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A B S T R A C T   

Laser light absorption is one of the elementary effects of laser material processing. Absorption values are relevant 
to calculate the process efficiency and predict the impact on the material for the increasingly used laser pro-
cesses. However, absorption measurement can be a complex task. At high temperatures of metals, only limited 
experimental data is available due to the dynamic surfaces and the often unknown emissivity needed for the 
temperature measurement. Models were created to predict the absorption at different temperatures, which are 
successful with assumptions in some regimes, but often fail in others. For improving the theoretical models, an 
experimental measurement of high-temperature metal surfaces is desired. Therefore, a radiometric measurement 
method is proposed in this work using a heating laser to create a metal melt pool, while measuring temperature 
and reflection of its surface by a second measuring laser beam. General tendencies known from literature could 
be confirmed by the measurements, while absorption values tend to scatter at increasing temperature. However, 
trends could be observed. Between melting and boiling temperature, a slight absorption increase was seen in the 
range between 35% and 38%. Those values indicate that both interband and intraband absorption must be 
considered to explain the absorption in this regime. At increased temperatures, the intraband absorption be-
comes the dominating absorption mechanism, reaching absorption values above 45% at very high temperatures.   

1. Introduction 

Absorption measurement is in general a complex task already of solid 
surfaces, since absorptance depends on multiple factors, such as surface 
roughness (e.g. [1]), surface temperature, light wavelength, light po-
larization, surrounding pressure, state of matter and the presence of 
oxide layers [2]. 

The measurement of absorption of liquid metal is an even more 
challenging task due to thermal expansion and related geometrical 
changes of the surface, possible vapor ejections and turbulences of the 
surface. In addition, temperature measurement is rather difficult on 
molten or even boiling surfaces since the emissivity of the material is not 
homogenous due to thermal gradients and often not known at such high 
temperatures. There is a knowledge gap in literature both about the 
absolute values of absorption and dominating physical mechanisms 
occurring at laser-matter-interaction. 

However, measurements of laser beam absorption above melting 
temperature of metals is rarely accomplished, but necessary for laser- 
material interaction understanding, process development and 
simulation. 

2. Theory 

2.1. Absorption measurement 

Typically, data at room temperature is used to extrapolate absorption 
values to elevated temperatures. Room temperature data is available for 
many wavelengths and materials (e.g. [3]). Often, laser beams are used 
as radiation source for measurements since they have a distinct wave-
length and are therefore best suited to measure the absorptivity of 
material. 

Absorption measurements are typically divided into two main groups 
[4]:  

• Calorimetric (direct absorption measurement): Stegman et al. [5] 
used thermocouples attached to a probe to measure the temperature 
increase due to radiation and derived the energy coupling efficiency 
[6]. There were early approaches using a black body at room tem-
perature as radiation source in a vacuum chamber surrounded by 
liquid helium. An evaporation calorimeter showed the evaporation 
of helium due to absorption of radiation [7]. Kim et al. [8] derived 
the nonlinear impact of the energy coupling at different process ve-
locities using fast thermocouple measurements. Dausinger & Shen 
[3] measured absorptivity on metal surfaces using calorimetry. A 
disadvantage of thermocouple measurements is that a model is 
needed that considers heat conduction and dissipation effects in the 
material [9]. Miyamoto et al. [10] increased the measurement 
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accuracy by using water calorimeters reducing the error to ~ 5 % 
[11]. Seebeck-envelope Calorimeters are commercially available 
showing small errors [11] but measuring time can be long since 
thermal equilibrium needs to be reached and measurements at 
higher temperatures are difficult to realize.  

• Radiometric (indirect absorption measurement): When transmission 
can be neglected (typically true for metals), the absorption A is 
related to the reflectivity R (A = 1 − R). In general, Kirchoffś law 
relates the spectral emissivity to the absorptivity of materials but 
cannot consider polarization effects [3]. The spectral reflectivity can 
be derived using an integrating sphere (e.g. [12]). The typical error 
due to radiation losses or light scattering sum up to 5–6 % [13], while 
surfaces at higher temperatures are difficult to measure. 

Most commonly used absorption measurement methods are laser 
calorimetry, gonio reflectometry, integrating sphere or integrating 
mirror reflectometry and emittance spectroscopy [14–16]. 

2.2. Absorption at elevated temperatures 

Measuring absorptivity at higher temperatures of metals is a chal-
lenging task, but some attempts were reported in literature. Bober et al. 
[17] measured the absorptivity between 2000 K and 4000 K with an 
integrating sphere at wavelengths between 458 nm and 647 nm, 
showing a slight increase of absorptivity with increasing wavelength and 
increasing temperature. 

Several approaches were reported in literature to estimate the 
absorptance or energy coupling at different laser material processes. 
Different surface roughness were considered (e.g. [18,1]). In laser cut-
ting, the absorption at different wavelengths was examined finding that 
different angular dependencies can lead to different process behaviour 
and striation development [19]. 

Time-resolved absorption measurements were performed inside an 
integrating sphere [20]. Even keyholes were produced while measuring 
reflectance in an integrating sphere to derive absorption characteristics 
of laser welding or laser Additive Manufacturing processes [21]. 

Actual surfaces were extracted from imaging frames and ray tracing 
was used to calculate the absorption and energy input distribution, e.g. 
on a cut front [22] or in welding keyholes [23]. Those values give a good 
estimate of total absorptances but cannot give indications about the 
physical process or a prediction of absorption at a concrete temperature 
due to the summation of all absorption effects in the whole system, 
considering e.g. also multiple reflections. 

2.3. Absorption theories 

In general, light is absorbed in metals by the internal photo effect, 
where electrons take higher energy states [24]. Two main absorption 

mechanisms are known, namely interband and intraband absorption. 
Intraband absorption considers the energy transfer of photons to free 
electrons, while interband absorption assumes the transfer to bound 
electrons. In both cases, the photon energy is transferred to electrons 
and then to the lattice phonons by collisions between electrons with 
electrons and electrons with phonons (e.g. [25]). The rapid energy 
transfer (10-14 s to 10-13 s) from electrons to lattice defects and phonons 
can be usually considered immediate (e.g. [25]). 

In metals, infrared light is mainly absorbed by conduction electrons 
(intraband absorption), which transfer the energy to the lattice by in-
elastic collisions (e.g. [26]). At increasing temperature, intraband ab-
sorption increases since free electrons have higher kinetic energies and 
the phonon population grows, which increases the probability of elec-
tron–phonon-collisions. 

Interband absorption, however, decreases with increasing tempera-
ture around 800 nm wavelength [27]. The Fermi energy distribution 
function is smoothened at increasing temperature and the absorption 
bands become broader [28,29]. At moderate laser intensities, that do not 
create plasma, the absorption therefore decreases with increasing tem-
peratures [27], which Dausinger &Shen [3] theoretically showed for the 
near infrared (1 µm – 2.5 µm) range wavelength, calculating the ab-
sorption decrease with increasing temperature from room temperature 
(RT) to melting temperature in the interband transition-dominated 
regime. However, this behaviour was not observed at measurements 
with steel, where there was a slight increase of absorption reaching 
similar values at higher temperatures only [3]. Interband absorption is, 
however, complex and depends on the band structure of the material. 

Intraband and interband absorption effects lead to the so-called X- 
point, where the temperature coefficient of absorption changes sign, 
which is around 1 µm wavelength for metals [28,29]. 

Hagen-Rubens [30] started an early approach to describe the ab-
sorption A depending on the laser wavelength λ and electrical DC con-
ductivity σo of the material: 

A ≈ 0.365 •

̅̅̅̅̅̅̅̅̅̅̅̅
1

λ • σo

√

(1) 

The approximation showed good agreement with experiments at 
high wavelengths. It was expected [3] that the Hagen-Rubens calcula-
tions should show a good correlation at higher temperatures since in 
general the metal conductivity decreases at elevated temperatures. 

Drude calculated optical constants, which are necessary to derive 
absorption values. His approach is based on elementary electron theory 
of metals and assumes that electrons in the conduction band are accel-
erated by the photon impact and damped by collisions with phonons and 
lattice imperfections (e.g. [3]). This damping mechanism is also the 
physical reason of electrical resistivity. Therefore, electrical descriptions 
were used to also explain light absorption. For many materials in the 
infrared, good experimental fits were found with deviations for visible 
and ultraviolet light and also for iron in the infrared range [3]. In 
addition, the Drude model is only valid for smooth surfaces [31]. 

Fresnel derived relations between the absorption A of material 
depending on the incident angle β of the light, polarization (parallel p 
and perpendicular s) and the optical coefficients (refraction n and 
extinction k coefficient). 

Ap =
4ncosβ

(
n2 + k2

)
cosβ2 + 2ncosβ + 1

(2)  

As =
4ncosβ

n2 + k2 + 2ncosβ + cosβ2 (3)  

A =
Ap + As

2
(4) 

The temperature dependence is considered in the temperature- 
dependent optical coefficients. The validity of the Fresnel equations 
was mainly shown in temperature ranges below melting temperature of 

Nomenclature 

Symbol 
A Absorption 
λ Laser wavelength [µm] 
σo DC conductivity [S/m] 
β Incident angle [rad] 
n Refractive index 
k Extinction coefficient 
h Planck coefficient [J s] 
c Vacuum light speed [m/s] 
k Boltzmann constant [W/(m2 K4)] 
T Temperature [K] 
Ii Intensity  
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metals [32]. 

2.4. Temperature dependence of absorption 

Optical coefficients are often unknown in molten metal state [32]. 
Therefore, absorption calculations were mainly conducted below 
melting temperature (Tm). 

Mahrle & Beyer [33] used the Drude theory considering intraband 
absorption. The refractive and extinction coefficient were derived using 
the real and imaginary parts of the permittivity considering the plasma 
frequency, the laser frequency and the collision frequency. The tem-
perature dependence of the free electron density [34] was estimated by 
the liquid metal density change, which was assumed to linearly decrease 
with temperature. At 1.07 µm wavelength, the absorption showed a 
slight increase at increasing temperatures. 

Dausinger & Shen [3] calculated the optical coefficients by adding 
interband terms based on Roberts [35]. This integration of interband 
absorption into the calculations leads to decreasing absorption values at 
increasing temperature at 1 µm wavelength below melting temperature 
[3]. 

Complex absorptivity dependencies on temperatures below Tm were 
identified by Indhu et al. [2] depending on surface conditions showing 
an absorption increase from room temperature to ~ 400 ◦C and an ab-
sorption decrease up to ~ 1200 ◦C, followed by a steep absorption in-
crease into the molten state. 

In this work, a new measurement setup is suggested that enables high 
temperature absorption value measurement of metals. 

3. Methodology 

3.1. Experimental setup 

In order to determine absorption values of molten and even boiling 
metal material surfaces, a new radiometric measurement was realized. 
Thereby, a heating laser beam was used to create a melt pool in a C-steel 
sheet. The heating laser beam (IPG YLR-15000, wavelength 1070 nm) at 
1.5 kW output power was transferred through an optical fibre (diameter 
600 µm), collimated (focal length: 150 mm) and focused (focal length: 
300 mm). To create a wide melt pool, the laser beam was defocused by 
63 mm, resulting in a laser spot size on the material surface of ~ 2.1 mm. 

The measuring laser beam (Cavilux, cw, 808 nm wavelength, 
multimode, no preferred polarization, spot diameter on material: ~10 
mm) was positioned at an angle ofβ = 45◦ from the side to illuminate the 
molten material (Fig. 1). The intensity sensor (RedLake Mono N4-S2, 
recording at 500 fps) was positioned to absorb the reflected light from 
the measuring laser beam as a spatially-resolved grey-scale image. To 
guarantee that only the reflected intensity of the measuring laser beam is 
transferred into the sensor, a notch-filter was positioned in front of the 

sensor that only transmits the measuring laser wavelength. 
Shielding gas was applied (Argon at 5 L/min) perpendicular to the 

material surface just above the melt pool to remove the vapor above the 
surface to reduce disturbances and to protect the molten surface from 
oxidation. 

A high-speed-imaging (HSI) camera (Fastcam Mini UX100 type 800 
K-M− 16G at 12 500 fps) was installed to observe the melt pool surface 
shape to identify geometrical changes and dynamics that lead to laser 
light reflections that miss the sensor to exclude those measurements. In 
parallel, an RGB camera (recording at 30 fps) recorded the temperature 
of the surface. 

3.2. Temperature measurement 

The RGB-camera (DFK 23GM021 by TheImagingSource) was used 
for temperature measurements. From each pixel of the camera frames, 
the red (R) and blue (B) intensity values were taken, while their ratio 
was related to the temperature value. 

For that, the spectral sensitivities of the camera sensors (Qi) provided 
by the camera producer were taken as a basis. With the black body 
intensity 

Bv =
2hλ3

c2 •
1

ehλ/kT − 1
(5) 

including the Planck coefficient h, the vacuum light speed c, the 
Boltzmann constant k, the wavelength λ and the temperature T, the in-
tensities were predicted for each colour spectrum i in the measuring 
wavelength range between 400 nm and 800 nm to 

Ii =

∫ 800nm

400nm
Bv • Qi • dλ (6) 

The intensity ratio IR/IB was then explicitly related to a temperature 
value within the calibration range (Fig. 2). Since the measured body is 
not a perfect black body, the temperature values were corrected using 
the known melting temperature at the melting line of the melt pools as 
reference offset. 

The frame rate was set to 30 fps at an exposure time of 1/200 000 s 
and a gain of 0 dB. An IR filter was used to avoid damage of the sensor by 
the laser light. The frames were recorded and individually evaluated 
when the calibration range was reached, relating the intensities of each 
pixel value using MatLab (Fig. 3a). 

The measurement error is based on the possible calculatable ratio 
between the R and B intensity values. Since the intensity values in the 
frames can only be integers, the measurement error is larger at lower 

Fig. 1. Sketch of the measuring setup.  
Fig. 2. Relation of intensity ratio to temperature in the calibrated tempera-
ture range. 
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absolute intensity values of e.g. 9/3 (±25 %) and decreases with higher 
values of e.g. 255/87 to (±1.1 %). 

3.3. Absorption measurement 

The sensor data was acquired at a frame rate of 500 fps. However, 
only the frames related to the same time steps as the thermal camera 
recorded were taken for the evaluation. The camera gives a grey-scale 
value for each pixel. For the measurement, the area of the centre of 
the melt pool was chosen, while the pixel values were averaged (Fig. 3b). 

The calibration was done for each recording relating the reflected 
light at room temperature (before laser on) and when melting just 
started to the known reflectivity values from literature, being 0.69 [3] 
and 0.61 [33] respectively. A linear relation was assumed for 
extrapolation. 

Vapor absorption can disturb the measurement due to light absorp-
tion. However, the shielding gas enabled the vapor removal from above 
the processing zone. For the used wavelength of the heating laser beam, 
no plasma is expected [36]. 

The main source of measurement error was identified to be the 
scattering losses of the reflected light due to geometry changes and 
dynamics of the molten surface during melting and evaporation. 
Therefore, melt pool surface observations using HSI was used to record 
the melt pool surface from the side. During heating, the surface 
remained flat until at one point melt pool dynamics started. Measure-
ments after this time were not considered in the evaluation. Absorption 
measurements were related to the respective temperature values at each 

time step. 

3.4. High-speed imaging 

The melt pool surface was observed from the side to identify melt 
pool dynamics. In the beginning of the laser-material interaction, the 
melt pool shows smooth and flat surfaces (Fig. 3c), while after a certain 
time, the melt pool becomes unstable and wavy (Fig. 3d). 

4. Results 

Absorption and temperature data were evaluated at the same time 
steps (Fig. 4). Four measurements (M1-M4) were conducted at same 
conditions. In Fig. 4, the error bars denote the range of measured tem-
peratures by the RGB-camera in the centre of the molten pool. Standard 
deviations are shown in Table 1 combining measurement values in 
selected temperature ranges. 

Temperature measurements show the expected trend. Around 
melting temperature, the calibrated range for temperature measurement 
starts. Boiling temperatures are reached about 0.15 s afterwards. At 
around 0.2 s, boiling temperature is reached. After a temperature in-
crease until 0.35 s, the equilibrium temperature is reached. At laser off, 
the temperature drops rapidly. 

In general, the trend of absorption values follows the temperature 
trend. Absorption increases with time to reach the maximum values at 
highest temperatures. 

5. Discussion 

Theoretical predictions of high temperature absorption of iron are 
based on Drudés theory and interband considerations. For comparison 
with the derived experimental values in this work, theoretical calcula-
tions were conducted. Intraband absorption was derived according to 
Mahrle [33] (paragraph 2.2) and inter- and intraband combination was 
calculated according to Dausinger [3] (paragraph 2.2). Table 2 shows 
the optical coefficients that were used to estimate the absorption using 
Fresnelś equations (eq. 2–4). 

Hagen-Rubens [30] absorption calculations were done based on 
electrical conductivity values using equation (1). 

Fig. 5 shows the comparison between the theoretical predictions and 
the actual measurements, while the measurements were averaged in 
several temperature ranges. The trend of the measured values deviates 
from the theoretical predictions. 

The results of the absorption measurement method at high temper-
atures shows scattering, but general trends can be identified due to the 
quite low standard deviations for the absorption measurement. Just 
above melting temperature, the measuring points indicate a decrease of 
absorption compared to the solid. A lower absorption can be induced 
when interband absorption line profiles broaden [27]. It is possible that 
at temperatures just above boiling temperature, the surface atoms 
receive energy (latent heat) and atoms rearrange, which results in effects 
that reduce the overall absorption. 

The tendency that above melting temperature, the absorption in-
creases can be seen in the measurements as Dausinger & Shen [3] pre-
dicted. Also, Bober et al. [17] saw a slight increase in absorptivity at 
increasing temperature above melting temperature when they measured 
between 2000 K and 4000 K with an integrating sphere (at slightly lower 
wavelengths between 458 nm and 647 nm). 

The calculations based on intra- and interband effects show this 
decreasing tendency of absorption above boiling temperature. However, 
measurements show that this trend is not continuous at increasing 
temperatures since higher absorption values are measured. Deviations 
between the measured and theoretically predicted absorption values are 
shown in Fig. 6. 

Between melting and boiling temperature, the measurements mainly 
follow the combined inter- and intraband calculation. After the local 

Fig. 3. Measuring results of a) surface temperature and b) reflectance. High- 
speed images of c) a stable flat melt pool surface and d) a dynamic 
instable surface. 
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absorption drop above boiling temperature, the general trend of the 
measurements goes back to the intraband calculation curve. The Hagen- 
Rubens calculations were thought to have a better prediction at higher 
temperatures [3]. However, the calculated absorption values seem to 
underpredict the measured values in general above boiling temperature. 

Following the general trends and comparison to theoretical calcu-
lations, it seems that between melting and boiling temperature, both 
inter- and intraband absorption must be considered. Interband absorp-
tion decreases in general at increasing temperature, while intraband 
absorption increases. Therefore, the measured increasing tendency 
seems to be the contribution from intraband absorption, while broad-
ening the interband absorption line profile, which reduces the absolute 
absorption value [27] compared to pure intraband calculations. Such an 
effect was predicted by Johnson & Christy [37] that interband 

transitions play an important role for transition metals such as iron in 
the whole spectral range. Using fs-pulses at high peak intensities, it was 
found that interband absorption is the dominant absorption mechanism 
and decreases the absorption coefficient compared to room temperature 
due to broadening of the interband absorption lines [27]. 

At increasing temperature above boiling temperature, the intraband 
absorption seems to be the dominating absorption mechanism. At very 
high temperatures, the number of free electrons with high kinetic energy 
in combination with the high number of phonons available for collisions 
is apparently dominating over the broadening of the interband absorp-
tion profile. 

Fig. 4. Temporal temperature and absorption measurements.  

Table 1 
Standard deviation table.  

Temperature section in K Temperature in K (average) Standard deviation in K 

<1800 1547 120 
1800 – 2500 2144 134 
2500 – 3000 2877 180 
3000 – 3500 3289 175 
3500 – 4000 3810 104 
4000 – 4500 4245 140 
4500 – 5000 4691 150 
>5000 5040 3  

Temperature section Absorption in % (average) Standard deviation in % 

<1800  37.2  0.76 
1800 – 2500  35.8  0.26 
2500 – 3000  37.3  0.13 
3000 – 3500  38.8  0.18 
3500 – 4000  40.9  0.07 
4000 – 4500  41.7  0.28 
4500 – 5000  42.9  0.26 
>5000  46.5  0.005  

Table 2 
Optical coefficients calculated at different temperatures with different methods 
of iron at ~ 1 µm wavelength at perpendicular incident angle (RT…room tem-
perature; Tm…melting temperature; Tb…boiling temperature).   

Inter- and intraband [3] Intraband [33] 

n (RT)  3.9  5.9 
k (RT)  4.4  4.3 
n (Tm)  3.6  5.46 
k (Tm)  5.0  3.96 
n (Tb)  4.0*  5.14 
k (Tb)  4.4*  3.68  

* extrapolated. 

Fig. 5. Comparison of theoretical absorption predictions and measured values.  

Fig. 6. Deviations of absorption measurements from this work compared to 
theoretical predications. 
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6. Conclusions  

• Laser beam absorption measurements at high temperatures were 
demonstrated at 1.07 µm wavelength and 45◦ incident angle using 
reflection intensity measurements. 

• The theoretically predicted trend of a generally increasing absorp-
tion at increasing temperature could be confirmed.  

• Between melting and boiling temperatures, inter- and intraband 
absorption must be considered to explain the measured absorption 
values, while the increasing trend can be related to the increasing 
intraband absorption and the comparably low values to the effect of 
interband absorption line broadening. 

• Intraband absorption seems to be the dominating absorption mech-
anism further above boiling temperature. 

The knowledge about high-temperature absorption can support the 
understanding of high-power beam processes and the accuracy of the 
related simulations. 
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