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The availability of high power ultrafast lasers for material processing enables new applications 

such as deep hole drilling. To reach high ablation rates and high aspect ratios, fluences in the order of 

magnitude of 100 J/cm² are required. As this range has rarely been described in literature, a detailed 

study of the ablation rate for stainless steel is presented here. At a mean fluence of ~1.3 J/cm² a molten 

phase is observed in the center of the hole which then extends over the entire ablated area for increas-

ing fluences. Due to the onset of a melt layer a melt supported ablation superimposes the anticipated 

second ablation regime and hence no logarithmic dependence of the ablation depth is visible for higher 

fluences. For fluences of 10 J/cm² and higher the entire area is subject to a melt supported ablation. 

In addition, in this fluence range only the deposition of a few pulses at a higher repetition rate can 

boost the ablation rate up to a factor of 10 due to heat accumulation. 
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1. Introduction

The demonstration of the first self-mode-locked Ti-sap-

phire laser in 1990 lead to much more practical and versatile 

ultrashort-pulse (usp) sources in the femtosecond (fs)-re-

gime compared to the previously used dye-lasers [1]. This 

development triggered diverse investigations of new appli-

cations in the following years with fs-lasers. The first publi-

cations for material processing with such lasers have com-

pared the ablation rate and the quality in various materials to 

the results of nanosecond laser pulses [2-7]. In detail, differ-

ent types of materials like metals, semiconductors, dielec-

trics, ceramics and biomaterials [2, 3], damage and ablation 

thresholds [3-5, 7], influence of ambient pressure [6] and 

different wavelengths from near infrared to uv-radiation [3, 

4, 7] have been investigated. In 1996, Momma and Chichkov 

[8, 9] did an extensive study for the ablation rate per pulse 

from femtosecond to nanosecond pulses on steel and from 

low to very high fluences up to 104 J/cm². For high fluences 

with femtosecond pulses, they suggest that a liquid phase is 

the created during each pulse which leads to drops on the 

surface and a distinct recast layer in the produced groove. 

They concluded that no considerable advantages in material 

processing compared to longer pulses exist for high fluences. 

For low fluences, a precise ablation with only some - previ-

ously vaporized - material deposition on the surface was ob-

served. In a subsequent paper, they focused on the low flu-

ence ablation on different metals [9]. One year later, the 

group published their next paper including a graph with the 

ablation depth per pulse as a function of the fluence, reveal-

ing two ablation regimes. They also introduced a simple the-

oretical model to describe those experimental results which 

is now commonly known as the two-temperature model. In 

a first step, the photons of a laser pulse transfer their energy 

to the electrons (via inverse Bremsstrahlung) which in turn 

thermalize the phonon lattice afterwards. On short time-

scales – below the electron phonon coupling time (< ~10 ps) 

- the energy or ‘temperature’ of the electrons differs from the

temperature of the lattice.

Therefore, they introduced the two temperature model in 

which they describe the temperature of the electrons and the 

lattice separately. Based on this model, a logarithmic de-

pendence for the ablation depth per pulse is derived and has 

the form:  

𝐿 ≃  𝛿 ln (𝐹
𝐹𝑡ℎ

𝛿⁄ )  (𝛿 ≫ 𝑙)  (1) 

𝐿 ≃  𝑙 ln (𝐹
𝐹𝑡ℎ

𝑙⁄ ) (𝛿 ≪ 𝑙) (2) 

With:  δ =   optical penetration depth, 

𝑙  =   electron heat conduction depth, 

𝐹𝑡ℎ =  corresponding threshold fluence 

Depending on the fluence, the optical or electron pene-

tration depth is predominant and determines the ablation per 

pulse, resulting in the two observed regimes. [10-11] 

Le Harzic et al. [12] showed the dependency of the gra-

dient and threshold fluences for both regimes on different 

metals and pulse durations between 100 fs and 4.5 ps. For 

steel and aluminum, an increase in the gradient for shorter 

pulses is observed. It is also shown, that the fluence thresh-

old increases with increasing pulse duration mainly for the 

low fluence regime. 

Those results have been confirmed in numerous publica-

tions where the threshold fluence and penetration depth for 

various pulse durations and materials have been determined 

[7, 12-23] This model is to date accepted to describe the ab-

lation depth per pulse typically up to 10 J/cm². 

However, methods of gaining the ablation rate per pulse, 

pulse durations and other parameters are often differing, 

leading to a significant variation of resulting threshold val-

ues and penetration depths. For example, the ablation thresh-

old was calculated in diverse publications by measuring: 
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• ablation depth for a selected number of pulses 

o on one spot [9-10, 14-15, 17, 20], 

o along a groove [12, 14, 15, 18], 

o over an area [29],  

• the ablated diameter [13-14, 22-23]., 

• the amount of numbers to drill through a sam-

ple [8, 9, 16]. 

 

Since commercially available ultrashort pulsed (usp) laser 

sources have reached high average powers of several 100 W 

in the last years, new applications for usp processing have 

become of interest. [24, 25] In case of deep hole drilling, a 

usp based process has the potential of producing a nearly 

melt and defect free hole with a high geometrical accuracy 

[26-28]. To manufacture those holes a high pulse energy in 

the order of magnitude of millijoule is crucial to enable: 

• Ablation at steep hole wall 

• Ablation out of focus 

• High ablation rate 

• Low residual heat 

• Low repetition rate 

 

Potentially feasible spot sizes for deep hole drilling re-

sult in fluences in the range of ten to hundreds of J/cm². Un-

fortunately, only very few works investigate this parameter 

range: 

Mingareev [17] has investigated the ablation depth per 

pulse up to 300 J/cm² with few or single shots but has rarely 

described the results. Nedialkov et al. [20] show the ablation 

depth per pulse for fluences up to 100 J/cm² and compare 

them with molecular dynamic simulations. A fit and descrip-

tion was only done until a fluence of 10 J/cm². Also, both 

Migareev and Nedialkov present very few data points in the 

region of interest. Only Dausinger [15] gives a more detailed 

graph covering the range from 0.4 – 200 J/cm². However, he 

does not discuss the course of the graph. Other of his find-

ings as the significant change of the hole diameter by a factor 

of 10 for an increasing fluence indicate the existence of ad-

ditional (drilling based) effects that probably also modify the 

ablation rate. 

It is also evident that at a certain fluence a liquid phase 

occurs which remains after the process as a melt layer. For 

the ablation at extremely high fluences up to 104 J/cm², the 

findings from Momma and Chichkov [8, 9] give an insight 

with the afore mentioned results of producing a layer of melt 

with each pulse. Nedialkov et al. [20] already observes at 

10 J/cm² a distinct melt layer in and around the hole. For an 

even lower fluence of 4.3 J/cm² and only a few pulses, a mol-

ten region in the center of ablated depression is described by 

Mannion et al. [22]. 

According to molecular dynamics simulations, a liquid 

phase is nearly always present during ultrafast laser pro-

cessing. Even below the threshold fluence, the laser radiation 

leads to melting of a few 10 nm thick layer of material. For 

high fluences, material ablation is dominated by phase ex-

plosion of the overheated liquid phase with melting depths in 

the range of 100 nm [20, 30]. Those ablation mechanisms are 

already present at typical fluences for laser material pro-

cessing while no considerable melt layer remains after the 

process. The word melt layer will be used in this paper when 

a smooth and ripple free melt layer is observed after the pro-

cess and no typical micro-structured surface is present in this 

region anymore. 

Therefore, one aspect of this publication is to investigate 

the course of the ablation rate up to fluences of 150 J/cm² in 

detail for stainless steel. Additionally, the threshold for the 

creation of a smooth and ripple free melt layer and the con-

sequences on the course of the second regime shall be exam-

ined. To minimize other influences, all experiments are con-

ducted by placing only a few pulses with a low repetition 

rate on one spot. Other potentially influencing parameters 

like the spot size or the number of pulses are also monitored 

at those experiments. The experiments are analyzed by 

measuring the ablation depth and volume. Those investiga-

tions shall give an insight which parameters actually modify 

the ablation rate. 

In a second step, the occurrence of a melt layer at lower 

fluences due to heat accumulation is investigated. Both the 

number of pulses and the repetition rate are examined in this 

step. High power lasers for material processing often have a 

higher pulse duration than the laser beam sources used for 

the fundamental research in the first part. Therefore and first 

of all, the results that are obtained before with a pulse dura-

tion of 100 fs are validated for a higher pulse duration of 2 ps. 

Also, the influence of process gas on the ablation rate is de-

termined as high power applications otherwise could harm 

the optics without any process gas.  

2. Experimental Procedure 

Two usp laser beam sources are utilized for the experi-

ments. For the fundamental experiments, a laser beam 

source from Coherent (type Libra) is employed. In this case 

a maximum pulse energy of 𝐸𝑃= 1.5 mJ is focused by a lens 

with f = 175 mm on the samples, resulting in a focal radius 

of 𝑤0= 18 µm. A second spot size radius of 𝑤0= 26 µm is 

achieved by a telescope in the raw beam. Due to the small 

repetition rate no process gas is utilized in this set of exper-

iments. 

The AMPHOS 400 flex is used for the other experiments, 

as it has a higher average power and therefore is more suita-

ble for material processing. The maximum pulse energy of 

𝐸𝑃 = 0.85 mJ can be achieved for repetition rates of f 

≤ 400 kHz. The beam is focused by an f-theta optic (JENar, 

f = 160 mm) onto the samples which are mounted on a xy-

stage. Three different spot sizes are tested, 𝑤0= 28 µm, 𝑤0= 

16 µm by increasing the raw beam with a telescope and 𝑤0= 

50 µm by defocusing the spot. A coaxial process gas nozzle  

Table 1 Utilized parameters of the laser beam sources 

Spec i fi ca t ions  Amphos  400  

f l ex  

Lib ra 

Waveleng th  1030  nm 800  nm 

Max .  Average  Power  340  W 1 .5  W 

Pu l se  Durat ion  2  ps  100  fs  

Repet i t i on  Rate  1  Hz–400  kHz 5  Hz 

Max .  Pu l se  Energy  0 .85  mJ 1 .5  mJ 

Beam Quali ty  ( M ² )  1 .6  1 .2  
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Fig. 1 Ablation depth and ablation volume per pulse as a function of the fluence for stainless steel. The dotted circle highlights a common 
dip in the course for the maximum ablation depth (Laser: Libra, λ= 800 nm, f= 5 Hz, tp= 100 fs, w0= 18 µm: 25 & 50 pulses, w0= 26 µm: 

50 & 100 pulses). 

50 µm

0.85 J/cm² 1.28 J/cm² 1.70 J/cm² 2.56 J/cm² 5.96 J/cm²I II

8.52 J/cm² 12.78 J/cm² 17.04 J/cm² 72.43 J/cm² 142.2 J/cm²

III

Fig. 2 White light interferometer (WLI) images of the produced holes in stainless steel. The depth is displayed in pseudo-colors and its 
scale is differing in the images. All shown holes have been created with a spot of w0= 26 µm except the last one (w0= 18 µm) (Laser: Libra, 

λ= 800 nm, tp= 100 fs, f= 5 Hz, 50 pulses [last one: 25]). 



 

JLMN-Journal of Laser Micro/Nanoengineering Vol. 14, No. 3, 2019 

239 

is placed above the sample to provide pressured air at 5 bar 

in this setup. The spot sizes are measured with a camera 

(1/e²). All employed parameters of the two laser beam 

sources are also listed in Table 1. 

All experiments are conducted with samples of stainless 

steel (1.4301) which are polished until a roughness of below 

Ra = 30 nm is achieved. The ablation rate is investigated by 

focusing a few laser pulses on the sample surface while 

maintaining the following constraints 

- The aspect ratio of the produced hole/depression 

should be ideally well below 0.5 to exclude any drill 

based phenomena. [23] 

- A minimum amount of pulses is essential to obtain 

a reproducible result, as the ablation especially for 

higher fluence fluctuates extensively during the first 

pulses. Typically, good results can be obtained for 

20 pulses and more. [22] 

The analysis of the holes to determine the ablation depth 

and the ablation volume has been performed with a white 

light interferometer (WLI) (NewView 7300 from Zygo) and 

a laser scanning microscope (LSM) (VK-9700 from 

Keyence). Additionally, images with a scanning electron mi-

croscope (SEM) are made for selected holes. 

3. Experimental Results 

3.1 Ablation Regimes at 100 fs 

In Figure 1 the ablation depth and ablation volume per 

pulse for two different spot diameters are shown for varying 

fluences at a pulse duration of 100 fs. The printed fluence 

ranges from the ablation threshold of stainless steel and ris-

ing up to about 150 J/cm². The data points are acquired by 

experiments that are conducted with two different numbers 

of pulses for each spot diameter to also include a potential 

influence of this parameter. For lower fluences up to about 

1 J/cm² (region I) the first regime is present, leading to a log-

arithmic rise of the maximum ablation depth. A fit of those 

data points is also shown in the graph and yields to the values 

displayed in Table 2. For fluences greater than ~1 J/cm², the 

second regime begins according to literature [12, 16, 17, 19, 

21, 29]. Interestingly, this second region starts with a small 

dip in the ablation depth (see dotted circle in Figure 1). Also, 

the slope of the ablation depth for fluences up to 6 J/cm² is 

only slightly higher with respect to the first regime. Subse-

quently, between 6 and 12 J/cm², the ablation depth rises by 

a factor of three. For a higher fluence the ablation depth fur-

ther rises on average but is subject to a high variance which 

has not been present before. Both spot diameters show a very 

similar course, but the ablation depth for the smaller spot 

tends to be slightly higher after the first regime.  

However, if the ablation volume is considered, a mono-

tonic and roughly linear course is observed for high fluences 

above 12 J/cm². The ablation volume for the bigger spot is 

significantly higher compared to the smaller spot because a 

greater area is irradiated. Assuming that the ablation volume 

also roughly scales with the irradiated area, the ablated vol-

ume should be approximately twice as high for the bigger 

spot. 

With the aid of WLI and SEM images as seen in Figure 

2 the course of the graph is better understandable. In region 

I which displays the first regime, the ablation rate is based 

on the optical penetration depth of the photons and corre-

sponds well with the parameters in other publications (see 

Table 2). The images of the holes in this region present a 

typical micro-structured surface, also showing the formation 

of ripples for higher fluences (i.e. F= 1.26 J/cm²). The third 

picture shows the first hole which is counted to region II, 

which has a lower depth compared to the holes before. This 

is not a statistical outlier, as one might think solely based on 

the graph. In all previous holes with lower fluences, the 

highest depth was measured in the ‘valleys’ of the ripples. In 

the currently mentioned picture the center of the hole – 

where the highest local fluence is applied - shows a much 

more uniform and smooth surface without ripples anymore. 

Hence, this dip marks the point where the peak fluence is 

high enough to clearly produce melt for the first time. The 

local maximum depth in the corrugated surface is then re-

placed by the depth of a smooth surface. The total volume 

ablated at this fluence is still higher than for the smaller flu-

ences which confirms that this is not just a coincidence. Hav-

ing a closer look on the SEM images in Figure 2, the creation 

of a melt layer during ablation actually begins at about 

1.3 J/cm². Especially the darker color of the surface in the 

region which represents the melt layer for higher fluences, 

suggest that this fluence is probably the true starting point. 

For an increasing fluence, the fraction of the hole in which 

melt is produced increases (2.56 - 12.78 J/cm²). Region II is 

therefore defined here as the fluence range in which both the 

vaporization based ablation and the melt supported ablation 

are coexistent. 

In Region III, at about 10 J/cm² and above, melt is pro-

duced over the entire hole area and therefore dominates the 

ablation process. Regarding the WLI images, the ablated 

surface is rather smooth compared to region I and is also ac-

companied by a molten ring around the hole. Up to 

142 J/cm², the principal shape of the hole does not change. 

In this region, the ablation rate is influenced to some extent 

by the molten material and thus explains the variations in the 

ablation depth for high fluences in Figure 1. 

3.2 Discussion of the observations 

At first sight, this graph looks different for fluences of 

1 J/cm² and above compared with graphs from previous pub-

lications which examined the two regimes. A close look at 

the graphs published in [16, 19, 21] reveals a very similar 

course of the graph than shown here. Unfortunately, this re-

gion is not further discussed. 

For low fluences (region I) the logarithmic dependence 

of the ablation depth is confirmed by the results. The thresh-

old value and penetration depth is in the same range as in 

other publications (see Table 2). Roughly at the beginning of 

the second regime, the course of the graph looks different 

compared to the expected appearance with the two logarith-

mic regimes. Up to a fluence of ~6 J/cm², the inclination 

does not significantly change and also a dip is present at the 

transition from the first regime. With the aid of WLI and 

SEM images the reason for this dip and the unchanged incli-

nation can be deduced. Precisely the data point that shows 

the dip (F= 1.7 J/cm²) displays a molten phase in the center 

for the first time. The dip seems to be marginal and is below 

the error bars. But it has been observed in each set of exper-

iments and therefore indicates the presence of melt without 

the aid of SEM-images. Assuming a Gaussian beam shape 

of the focal spot, a peak fluence of 2.6 - 3.4 J/cm² leads to 
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the creation of a melt layer. For an increasing fluence, the 

region in which a melt layer exists increases likewise. 

With the steep rise of the ablation rate towards region 

III (by a factor of 3), the melt supported ablation starts to 

dominate. 

This rise is probably caused by the fact that the holes pro-

duced by lower fluences have not reached their maximum 

depth before. A lower ablation depth is measured if the area 

which is ablated in the melt supported regime is too small, 

the surface tension of the molten material prevents it from 

leaving the center of the hole. Also, the created vaporization 

pressure might not be high enough to accelerate the liquid 

yet. Here again the ablation volume suggests this explana-

tion, as the inclination of this graph in this region does not 

alter much compared to the previous course. 

As a result, especially region II strongly depends on the 

spatial beam shape as this defines the composition of the va-

porization dominated and melt supported ablation process. 

Hence, the course of the ablation as a function of the fluence 

might differ in region II while in region I and III an identical 

course is displayed. It should also be kept in mind that in 

case of a top-hat beam profile region II should not exists. 

Also, due to the much steeper hole walls, the melt transport 

that might be present for higher fluences could behave dif-

ferently and ultimately result in a different ablation curve. In 

region III the entire hole area is ablated with a melt sup-

ported ablation process, therefore leading to higher varia-

tions as seen in the increasing difference between single 

points and elongated error bars. As the ring of molten mate-

rial around the hole indicates, some acceleration of molten 

material is present after each pulse similar to the drilling pro-

cess principle with long pulsed lasers. As the result, the in-

troduction of melt dynamics greatly boosts the variance of 

the process. The plateau seen in region III for high fluences 

is probably caused by the scattering of the laser pulses in a 

cold atmospheric plasma due to the high intensities. Hence, 

the pulse energy is redistributed to a bigger area, reducing 

the ablation depth but not affecting the ablated volume. As 

described before, the ablation volume is not subject to those 

strong variations. Even though the variance of the data 

points increase in region III as well, the general trend is 

much smoother and roughly linear in the graph. Therefore, 

it might be more suitable for describing the ablation rate at 

high fluences with the aid of the ablation volume for future 

investigations. The ablation depth is obviously of no use for 

higher fluences as the second regime cannot be used to de-

scribe the ablation rate in case of stainless steel anymore. 

With the occurrence of a melt layer already at such 

small fluences of about 1.3 J/cm², the second regime is su-

perimposed by the melt supported ablation already from the 

beginning onwards. This is the reason why the second re-

gime cannot be observed in this study on stainless steel. Also, 

Nedialkov et al. [20] came to similar results based on exper-

iments and molecular dynamics simulations. As stated be-

fore, he also observed a distinct molten phase at 10 J/cm². 

He explained his findings with two mechanisms. According 

to his simulations, at higher fluences (>0.5 J/cm²) the mate-

rial overheats which results in a steep rise of the pressure in 

the material. This force then accelerates the melt out of the 

hole. But in combination with a larger affected volume due 

to the increased electron penetration depth, the energy is 

transported further into the material. As a result, this leads to 

a higher molten volume and less overheated material which 

eventually shifts the threshold for the recoil pressure to expel 

the melt to higher fluences. This fits to the previous obser-

vations which first show the creation of a molten layer and 

only later the acceleration of the melt with a steep increase 

in the ablation depth (see Figure 1 and 2). With an increase 

of the molten volume, a bigger fraction of the molten mate-

rial remains in the hole after the ablation process which leads 

eventually to a visible melt layer. 

1.28 J/cm²

1.70 J/cm²

100 fs 500 fs 2 ps 2 ps

50 µm

10 ps
AmphosLibra

60 µm

Fig. 3 WLI images of holes created with a fluence just below the threshold (1.28 J/cm²) and over the threshold (1.70 J/cm²) after which a 

melt layer is generated. The depth is displayed in pseudo-colors and its scale is differing in the images. In all cases 50 pulses are used (Libra: 

λ= 800 nm, tp= 100 fs, f= 5 Hz, w0= 26 µm. Amphos: λ= 1030 nm, tp= 2 ps, f= 1000 Hz, w0= 28 µm). 
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Zhigilei [30] came to the same assumption when com-

paring his molecular dynamics simulations with experi-

mental results. The simulations are made for nickel but it is 

assumed to react similar due to similar physical properties. 

Their calculated melting depths for higher fluences are in the 

same order than the ablation depth and also the fluence de-

pendence on the melting depth is consistent with the experi-

ments. They could not directly compare the ablation depth 

of the simulations with the experimental results, as the sim-

ulations did not include the pressure gradients from the re-

coil pressure which accelerates the melt out of the hole. 

The threshold fluence for the creation of a melt layer 

was observed in all experiments connected to Figure 1 and 

is also confirmed for pulse durations of tp = 500 fs and 2 ps. 

This is illustrated in Figure 3 with additional WLI images 

that show the surface of the ablated areas directly at the 

threshold (1.28 J/cm²) and after (1.70 J/cm²) the onset of a 

melt layer. In case of 10 ps, the morphology of the radiated 

surface changes. The observed ripples are have a signifi-

cantly smaller wavelength compared to all other examined 

pulse durations. At the threshold fluence still a molten sur-

face evolves but this one also differs with respect to the other 

pulse durations. Thus, it is unclear whether the aforemen-

tioned findings can also be applied at a pulse duration of 

10 ps. 

In addition, the depression created with 2 ps pulses is 

also done on the second laser system for comparison. This is 

the only example in which a melt layer is not clearly visible 

on the images. A potential explanation could be the different 

wavelength of the second setup (1030 nm instead of 800 nm). 

The same experiments were conducted on a copper sample 

to cross-check those findings for stainless steel. The dis-

cussed, clearly melt based phenomena have not been ob-

served up to fluences of about 50 J/cm². 

 

3.3 Ablation regimes at 2ps & influence process gas 

The same investigations conducted for 100 fs pulses are 

performed for a pulse duration of 2 ps and presented in Fig-

ure 4. As shown before, the development of a melt layer 

takes place still at the same fluence. However, the use of the 

Amphos laser source results in a different surface structure 

despite the same pulse duration. Therefore, both laser beam 

sources are compared in the graph. To provide a reference 

for the second step in which the impact of a higher average 

power is analyzed, some of the experiments are conducted 

with the aid of process gas.  

The reference experiments are performed with the same 

setup as for the experiments in Figure 1 but with a pulse du-

ration of 2 ps. The course of this graph is very close to the 

course of the 100 fs pulses. For low fluences in region I, a 

linear fit is calculated again and the threshold fluence and 

Table 2 Threshold fluence and optical penetration depth for 

the first regime of both pulse durations and in comparison with 

data from literature for stainless steel 

Source/  

Pu l se  du rat ion  

 

Thresho ld  

F luence 

[ J / cm² ]  

Op t .  Pen-

e t r .  Depth  

[nm] 

Thi s  work/  100fs  0 .070±0 .005  15 .8±1 

Thi s  work/  2ps  0 .074±0 .005  13 .9±0 .5  

Mannion  [22 ]/  150fs  0 .065±0 .005  20 .2±0 .06  

Nedia lkov  [20 ]/  100fs  0 .06 22 

Harz i c  [12 ] /  100fs  0 .021 17 

Harz i c  [12 ] /  2ps  0 .03 10 

 

Fig. 4 Ablation depth and ablation volume per pulse as a function of the fluence for stainless steel (Libra: λ= 800  nm, tp= 100 fs, f= 5 Hz, 

w0= 26 µm. Amphos: λ= 1030 nm, tp= 2 ps, f= 1000 Hz, 50 pulses). 
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optical penetration depth for both investigated pulse dura-

tions are shown and also compared to data from literature in 

Table 2. 

It should be mentioned that the threshold fluences pre-

sented here are calculated based on the average fluence. 

Therefore, the actual local threshold fluence should be about 

0.14 J/cm². The value is identical for both pulse durations in 

this work and also very close to the results from Mannion 

[22] and Nedialkov [20]. Harzic [12] obtained a much lower 

value but extrapolated to gain those values. With respect to 

the optical penetration depth, all values are in the same range 

between 10 – 22 nm. Both Harzic and this work show that 

an increasing pulse duration decreases the optical penetra-

tion depth.  

A comparison of the graphs for 2 ps and 100 fs for very 

high fluences of more than 50 J/cm² show that the ablation 

depth is higher in the 2 ps case. The use of the second laser 

system (Amphos) mostly yields the same results as expected. 

The only difference is visible in the beginning of the steep 

rise of the ablation depth at the transition from region II to 

III. As mentioned before, this might be caused by the differ-

ent spatial pulse shape. Consequently, a different fraction of 

the area is exposed to the melt supported ablation. In region 

III this course is coinciding again. Both graphs created with 

2 ps pulses do not feature the “plateau” which is visible for 

the pulse duration of 100 fs in region III in Figure 1. In this 

case the intensity is one order of magnitude lower, thus less 

scattering of the laser pulses occur. 

The investigation of the ablation depth obtained with the 

use of a process gas is more focused on the higher fluence 

regime and is carried out for three different spot sizes. In re-

gion I and II similar or only slightly lower ablation depths 

are measured while in region III the course of the graph di-

verges with respect to the other graphs. For the highest tested 

fluences, only about 50% of the ablation depth in compari-

son to a no gas process is reached. The process gas seems to 

push a bigger fraction of the ablated material back onto the 

surface which only affects the melt supported ablation re-

gime. This effect seems to be stronger for the ablation depth, 

because the ablated volume is less than 25% lower in that 

case (see Figure 5). A similar observation has been made by 

Dausinger [16] when comparing the ablation depth and ab-

lation volume in ambient pressure and vacuum. For high flu-

ences, the ablation volume is similar in both cases while the 

ablation depth is dependent on the surrounding pressure. 

Dausinger explained this behavior by a cold atmospheric 

plasma that is ignited at those high intensities. The radiation 

is mainly scattered away from the center of the Gaussian 

beam and decreasing the peak fluence in the center thereby. 

But the total energy deposited on the surface is only reallo-

cated and therefore does not change the ablation volume. In 

Figure 5 the ablation volume per energy is shown to make 

the volumes obtained with different spot sizes more compa-

rable to each other. The experiments with process gas and 

the experiments with 100 fs pulse duration for reference are 

shown. The specific ablation volume can also be interpreted 

as a measure for the ablation efficiency. At about 0.6 J/cm² 

the well described (i.e. [30]) efficiency maximum can be ob-

served followed by a decrease by one order of magnitude for 

an increasing fluence up to 100 J/cm². All displayed experi-

ments have roughly the same course. The experiments with 

100 fs pulses display a constant efficiency in the range of 

10 J/cm² which corresponds to the rise of the ablation depth 

at the transition to region III. This clearly shows that with 

reaching 10 J/cm² the ablation mechanism changes. As this 
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Fig. 6 Ablation depth and ablation volume per pulse as a function of the fluence for stainless steel for different repetition rates (Amphos: λ 

= 1030 nm, tp= 2 ps, w0= 28 µm, 100 pulses). 
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is the only visible change in the graph, this supports the con-

clusion that there is only one change of the ablation mecha-

nism which is a melt supported ablation. Despite the signif-

icant lower ablation depth of the experiments that utilize 

process gas, the ablated volume is less influenced as seen in 

the graph.  

3.4 Heat accumulation at few pulses 

In the graph in Figure 6 the effect of an increased repeti-

tion rate on the ablation rate per pulse is shown. Both the 

ablation depth and ablation volume is displayed as a function 

of the fluence for repetition rates up to 400 kHz. Comparing 

both graphs leads again to the conclusion that the ablation 

volume is a more stable parameter to investigate the ablation 

rate when a melt supported ablation is present. For repetition 

rates up to about 10 kHz no significant increase can be ob-

served in the ablation rate, hence confirming that the results 

obtained before have not been altered by a repetition rate of 

1 kHz. For 30 kHz, an increased ablation due to heat accu-

mulation can be identified for high fluences over 10 J/cm² 

the first time. When further increasing to the maximum of 

400 kHz, a huge increase of the ablation rate can be observed 

even though only 100 pulses are deposited. The ablation 

depth increases by a factor of ~5 while the ablation volume 

even exhibits a rise by a factor of ~10. In this case the heat 

accumulation is already present for fluences below 5 J/cm². 

In this set of experiments, the heat accumulation causes an 

increase of the ablation rate at an average power of about 

50 W for w0 = 28 µm.  

Beside the repetition rate the amount of pulses also has 

an influence on the increase of the ablation rate per pulse (as 

the heat accumulation increases for more pulses). The effect 

of an increased number of pulses that are deposited on the 

sample is shown in Figure 7. For less than 15 pulses the ab-

lation depth has high variations due to surface incubation ef-

fects that mainly change the surface structure. The ablation 

volume is also affected by this as a lower ablation volume is 

displayed in this region which supports the statement. 

In addition, the statement at the beginning, that a mini-

mum number of 25 pulses should be used to reach a steady 

and reproducible ablation rate, is confirmed again. For more 

than about 15 pulses, the ablation rate is roughly propor-

tional for an increasing number of pulses. 

4. Conclusion 

In this study the ablation rate of stainless steel by means of 

a few ultrashort laser pulses up to 150 J/cm² is investigated 

in detail. The ablated areas are examined by the ablation 

depth and volume, and with WLI and SEM images. Also, the 

influence of the other adjustable parameters on the ablation 

rate has been investigated.  

It has been shown in detail that a second logarithmic ab-

lation regime, as indicated by literature, is not visible in the 

experiments. WLI images of the produced holes show an on-

set of a melt layer already at a mean fluence of ~1.3 J/cm² 

which has not been described before. Hence, the potential 

electron diffusion ablation regime is superimposed from the 

beginning on by a melt supported ablation. Based on the 

graphs that illustrate the ablation rate and the WLI & SEM 

images, three regions are defined:  

• Region I is identical with the first ablation regime in 

which the optical penetration depth determines the ab-

lation rate.  

• In region II (starting at about 1 J/cm²) both the vapori-

zation dominated ablation for low fluences and the 

melt supported ablation are present due to the Gaussian 

intensity distribution of the beam. Reaching a fluence 

of about 10 J/cm², the ablation depth displays a steep 

rise which marks the beginning of the domination of 

the melt supported ablation and determines the transi-

tion to region III. 

• In region III the ablation is fully melt supported, as the 

entire radiated area is covered by a melt layer. When 

investigating region III, the ablation volume is the suit-

able parameter to describe the ablation rate. Due to the 

existence of a liquid phase, melt dynamics lead to a 

high variation of the ablation depth while the volume 

still shows a monotone rising graph.  

 

Both investigated pulse durations of 100 fs and 2 ps be-

have in the same manner in terms of the ablation rate. Only 

slight differences between two different laser sources that 

might partly be caused due to the different wavelength and 

the spatial beam shape are observed 

Fig. 7 Ablation depth and ablation volume per pulse as a function of the number of pulses for stainless steel for different repetition rates 

(Amphos: λ= 1030 nm, tp= 2 ps, w0= 28 µm, F= 39 J/cm²). 
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The influence of other parameters on the ablation rate 

has also been investigated in detail in this paper and gives 

some remarkable results:  

• The use of coaxial process gas has a strong influence

on the ablation rate. The ablation depth decreases by

about 50% while the ablation volume is decreased by

about 25% compared to an ablation process without

process gas. This means that the shape of the ablated

depression also changes significantly when process gas

is used.

• Different spot sizes lead to different ablation depths per

pulse. This finding is contrary to the assumption of the

two-temperature model that only the fluence deter-

mines the ablation depth. Also, it questions whether re-

sults obtained with considerably different spot sizes are

comparable.

At higher fluences or higher repetition rates, an increase 

of the ablation rate due to heat accumulation occurs already 

at a few pulses and can lead to a significant rise. For fluences 

of about 40 J/cm², an increased repetition rate results in a 

higher ablation rate per pulse already for 15 pulses. With a 

rising number of pulses, both the ablation depth and volume 

increases roughly linearly. For 100 pulses with 40 J/cm² at 

400 kHz, heat accumulation leads to an increase of the abla-

tion rate by a factor of 5 to 10. The start of heat accumulation 

is found to be based on the average power which is in these 

experiments roughly 50 W at 100 pulses and w0 = 28 µm. 

In conclusion, in ultrafast ablation of stainless steel for 

fluences greater than 1 J/cm², the generation of melt and the 

rise of the ablation rate due to heat accumulation should al-

ways be taken into consideration already at very few laser 

pulses. However, higher ablation rates or an increased depth 

of drilled holes can be achieved by means of high fluences. 

Combining this with a low fluence finishing process has the 

potential of still employing the advantages of ultrafast abla-

tion at an elevated process speed. 
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