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Abstract
During ultra-short laser material processing at high laser pulse repetition rates unwanted X-ray radiation can be generated 
in a quantity that may constitute a potential risk for health. An adequate X-ray radiation protection requires a thoroughly 
understanding of the influence of the laser processing parameters on the generation of X-ray radiation. In the present work, 
the generated X-ray dose during laser machining was investigated in air for varying beam scanning conditions at a pulse 
duration of 925 fs, a center wavelength of 1030 nm and a laser peak intensity of 2.6 ×  1014 W/cm2. The X-ray radiation dose 
and the corresponding spectral X-ray emission were investigated in dependence on the laser’s pulse repetition rate and on 
the beam scanning speed. The results show a strong dependence of the X-ray emission on these laser processing parameters.

1 Introduction

Material processing using ultra-short laser pulses has under-
gone a considerable development during the past years. This 
development was supported by novel, high repetition rate 
laser technologies, as e.g. the thin disk laser technology [1]. 
Today, laser systems used for industrial ultra-short pulse 
laser processing deliver highly stable output powers in the 
range of several 10 W up to several 100 W, with laser pulse 
durations in the range or below 1 ps at pulse repetition rates 
of several 100 kHz [2].

The emission of unwanted X-ray radiation during laser 
material processing was already discussed two decades 
ago [3, 4]. First indications of a health risk due to a human 
exposure by X-ray radiation during laser material process-
ing have been given for the investigated laser repetition 
rates in the range of 1 kHz. Recently, the potential health 
risk during ultra-short laser material processing was inves-
tigated at a higher repetition rate of 400 kHz [5]. It was 
shown that the measured X-ray dose rate can exceed the 
statutory radiation limits already at laser peak intensities 
above 2 × 1013 W/cm2 (at a peak fluence above 25 J/cm2) for 

certain processed materials. Measurements up to laser pulse 
energies of 100 µJ, a pulse repetition rate of 400 kHz, at a 
pulse duration of 925 fs and a laser wavelength of 1030 nm 
were presented. At the highest available laser peak inten-
sity of 2.6 × 1014 W/cm2 (at a peak fluence of 255 J/cm2) 
a skin dose rate of Ḣ�(0.07) = 163 mSv/h was found for 
tungsten as target material at a distance of 420 mm to the 
laser processing spot. This dose rate corresponds to an X-ray 
dose per laser pulse of about H�(0.07) = 0.1 nSv. The meas-
urements were performed with a scan velocity of 1 m/s. In 
accordance with the dosimetric measurements a dose rate of 
Ḣ�(0.07) = 10.8 Sv/h could be found for tungsten as target 
material at a distance of 100 mm to the laser processing spot 
from simultaneously recorded X-ray spectra. Similar results 
were presented by Behrens et al. [6].

A detailed knowledge about the influence of the process-
ing parameters on the X-ray dose is crucial for the estima-
tion of an adequate radiation shielding. Furthermore, under 
certain laser processing conditions when the X-ray emission 
is suppressed, the knowledge about those dependencies may 
help to minimize the amount of unwanted X-ray radiation 
to an acceptable level. In the present article, the influence 
of practically most relevant laser processing parameters on 
the resulting X-ray doses will be discussed. At a fixed peak 
intensity, this includes the spatial overlap of laser spots on 
the target, the scanning speed and the laser pulse repetition 
rate.
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2  Experimental

2.1  Experimental setup

The experimental setup was already described in a previ-
ous publication [5]. In brief, the experiments were per-
formed using a TRUMPF laser system (TruMicro 5050 
femto edition). The laser delivers pulses with a pulse dura-
tion of 925 fs at a laser center wavelength of 1030 nm. 
The maximum pulse repetition rate of the laser system 
was 400  kHz, the maximum single pulse energy was 
100 µJ, both resulting in an average laser power of 40 W. 
The laser beam was focused in air onto the samples by 
means of an F-Theta lens (focal length of 56 mm). A Gal-
vanometer scanner head (hurrySCAN II 14, SCANLAB 
GmbH) was used for writing lines within scan field sizes 
of 5 mm × 5 mm up to 10 mm × 10 mm. The lines were 
always written in a direction away from the X-ray detec-
tors. The distance between parallel written lines (referred 
to as inter-line distance in the following), as well as the 
spatial displacement of consecutive laser pulses incident 
on the target surface (referred to as intra-line separation 
in the following) was varied. Both processing parameters 
are exemplary illustrated in Fig. 1.

If not stated otherwise, the linear polarization of the 
laser beam was aligned parallel to the scan direction. In 
some experiments the direction of the linear polarization 
was rotated by a zero-order half-wave plate. The angle of 
incidence of the laser beam onto the sample plane was 0°. 
The Gaussian focal beam diameter (1/e2) was determined 
by the D2-method [7] and set to 2w0 = 10 ± 1 µm, result-
ing in a peak intensity of 2.6 × 1014 W/cm2. This peak 
intensity corresponds to a maximum laser fluence of 255 J/
cm2 under the consideration of the temporally Gaussian 
pulse shape.

Technical graded and planar samples of pure tungsten 
(99.95 %W) were investigated. The samples were mounted 
on a 5-axis mechanical stage. Debris emitted during the 
laser ablation was continuously removed by an exhaust 
system. To quantify the laser generated changes of the 
surface topography, white light interference microscopy 
(WLIM, Zygo, NexView) was performed.

2.2  X‑ray measurements

X-ray doses of the directional dose equivalent H�(0.07) were 
measured with the ionization chamber dosimeter OD-02 
(STEP GmbH) at a fixed detection angle of 29° and a con-
stant distance of 420 mm from the laser processing spot. 
At this angle the highest dose rates were found for the used 
geometrical setup [5]. The reliability of the OD-02 dosim-
eter was ensured experimentally by comparing the acquired 
X-ray doses with the simultaneously accumulated X-ray 
doses recorded by passive electronic Direct Ion Storage 
(DIS) memory cells (DIS-1, Mirion Technologies GmbH). 
The detectors used for dose measurements were calibrated 
by the manufacturer.

During the X-ray dose measurement the directional dose 
equivalent H�(0.07) was accumulated over a scan field con-
sisting of a certain set of parallel lines. From the accumu-
lated dose an averaged dose per pulse was calculated for 
each field scan. This procedure was repeated several times in 
the same scan field, leading to an exposure of the individual 
lines by a certain number of successive “over-scans”. From 
the entire set of “over-scans” the development of the X-ray 
dose during a process sequence was evaluated.

X-ray spectra were recorded using a CdTe spectrom-
eter (X-123 CdTe Spectrometer, 3 × 3 × 1 mm3, 100 µm 
Be window, Amptek Inc.). The CdTe spectrometer was 
operated at different distances to the ablation spot. The 
radiation was attenuated by aluminum foils of different 

Fig. 1  WLIM topography (80 µm × 80 µm) of a processed tungsten 
target at the left, and a photo of the tungsten sample at the right. 
Shown are the scan fields (10  mm × 10  mm each). In the WLIM 

image, the processing parameters, referred to as inter-line distance 
and intra-line separation are illustrated
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thickness, which were placed in front of the X-ray detec-
tor. The thickness of the aluminum foils was determined 
by means of 55Fe and 109Cd radiation standards (Physi-
kalisch-Technische Bundesanstalt, PTB, Germany). The 
energy calibration of the spectrometer was done by the 
known characteristic emission line energies of the inves-
tigated target materials and by the radiation standards 
mentioned. The recorded spectra were evaluated accord-
ing to the method presented in [5, 8]. The X-ray spectra 
consist of two contributions: the characteristic lines and a 
“Bremsstrahlung” continuum. The “Bremsstrahlung” con-
tinuum was approximated with a Maxwellian distribution 
of the form [9]:

where kB is the Boltzmann constant, E denotes the X-ray 
photon energy and Te is the electron temperature, by conven-
tion expressed in keV.

3  Results and discussion

3.1  X‑ray emission in dependence on the surface 
topography

The X-ray photon flux, which can be generated by means 
of laser matter interactions, strongly depends on the num-
ber of the absorbed laser photons, either by the workpiece 
during the electron plasma generation and by the subse-
quent plasma electron heating during the process of X-ray 
generation [10]. In both stages, the probability for the 
absorption of a laser photon strongly depends on the angle 
of incidence of the laser pulse onto the target surface. 
Therefore, the laser processing parameters influencing 
the surface topography are of great importance for the 
process of X-ray generation. The early generation of an 
electron plasma is especially important, if the single laser 
pulse energies are low, e.g. several 10 to 100 µJ. Then, a 
significant fraction of the laser pulse energy will already 
be consumed in the process of plasma generation, even 
before plasma electron heating can occur.

To investigate the influence of the surface topography 
on the process of X-ray generation during the machining 
process, the target surface was modified differently by 
changing the spatial overlap of the sequentially performed 
line scans (inter-line distance) and by changing the spatial 
overlap of consecutive pulses within a line scan (intra-line 
separation). Both scenarios were investigated and will be 
discussed separately in the following.

(1)fMaxwell(E)dE =

√
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dE,

3.1.1  X‑ray emission in dependence on the inter‑line 
distance

In the measurements presented in this section the distance 
between parallel written lines was varied, while the spatial 
displacement of consecutive laser pulses incident on the tar-
get surface was kept constant. Inter-line distances of 5, 10, 
and 20 µm were investigated. Due to different spatial over-
laps between sequentially written lines with a fixed intra-
line separation (please note that the Gaussian focal beam 
diameter was 10 µm), the target was prepared differently. For 
inter-line distances smaller than or equal to the focal laser 
spot diameter the target was rather uniformly ablated, while 
for line-separations larger than the focal spot diameter well 
separated grooves were formed on the target surface after the 
field “over-scans” were repeated several times. Examples for 
the different topographies processed on a tungsten surface 
with a line separation of 20 µm (grooves) and 10 µm (uni-
formly ablated areas), respectively, are provided in Fig. 2.

In Fig. 3, the associated X-ray dose of each single scan 
obtained from the successively performed field scans 
(referred to as “number of scan”) at a peak intensity of 
2.6 × 1014 W/cm2 and a fixed intra-line separation of 2.5 µm 
are displayed for an inter-line distance of 10 µm and 20 µm, 
respectively. For both inter-line distances pronounced peaks 
can be observed with their maxima reached after ~ 3 scans 
(at a depth of about 13 µm) and after ~15 scans (with a total 
depth of 62 µm after 20 scans). Interestingly, the amplitude 
and the width of the peaks are remarkably different for both 
inter-line distances. It must be noted, that the sequences of 
field scans were started at the same distance of the focus-
ing lens to the non-irradiated target surface. For this ini-
tial distance, the focal plane was about 40–50 µm behind 
the target surface, i.e. located in the bulk of the material. 
Consequently, the highest efficiency for X-ray generation 
was reached for both inter-line distances at different abla-
tion depths.

If comparing the development of the X-ray dose over the 
scan number for both line separations in Fig. 3, it is obvi-
ous that the overall process of X-ray generation is strongly 
influenced by the surface topography. Furthermore, it can be 
seen, that the generated X-ray dose is potentially higher for 
the steeper surface topography as obtained at an inter-line 
distance of 20 µm, at least for the selected scanning param-
eters. For the inter-line distance of 10 µm, the course of 
X-ray doses versus the number of scans follows the caustic 
of the incident laser beam.

A possible explanation for the higher X-ray doses 
obtained for the inter-line distance of 20 µm may be an 
enhanced absorption of the laser pulse energy by the 
stronger inclined target surface, accompanied by a less 
energy consuming plasma generation or a much more effi-
cient heating of the laser plasma electrons by the incident 
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laser pulse. To further prove this assumption, X-ray dose 
measurements were performed in dependence on the lin-
ear polarization state of the incident laser light. In Fig. 4, 

the measured X-ray doses for different directions of linear 
polarization of the incident laser beam relative to the beam 
scanning direction are shown for an inter-line distance of 

Fig. 2  WLIM topographies of 
a tungsten target processed at 
400 kHz pulse repetition rate 
with an inter-line distance of 
10 µm (top) and 20 µm (bot-
tom), a focal spot diameter of 
10 µm, a scan velocity of 1 m/s 
at a laser peak intensity of 
2.6 × 1014 W/cm2

Fig. 3  X-ray doses H′(0.07) per pulse for tungsten processed with 
inter-line distances of 20  µm and 10  µm with a focal spot diameter 
of 10  µm. The measurements were performed with the OD-02 at a 
distance of 420 mm to the processing spot, a pulse repetition rate of 
400 kHz, a scan velocity of 1 m/s and a laser peak intensity of 2.6 × 
 1014 W/cm2

Fig. 4  X-ray doses H′(0.07) per pulse for tungsten processed with an 
inter-line distance of 20  µm in dependence on the angle of the lin-
ear laser polarization relative to the scanning direction. The measure-
ments were performed with the OD-02 at a distance of 420 mm to the 
processing spot, a laser pulse repetition rate of 400 kHz, a scan veloc-
ity of 1 m/s and a laser peak intensity of 2.6 × 1014 W/cm2
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20 µm. In this graph, the maximum measured X-ray doses 
at each polarization angle were selected from the entire set 
of scans. A pronounced dependence of the X-ray dose on the 
linear polarization angle was observed.

The effect can be explained in different ways. On one 
hand, the process of electron plasma generation depends on 
the fraction of the laser pulse energy that can be absorbed 
by the “cold” target surface. According to the Fresnel equa-
tions, the reflectance and the absorption of light depends 
on the polarization state during the initial stage of electron 
plasma production. On the other hand, the generation of 
X-rays is connected to the coupling of the electric field of 
the laser to plasma electron oscillations and leads to resonant 
excitation of electron waves (resonance absorption) during 
the plasma heating stage. The coupling is most efficient if 
the plane of the incident electric laser field is perpendicular 
to the plasma electron density gradient, i.e. if the incident 
laser beam is p-polarized [10]. Hence, the specific coupling 
mechanism can be regarded as a kind of “soft” selection 
rule for the generation of X-rays in laser material process-
ing. Based on the data presented in Fig. 4, it is not possible 
to distinguish between both scenarios. In any case, no lin-
ear relation between the X-ray emission and the amount of 
material removal was observed. Supposedly, topographical 
changes along with the laser beam polarization can signifi-
cantly contribute to enhanced Fresnel and plasma absorption 
of the incident laser radiation, and thus dominate the X-ray 
generation process.

3.1.2  X‑ray emission in dependence on the intra‑line 
separation

The X-ray emission during material processing with vary-
ing overlap between consecutive laser pulses was inves-
tigated under the same experimental conditions as it was 
done in Sect. 3.1.1. During the X-ray dose measurements 
the directional dose equivalent H�(0.07) was accumulated 
over an entire scan field consisting of a certain set of par-
allel lines. In addition to the inter-line distances the intra-
line separations (the spatial overlap between consecutive 
laser pulses at the target) were varied. Again, inter-line 
distances of 10 µm and 20 µm were investigated, while 
the intra-line separations were varied between ~ 0.3 and 
10 µm. The scanning speed was adjusted to the repeti-
tion rate to realize the desired (fixed) intra-line separa-
tions. The pulse repetition rate was kept constant during 
measurements up to an intra-line separation of 2.5 µm. 
The scans were repeated several times in the same scan 
field, leading to an exposure of the individual lines by a 
certain number of successive scans. From the entire set of 
scans the highest X-ray dose was selected. From that value 
an averaged dose per pulse was calculated. In Fig. 5 the 
measured X-ray doses H′(0.07) per pulse in dependence on 

intra-line separation are depicted for inter-line distances of 
10 µm and 20 µm. Remarkably, the measured X-ray dose in 
dependence on the intra-line separation shows pronounced 
maxima and minima. The position of these extrema is 
almost identical for both inter-line distances, even if the 
amplitude of the X-ray doses differs significantly by up to 
a factor of two.

Similar results were found for different laser pulse repeti-
tion rates. The X-ray doses H′(0.07) per pulse in dependence 
on the intra-line separation are displayed in Fig. 6 for an 

Fig. 5  X-ray doses H′(0.07) per pulse for tungsten processed with dif-
ferent inter-line distances of 10  µm and 20  µm as a function of the 
intra-line separation, at a laser repetition rate of 400 kHz, a focal spot 
diameter of 10 µm and a laser peak intensity of 2.6 × 1014 W/cm2

Fig. 6  X-ray doses H′(0.07) per pulse for tungsten processed at an 
inter-line distance of 10  µm as a function of the intra-line separa-
tion, at four different laser pulse repetition rates of 50, 100, 200, and 
400 kHz, with a focal spot diameter of 10 µm and a laser peak inten-
sity of 2.6 × 1014 W/cm2. The lines guide the eye
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inter-line distance of 10 µm and for pulse repetition rates of 
50, 100, 200, and 400 kHz, respectively.

The shape of the curves of the X-ray doses as function 
of the intra-line separations are similar for all investigated 
repetition rates, even if the amplitude of the curves and the 
relative height of the maxima depend on the repetition rate. 
For subsequent pulses, the laser machining with varying 
intra-line separations leads to different slopes of the surface 
topography in both, the scanning direction and perpendicu-
lar to it (walls of the groove). It is speculated here that the 
two maxima at low inter-line separations are caused by the 
polarization-enhanced Fresnel or plasma absorption parallel 
and perpendicular to scan direction, while the broad maxi-
mum at large intra-line separations originates from multiple 
reflections at the ablated side walls of the grooves.

3.2  X‑ray emission in dependence on the repetition 
rate

At high laser pulse repetition rates in the hundreds of kHz 
range heat accumulation at the target must be considered 
[11, 12]. A thermal impact may support the plasma gen-
eration and explain the increase of X-ray doses with rising 
repetition rate in Fig. 6. Another aspect, which influences the 
electron plasma generation at high repetition rates and which 
should be kept in mind is plume shielding, which accounts 
for a shielding of the laser pulse by the cold ablation plasma 
plume generated by the previous pulse. This ablation plume 
can reduce the laser pulse energy, which is available for the 
conversion of laser photons to X-ray photons. Both contri-
butions are expected to occur particularly at high repetition 
rates and will be discussed in the following.

3.2.1  X‑ray dose dependence on repetition rate

The X-ray emission during material processing was inves-
tigated in dependence on the laser pulse repetition rate at 
inter-line distances of 5, 10, and 20 µm. In Fig. 7, the X-ray 
doses H′(0.07) per pulse for consecutively performed field 
scans at different repetition rates and a constant intra-line 
separation of 2.5 µm are shown. It can be seen, that the lower 
the repetition rate, the higher is the number of field scans 
until the maximum X-ray dose is reached. This observation 
would be in line with the requirement of an optimized sur-
face topography that leads to effective generation of X-rays. 
The latter is reached for a lower number of scans at higher 
pulse repetition rates.

Figure 8 shows corresponding measurements performed 
for three inter-line distances at a fixed intra-line separation 
of 2.5 µm. Here, the highest dose H′(0.07) per pulse was 
selected from each sequence of field scans. At an inter-line 
distance of 20 µm (separated grooves), the maximum dose 
per field scan is almost independent on the pulse repetition 

rate. In contrast, the values obtained for inter-line distances 
smaller or equal than the focal spot diameter increase sig-
nificantly with the repetition rate. This rise of the X-ray dose 
with the repetition rate is indicative of a pre-heating of the 
target material which in turn facilitates the early stage of 
electron plasma formation for the following pulses. The situ-
ation is completely different for separated grooves (inter-
line distance 20 µm), where the tilted surface contributes 
to more efficient laser beam absorption and the enhanced 
surface area supports the subsequent cooling between con-
secutive laser pulses (see inset of Fig. 8, right). Note that 
cooling effects between the writing of individual lines are 
not expected to play a role here, since the time to complete 
a full line scanning exceeds the millisecond range. From 
the constant dose level, it is concluded that neither plasma 
plume shielding nor an interaction with the electron plasma 
generated by the previous pulse occur. The same behavior 
of constant dose level per pulse was confirmed for three 
additional intra-line separations (Fig. 9).

3.2.2  Spectral X‑ray emission dependence on repetition 
rate

As the X-ray dose is affected by the spectral distribution of 
the X-ray radiation, emission spectra were simultaneously 
recorded to the above presented X-ray dose measurements. 
In Fig. 10 the X-ray spectra are provided for a constant intra-
line separation of 2.5 µm and a constant inter-line distance 
of 10 µm. In Fig. 11 the associated electron temperatures for 
inter-line distances of 20 µm and 10 µm are depicted, which 
were obtained from least-squares-fits according to Eq. (1).

Fig. 7  Averaged X-ray dose H′(0.07) per pulse for tungsten vs. the 
number of the corresponding scans, processed at different laser rep-
etition rates with an inter-line distance of 20 µm, a focal spot diameter 
of 10 µm, with a fixed intra-line separation of 2.5 µm at a laser peak 
intensity of 2.6 × 1014 W/cm2. The lines guide the eye
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The data in Figs. 10 and 11 clearly show that if the 
intra-line separation is kept constant the measured spec-
tral distribution of the emitted X-ray radiation is almost 
independent on the pulse repetition rate. Furthermore, 
it can be seen from Fig. 11, that for groove processing 
(inter-line distance 20 µm) the electron temperatures are 
higher than for uniform-area processing (inter-line dis-
tance 10 µm). In other words, the process of plasma heat-
ing is more efficient in the case of the grooved surface.

4  Conclusions

The X-ray emission during ultra-short pulse laser micro 
machining (925 fs, 1030 nm, max. 400 kHz, 2.6 × 1014 
W/cm2) in a beam scanning scheme was investigated for 
two different processing strategies in air. X-ray radiation 
doses and emission spectra were studied in dependence 
on the intra-line separation meaning the spatial displace-
ment of consecutive laser pulses incident on the tungsten 
target. Via varying the inter-line distance of parallel writ-
ten lines, the production of grooves or uniformly ablated 
areas were realized. The latter approach exhibits by a 
factor of two lower X-ray doses compared to the groove 

Fig. 8  Maximum X-ray doses 
H′(0.07) per pulse for tungsten, 
processed at different laser rep-
etition rates with inter-line dis-
tances of 5, 10, and 20 µm, at a 
focal spot diameter of 10 µm, an 
intra-line separation of 2.5 µm 
at a laser peak intensity of 2.6 
×  1014 W/cm2. The lines guide 
the eye. The insets on the right 
illustrate the different surface 
areas available for cooling

Fig. 9  Maximum X-ray doses H′(0.07) per pulse for tungsten, pro-
cessed at different laser pulse repetition rates for different intra-line 
separations with an inter-line distance of 20 µm, a focal spot diameter 
of 10  µm, at a laser peak intensity of 2.6  ×  1014 W/cm2. The lines 
guide the eye. The insets (circles) visualize the corresponding pulse-
to-pulse spot overlap

Fig. 10  X-ray spectra measured for tungsten processed at five differ-
ent laser pulse repetition rates with an inter-line distance of 10 µm, a 
focal spot diameter of 10 µm, and an intra-line separation of 2.5 µm 
at a laser peak intensity of 2.6 × 1014 W/cm2. The dashed gray curves 
are calculated using Eq. (1)
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processing. Simultaneously, lowered electron temperatures 
were observed. Interestingly, the uniform-area process-
ing shows a distinct dependence of the X-ray dose on the 
laser pulse repetition rate, while that effect is not found 
for the groove machining up to 400 kHz. Furthermore, 
the direction of the laser beam polarization with respect 
to the scanning direction affects the X-ray doses. Hence, 
the choice of the laser beam processing parameters affects 
the generation of unwanted X-ray doses during ultra-short 
pulse laser machining that should be considered for safety 
aspects.
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Fig. 11  Electron temperatures evaluated from the X-ray spectra pre-
sented in Fig. 10. The lines guide the eye
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