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a b s t r a c t 

Process monitoring is becoming increasingly important in laser-based manufacturing and is of particular impor- 
tance in the field of additive manufacturing [e.g. Laser Powder Bed Fusion (LPBF)]. Process monitoring enables 
a reduction of production costs and a lower time-to-market. Furthermore, the data can be used to create a digital 
twin of the workpiece. There are already many established processing head-integrated monitoring systems for 
such applications as the multispectral analysis of process radiation. However, the monitoring of complex signals 
in systems with F-Theta scanner lenses is very challenging and requires specially adapted optics or measuring 
sensors. 

In this paper a potential arrangement for spectroscopy-based process monitoring in pre-objective scanning 
is presented. The process radiation was monitored using a coaxial and a quasi-coaxial observation system. The 
measurements were carried out on both a solid and a powder coated sample of 2.4668 (Inconel 718) to show 

the potential use of these systems in laser-based additive manufacturing. In order to obtain comprehensive data 
about the process signal, the process zone was analyzed at different angles of incidence (AOI) of the laser using a 
high-speed camera (HSI) and a spectrometer. The connection between the HSI and the spectral measurements is 
discussed. The ionization of the material and the formation of a plasma was observed and found to lose intensity 
as the angle of incidence increases. A model of the system that demonstrates the intensity of the emitted radiation 
of the plasma was created. It enables the measured values to be corrected. The corrected measurement data can be 
used to detect impurities or a non-ideal energy input across the entire processing field, which is a move towards 
robust process monitoring. 
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. Introduction 

Process monitoring is becoming increasingly important in laser ma-
erial processing [1 , 2] . Early defect detection, active process control and
arameter optimization quickly return the cost of an investment in mon-
toring systems [3] . Process monitoring is most challenging for agile 2D
aser scanning systems. On the one hand, this is due to the high dynam-
cs of the laser-material interaction zone, and on the other hand, due to
he limited upgradeability and adaptability in existing laser systems. 

Compared to processing head-based systems without scanner, here,
he process zone is not always located in a fixed position relative to the
achining head. Measuring devices cannot be aligned directly with the

ocation of interest. This eliminates most off-axis monitor techniques.
n combination with another industry requirement, which is to design
onitoring systems so that they can be easily integrated into a state of

he art laser processing system and in limited machine space, coaxial
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easuring methods are the preferred choice [4] . Here, the measuring
eam is simultaneously positioned via the mirrors of the 2D laser scan-
er. This allows space-saving integration. Another advantage is that the
easuring beams pass coaxially to the laser beam and no additional
easuring beams have to be taken into account when designing tools or
evices for the workpiece. However, imaging errors or the optical prop-
rties of the used laser optics can influence the measurement result [5] .
n alternative is a quasi-coaxial system, where the measuring beam is
ynchronized with the laser using a second scanner. Due to the variable
rocess zones and the changing observation angle, system-related devia-
ions can also influence the measurement result. Due to these problems,
here is currently limited research in this area. In this paper, the differ-
nces between a coaxial and quasi-coaxial spectral monitoring system
or the detection of process radiation with respect to the angle of the
ncident laser beam are investigated. 
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Fig. 1. The laser interaction zone of a deep welding process of a solid material. 
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. Literature review 

.1. Laser scanning systems 

2D laser scanning systems are often used for laser-based material
rocessing. There are two main types of scanning systems: post objec-
ive and pre objective. In the case of Post objective scanning (PoOS) the
aser passes through the focusing optics before being reflected off the
canning mirrors. For uncorrected systems of this type the focus position
escribes a sphere. For corrected systems the aim is to hold the focus
osition on the workpiece surface. Using an automatically adjustable
ptical third axis, each field 1 point can be correctly in focus. The disad-
antage of this system is the additional wear of the movement system
esulting from the optical third axis, and a lower process stability. 

If high process stability and low maintenance requirements are a
riority, the laser is focused after the scanner onto the workpiece (pre
bjective scanning - PrOS). In this case the beam is focused by a flat-
eld scanning lens. Among these, F-Theta lenses have established them-
elves as the standard in field flattening through their advantages such
s a high numerical aperture, a possible telecentric design and the high
tability of the system due to the use of passive optical components. In
ddition, a well-defined negative distortion allows an easy description
f the F-Theta relationship [6] . 

The telecentric F-Theta lens has a special design. The laser beams are
ot only focused on a plane perpendicular to the optical axis as with a
tandard F-Theta lens. In the ideal case, the laser beam rays are parallel
o the optical axis when leaving the lens. The actual deviation from the
ptical axis is described by the telecentric angle 𝜈. The telecentric angle
hould be kept as small as possible and ideally should correspond to
= 0°. 

Although they can be used to direct the processing beam, state of
he art F-Theta lenses are not suitable for coaxial monitoring of elec-
romagnetic radiation during processing. Due to the common use of 2–
 lens systems and their optimized anti-reflective coating for the laser
avelength, other wavelengths usually have very poor transmission. In
ddition, the axial and lateral chromatic aberrations are usually not cor-
ected. For these reasons only primitive signals can be detected. More
etailed monitoring leads to increased costs and a decreased process
tability of the application, especially in the higher laser power range.
rocess radiation, spatter formation or melt pool formation can only be
bserved with considerable effort. 

Complex signals, such as images or multispectral data, can be
ecorded more easily with processing head-based systems. Here, high-
peed-imaging, interferometer and spectral measurements can be per-
ormed with little effort. 

.2. Laser-material interaction 

Multi-spectral evaluation of the process radiation is of interest as,
rom this, several pieces of information about the process can be ob-
ained. In order to explain the advantages involved, the interaction pro-
ess in deep welding is explained in more detail below. A schematic
epresentation of the process can be found in Fig. 1 . 

Deep welding processes produce welds with high aspect ratios (for
xample, a 10:1 penetration depth d to weld pool width ratio). This is
chieved by increasing the laser radiation intensity above the evapora-
ion threshold intensity of the material. Due to the evaporation of the
aterial, a vapor capillary (‘keyhole’) forms coaxially with the laser in

he melt pool. Multiple reflections of the laser occur on the sides of the
apillaries, whereby the energy is carried deeper into the workpiece. At
igh laser intensities there is increased absorption by the metal vapor,
hich is thereby additionally heated and excited [7] . The wavelengths
sed in laser beam welding in the infrared range are unable to directly
1 The foci in the processing level of the scanning system is defined as field. 
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2 
onize the metal vapor due to their relatively low photon energy [8] .
owever, excitation and ionization can also occur via collision between

he metal vapor particles. As a result, a plasma can be generated. This
xcitation increases with the temperature of the steam. If the excited par-
icles fall back to their energetic ground state, they emit discrete, char-
cteristic radiation which corresponds to the energy difference involved
9] . The electron temperature can be calculated from the strength and
he ratio of characteristic radiation [10–12] , which allows to draw con-
lusions about the impact rate and the transmitted energy, from which
he temperature of the steam and the melt pool can be derived [9 , 13] .
n addition, the characteristic radiation emitted by the excited atoms of
n element can excite another atom of the same element in the metal va-
or. Self-absorption in the metal vapor can also occur and, viewed from
he outside, there can be a strong decrease of the measured intensity in
he center of the emitted peak. In the literature, therefore, there are ref-
rences to a ‘thin plasma’ when the process emission shows transitions
f excited ions in the form of discrete peaks [13–15] . 

Thus, the introduced and interaction energy in the process can be
erived from the intensity of the discrete wavelengths of the process
adiation (the emission spectrum) [14] . The chemical composition can
lso be analyzed [13] , and the presence of defects, inclusions or un-
elted areas can be derived [16 , 17] . 

.3. Process radiation monitoring 

It has already been shown in various publications that the radiation
ehavior of the plasma plume or the metal vapor can be used to make
tatements about welding defects or the characteristics of the laser-
aterial interaction zone [18–20] . In this context, the recording and

nterpretation of process radiation is widely used in processing head-
ased systems in combination with a spectrometer precisely aligned to
he plasma plume [10–12 , 16 , 17 , 21–23] . 

Ancona et al. [17] used such an arrangement. By selecting suitable
pectral lines, the electron temperature could be recorded in the process
t a rate of 50 Hz. It was proven that defects in the welding process can
e detected by observing the element-dependent electron temperatures.
his requires, as a consequence, the detection of distinct and sharp spec-
ral lines. Sibillano et al. [10 , 16] were able to use weak spectral lines
ith a very low signal-to-noise ratio via the chemical structure of the tar-
et and a covariance matrix formed by correlations or anti-correlations
f emissive regions in the spectrum. This allows the calculation of the
lectron temperature of low intensity spectra, from which errors in the
rocess can be detected. 

To correlate the measured spectrum with the process zone, many
esearch studies have used a spectrometer in combination with a high-
peed camera [11 , 12 , 21–23] . 

Li et al. [12] investigate the correlation of penetration depth and
pectral signal. Using high-speed imaging, they were able to show that
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Fig. 2. The examined materials: (a) 2.4668 powder with a grain size of 55–
78 μm; the picture was taken with the coaxial process camera of the experimen- 
tal setup and (b) a bar made from the powder produced via SLM. 
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ncreasing penetration depth decreases the volume of the plasma plume
nd the spectral intensity. From the spectrum they determined the elec-
ron temperature and density from the relative intensity of several emis-
ion lines of Iron(I). In interaction with the high-speed images and an
euronal network they was purposed to predict the penetration state.
ince the observation of the plasma plume was perpendicular to its ma-
or axis, no signals from inside the keyhole could be detected. 

Kawahito et al. [11] also carried out experiments with high-speed
ameras. The metal plasma during the welding process was investigated
egarding the temporal development of the plasma flare and the change
n its position with variation of the process parameters. In addition, the
pectra of the plasma were recorded, and it was shown that the spec-
rum in the measurements was mainly composed of the emission lines of
eutral atoms. An oscillating formation of the plasma from the keyhole
ith a period of 500 μs was detected, where the spectrum of the emis-

ion also changed. The oscillation of the plasma was also demonstrated
y Mrna and Š arbort [24] and Brock et al. [25] . The later demonstrated
hat as the laser intensity increased, the orientation and center of mass
f the plasma plume tilted in the opposite direction of the scan direc-
ion. This would already lead to changing measurement zones and thus
nfluenced measurement results of the plasma spectrum. Onuseit et al.
26] showed that liquid steel surfaces behave like a gray radiator in their
mission behavior. This was used by Staudt et al. [22 , 23] for process
onitoring during laser welding with a high-speed camera in combina-

ion with a spectrometer. From the spectrometer data, the temperature
f the melt could be determined by fitting Plank’s law. The spectral data
ere recorded at three different angles to be analyzing different areas
f the process zone. Spectra with an element-dependent line component
nd a continuous temperature range could be recorded. The relation of
hese to each other varies depending on the angle. At 45° to the optical
aser axis, a statement on the heat affected zone can be analyzed by the
ontinuous spectrum, whereas the spectrum at 90° has a more inten-
ive line component with a low continuous spectrum. At 120° only the
etal plasma is monitored, whereby spectral components of the molten
aterial are no longer measured. 

A variable angle of the process zone and the monitoring channel
enerally occurs in systems with pre objective scanning. With respect to
pectral monitoring of the plasma plume, only limited research results
re reported [5 , 27 , 28] . Dunbar et al. [27] demonstrated the applicabil-
ty of a spectrometer for real-time measurement in a LPBF system. For
his purpose, the spectrometer was statically adjusted to partial areas of
he construction field and the integrated spectrum was evaluated layer
y layer. Differences in the emission spectra for different laser focal po-
itions were shown. In a follow-up work [28] , they were also able to
ink the measurement signal to typical errors in LPBF. 

Lough et al. [5] achieved the integration of a coaxial spectrometer
nto a PrOS system with an F-theta lens. Here, the signal was recorded
ntegrated in 5 mm × 5 mm zones. This made it possible to record a spec-
rum between 400 nm and 545 nm. Emission lines could be recorded
hich were attributed to the investigated 304L steel. In further exper-

ments in a commercial LPBF system with 10 mm x 10 mm zones, the
lasma plume temperature could be determined from the spectrum and
he melt pool size derived. Furthermore, a dependence of the composi-
ion and pressure of the inert gas atmosphere on the spectrum could be
ound. Due to the transmission and reflective properties of the optics, a
arger spectrum could not be recorded. Also, different signal strengths
ere observed, which are associated with the formation of a keyhole. 

. Method and materials 

Samples of 2.4668 (Inconel 718) alloy bars and powder were used
or these experiments ( Fig. 2 ). An overview of the fixed parameters
sed for the experiments is given in Table 1 . The depth of the pow-
er bed in the tests was set to 250 μm. The bars (with a cross section of
0 mm × 20 mm) were made from this powder via an additive LPBF pro-
ess. The chemical composition of 2.4668 is presented in Table 2 [29] .
3 
ll workpieces were fixed on an x-axis rotation platform. Laser-material
nteraction points were irradiated by using 200 W laser at a wavelength
f 𝜆 = 1070 ± 10 nm with an exposure time of 2 ms. The single mode
b-doped fiber laser source was focused on a spot of Ø 70 μm at 1/e 2 

sing a scanning system. The F-Theta lens of the system had a focal
ength of 423 mm. The scanning system also had a coaxial camera with
hich the workpiece could be recorded. The process zone was flushed
ith argon at 2 l / min through a 10 mm laminar flat fan nozzle, which

s continuously aligned 2 mm parallel above the powder bed along the
-axis ( Fig. 3 a). The nozzle was repositioned according to the process
ones. 

In one set of experiments the scanner was set to the center of the
eld where the F-Theta lens creates the most ideal spot on the optical
xis. The workpiece was then placed in focus under the F-Theta lens at
arious angles around the x-axis using the rotation mount. This method
f changing the angle of incidence (AOI) is described as ‘material tilt’ in
his work. 

In a second set of experiments the AOI 𝜃 for the individual laser-
aterial interaction points was set optically on a horizontal workpiece
sing a 2D PrOS ( Fig. 3 b) and this technique will be described as ‘beam
ilt’ in this work. 

This experimental strategy allows both types of laser-material inter-
ction to be compared as a function of changing AOI, and the influence
f the F-Theta lens can be examined. The investigated angles and scan-
er positions can be found in Table 3 . 

The laser-material interactions were observed through a Photron
astcam SA-X2 High-Speed Imaging (HSI) camera, which was aligned
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Table 1 

Parameters used for the experiments. 

Parameter Value 

Material Powder and solid material 2.4668 (Inconel 718) powder and bar for AOI 
1.4301 (X5CrNi18–10) sheet for laser intensity 

Powder grain size 55–78 μm 

Powder bed depth 250 μm 

Shielding gas Gas Argon 
Gas flow 2 l/min 
Nozzle type 10 mm laminar flat fan 

Laser Laser wavelength 1070 ± 10 nm 

Laser operation mode cw 

Laser power 200 W 

M 

2 1.1 
Laser fiber Ø 20 μm 

Collimator Focal length 50 mm 

Beam expander magnification x2.4 
Scanner Input Beam Ø 1/e 2 12 mm 

Aperture 20 mm 

F-Theta Focal length 423 mm 

Spot size Ø 1/e 2 70 μm 

Maximal telecentricity 18.5°
Back working distance 500 mm 

Angle of incidence on work plane (AOI) 0°–18.5°
Scan field (X x Y) 255 mm x 255 mm 

Process Spot exposure time 2 ms 
Measurement repetitions 10 times 

Spectrometer Recording range 200 nm–1100 nm 

Resolution 0.5 nm 

Integration time 500 μs 
Filter type Heat absorbing glass (short pass < 700 nm) 
Fiber Ø 250 μm 

Mirror optics focal length 152 mm 

Focus Ø 1 mm 

Camera Framerate 30,000 fps 
Recording length 5 ms 
Magnification Optic 4x + 12x Zoom 

Notch filter 1064 ± 10 nm 

Table 2 

Material composition table, showing the wt.-% of the 2.4668 (Inconel 718) powder and 
the produced bars [29] . 

B C Si Ti Cr Mn Fe Ni Nd Other 

2.4668 0.005 0.05 0.2 1.0 19.0 0.08 18.0 56.165 5.0 < 0.5 

Table 3 

Beam position table for a F-Theta lens with a focal length of 423 mm, showing the 2D 

scanner coordinates and the resulting angles and positions of the laser beam on the field 
for all measuring points. 

Measuring point 1 2 3 4 5 

Angle x/y mirror [°] 0.0/0.0 2.525/2.525 5.05/5.05 7.575/7.575 10.1/10.1 
AOI 𝜃 [°] 0.0 4.9 9.8 14.4 18.5 
Field position [mm] 0.0 52.4 104.7 157.0 208.9 
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arallel to the x-axis in the region of interest. The camera was fitted with
 4x + 12x zoom lens system and a notch filter for 𝜆 = 1064 ± 10 nm (op-
ical density OD = 6.0). The videos were taken permanently at 30,000
rames per second. The recording was triggered by the gate signal of
he laser and timed so that the laser emission always starts at 1 4 of the
ecorded sequence. Additional illumination for the recordings of the pro-
ess zone was not used. 

The high-speed footage was post-processed in several steps. A tonal
alue adjustment was carried out on the individual images. The thresh-
ld value of the brightest exposed pixel then corresponded to 1 / number

f examined images of the measurement . The pixel values of the individual
mages were then added. The median of process radiation can be shown
n the obtained image. To lighten underexposed regions, the pixels were
it-shifted. 
4 
The process radiation was monitored with both a coaxial and a re-
ective setup ( Fig. 4 ). An Avantes AvaSpec-ULS4096CL-EVO spectrom-
ter with a wavelength range of 𝜆 = 200–1100 nm with a resolution of
.5 nm was used. In the coaxial setup, the spectrometer and the process-
ng laser were deflected by the same pre-objective scanner and focused
n the same point by the F-Theta lens. 

In the reflective setup, the spectrometer was focused by mirror optics
nd then deflected by a second post-objective scanner. The detection
one of the spectrometer had a diameter of 1 mm. The scanner of the
rocessing laser and that of the spectrometer were synchronized and
oincident-corrected across the scan field. Both scanners were controlled
ia the same controller card. In both setups, a heat absorbing glass was
sed as a filter in front of the spectrometer. This filter attenuates the
ight from a wavelength 𝜆 > 700 nm and blocks the laser light with an
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Fig. 3. Setup illustration for the high-speed measurements: (a) the AOI is set via the x-axis rotation platform with a fixed scanner and camera (material tilt); (b) the 
AOI is set via the 2D scanner (beam tilt), the camera must be shifted for each position. 

Fig. 4. Optical path setup illustration for the spectrometer measurements: (a) coaxial spectrometer and photodiode system (PrOs); (b) reflective spectrometer system 

(PoOs). 

5 
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Fig. 5. HSI with 80μs laser radiation at 
𝜃beam tilt = 14.4° on (a) the solid sample and (b) 
the powder sample. The laser is highlighted in 
red in the pictures. 
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ptical density OD = 4.0. The deviation from parallel of the processing
aser and measuring beam was between 16.7° and 18.5° in the reflective
etup. The spectrometer was triggered in the same way as the HIS system
ia the gate signal of the laser. Ten measurements were taken, each with
n integration time of 500 μs. The target spectra were simulated using
he NIST database and initial Saha-Boltzmann modeling. Here, only the
iscrete radiation of the atomic spectrum and not the thermal radiator,
hich is heated up by the laser, was taken into account. 

The intensity distribution and the geometry of the laser spot on the
orkpiece were simulated using OpticStudio®. An additional spectral
easurement was carried out with a grid of 25 × 25 measuring points

ver the entire processing field of 255 mm × 255 mm. The measurement
as repeated twice, 10 times on a 2 mm thick 1.4301 steel sheet. Using

he measured values and the geometry of the measurement setup, the
esulting strength of the measurement signal could be corrected. 

. Results and discussion 

.1. High-speed imaging 

The HSI revealed that process radiation was present in all the mea-
urements. The powdered samples showed a noticeable process dynamic
ompared to the solid samples. When exposed to the laser, many un-
elted particles were caught up in the vapor flow rising from the melt

nd ejected from the laser-material interaction zone. Only a very small
isible melt pool was observed. Due to the large number of flying parti-
les interfering with the recording, the evaluation could only be carried
ut on the basis of the video sequences from the HSI. The difference in
he recordings between the powder and the solid sample can be seen
n Fig. 5 . A larger interaction zone forms in the powder sample and the
elt pool is not clearly visible in the images because it is partially hidden

y the surrounding powder bed. It can be seen that the emitting metal
apor forms above the melt pool. The intensity of the process radiation
as found to decrease with increasing material or beam tilt ( Fig. 6 a–j).
he melt pool diameter in y was between 107 μm and 123 μm, except
or the maximum 𝜃 = 18.5°, here only a small amount of process
beam tilt 

6 
ight was generated ( Fig. 6 e). A dependency of the melt pool diameter
n the AOI cannot be seen in the HSI. But it is known that the optical
roperties of the F-Theta lens extended the melt pool slightly with in-
reasing AOI [30] . The measuring point 5 at 𝜃beam tilt = 18.5° lies outside
he defined working range of the F-Theta lens. As a result, the optical
berrations are at their maximum, and an even spot is no longer gen-
rated here. This leads to a decrease in the surface power density, as a
esult of which the material is no longer melted. 

It was observed that the plume forms orthogonally to the sample
urface in the case of vertical laser incidence. With increasing AOI, the
rientation of the plume deviates from the orthogonal orientation. From
he measured AOI of 9.7°, a difference between the solid and the pow-
ered material interaction is visible. For the powdered samples, the de-
iation from the orthogonal direction is smaller. An orientation of the
lume in the direction of the reflection angle of the laser is observed
ith an AOI over 14.4°. 

The laser undercuts the powder at an oblique angle. The zone of
nfiltration B can be roughly estimated by the angle of incidence 𝜃, the
epth of penetration d and the beam parameters w(n, 𝜃) ( Fig. 7 ): 

 = 𝑑 ⋅ cot 𝜃 − 𝑤 ( 𝑛, 𝜃) (1)

The zone of Interaction thus expands significantly with increasing 𝜃
nd involves greater interaction with the powder. As the angle of inci-
ence increases, more near-surface particles are undercut by the laser
eam. The laser melts the particles in the path of the beam. A side effect
an occur here, due to the poor thermal conductivity of the powder, it
an lead to evaporation, especially involving particles near the surface.
his can cause nearby particles to be stirred up. The melting of the par-
icles and the underlying substrate creates a melt pool. Due to the high
ower density of the laser, a part of the melt is also evaporated and
 keyhole is formed. The vapor plume created ejects overlying loose,
olid particles. The angle of incidence and the resulting larger interac-
ion zone correlate with the number of particles ejected. The number of
articles involved was calculated as follows. A truncated cone volume
as assumed with B as the base area radius ( Fig. 7 ) and a height that

orresponds to the layer thickness. A particle number was derived from
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Fig. 6. Post-processed superimposed images of the HSI for the measuring points of the various 𝜃beam tilt compared to the 𝜃material tilt images for the solid 2.4668 sample. 
Each picture was composed of 131 single shots given by the HSI duration. The laser (red) and the processing plane (gray) are marked in the pictures. The laser is 
not shown in the tilt recordings so that the ionized area is visible (vertically over the process zone). 

Fig. 7. Schematic of the laser interaction zone at an oblique angle of incidence with (a) powdered material and (b) solid material. 
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his volume, for which the bulk density and the grain size distribution
ere taken into account. It was found that there is a correlation be-

ween the theoretically calculated number of particles in the interaction
one and the counted ejected particles in the HSI. It can be seen that the
umber of particles ejected increases with increasing AOI ( Fig. 8 b). The
eviations between 𝜃beam tilt and 𝜃material tilt ( Fig. 8 b) can be attributed to
he fact that field-dependent optical imaging errors in the optics lead to
 larger spot diameter in 𝜃beam tilt . This creates a keyhole with a smaller
spect ratio and a larger diameter. The consequence is that more parti-
les are caught up by the larger interaction zone. The low value of the
nal 𝜃beam tilt measuring point can be explained by the lower laser power
ensity, which is caused by the optical aberrations of the F-Theta lens. 

The ejected particles also drag surrounding particles with them. This
reates a larger interaction zone and a metal vapor that spreads in the
7 
lane of the surface and is perpendicular to it. This relationship can also
e seen in Figs. 5 b, 7 a and 9 . The consequence is that the overlap area
f the laser and the vapor is reduced and therefore less laser energy is
bsorbed by the vapor. It is known that the metal vapor can be ionized
nd a plasma forms if sufficient laser power is absorbed [31] . Due to the
educed intersection between the metal vapor and the laser beam, there
s also less plasma formation. This reduces the radiation intensity of the
lasma [32] , and means that more laser energy is available for melting
he material. 

In the case of the solid workpiece a keyhole with a high aspect ratio
s formed in the material. Any vapor is channeled by the sides of the key-
ole and expands back towards the laser, along the keyhole axis ( Fig. 7 b)
14 , 15] . Because the laser beam is also in this axis, a large amount of
apor can be ionized into a plasma. This leads to a constant radiation
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Fig. 8. (a) With increasing AOI, the process radiation angle behaves positively (towards the laser beam) with the solid materials (index _s), whereby the process 
radiation tilts away from the laser with the powders (index _p); (b) With a larger angle of incidence, more particles are ejected. The dashed line describes the 
theoretically calculated number of particles. 

Fig. 9. Images of the process zone recorded by the coaxial process camera of the experimental setup with an exposure time of 800 μs. The melting zones are in the 
center of the image. (a) Solid and (b) powdered material at 𝜃beam tilt = 0° (c) Solid and (d) powdered material at 𝜃beam tilt = 14.4° with direction of incidence indicated 
(white arrow). A larger interaction zone and spatters (white dashed arrow) are visible at the powdered materials. 
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ntensity of the plasma at different angles of incidence ( Fig. 12 c). It is
lso known that the direction and the height of the vapor depend on the
enetration depth of the laser [51,52 , 33] . 

These results show that powder and solid material form different
ypes of interaction zone ( Fig. 9 ). Furthermore, the interaction zones
iffer at various angles of incidence, as shown in Eq. (2) and in Fig. 8 a.
n Fig. 9 it can be seen that the powder material forms an interaction
one that is up to three times larger than that of the solid material. In
ddition, the interaction zones with 𝜃beam tilt = 14.4° are elliptical, with
he elongated main axis in the direction of the incidence of the beam.
n the powder sample, spatters are also visible. With higher 𝜃beam tilt the
patters are mostly behind the process zone in the direction of the beam
ncidence ( Fig. 9 d). At normal incidence, the particles were evenly dis-
ributed around the interaction zone ( Fig. 9 b). 

These different interaction zones also provide different signals for
onitoring. There is also a dependency on the location of the measur-

ng systems, as demonstrated by Staudt et al. [22 , 23] . Depending on
ow the measuring beam is aligned and focused on the interaction zone,
nformation can be cut off in the spectral analysis of the keyhole (solid
amples) or the metal vapor (powders) and powder bed geometry at cer-
ain measuring positions. The depth of the powder bed can also cause
hadowing effects at large measuring angles. With the arrangement of
aser and monitoring channel shown in Fig. 7 b, information from the
eyhole can be cut off. 

.2. Emitted spectra and process radiation analysis 

.2.1. Static spectrometer recording 

For a first reference, the spectrometer was focused directly on the in-
eraction zone using mirrors and without a scanner. The spectrum pro-
uced in this way thus serves as a reference for the subsequent measure-
8 
ents. The measured spectrum is shown in Fig. 10 . A wide wavelength
pectrum between 𝜆 = 350 and 850 nm was formed with some discrete
eaks. The continuous spectrum can be attributed to thermal radiation.
nuseit et al. [26] was able to demonstrate that the melt pool behaves

ike a gray emitter in its emission behavior, thus the temperature could
e determined from the measured spectrum [22 , 23] . The discrete emis-
ion peaks indicate an electron transition from a higher to a lower en-
rgy level, which is a sign of plasma formation. It can therefore be as-
umed that there is a plasma radiation in addition to the process radia-
ion. Normally, such laser parameters do not generate plasmas because
he intensities are lower than the necessary thresholds. In the keyhole
uch intensities can arise as a result of multiple reflections or ionization
aused by thermal collision processes [8] . A comparison of the simu-
ated atomic spectrum of 2.4668 shows that the peaks at 𝜆 = 426 nm
nd 𝜆 = 520 nm are due to Cr (I), the first ionized state of chromium
47] . There are also identifiable peaks at 𝜆 = 589 nm, the sodium D line,
nd at 𝜆 = 768 nm, which is due to potassium [46,48] . These elements
re not included in 2.4668, but can be attributed to surface contami-
ation caused by sample handling. These peaks did not appear in the
owder measurements. 

Titanium has a first ionization energy comparable to that of chrome,
hereas neodymium has an even lower one [49,50] . No peaks of

hose elements could be found in the spectra. A possible cause is self-
bsorption by the metal vapor and/or overlay by the thermal spectrum.
ue to the low spectral resolution of 0.5 nm of the spectrometer, this
ould not be investigated further. 

.2.2. Dynamic coaxial spectrometer recording 

The following experiments were made with the coaxial setup
 Fig. 4 a). Due to the improved focusing of the coaxial spectrometer on
he interaction zone, a spectrum with a high intensity could be recorded
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Fig. 10. Statically recorded emission spectrum of 2.4668 compared to a simulated spectrum. 

Fig. 11. Coaxially recorded spectrum of 2.4668 with logarithmic intensity axis at different 𝜃beam tilt . 
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 Fig. 11 ). However, the dielectric mirror, which is necessary for laser in-
egration, influences the spectrum monitoring results due to its inconsis-
ent transmission with respect to wavelength [34 , 35] . As a consequence,
eaks show up across the entire spectrum, which are not necessarily rep-
esentative of the process signal. In addition, the anti-reflective coating
f the F-Theta lens also has an influence on the measurement. Another
nfluence is in 𝜃material tilt and 𝜃beam tilt ≠ 0°, here due to the angle there
s a projection of the focus spot, this means that the area increases and
hus also the intensity of the laser decreases. Generally, the chromatic
berration of the F-Theta lens is a more important influence. The lens
as no apochromatization, which results in a longitudinal color error
36] . Hence, not all measured wavelengths are in focus. The result is a
arger spectrometer integration zone in the measurement, which leads
o a lower contribution from the unfocused wavelength. There is also
 transverse color error over the scan field. The blue component of the
ight has a shorter focal length than the red component and therefore
he measuring point may be no longer in the interaction zone as the field
ngle increases [37] . The result is a decrease in the integral of the spec-
rum (spectral intensity) of the shorter wavelengths. This relationship
an be seen in the coaxial measurement over 𝜃beam tilt in Fig. 11 . 

When measuring over the material tilt angles, no truncation of the
pectrum in the range of 𝜆 = 350–820 nm was found. This is because
here is no lateral color error on the optical axis in which the measure-
ent was made. Only the spectral intensity decreases with increasing

ilt. 
In conclusion, a coaxial measurement over the scan field leads to

nreliable results and is therefore unsuitable. One solution would be to
mploy an apochromatized F-Theta lens. However, this requires the use
 s  

9 
f glasses with different refractive indexes, which can reduce the process
tability. 

.2.3. Dynamic quasi-coaxial spectrometer recording 

Transmissive optical errors can be avoided if measurements are made
y a second scanner, which moves the measuring point synchronously to
he working point ( Fig. 4 b). Because the reflection of metallic mirrors
s dispersion-independent, there is no wavelength dependence on the
ngle of incidence. It should be noted that, as a result of focusing the
easuring beam through mirror optics, an asymmetry error occurs in

he image. Fortunately, this error acts almost evenly across the field
nd creates a negligible effect between the individual measuring points.

However, as a result of the oblique incidence of the measuring beam,
n irregular error is caused over the entire field. There is a non-constant
easuring spot size over the processing field and a different numerical

perture of the monitoring channel. Consequentially, an increasing inte-
ration zone for the measurements is created, which leads to a decrease
n the measured intensity. For this work a correction function was cre-
ted to counteract this effect through a reference measurement using a
hite light source and an optical fiber with a diameter of 100 μm in the
rocessing field. With this correction there was a maximum intensity
eviation of 1.8% across the entire spectrum. 

Intensity deviations can still be seen in the images relating to the
ngle of incidence. The measurement at the maximum beam tilt an-
le of 𝜃beam tilt = 18.5° only has 30.2% of the intensity of the mea-
urement when the angle is exactly vertical ( Fig. 12 a). In the case
f the powder, the measurement signal has only 44.0% of the inten-
ity at 𝜃 = 18.5° ( Fig. 12 b). It can also be observed that from
beam tilt 
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Fig. 12. Quasi coaxially recorded spectra of 2.4668 over 𝜃beam tilt for (a) solid and (b) powder and over 𝜃material tilt for (c) solid and (d) powder. 

Fig. 13. Spectral intensity as a function of AOI deter- 
mined from the measurements. The 100% correspon- 
dence of the highest Spectral intensity of the powder 
sample at 𝜃 = 0°. 
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beam tilt = 14.4° no distinguishable peaks can be recognized in the spec-
ra. When measuring the material tilted samples, the peaks caused by
he Cr (I) can be measured up to the maximum 𝜃material tilt ( Fig. 12 c and
). 

Fig. 13 shows the spectral intensity as a function of the AOI. Here,
00% corresponds to the intensity of the measurement signal at 𝜃 = 0°
f the powder sample. It can be clearly seen that the spectral intensity
ecreases with increasing AOI. At small AOI ( 𝜃 = 4.9°), the deviations
n intensity between the spectra are smallest at 7.5% and increase at
= 18.5° to 44%. The different intensities in the spectra in the measure-
ents versus the AOI can be related to the HSI recordings. A decrease

n the intensity of the process radiation with increasing AOI was also
bserved here. 

In the case of the powder, the measured intensities of the individual
urves fall off rapidly as a function of both types of tilt. There is no over-
apping of the powder measurement curves as with the solid samples. 

The difference is shown in the Fig. 12 a and b. As already explained,
his can be attributed to the reduced interaction of the vapor with the
aser and the larger laser-material interaction zone with powder coated
aterials. It can be seen that the powder and solid sample differ in terms

f the intensity of the spectral signal. 
10 
In summary, this measurement setup and this method are suitable for
 spectral analysis of the process signal over the processing field. How-
ver, there is a considerable difference in the spectral intensity between
owdered and solid samples with increasing angles of incidence. 

As discussed in Section 4.2.2, intensity changes of the laser occur at
 𝜃material tilt and 𝜃beam tilt ≠ 0°, which are not overshadowed by the op-
ical chromatic aberrations in the quasi-coaxial measurement. Fig. 14
hows the intensity change as a function of AOI for the 𝜃material tilt and

beam tilt . Over the possible angular range, there is a 4.9% difference in
he intensity of the laser for the 𝜃material tilt and a 6.5% difference for
he 𝜃beam tilt . With regard to each other, the largest deviation is at the
aximum used 𝜃 = 18.5° with an intensity difference of 3.3%. To check

his error, test measurements were performed at 𝜃 = 0° with 200 W and
87 W ( Δ = 6.5%) to experimentally compare the intensity difference.
oth spectra clearly show the significant peaks already observed and
he spectrum at 187W showed a 16.3% lower spectral intensity. There-
ore, the influence of the laser intensity on the measurements cannot be
eglected. However, the measured differences in spectral intensity be-
ween the incidence angles are larger by a factor of 1.5 to 4.3 ( Fig. 13 ).

Another influence is the coupling efficiency of the material, which
an be derived for an ideal surface from the absorption, which also has
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Fig. 14. Spot intensity as a function of AOI for the field diagonal in the case for 𝜃beam tilt and for the tilted sample for 𝜃material tilt . Furthermore, the theoretical coupling 
efficiency of permalloy [40] is shown as a function of AOI. 
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n angular dependence. Experimental [38] or theoretical data accord-
ng to the Brendel-Bormann oscillator or Lorentz-Drude model [39] for
ickel or permalloy [40] show, that in the angle range used the cou-
ling efficiency increases with increasing angle according to model and
xperimental data only 0.02–0.04%. The behavior can be transferred
o 2.4668. Since this influence counteracts the course of the intensity
ecrease and is very small in comparison, it can be neglected for these
easurements. 

It is also known that the powders for LPBF have a higher coupling
fficiency than solid materials due to the higher absorption by multiple
efections [12 , 41 , 42] . This is also evident from the comparison of the
owder and solid sample at 𝜃 = 0° in Figs. 12 and 13 that the powder has
 2.18% higher spectral intensity than the solid sample. A comparison
f the absorbances of solid [43] with a powder surface [44 , 45] shows
hat depending on the surface and packing density, there is an increase
f 36–54% in the coupling efficiency. The significant increase in the
pectral signal associated with the powder could not be observed. 

This is due to the fact that in both cases, 2.4668 is present in the
easurement process as melted material. Due to the identical chem-

cal composition, the melts have identical radiation characteristics. A
ifference of both samples could be detected in the time profile of the
pectrum by much shorter integration times of the spectrometer. For the
ntegration times used in these experiments, the coupling efficiency of
he materials does not represent a significant influence. 

.3. Correction of the spectral measured values over the processing field for

he F-Theta lens 

As observed in 4.2.3, the intensity of the laser beam influences the
easurement signal. A clear differentiation of the angle dependence of

he measuring signal is not given. When measuring over the field with
arying 𝜃beam tilt , there are differences in the measured spectral intensity.
he Cr (I) peaks are also no longer evident. Since the spectral intensity

s largely dependent on the intensity of the laser on the workpiece, the
-Theta lens was examined more closely and the laser intensity was sim-
lated over the field. For the determination of the laser spot intensity
he following equation was used: 

 ( 𝑥, 𝑦 ) = 

𝑃 

𝐴 ( 𝑥, 𝑦 ) 
𝑤𝑖𝑡ℎ 𝐴 ( 𝑥, 𝑦 ) = 𝑙 ⋅ 𝑟 

𝜋

4 
(2)

 represents the laser power after the F-Theta lens and 𝐴 is the spot
rea for a given point ( 𝑥, 𝑦 ) in the work plane. 𝑙 and 𝑟 are the 1/e 2 -spot
iameters in the tangential and radial directions. The variation of the
pot area on the workpiece plane mainly occurs due to the change of
he centroid angle of the focused laser beam with the scanner angle,
ifferent locations of the mirrors for the x and y axis and imperfections
n field flattening of the F-Theta lens. All these influences can lead to
lliptical spots in the work plane. Due to rotational symmetry around
he optical axis of the F-Theta lens the major and the minor axes of
he elliptical spot will have a radial or tangential orientation. The 1/e 2 -
11 
pot diameter was chosen arbitrarily for this calculation since only the
elative change of spot intensity is important for this discussion. 

For the determination of the spot area distribution in the work plane
he commercial optical design software OpticStudio® was used. The op-
ical system of the laser processing path (orange beam line in Fig. 4 a)
as replicated in the software starting from the collimated input laser
eam and ending at the work plane. For the spot area determination, a
equence program was used that derived the 2D point spread function
n the work plane via a fast Fourier transform-based algorithm imple-
ented in OpticStudio®. From this data a contour was extracted that

ontained points where the intensity was close to 1/e 2 of the peak in-
ensity of the focused spot. To these points an ellipse with semi-minor
nd semi-major axes oriented in the tangential and radial directions was
tted so that the spot area and the spot intensity could be calculated.
he angle of incidence-dependent transmission of the F-Theta lens and
he resulting weakening of the laser were also taken into account. Dif-
erences in the material thickness of the single lenses and the different
erformance of the anti-reflective coating cause this effect. 

The sequence program was executed for 51 × 51 positions in the
ork plane to create Fig. 15 a. Due to the field curvature of the imaging
lane, the field-dependent size and the elliptical nature of the spot, the
aser intensity was found to be between 4.75 and 4.35 10 6 W cm 

− 2 . 
A correction matrix was created for the changing numerical aper-

ure of the spectrometer channel. For this correction the optical design
oftware was used with the spectrometer channel described surface by
urface. Since the work plane is tilted in relation to the scanner the spec-
rometer collects light in a changing solid angle or numerical aperture,
epending on the scanner angle. This affects the intensity collected by
he spectrometer channel and needs to be corrected. Therefore, the nu-
erical aperture of the collected light was determined over the same
1 × 51 points as the spot intensity, as shown in Fig. 15 b. This allows
he loss of intensity to be corrected over a larger integration zone. Since
he spectrometer channel is tilted with respect to the work plane the
umerical aperture shows no rotational symmetry. The basic data was
rovided by a more detailed measurement using the white light source
nd optical fiber, as already described. 

The weighting of the two corrections was optimized using a spec-
ral measurement of 25 × 25 points over the processing field ( Fig. 15 c).
he spectral intensity of the measuring points on the 1.4301 rolled steel
heet could mainly be adjusted by overlaying the two correction ma-
rices. The corrected measurement can be seen in Fig. 14 d. It was con-
luded that the laser intensity has the greatest influence on the intensity
f the signal. The signal could not yet be fully matched across the field.
eviations can derive from the field-dependent angle of the process ra-
iation. In addition, the effect of the geometry of the setup should not
e neglected. This can result in a horseshoe-shaped deviation in the cor-
ected measuring field ( Fig. 15 d). 

As shown in Fig. 7 , the signal can be shaded by the geometry of the
eyhole or the powder bed. Absorption of the signal by the metal vapor
s also possible. An additional influence of the material surface was taken
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Fig. 15. Heat maps with the marked measuring points 1–4. Measuring point 5 lies outside the working field of the F-Theta lens and is therefore not shown. The 
spectrometer is located at x = 0 , y = 160 
(a) Simulation of the laser intensity 
(b) Simulated standardized correction factor of the numerical aperture of the spectrometer channel 
(c) Measured standardized spectral intensity of the grid measurement of 25 × 25 points on 1.4301 
(d) Standardized spectral intensity of the measured values from (c) corrected with (a) and (b). 

Fig. 16. Corrected spectra of the quasi coaxial measurements over 𝜃beam tilt of the (a) solid 2.4668 and (b) powdered 2.4668 probe. 
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nto account. The metal had been surface brushed in one direction (2J
ccording to DIN EN 10088–2). This meant that the observation and the
nteraction between the laser and the material might vary as a function
f brush direction. In order to compensate for this possible influence,
he measured values were generated from a 0° to a 90° rotated sheet
teel. 
12 
Another influence of the material can be seen in Fig. 12 a and b for
owders in comparison to solid materials. In an additional experiment a
owder sample compacted with a compression force of 1 kN, a spectral
ntensity increase of 12% at 𝜃beam tilt = 14.4° was found. 

The correction factors determined above are not valid for the pow-
er and there is still a large variation between the measuring points for
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owder with the larger angles of incidence. However, the spectra of the
olid 2.4668 probe can be adjusted with the help of these correction
actors. Fig. 16 a shows that the spectra of the large beam tilt angles can
e readjusted to the spectrum with a 𝜃beam tilt = 0°. However, these cor-
ection factors can only be used to correct the entire spectral intensity.
t is not possible to correct individual peaks that can be traced back to
he atomic spectra. 

. Conclusions 

The shape of the process signal for scanning laser material process-
ng using an F-Theta lens was examined. The shape is dependent on
he angle of incidence. For this work a coaxial and a quasi-coaxial mea-
urement setup were built with which the spectral signal of the process
adiation was analyzed. 

• With the coaxial setup, the short-wave components of the spectrum
(below 𝜆 < 510 nm) cannot be detected even at a scanner mirror
angle of 5° due to the chromatic aberration of the F-Theta lens. 

• With the reflective quasi-coaxial set up, the process signal could be
accurately recorded. 

• A spectral signal of the process radiation over the entire processing
field could be measured via both setups. 

• When using typical LPBF parameters, discrete peaks at 𝜆 = 426 nm
and 𝜆 = 520 nm in the process radiation can be observed by spec-
troscopy. These peaks can be attributed to the chromium in the stain-
less steel sample material. 

• As the angle of incidence of the laser to the workpiece increases, the
measured spectral intensity decreases. From the center of the scan
field to the last measuring point in the working area of the F-Theta
lens, the spectral intensity decreases without correction by 36% for
solid samples. This is associated with variations in spot size and the
interaction zone as a function of the angle of incidence. 

• The powder coated sample has a greater decrease (of 51%) in spec-
tral intensity with increasing angles of incidence compared with the
solid material. 

• The measured spectral intensity distribution for solid materials can
be adjusted over the entire field by means of a correction factor. This
correction includes a function that describes the numerical aperture
of the measuring channel and the laser intensity on the working field.

• Any remaining deviation in the corrected field measurements can
be traced back to the geometry of the setup and the field-dependent
angle of the process radiation. 
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