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In ultra-short pulsed laser ablation of metals, a considerable amount of the incident laser energy 
remains in the workpiece as residual heat. When using high repetition rates, this can cause severe 
damage due to heat accumulation effects. In this paper, the amount and the spatial distribution of the 
residual heat deposited by a spatially Gaussian-shaped laser pulse are investigated by means of calo-
rimetric measurements.  
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1. Introduction 
The ablation of metals using ultra-short laser pulses en-

ables processing with micrometer precision, a low surface 
roughness and a negligible heat-affected zone. This is pri-
marily due to the fact that the energy of ultra-short laser 
pulses is deposited on a very short timescale. Thereby, 
strong non-equilibrium conditions are generated and the 
thermal diffusion length is in the same order of magnitude 
as the ablation depth [1-3]. This process is therefore often 
referred to as ‘cold ablation’.  

However, a considerable amount of the incident laser 
energy remains in the ambient bulk material as residual 
heat. Earlier work has shown that, when applying high rep-
etition frequencies, this residual heat can lead to heat ac-
cumulation effects [4-7]. These can have a severe detri-
mental impact on the processing quality. 

The objective of this research work is to quantify the 
total residual heat deposited by an ultra-short, spatially 
Gaussian-shaped pulse. As the thermal diffusion length for 
ultra-short pulsed laser processing is orders of magnitude 
smaller than the lateral dimensions of the laser spot, a sur-
face heat source can be assumed. In this research, its spatial 
distribution Hres(x,y) is investigated. This is of particular 
interest for the simulation of sample heating during pro-
cessing. 
 
2. Experimental Design and Set-Up 

In order to investigate the thermal energy deposited 
during the ablation of the stainless steel samples (EN steel 
number 1.4301), a calorimetric set-up is employed, as de-
scribed in section 2.1.  

The spatial distribution Hres(x,y) of the residual heat is 
determined by systematically varying the beam profile of 
the laser spot used for ablation. For this purpose, an ultra-
short pulsed laser beam with a Gaussian intensity distribu-
tion is partly blocked using a copper blade and imaged on 
the workpiece for the laser ablation experiments (set-up 

illustrated in Fig. 4). The part of the laser spot contributing 
to ablation is then varied by moving the copper blade. The 
optical set-up used for the experiments is explained in more 
detail in section 2.2. 

In the experiment, the laser spot is blocked beginning 
from a cut-off position x0, as shown schematically in Fig. 1. 
For a given position x0, the residual heat energy Eheat(x0) 
remaining in the workpiece can be described by integrating 
the heat distribution Hres(x,y) as denoted in Eq. (1). 
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Assuming radial symmetry for the spatial distribution 
Hres(x,y) of the residual heat, res ( )H x   – the so-called line 
response function [8] – already contains the full infor-
mation about Hres(x,y). As explained in [9], an Abel inver-
sion can be performed to derive Hres(x,y) from the experi-
mentally determined Eheat(x). 

Concerning the laser beam source, a circularly polar-
ized Yb:YAG disk laser (Trumpf GmbH + Co. KG, TruMi-
cro5070) with a pulse duration of about τ = 6 ps (FWHM, 
sech² fit) at λ = 1030 nm is used for the experiments. The 
laser spot is scanned across the workpiece using a galva-
nometer scanner (Intelliscan14de, SCANLAB AG).  

 

 

  
 

Fig. 1 Beginning from the cut-off position x0, the laser spot 
is blocked. 
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2.1 Set-Up for Calorimetric Measurements 
A standard calorimetric set-up is used to measure the 

residual heat, as depicted schematically in Fig. 2. The sam-
ples with lateral dimensions of 40 mm ⋅ 20 mm and a 
thickness of 1 mm are made of stainless steel (EN steel 
number 1.4301). A thin graphite foil brings the sample in 
thermal contact with a copper plate with the same lateral 
dimensions and a thickness of 0.5 mm. The high thermal 
conductivity of copper ensures a fast thermalization.  

For the temperature measurement, a type T thermocou-
ple (copper/constantan) is attached to the copper via a kap-
ton tape. The components’ masses and specific heats are 
listed in Table 1.  

To obtain a slow temperature decay as required for this 
experimental method [12, 13], the sample is fixed on ce-

ramic tips which ensures an adequate thermal isolation.  
For the calorimetric measurements, the sample is pro-

cessed by a large number of pulses and thus heated during 
a time interval tH. After thermalization (at t0), the tempera-
ture decays exponentially. The relation given in Eq. (2) can 
be used to fit the logged temperature data.  

( ) 0c ( t t )
c cT t A B e−γ −= + ⋅  (2) 

With the initial temperature Ac, the temperature change 
δT (t) of the sample is then given by  

( ) ( )δ = − cT t T t A . (3) 
As depicted in Fig. 3 and described in [12, 13], the effec-

tive temperature rise ΔTeff of the workpiece can be approx-
imated by extrapolating the exponential cool-down func-
tion to the middle of the heating interval:  

eff 2
 ∆ = δ  
 

HtT T . (4) 

Knowing the respective heat capacities and the effective 
temperature rise ΔTeff, the deposited thermal energy can be 
calculated [12, 13] according to 
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The relative amount of the incident energy remaining in the 
workpiece as residual heat is given by 

heat
res

inc
100= ⋅

E
%

E
, (6) 

where Einc is the overall laser energy incident during the 
processing interval tH.  

2.2 Optical Set-Up 
In order to investigate the spatial distribution Hres(x,y) 

of the residual heat, Eheat(x0) is measured calorimetrically 
for different cut-off positions x0, as described in section 2.1. 
The optical set-up used to partially block the laser spot is 
illustrated schematically in Fig. 4.  

At a distance of about 1.7 m from the focusing lens of 
the scanning system (focal length f = 163 mm), a copper 
blade mounted on a translation stage is utilized to adjust the 
blocked fraction of the Gaussian beam (diameter 
d = 2.6 mm).  

 

Table 1 Mass m and specific heat cp at T = 25°C of the 
components of the calorimetric set-up [10, 11].  

material mass m (g) specific heat cp (J/kgK) 

stainless steel 6.45 472 
copper 2.16 384 

 graphite foil 0.15 709 
 

Fig. 3 Determination of the effective temperature rise 
ΔTeff from the extrapolation of the exponential fit 
to the cool-down data. 

Fig. 2 Schematic drawing of the set-up used for the calo-
rimetric measurements. Thermal energy is intro-
duced by the ultra-short pulsed laser processing of 
the stainless steel sample. 
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Fig. 4 Schematic illustration of the optical set-up: The 
collimated raw beam is partially blocked by a 
movable copper blade and imaged by the scanner 
focusing lens. The experiments are performed in 
the image plane. 
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The beam is imaged to the surface of the workpiece by 
the focusing lens. Here, the spot radius is found to be 
w0, abl. = (140 ± 3) µm, measured according to the technique 
explained in [14].  

In the image plane which is located about 17 mm be-
hind the focal plane, an almost diffraction-free image of the 
partially blocked Gaussian beam can be observed. As de-
picted in Fig. 5, this has been verified with both beam pro-
file measurements and the geometry of the ablation sites 
for different cut-off positions of the copper blade. 

For the calorimetric measurements, a pulse repetition 
frequency of frep = 20 kHz and a pulse energy of 
Ep = 460 µJ are chosen. This results in an average fluence 
of φ = 0.75 J/cm², which is well above the ablation thresh-
old fluence of stainless steel [15]. The average power hence 
is Pav = 9.2 W. 

With a scanning speed of v = 7 m/s, lines with a length 
of 25 mm and a hatch line distance of 350 µm are pro-
cessed on the stainless steel samples, providing for a sepa-
ration of the single ablation sites. After 50 passes, the scan-
ning program is finished after tH = 33.6 s. Without blockage, 
the overall incident laser energy during the processing in-
terval tH amounts to Einc = 85 J.  

The calorimetric measurement is repeated for various 
cut-off positions x0 of the copper blade, from free passage 
to complete blockage of the raw beam. Between the meas-
urements, the blade is moved by Δxobj.pl. = 100 µm which 
corresponds to a displacement in the image plane by 
Δxim.pl. = 10.8 µm. 

 
3. Results and Discussion 

For each calorimetric measurement performed at a cer-
tain cut-off position x0, the effective temperature rise ΔTeff 
and γc result from the exponential fit using Eq. (2) and 
Eq. (4). The thermal energy Eheat(x0) and the relative 
amount %res of the incident laser energy remaining in the 
workpiece as residual heat can then be calculated with the 
help of Eq. (5) and Eq. (6).  

In Fig. 6, the experimental data of the residual heat Eheat 
is plotted against the cut-off position x0 in the image plane 
from which on the spot is covered. As expected, the meas-
ured thermal energy Eheat(x) increases when less of the raw 
beam is blocked by the copper blade. 

To describe the experimental data mathematically, the  

error function ansatz given in Eq. (7) is found to be in good 
agreement with the experiment.  

heat, max
heat

0 res.heat

2( ) 1 erf
2

  
 = ⋅ +      ,

E xE x
w

 (7) 

The resulting fit is depicted in Fig. 6 as a dashed line. It 
gives a value of w0, res.heat = (153.3 ± 4.6) µm which – with-
in the limits of this measurement technique – corresponds 
well with the spot radius of w0, abl. = (140 ± 3) µm deter-
mined from the dimensions of the ablation sites in the im-
age plane. 
The first derivative of the fit to Eheat(x) with respect to x – 
the line response function res ( )H x  – is Gaussian and there-
fore corresponds to a likewise Gaussian distribution of 
Hres(x,y) [9]. Hence, we found that the spatial distribution 
of the residual heat Hres(x,y) for a spatially Gaussian-
shaped ultra-short laser pulse is also Gaussian with the 
same Gaussian root mean square width w0, res.heat as the ab-
lating spot in the image plane w0, abl..  

For ultra-short pulsed laser processing, there is a thresh-
old fluence which has to be exceeded to ablate the material. 
Therefore, the absorbed energy, which has a spatially 
Gaussian distribution if the reflectivity does not depend on 
the applied fluence, can be subdivided into different parts –  
below and above the threshold for ablation [15].  

In places where the fluence is below the threshold for ab-
lation, the residual thermal energy is expected to be propor-
tional to the applied fluence. In contrast to this, in places 
where the fluence exceeds the ablation threshold, a consid-
erable part of the absorbed energy is expected to be carried 
away by the ablated particles. Therefore, a Gaussian distri-
bution of the residual heat Hres(x,y) is anything but obvious 
[e.g. 16].  

Considering the overall amount of incident energy re-
maining in the workpiece as residual heat, the share is ex-
perimentally determined to be %res = 34.0 ± 2.3. This value 
is in good agreement with the results reported in [17]. 

 
4. Conclusion 

It was found that for the ablation of stainless steel, a 
considerable amount of the incident laser energy Einc – as 
much as about one third – remains in the workpiece as re-
sidual heat.  

Fig. 5 Beam profile measurements (upper row) and abla-
tion sites (lower row, φ = 0.75 J/cm²) on stainless 
steel in the image plane for different positions of 
the copper blade. In between the cases depicted 
above, the blade is moved by 0.4 mm.  

decreasing fraction of the raw beam is blocked 

Fig. 6  Residual heat Eheat measured for different cut-off 
positions x0. An error function ansatz is used to fit 
the data (dashed line).  
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For a spatially Gaussian-shaped ultra-short laser pulse, 
it is - against all expectations - a reasonable assumption 
that the spatial distribution Hres(x,y) of the residual heat is 
also Gaussian with the same spatial extent. This infor-
mation is crucial when computing the heat accumulation 
and the sample heating in ultra-short pulsed laser ablation 
of metals using high repetition frequencies [5].  
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