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Abstract 
 
Metals irradiated with ultrashort laser pulses pass through a sequence of physical processes over a wide range of 
timescales, from femtoseconds to microseconds. Especially, the relaxation of the photomechanical material removal, 
known as spallation, has not been well investigated experimentally on this timescale. In this article, the complete 
timescales for the processes involved in ablation of industrially relevant metals, Al and the stainless steel alloy (AISI304), 
are analyzed and visualized, from the initial pulse absorption to the material removal occurring on a microsecond time 
scale. These results advance our understanding of a key aspect of the laser–material interaction pathway and can lead to 
optimization of associated applications ranging from material processing to laser surgery. 
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1. Introduction  

Ultrashort pulse lasers have become increasingly important for material processing during the last decades 
[1, 2]. One decisive feature of ultrafast laser processing is that heat diffusion to surrounding regions of the 
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processed area is reduced [3]. In consequence, such laser sources allow for e.g. the surface micro- and 
nanostructuring [4, 5], the micromachining [6, 7] or the hole drilling [8–10] with high precision and process 
speed. Recently, micromaching of metals was demonstrated using ultrashort laser double pulses with pico- 
to nanosecond time delay [11, 12] or burst sequences of several tens of nanosecond duration [13, 14]. 
Significant influence on the ablation rate was observed in dependency on the pulse delay and the pulse 
number. Thus, the interaction of subsequent pulses is strongly dependent on the transient material 
properties which are influenced by the irradiation with the first pulse of the sequence. 

When an ultrashort laser pulse irradiates the surface of a metallic sample under stress-confinement, high 
pressure is created in the irradiated volume because the ultrafast heating occurs faster than the expansion 
of the heated material can take place [21, 22]. A pressure wave followed by a rarefaction wave is emitted 
into the material [23]. The rarefaction wave induces the removal of molten material by a spallation process 
just above the threshold fluence for ablation – in this case only a thin molten layer is ablated – or by a phase 
explosion at higher fluences [24]. The material motion and bulging occurs on a pico- and nanosecond 
timescale and the actual material disintegration and ablation after several tens of nanoseconds up to 
microseconds. 

Even though lot of theoretical work was published [23, 24], experimental studies of the material behavior 
during and after the pulse impact are necessary to test the theories and to identify the processes that 
influence the laser- matter-interaction of subsequent pulses. Pump-probe techniques with ultrahigh 
temporal resolution are well suited for such investigations. Hohlfeld et al. published pump-probe 
reflectometry measurements to study electron and lattice dynamics in laser irradiated gold and nickel in the 
first picoseconds after the pump-pulse impact [25]. Additionally, the technique was applied to study the 
bulging of laser irradiated aluminum [26] and gold [27, 28] taking place on a timescale of up to about 10 ns. 
Domke et al., who investigated the laser-induced removal of thin molybdenum films [29], published first 
studies of the complete ablation process from the femto- to microsecond regime. Later, a scattered-light 
pump-probe setup was applied to explore the morphological surface structure formation on laser irradiated 
zone on a time span up to several hundreds of nanoseconds [30]. 

In this paper, the ablation process of the industrially relevant metals aluminum and stainless steel is 
investigated on a time span ranging from the pulse impact up to delay times of 10 µs when the ablation 
process is in its final state. For this, a pump-probe reflectometry measurement method was applied. 

2. Material and Methods  

2.1. Used samples 

Ultrapure aluminum (> 99.999 %) and and stainless steel AISI304 was used as sample material. To avoid 
thin film effects, substrate material with a thickness of 500 µm was chosen. To guarantee a homogeneous 
sample surface quality for the pump-probe measurements the samples were carefully polished to an average 
surface finish of Ra < 25 nm. 
 

2.2. Pump-probe microscopy setup 

Pump-probe reflectometer (PPR) setups include a Nd:glass laser (Spectra Physics, “femtoRegen”) 
emitting pump-pulses at a center wavelength of λpump =1056 nm and a pulse duration of τpump = 680 fs. To 
obtain probe-pulses at a center wavelength of λprobe =528 nm and a pulse duration of τprobe = 540 fs, the laser 
pulses are frequency doubled in a second harmonic generation module. The PPR allows the ablation process 
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observation by measuring time- and space-resolved relative reflectivity changes of the laser irradiated 
material. The temporal observation interval ranges from the pump-pulse impact up to the final ablation state 
after 10 µs. For this, the PPR combines an optical delay line and an electronically triggered actively q-
switched probe-laser (InnoLas, “picoloAOT”, λpicolo = 532 nm, τpicolo = 600 ps). 

The optical delay line enables the data collection up to delay time of 4 ns with a temporal resolution of 
about 540 fs defined by τprobe. The electronically triggered laser enables the observation of advanced delay 
times with a temporal resolution of 600 ps. A detailed description of the measurement procedure and the 
data post processing is described in [31]. 

The measurement were performed at fluence proportional to the related ablation threshold fluence Fthr. 
The ablation threshold fluence was determined by the D²-method [32]. The threshold ablation fluences Fthr 
for Al and stainless steel are determined to 0.42 J/cm2 and 0.22 J/cm2 for the p-polarized pump pulse with 
the pulse duration of 680 fs at central wavelength of λpump=1056 nm at an incident angle of 35◦.  

3. Results  

3.1. First delay time range from 0 ps to 40 ps  

In figure 1 time-resolved PPR data of laser irradiated Al and stainless steel are displayed up to a delay time of 
40 ps. 
 
 
 
 
 
 
 
 
 
 
                                                     (a)                                                                                             (b)                                          

Fig. 1. PPR data of Al in (a) and stainless steel AISI304 in (b) are shown for three different applied flunces. White bar = 30 µm 

In the corresponding PPR images of Al and stainless steel a continuous decrease of the relative reflectivity 
from pump pulse impact up to 40 ps can be observed. At delay time of 0 ps the pump pulse energy is 
absorbed by free electrons in conduction band [15] and electrons are thermally excited to higher energy 
levels. In stainless steel, this electronic excitation corresponds to a redistribution of occupied electronic 
states around the Fermi edge leading to decrease of reflectivity [34], as shown in Fig.1 (a) and (b) as black 
areas. In the following time delays up to 40 ps the optical response of stainless steel is overlapped with the 
influence of surface expansion and the rarefaction of the surface and cannot be separated in the optical 
signal of reflectivity. Whereas, in Al it is assumed that no electronic contribution in the optical response 
takes place and the rapid drop in reflectivity after 1 ps can mainly be attributed to the optical material 
response, which is influenced by the lattice heating and thus by an ultrafast rarefaction of the heated liquid 
material. 

The rarefaction of the surface induces an early material motion of the surface [33]. Here, a continuous 
decrease of reflectivity in Al can be observed in the first 40 ps after the pump-pulse impact affected by 
continues surface expansion. 
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3.2. Second delay time range from 100 ps to 1 ns  

In this section the material motion is analyzed on a timescale between 100 ps and 1 ns. For this, only the 
ablation processes at the fluence of 2.5 Fthr are considered because the effects are the most pronounced 
here. At the fluence of 1.3 Fthr the material shows qualitatively the same behavior but at a smaller spatial 
scale and at the fluence of 0.75 Fthr no ablation occurs. 

The PPR images showing the material motion are displayed in figure 2 for applied fluence of 2.5 Fthr. In Al 
and stainless steel the material response is slightly different. After the initial reflectivity decrease down to 
the corresponding reflectivity changes of  ∆R/R = −0.3 (Al) and ∆R/R = −0.85 (AISI304) up to delay times ∆t = 
50 ps, the reflectivity in the spot center increases again and shows an optical visible oscillating behavior in 
the following up to delay times of ∆t = 1 ns. In Fig. 2, these oscillations become visible as ring structures in 
the laser irradiated area. These so called Newton rings were already observed in a variety of metals (Al, Ti, 
Au) during the ablation process at fluences just above the threshold fluence for ablation [26]. They can be 
explained by light interference from light reflected at a curved and a flat surface. The curved surface is 
formed during the ablation process by the creation of an about 20 nm thin partly transparent film that 
delaminates from the substrate and bulges with increasing process duration. The flat surface is given by the 
underlying substrate. This ablation of a thin liquid film is referred to the “spallation process” [24]. The 
bulging height h of the spallation film can be estimated from the experimental data in Fig. 2 by the simple 
interference formula h = m λ/(2n). Therein, m is the interference order, λ the probe wavelength of pulse and 
n the refractive index of the medium between spallation film and substrate. In this estimation, this medium 
is assumed to be vacuum with n = 1. With m = 2.5 for Al and 3.5 for stainless steel at a delay time of 500 ps 
bulging velocities of vAl = 1650 m/s and vSteel = 1850 m/s are obtained. 
 

 

Fig. 2. PPR images of laser irradiated Al and stainless steel AISI304 at a pulse peak fluence of 2.5 Fthr for delay times between 100 ps 
and 1 ns. Right: Cross sections of the reflectivity for each material at a delay time of 500 ps. White bar = 30 µm 

3.3. Final delay time range from 2.5 ns to 10 µs 

In this section, the actual ablation process is analyzed. For this, PPR images continuing the PPR sequences 
from Fig. 2 are displayed at the top of Fig. 3 on a timescale between 2.5 ns and 10 µs. In the laser irradiated 
areas in Al and stainless steel display a reduced reflectivity (Al: ∆R/R = −0.9 and stainless steel: ∆R/R = −0.5) 
at the delay time of 2.5 ns. The number of Newton rings becomes too high (> m= 7) and thus their spatial 
distance too small (< 2 µm) to be resolved individually. For the investigated metals the reflectivity in the spot 
center stays decreased up to a delay time of about 10 ns and starts then to slowly increase (at 100 ps: ∆R/R 
=−0.8 (Al) and −0.3 (AISI304)) due the particle ejection and thus the reflectivity is increasing up to the value 
of the initial surface is reached. 
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Fig. 3. PPR images of laser irradiated Cu, Al and stainless steel AISI304 at a pulse peak fluence of 2.5 Fthr for delay times between 2.5 ns 
and 10 µs. Selected images with enhanced contrast are shown on the left half. Red dotted lines mark the shock wave front. White bar = 
30 µm. 

The results shown in Figure 3 give a visualization of the nanoparticle/cluster dynamics in Al and stainless 
steel metals from 2.5 ns to 10 µs. The PPR visual images results show clear nanoparticle/cluster ejection at 
times from 50-100 ns. An estimation of the overall nanoparticle ejection times can be given by examining the 
recovery of the reflectivity of the probe pulse to the steady time reflectivity. During the time scales where 
nanoparticle ejection is taking place, significant attenuation of the probe pulse will take place. Finally, the 
recovery of the reflectivity takes place for Al and AISI304 on time scales of 100 ns to 2 µs and from 100 ns to 
1 µs indicating the end of significant particle ejection and the achieved final state. 

3.4. Influence of pulse separation time on laser ablation efficiency 

Various studies have been performed on the ablation efficiency with the meaning of an energy specific 
ablation volume of double pulses, pulse bursts and different repetition rates. Summarizing these mainly 
three temporal efficiency regimes become clear which can be compared to the delay times of the study at 
hand. In the first delay time range from 0 ps to 40 ps the efficiency exhibits a maximum for zero delay times, 
which drops to about 50% within about 10 ps [35, 36]. Secondly a time interval between about 100 ps to 10 
ns was revealed, in which the efficiency is further deceased and remaining below 50% [35]. And thirdly, the 
final time interval up from about 10 ns to the final state in the µs-range, where the efficiency is gradually 
recovering to the original maximum value of 100%. When the PPR results here are compared to the state of 
the art, following consequences can be speculated: in the first interval a subsequent pulse can “weaken” the 
stress confinement and by that lower efficiency, in the second interval the interaction with the spallation 
layer can push down efficiency below 50% and in final interval the thinning particle cloud can restoring 
efficiency at 100% again in the µs range. 

To hold efficiency high the interaction with the propagating ablation products should be avoided over all 
three delay time intervals. A subsequent pulse will have an optimum effect, when the complete process has 
reached a steady-state and finished in the µs time range corresponding to repetition rates in the order of 
MHz. 

3.5. Influence of pulse duration ablation efficiency 

In recent years it has been demonstrated that the pulse duration has an effect on the energy specific 
ablation volume, or in short ablation efficiency: the efficiency is dropping from about 100% at 500 fs pulse 
duration to about 50% at 10 ps and is reduced to even less than 50% in the so called “valley of tears” up to 
about pulse durations of 10 ns [38]. The study at hand demonstrates that the ablation process in steel and Al 
(or more general in industrial metals) initiated with a sub-ps pulse exhibits a pronounced photo-mechanical 
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character, which is driven by the pressure build up due to the energy deposition and is indicated by the 
ultrafast drop of material density within a few ps (see section 3.1).  

To hold ablation efficiency high, the temporal energy deposition should be faster than the mechanical 
reaction of the material. Optimally this is achieved for pulse durations less than a few ps. 

4. Summary and conclusion 

In this study the complete visualization and quantification of the dynamic optical properties and material 
motion were analyzed for industrially relevant metals, namely aluminum and stainless steel. 
Overall the ablation dynamics of the three metals show a wide variety of physical dynamics which affect the 
ablation properties of each metal. In the early time stages below 50 ps, indicates a decrease in density of the 
target material. The decrease in reflectivity observed here for Al and stainless steel and is a consequence of 
the material surface expansion due to stress confinement in the material. 

In the intermediate time stages from 100 ps to 1 ns, material motion is observed. Spallation could be 
temporally and spatially resolved and quantified, and identified as the primary ablation mechanism for bulk 
Al and stainless steel.  

In the final time interval from 2.5 ns to 10 µs the transient reflectivity changes indicate the generation 
and ejection of particles and clusters until a final state is reached. 

For maintaining an optimum energy specific ablation volume the laser ablation should be initiated with a 
pulse duration shorter than a few ps and afterwards should be left undisturbed by a subsequent pulse until 
steady state is reached in the µs range, corresponding to a MHz repetition rate.  
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