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Abstract

Soft X-ray emission during industrial materials processing with ultrafast lasers is of increasing interest. The soft X-rays
mainly originate from the free, hot electrons in the plasma. Therefore, the spectrum of the emission approximately
follows a Maxwell-Boltzmann distribution, which corresponds to the temperature of the hot electrons.

For the current work, the spectra of the soft X-ray emission were measured for intensities between about 10% W/cm2
and 10" W/cm?. The corresponding temperatures of the hot electrons were determined by fitting Maxwell-Boltzmann
distributions to the spectra. Furthermore, the resulting H(0.07) dose rates at a distance of 20 cm from the plasma were
measured and extrapolated to dose rates for an average laser power of 1 kW.
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1. Introduction

Materials processing with ultra-short laser pulses below about 10 ps at high irradiances > 10" W/ecm? is
very promising for achieving perfect quality as e.g. described by Nolte et al. (1997), Higel et. al. (1998), and
Schultz et. al. (2013).
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However, during the interaction of intense laser pulses with metals, X-ray emission is generated. X-ray
emission from laser-produced plasma in vacuum has been investigated since the early 1980ies, as e.g.
described in Corkum et. al. (1988), Lampart et. al. (1988), and Weber et. al. (1988). X-rays emitted from
laser-induced plasma were used, in particular, in indirect driven fusion and X-ray laser research, later also for
X-ray lithography and x-ray spectroscopy.

The process leading to X-ray emission is described in detail by Giulietti et. al. (1998) where it can be seen
that the X-ray emission for photon energies > 1 keV is mainly created by Bremsstrahlung and recombination
emission from the hot electrons in the plasma.

Today, X-ray emission during industrial laser processing, i.e. in ambient pressure at high average powers
might become an issue as published by Legall et. al. (2918) and Behrens et. al. (2018), where extensive
measurement of the dose rates resulting from materials processing with ps-laser pulses is presented. The
actual German radiation protection ordinance defines 50 mSv per year as limiting value.

The major reason for the increasing importance of this issue is that the average power of ultrafast lasers is
continuously increasing, from typically 100 W today to well above 1 kW as demonstrated by Negel et. al.
(2013) and Miiller et. al. (2018). In this proceeding, measurements of the hot-electron temperatures and
H(0.07) dose rates during processing of steel are presented for the range of irradiances of about 10" W/cm’
to 10" W/cmz, which is relevant for industrial processing. In addition, an extrapolation of the measured dose
rates to an average laser power of 1 kW is presented.

2. Measured spectra

Fig. 1. shows the emission spectra, which was measured with a silicon-drift detector (PNDetector GmbH,
Munich, Germany) as a function of the photon energy. The measurements were made through air at
atmospheric pressure at a distance of 13.5 cm (left) and 20 cm (right). The sample material was tungsten.
The laser provided pulses with a duration of 0.9 ps (left) and 0.24 ps (right). The laser pulse energy was
0.18 mJ, the repetition rate 100 kHz, and the beam was focused onto the surface of the sample to a focus
diameter of 45 um in both cases. This resulted in irradiances I, of 2.610" W/ecm’ (left) and 9.810" W/cm’
(right). The irradiance [ is given by

2-E,

Ioz—t >
p T g

(1)

where £, is the laser pulse energy, t, the pulse duration and r the laser spot radius on the surface.

Io = 2.610" W/ecm? I, = 9.810" W/cm?
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Fig. 1. Spectra of the thermal Bremsstrahlung from tungsten plasma generated by a laser with a wavelength of 1 um, with a pulse
duration of 0.9 ps, and an irradiance |, of 2.6'10" W/cm? (left), and with a pulse duration of 0.24 ps and an irradiance I of
9.810" W/cm” (right). The dashed white lines are fits using eq. (2), which yield a temperature of 0.45 keV (left) and of 0.82 keV (right).

Following the theory of Giulietti et. al. (1998) the spectrum of the emitted Bremsstrahlung can be
described by

h-o
Sy (@) =T, (@)-cy-e ' (2)

Where T;,:(w) is the total, frequency-dependent transmission trough air and all filters in the detector. T, is
the hot-electron temperature, kz and A the Boltzmann and Planck constant, respectively. cy is a frequency-
independent constant which was used to scale the calculated to the measured spectra. The white dashed
lines in Fig. 1. represent fits to the spectra using eq. (2). The only fit-parameter is the hot-electron
temperature Tj,. For the two fits shown in Fig. 1. the resulting temperature is 0.48 keV (left) and 0.82 keV
(right).

3. Hot-electron temperatures

Fig 2. shows the hot-electron temperature as a function of the irradiance multiplied by the laser
wavelength in micrometers squared, as determined from the measured spectra for different setups. The
dashed line represents the temperature scaling as given by Tan et.al. (1984). It is noted, that the lowest
irradiance considered in Tan et. al. (1984) was 10" W/em®. The dash-dotted line represents a least-square
power fit to the measured data. The error bars correspond to +15% which was estimated from applying fits
with different T,. The scaling constants are labelled in the graph.
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Fig. 2. Measured hot-electron temperatures for different setups. The dashed line represents the temperature scaling as given by Tan
et.al. (1984). The dash-dotted line represents a least-square power fit to the measured data.

It is seen, that most of the measured temperatures are below the values predicted by fit given in Tan et.
al. (1984). Furthermore, the temperature seems to decrease stronger with decreasing /;A> than expected
from the scaling in Tan et. al. (1984).

4. Dose conversion

In addition to the spectra, the H(0.07) dose rates were measured at GFH GmbH with OD-02 dosimeters
(STEP GmbH, Pockau, Germany) at a distance of 20 cm from the plasma. The used laser had a wavelength of
1.03 um, a pulse duration of 921 fs, a constant repetition rate of 300 kHz, and a maximum pulse energy of
346 pJ, yielding a maximum average power of 104 W. For the experiments, the laser spot was scanned over a
small area of 20 mm x 20 mm on the surface of the steel sample in order to prevent shielding from
remaining material around the emission area. The line overlap and the pulse overlap were kept constant at
about 75%. The irradiance /, was changed by changing the pulse energy. As the pulse energy changed, also
the average laser power increases with increasing irradiance. Therefore, the measured dose rates were
normalized with the average power yielding the dose in uSv per pJ of pulse energy ("dose conversion
efficiency for a distance of 20 cm through air", 77posez0). The resulting dose per pulse energy is shown as dots
in Fig. 3. The error bars were estimated from the scattering of the data points achieved with different setups
not included here. The solid line is the fit to the data using a model by Weber et. al. (1019) which is based on
Gulietti et. al. (1998).
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Fig. 3. H(0.07) dose per pulse energy at a distance of 20 cm from the interaction zone, referred to as 77pesezo in the text, as a function of
the irradiance /lp. The dots represent the normalized measured dose rates, the solid line a mode-fit to the data.

The strong decrease of the dose conversion efficiency between 10™ W/cm2 and 10" W/cm2 confirms the
measured steeper decrease of the hot-electron temperature below 10" W/em®.

5. Scaling and shielding

The fit to the dose conversion efficiency 7posezo in Fig. 3. (left) was used to calculate the expected H(0.07)
dose rate at a distance of 20 cm from the plasma for a constant average power of 104 W as was the
maximum average power of the GFH-system (Fig. 4. (left), solid line). In the calculation the irradiance was
increased by decreasing the laser spot size. In addition, the expected H(0.07) dose rate was calculated for an
average laser power of 1 kW. The expected dose rate simply increases linear with increasing laser power. It is
seen that at 1 kW the H(0.07) dose rate is about 25'000 uSv/h at the irradiance about 2.210" W/cm’. This
means that the limit of 25 mSv for one year is reached after one hour.

Although this is apparently a large value, it must be noted that this only holds for the maximum
measurable emisson from the surface without any material shielding and in the very close distance of 20 cm
to the plasma. Furthermore it can be seen from Fig. 1. (left) that almost the complete spectrum lays below
the critical photon energy of 5 keV where the OD-02 might still be sensitive. Furthermore, the optimum
irradiance for ps-laser processing with respect to both, quality and efficiency is about 5-10 times above
threshold. For a pulse duration of 1 ps and iron this is at an effective irradiance of about 10™ W/cmz, which is
far below the critical 2.2'10" W/cmz. The effective irradiance accounts for the angle of incidence and the size
of the processed structures such as holes or grooves.

Fig. 4. (right) shows the same calculated emission but including the attenuation of a filter of 2 mm thick
steel plate between the plasma and the detector. With this 2 mm steel shielding the expected dose rates are
well below 1 pSv/h at the irradiance of 110" W/cmz, which means well below any critical value.
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Fig. 4. (left) Expected H(0.07) dose rates for 104 W and 1 kW of constant average laser power as a function of the irradiance at a
distance of 20 cm from the plasma. The intensity increased by decreasing the laser spot size. (right) The dose achieved with the same
processing parameters but with an additional filter of 2 mm steel between the plasma and the detector.

6. Summary

The measured hot-electron temperatures show a stronger decrease below 10" W/cm? than expected
from the scaling law published by Tan et.al. (1984). This is confirmed by the strong decrease of the H(0.07)
dose conversion efficiency 7posezo between 10" W/cm2 and 10% W/cmz. Nevertheless, the annual dose limit
of 25 mSv can be reached after one hour when processing with 1 kW of average power at about
2.210" W/em’.

However, under normal processing conditions such as the optimum effective fluence of about
10" W/cm? and usual laser safety with a metal housing in a distance of at least half a meter from the plasma
the X-ray emission is no issue. If processing at effective irradiances > 10" W/em® is required for some reason,
shielding with about 2 mm of steel is recommended and safe according to the above findings.
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