of the ablation rate with the fluence for ablation
rates smaller than ∼6 µm/pulse at 532 nm, and 0.3 µm/pulse at 1064 nm wavelength. The significantly
smaller ablation rate at 1064 nm is due to the small optical absorptivity, the strong oxidation of the
aluminium target, and to the strong attenuation of the pulses into the plasma plume at this wavelength.
A jump of the ablation rate is observed at the fluence threshold value, which is ∼50 J/cm2 for the second
harmonic, and ∼15 J/cm2 for the fundamental pulses. Further increasing the fluence leads to a steep
increase of the ablation rate at both wavelengths, the increase of the ablation rate being approximately
exponential in the case of visible pulses. The jump of the ablation rate at the threshold fluence value is
due to the transition from a normal vaporization regime to a phase explosion regime, and to the change
of the dimensionality of the hydrodynamics of the plasma-plume.
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1. Introduction

The efficiency of material removal under the action ofshort, intense laser pulses is described by the ablationrate, which gives the maximum thickness of the layer ab-lated during irradiation with a laser pulse. Understandingand controlling the ablation rate is essential for micro-
∗E-mail: stafe@physics.pub.ro

patterning and pulsed laser-deposition in electronics, op-toelectronics, and micromechanics, where the ablation rateis a key parameter [1–7].The ablation rate is strongly influenced by the thermaland optical properties of the processed material (e.g., massdensity, surface reflectivity, optical absorptivity, thermalconductance) [1–6, 8, 9], ambient conditions [2, 9, 10], andby the characteristics of the processing laser beam (e.g.,pulse duration, number of pulses, energy, fluence, wave-length) [1, 2, 5, 6, 11–18]. Due to their being cost effec-tive, there is an ongoing effort to develop new techniques
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based on nanosecond laser ablation, and to determine theoptimum parameters of the nanosecond laser-pulses thatallow one to obtain high quality micropatterns on differ-ent metallic or non-metallic materials [8–10, 19–22]. Theexperiments indicate that the ablation rate increases log-arithmically with the fluence of the nanosecond pulses inthe case of semiconductors and dielectrics [2, 5, 16], whilefor values of the fluence higher than a threshold thereis a steep increase of the ablation rate [16, 19–21]. Thewavelength of the laser has a significant influence on theablation rate: the shorter the wavelength, the higher theablation rate. The dependence of the ablation rate onthe laser wavelength is mainly due to the superpositionof three inter-related phenomena: the decrease of the in-trinsic absorptivity of dielectrics and semiconductors, theincrease of the surface reflectivity, and the enhancementof the absorptivity of the laser-produced plasma with in-creasing the laser wavelength.Here, we investigate the dependence of the ablation rateof aluminium on the fluence of nanosecond laser pulses inambient atmosphere conditions, using nanosecond pulsesat 1064 nm and 532 nm wavelengths. The fluence at thesurface of the metallic target surface is varied by changingthe diameter of the laser beam in the focal plane of a lens.We demonstrate that the ablation rate is approximatelyone order of magnitude higher for the visible pulses, andthe threshold fluence that marks a jump of the ablationrate is three-fold higher in the case of pulses at 532 nmas compared to the 1064-nm wavelength pulses.
2. Experiments

The experimental setup consists of a Q-switched Nd-YAGlaser system, a focusing lens and an aluminium targetplaced perpendicular to the laser beam. The experimentswere carried out in ambient atmosphere conditions. Thelaser system works in the TEM00 mode and generatesfundamental pulses at 1064 nm wavelength which canbe frequency doubled (532 nm wavelength) by sendingthem through a second harmonic generator module. Thelaser pulses are characterized by a duration of 4.5 ns,repetition rate of 10 Hz, and energies of 360 mJ/pulseand 180mJ/pulse for the fundamental and second harmonicpulses, respectively.The laser pulses are focused at normal incidence on a 1mm-thick aluminium plate by a focusing lens system. Thetarget is first placed in the focal plane of the convergentlens (f/10, f=10 cm) giving a diameter of the irradiatedarea of 1 mm and 0.4 mm for the fundamental and secondharmonic pulses, respectively. Consequently, the fluenceat the target surface was approximately 20 J/cm2 and 100

J/cm2 for the two wavelengths.To vary the fluence of the laser beam we varied the di-ameter of the irradiated area by moving the target awayfrom the focal plane. To avoid the effect of air breakdownthat would lead to the waste of laser energy in heatingthe plasma plume ignited in front of the sample, the alu-minium target is translated axially toward the incominglaser beam. The translation of the target is done with mi-crometric resolution by using a mechanical stage on whichthe sample is fixed. The sample is translated with incre-ments (along the axial direction) of 5 mm and 2 mm forpulses at 1064 nm and 532 nm wavelengths, respectively.The increment steps for translating the sample were cho-sen such that the relative variation of the diameter of theirradiated area from one position to the other is approx-imately the same at the two wavelengths. Thus, the di-ameter of the irradiated area increases from its minimumvalue in the focal plane up to 2.5 mm and 1.6 mm for thetwo wavelengths, while the corresponding fluence decaysfrom its maximum value in the focal plane down to 6 J/cm2in both cases. Because the diameter of the crater is higherthan its depth (the aspect ratio is < 1), the ablation canbe considered as one-dimensional and, consequently, thediameter of the irradiated area could be approximated bythe diameter of the crater that is drilled into the aluminiumtarget [9, 22]. The fluence was then determined by dividingthe energy of the pulse by the irradiated area [9].The dependence of the ablation rate on the laser fluencewas derived from the depth of the craters that are drilledin multiple-pulse regime into the aluminium target at eachparticular position along its axial path. Because the ab-lation rate usually depends on the number of consecutivelaser pulses [2, 14], we determined the number of laserpulses for drilling a crater such that the ablation rate isapproximately constant for each successive laser pulse.Our measurements indicate that 200 fundamental pulsesand 10 second harmonic pulses ensure an approximatelyconstant ablation rate and, moreover, enable us to obtaina crater sufficiently deep to allow measurement of the ab-lation rate with a relative error of maximum 5%. The abla-tion rate was then calculated by dividing the depth of thecrater depth by the number of laser pulses that irradiatedthe target for drilling the crater. The depths and the diam-eters of the craters were measured using a metallographicmicroscope with micrometric resolution.
3. Results and discussion

The dependence of the ablation rate (∆h) of aluminium onthe fluence (F ) of the fundamental and second harmonicpulses is depicted in Figs. 1, 2, 3, 4.
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Figure 1. Ablation rate of aluminium in open air as a function of
laser fluence of a 4.5 ns laser pulse. The laser wave-
length is 532 nm.

For the case of the second harmonic pulses, the increaseof the fluence to a value of ∼50 J/cm2 leads to an ap-proximately logarithmic increase of the ablation rate to amaximum of ∼6 µm/pulse (Fig. 1). In a similar manner, forthe fundamental laser pulses, the increase of the fluence to
∼15 J/cm2leads to an approximately logarithmic increaseof the ablation rate to a maximum of ∼0.3 µm/pulse (Fig.3). In the case of the pulses at 532 nm wavelength, thefitting curve is described by the equation

Figure 2. Ablation rate of aluminium in open air as a function of
laser fluence of a 4.5 ns laser pulse. The laser wave-
length is 532 nm. The dashed lines indicate the fitting
curves for the ablation rate vs fluence for values of the
fluence smaller than the threshold.

∆h = 1.1 ln[5.85F (J/cm2)] (µm) (1)

whereas for the for the pulses at 1064 nm wavelength, thefitting curve is
∆h = 0.1 ln[1.05F (J/cm2)] (µm). (2)

The maximum ablation rate is approximately one order ofmagnitude higher when the target is irradiated with sec-ond harmonic pulses instead of fundamental pulses. Themuch higher efficiency of the ablation in the case of secondharmonic pulses is likely due to the superposition of threephenomena. First, the increase of the optical absorptivityof aluminium upon decreasing the wavelength [2, 5] leadsto strong localized heating and, consequently, to a highablation rate. Second, since the surface of the target sur-face appears to be covered with a very compact slag-layerafter irradiation with infrared pulses, the oxidation of thesurface during the interval between the laser pulses couldlead to a further decay of the intrinsic absorptivity of thetarget for laser pulses at 1064 nm wavelength as comparedto those at 532 nm [2, 9]. Third, the dependence of the ab-sorption coefficient of plasma (αIB) on the wavelength (λ)
αIB ≈ λ3 (3)

implies that the absorption of the laser beam into the ig-nited plasma plume via the inverse-Bremstrahlung effectis significantly stronger in the case of longer wavelengths[2, 5, 11, 23]. As a consequence, the plasma produced bythe leading edge of an infrared pulse becomes much moreabsorbing and efficiently reflective for the remaining pulseas compared to a visible pulse. This prevents the infraredpulse from reaching the target surface and producing fur-ther ablation shortly after the onset of the pulse.A jump of the ablation rate is observed for a thresholdvalue of the fluence Fth, which is ∼50 J/cm2 for the sec-ond harmonic, and ∼15 J/cm2 for the fundamental pulses.Further increase of the fluence above the threshold valueleads to a steep increase of the ablation rate at both wave-lengths (Figs. 2, 4). In the case of visible pulses, the steepincrease can be approximated by an exponential function(Fig. 2):
∆h = 4.1 exp[0.007F (J/cm2)] (µm). (4)

The results above on the existence of a threshold fluenceand the steep increase of the ablation rate upon increas-ing the fluence above the threshold value are consistentwith previous work on metallic and non-metallic materialsin different irradiation conditions [16, 19–21]. There, abla-tion was performed in vacuum conditions, and the fluencewas varied via the pulse energy. Values of the threshold
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Figure 3. Ablation rate of aluminium in open air as a function of
laser fluence of a 4.5 ns laser pulse. The laser wave-
length is 1064 nm.

fluence were reported in the range of 5 − 25 J/cm2, and itwas suggested that the existence of a threshold fluence ismainly due to phase explosion [16, 19–21]. For the partic-ular case assessed here, the jump of the ablation rate islikely due to the following two causes. First, because theincrease of the ablation rate is accompanied by a signifi-cant amount of bright sparks that emerge into the plume,the jump of the ablation rate is likely related to the tran-sition from a normal vaporization regime of the irradiatedsample (which is characterized by a small mass-removalrate) to a phase-explosion regime (which is characterizedby ejection of small particulates and melt droplets and anenhanced mass-removal rate). The ejection of droplets isenhanced by the recoil pressure exerted by the plasmaplume onto the melted surface [24], such that the infraredpulses (which heat the plasma stronger) could start theejection process at a lower threshold fluence (∼15 J/cm2)as compared to the visible pulses (∼50 J/cm2). The sec-ond cause contributing to the jump in the ablation rateconsists in the change of the dimensionality of the hy-drodynamics of the plasma plume from one-dimensionalto three-dimensional. In the one-dimensional regime theexpansion of the plasma-plume is mainly axial, being char-acterized by high density and strong absorptivity. In con-strast, in the three-dimensional regime the plasma plumeexpands in both axial and radial directions, and is char-acterized by low density and weak absorptivity [5]. Thejump appears when the diameter of the laser beam (centralAiry disk) becomes the same order of magnitude with thehydrodynamic length of the laser-produced plasma. Thisrelationship between the beam diameter and the hydrody-namic length of the plasma at threshold is demonstratedas follows. For an usual plasma temperature of 105 K [11],

Figure 4. Ablation rate of aluminium in open air as a function of
laser fluence of a 4.5 ns laser pulse. The laser wave-
length is 1064 nm. The dashed lines indicate the fitting
curves for the ablation rate vs fluence for values of the
fluence smaller than the threshold. The dotted line indi-
cates the steep increase of the ablation rate with fluence
for values of the fluence above the threshold.

the plasma hydrodynamic length [2, 11],
lh = vpτ (5)

is ∼50 µm, which is similar to the diameter of the laserbeam corresponding to the threshold fluences Fth of ei-ther visible or infrared pulses. In equation (5), vp =√
γ kBTp/M is the expansion velocity of the plasma plumeconsidered as an ideal gas with adiabatic coefficient

γ = 5/3, temperature Tp and the atomic mass M, τ isthe pulse duration, and kB is the Boltzmann constant.
4. Conclusion
The impact of the fluence and wavelength of the nanosec-ond laser pulses on the ablation rate of aluminium wasinvestigated in ambient atmosphere conditions. We var-ied the fluence of the laser pulses by changing the di-ameter of the irradiated area at the target surface, andthe wavelength by using the fundamental and the secondharmonic beams of a Q-switched Nd-YAG laser system.The results indicate that the ablation rate has an approx-imately logarithmic increase with the fluence for ablationrates smaller than ∼6 µm/pulse and ∼0.3 µm/pulse whenusing pulses at 532 nm and 1064 nm wavelengths, respec-tively. The much higher efficiency of the ablation in thecase of second harmonic pulses as compared to the funda-mental pulses is due to the superposition of the followingthree effects: the increase of the optical absorptivity of
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aluminium with decreasing wavelength, the weaker oxida-tion of the surface of the target when irradiated at shortwavelengths, and the decay of the plasma absorption viathe inverse-Bremstrahlung effect at short wavelengths.The increase of the fluence to a threshold value of ∼50J/cm2 for the second harmonic pulses, and ∼15 J/cm2 forthe fundamental pulses, leads to a jump of the ablationrate. Further increase of the fluence above the thresh-old value leads to a steep increase of the ablation rate atboth wavelengths. In the case of visible pulses, the steepincrease of the ablation rate with the fluence above thethreshold fluence can be described by an exponential func-tion. The jump of the ablation rate at the threshold fluenceis likely due to the superposition of two effects. First, theappearance of a significant number of bright sparks (par-ticulates and melted material) within the plasma plume in-dicates a transition from the normal vaporization to phaseexplosion with increasing the fluence of the pulses abovethe threshold value. Second, at the threshold fluence thehydrodynamic length of the plasma becomes similar to thediameter of the laser beam (central Airy disk), and the di-mensionality of the hydrodynamics of the plasma plumechanges from one-dimensional to three-dimensional.
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