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Abstract: Materials processing with ultrashort laser pulses is one of the most important approaches
when it comes to machining with very high accuracy. High pulse repetition rates and high average
laser power can be used to attain high productivity. By tightly focusing the laser beam, the irradiances
on the workpiece can exceed 1013 W/cm2, and thus cause usually unwanted X-ray emission. Pulsed
laser processing of micro holes exhibits two typical features: a gradual increase in the irradiated
surface within the hole and, with this, a decrease in the local irradiance. This and the shielding by
the surrounding material diminishes the amount of ionizing radiation emitted from the process;
therefore, both effects lead to a reduction in the potential X-ray exposure of an operator or any nearby
person. The present study was performed to quantify this self-shielding of the X-ray emission from
laser-drilled micro holes. Percussion drilling in standard air atmosphere was investigated using a
laser with a wavelength of 800 nm a pulse duration of 1 ps, a repetition rate of 1 kHz, and with
irradiances of up to 1.1·1014 W/cm. The X-ray emission was measured by means of a spectrometer.
In addition to the experimental results, we present a model to predict the expected X-ray emission at
different angles to the surface. These calculations are based on raytracing simulations to obtain the
local irradiance, from which the local X-ray emission inside the holes can be calculated. It was found
that the X-ray exposure measured in the surroundings strongly depends on the geometry of the hole
and the measuring direction, as predicted by the theoretical model.

Keywords: X-ray emission; ultrafast laser processing; self-shielding; laser plasma; X-ray safety;
percussion drilling; raytracing; model calculation

1. Introduction

Laser material processing with pulse durations in the order of 1 ps is one of the most
important approaches when it comes to machining with very high accuracy. The recent
increase in the available average power by orders of magnitude allows to significantly
increase the productivity of the process. At the same time, it is possible to achieve a very
high precision in the order of µm because of the low thermal load of the surrounding
material [1–3]. The optimum irradiance for most industrial applications lies in the range of
1011–1013 W/cm2, depending on the material, the process itself, and the pulse duration [4].
However, irradiances of up to 1015 W/cm2 can easily be achieved on the workpiece with
the presently available laser systems using tight focusing.

It was shown that these high laser irradiances result in high-energy plasmas with
high electron temperatures [3,5,6]. These electron temperatures are commonly given in
electron Volts (eV) and are typically in the order of a few keV for laser plasmas, as treated
in this paper [5]. The spectrum of the radiation emitted from these plasmas contains a
significant fraction of photons with energies above 5 keV [7]. Under industrial conditions,
i.e., room temperature and one standard atmosphere of ambient pressure, the transmission
for photons with 5 keV energy through 35 cm of air is about 19% [8]. Therefore, this
emission can reach the operator’s position.
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The interaction of incident ultrashort laser pulses with the ablated material was well
described in previous reports [3,5,6]. Most of the experimental studies on the emission of
ionizing radiation from laser-produced plasmas were already carried out in the 1980s under
high vacuum conditions [9–14], resulting in only a few publications considering industrial
conditions [7,15–18]. With the increase in available power of recent ultrafast lasers, the
topic is gaining interest in the area of industrial laser material processing, which has lead
to the latest investigations about the influence of high pulse repetition rates [19], different
materials [20] and the pulse duration [21] on the X-ray emission. There are several important
differences between the two conditions, one being the air breakthrough (ionization of the
gas atmosphere) at high intensities [22] when working in standard atmosphere, leading
to defocusing of the incident laser beam and thereby reducing the local irradiance on the
workpiece. Additionally, the air atmosphere usually present under industrial conditions is
not transparent for X-ray photons with less than 2 keV of energy, leading to a shielding
effect with the soft X-ray emission.

Most of the publications on the X-ray emission from laser processing with ultrashort
pulses present dose rates that are measured in worst-case scenarios, where the laser beam
is focused on the plane surface of a workpiece during the whole measurement time and
applying the highest possible irradiance [7,15,23–25]. The corresponding results therefore
do not represent the X-ray emission that is associated with common industrial processes.

Processing with ultrafast lasers typically involves two effects which contribute to
reducing the X-ray emission. First, a continuous increase in the area of the processed surface
(e.g., in an evolving percussion-drilled hole) leads to a decrease in the local irradiance,
which in turn leads to a reduced X-ray emission. Second, the material surrounding an
evolving geometrical structure (e.g., drilled holes) shields the emitted X-ray radiation. The
investigations presented in the following were performed to quantify these two effects for
the case of percussion drilling. A model was developed to calculate the flux of the X-ray
photons at the position of a detector, considering the changing local irradiance in the drilled
hole during the process. The spatial distribution of the irradiance was computed by means
of raytracing calculations assuming conically shaped holes. The theoretical predictions are
shown to be in good agreement with experimental data.

2. Calculation of X-ray Emission
2.1. Raytracing in Laser Drilled Holes

Percussion-drilled holes can be described well through conically shaped geometry [4].
The main parameters are their depth zh and the diameter dh of the opening at the surface of
the sample, as shown in Figure 1. The depth of the drilled hole increases with increasing
number of applied laser pulses, while the diameter of the opening remains constant. The
distribution of the irradiance J(z) on the walls of the evolving hole changes during the
drilling process due to the changing geometry of the hole [26,27] and was calculated by
means of raytracing for the present study.

The simulations were performed using a self-developed raytracing algorithm [26]
considering a total of 500,000 rays and assuming laser parameters matching the ones which
were used during the experiments. The absorption and the reflection of the individual rays
are calculated using Fresnel’s equations, as well as the refraction index n and the extinction
coefficient k of the processed material. Since stainless steel (1.4301) was processed using
a Ti:Sa laser with a wavelength of 800 nm, pure iron with n = 2.87 and k = 3.36 [28] was
assumed for the raytracing calculation. The distribution of the pulsed peak irradiance J(z)
resulting from multiple reflections of the rays inside the hole is qualitatively sketched on
the left in Figure 1.
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hole (left). 
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the leading edge of the pulse [5]. The free electrons are further heated by the following 
part of the pulse due to different effects, such as inverse Bremsstrahlung and resonance 
absorption [11,12], resulting in a fraction of electrons with a high kinetic energy, which 
are commonly referred to as the hot electrons [5]. The high temperature of the hot 
electrons is responsible for the X-ray emission from the laser-induced plasma considered 
in this section. 
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emitted from a given plasma is given by = ⋅ ℏ , (1)
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Figure 1. Model geometry of the percussion-drilled hole with a qualitative sketch of the distribution
of the irradiance J(z). As a consequence of multiple reflections inside of the hole, as indicated by
the red rays (right), the distribution of the irradiance J(z) exhibits a maximum near the tip of the
hole (left).

2.2. Spectrum of the X-ray Emission

During the interaction of a laser pulse with the material, free electrons are created by
the leading edge of the pulse [5]. The free electrons are further heated by the following
part of the pulse due to different effects, such as inverse Bremsstrahlung and resonance
absorption [11,12], resulting in a fraction of electrons with a high kinetic energy, which are
commonly referred to as the hot electrons [5]. The high temperature of the hot electrons is
responsible for the X-ray emission from the laser-induced plasma considered in this section.

Following the argumentation in [5,18], the spectral power of the X-ray radiation
emitted from a given plasma is given by

dPB
dω

= ce · e
− ℏω

kbTh , (1)

where kb and h̄ are the Boltzmann and the reduced Plank constant, respectively, and

ce = VP · 32π

3
·

√
2π

3mekbTh
·

Zie6n2
h

mec3 , (2)

is a scaling factor depending on the volume VP of the emitting plasma, the degree of
ionization Zi, the number density nh of the hot electrons in the plasma and their temperature
Th. Further, me, e and c are the mass and charge of an electron and the speed of light,
respectively. All parameters were calculated following the argumentation in [18], except
for the plasma volume VP, where the ablation area

(
π · r2

a
)

was replaced by a small area dA
on the wall inside the hole. The spectral distribution of the power is solely determined by
Th, which, again, according to [18] scales with

Th(z) = 0.476K ·
(

λ2

µm2 · J(z)
W/cm2

)−0.53

, (3)

for our experimental condition and where λ is the wavelength of the incident laser radiation
and J(z) is the local irradiance. The combination of Equations (1) and (3) clearly reveals
the dependency of the X-ray emission on the value of the local irradiance. Due to the
multiple reflections of the incident radiation inside the drilled hole, the local irradiance
further depends on the geometry of the hole, which is why the X-ray emission changes



Materials 2024, 17, 1109 4 of 12

during the process due to the different effects, which are described in the following using
the geometrical parameters shown in Figure 2.
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Figure 2. Geometrical parameters used to model the spectral power of the X-ray emission detectable
at a given point outside of a percussion-drilled conical hole.

The X-ray emission is influenced by two major effects related to the changes of the
processed geometry. First, the local irradiance, and thus the spectral power of the X-ray
emission, changes depending on the shape and the depth zh of the hole. The second effect
is the shielding of the X-ray emission by the material surrounding the drilled hole. On
the way from the emission inside the hole to a given point (detector/observer) outside
of the hole, the radiation traverses the distance sshield through the material, as sketched
by the purple line in Figure 2. The length sshield depends on the direction of observation,
as characterized by the angle β and the depth zval of the considered X-ray emission. The
transmitted power spectrum of low-energy X-ray photons through a material of thickness l
is given by Beer’s law

dP
dω

(l) =
(

dP
dω

)
0
e−α(ω)l , (4)

where α(ω) is the attenuation coefficient, which depends on the refractive index and the
absorption cross section of the material [8].

A further attenuation of the X-ray emission occurs along the propagation in the air
between the processed workpiece and a given detector. The influence of the surrounding
atmosphere can again be described with Equation (4) by adapting α(ω) and l. Because air
at atmospheric pressure is not transparent for soft X-ray photons with energies less than
2 keV, these photons will not reach the detector under normal industrial conditions.

The reduction in the detectable ionizing radiation due to the changing hole geometry
is referred to as “self-shielding” of the process in the following, and the corresponding
model is discussed in Section 3.3.

3. X-ray Emission from Percussion Drilling
3.1. Pricinple of Detection

The experiments were performed using a Ti:Sapphire laser (Spitfire ACE, Newport
Spectra Physics GmbH, Darmstadt, Germany) which provides pulses with adjustable
duration ranging from 35 fs to 6 ps, an average output power of up to 7 W, and a wavelength
of 800 nm (FWHM = 30 nm). The pulse repetition rate was 1 kHz, resulting in pulse energies
of up to 7 mJ. The beam had a raw diameter of 10 mm and was focused by means of an
F-Theta lens with a focal length of 400 mm to a spot diameter of 2ω0 = (48 ± 3) µm on the
sample’s surface, as shown in Figure 3a. The diameter of the beam waist was experimentally
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verified by the method of Liu [29]. If not differently stated, a pulse duration of 1 ps was
used, resulting in a calculated peak irradiance J0 of 1.1·1014 W/cm2. The focal z-position
was kept at the original surface of the sample during the processing. All experiments were
performed under industrial conditions using a sample made of stainless-steel (1.4301). In
order to avoid an influence of polarization, a quarter-wave plate in combination with a
half-wave plate was used to obtain circularly polarized radiation for processing. A total of
20 holes were drilled during the experiment. Each data point i was obtained by processing
all holes with the same number Ni of pulses. The number of pulses was 25 for 1 ≤ i ≤ 2,
50 pulses for 3 ≤ i ≤ 5, and 100 pulses for 6 ≤ i ≤ 14, reaching up to 1000 pulses for each
hole. The experimental principle is visualized in Figure 3b, where N1 and N2 exemplarily
denote the number of pulses applied during measurement i = 1 and i = 2.
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Figure 3. Experimental setup. (a) The beam of a Ti:Sapphire laser with a wavelength of 800 nm and a
pulse repetition rate of 1 kHz was focused on a sample of stainless steel by means of an F-theta lens,
leading to a peak irradiance of 1.1·1014 W/cm2 on the initially plane surface. The spectrometer was
placed at a distance of 35 cm from the processing region. (b) A total of 20 holes were processed for
each measurement. All holes were repeatedly processed with the same number Ni of pulses, and
the X-ray emission was measured separately for each processing step i. Hence, every measurement
corresponds to the emission from a specific depth zh of the drilled holes.

A spectrometer (XRS Detector System, PN Detector, München, Germany), was chosen
for the detection of the X-ray photons since the number of emitted X-ray photons was
expected to be small due to the short processing time. The spectrometer had an active
detection area of 30 µm × 30 µm, with a thickness of 450 µm, which was covered with an
8 µm thick beryllium foil to keep it light-tight. The spectral response of the spectrometer
covers the soft X-ray range of interest here and can be found in [30]. The spectrometer was
placed at a distance of 35 cm to the processing area in order to keep the pile-up effects [31]
low. The detection angle β (Figures 2 and 3a) varied between 15◦ and 70◦.

3.2. Experimental Results

Figure 4 shows the X-ray yield, which is defined as the sum of the detected X-ray
photon energies divided by the total incident laser energy, as a function of the aspect ratio
of the drilled hole for three different detection angles β. The aspect ratio ξ = zh/dh is
defined by the hole depth zh and the diameter dh of the hole at the surface of the samples.
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Figure 4. Yield of the detected X-ray emission from percussion-drilled holes with increasing aspect
ratio. The detector was placed at a distance of 35 cm from the processing zone. Each data point
corresponds to the average over the 20 holes drilled with the same parameters.

The yield of the X-ray emission shows a clear dependence on the detection angle.
At the beginning of the drilling process, where no shielding by the surrounding material
occurs, the maximum yield is detected at angles β ≥ 35◦. This finding is consistent with
the results reported by Legall et al. for detection angles of up to 40◦ [7]. The data for
35◦ and 70◦ in Figure 4 show a moderate increase in the X-ray yield with an increasing
aspect ratio of the drilled hole before a significant decrease sets in. The initial increase
may be explained by the onset of multiple reflections in the deepening hole, resulting
in an increased local irradiance and thus an increased X-ray emission. For β = 70◦, this
enhanced X-ray emission results in an increase in the yield by a factor of 2 compared to the
yield during processing of a plane surface. With further deepening of the hole, the X-ray
yield decreases until a final level is reached, which is independent on the detection angle.
From geometrical considerations, it follows that the X-ray yield should decrease due to
shielding of the ionizing radiation by the surrounding material of the drilling hole as soon
as ξ ≥ 0.5·tan(β), which is in excellent agreement with the experimental data.

The non-vanishing signal detected even with deep holes is assumed to arise from
defocusing effects from the plasma on the laser beam, which leads to higher irradiance near
the edges of the entrance of the hole [32]. This effect can lead to emission of X-ray photons
from a region of the surface next to the hole where no shielding occurs.

The error bars correspond to the standard deviation of the aspect ratios of the 20 holes
which were drilled with the same parameters. The diameter of the holes was measured by
means of a laser scanning microscope (VK-9700, Keyence Corporation, Osaka, Japan), and
the depth of the holes by means of optical coherence tomography (CHRocodile, Precitec,
Gaggenau-Bad Rotenfels, Germany). The errors bars of the yield (vertical width of colored
areas) are one standard deviation of the distribution of all detected X-ray photon energies.

3.3. Calculation of Self-Shielding

An analytical model is presented in the following to calculate the expected X-ray
radiation at a detector’s location. The hole is assumed to have a conical geometry, as
sketched in Figure 2. The local irradiance inside the hole was calculated by means of
raytracing, allowing for determination of the emission of X-radiation individually for each
point on the walls inside the hole.

Starting by using Equations (1)–(3) and VP = dA · (ℓa + cSτP) for the corresponding
plasma volume for each infinitesimal surface element dA in the hole, where ℓa is the optical
penetration depth, cS is the ion’s speed of sound, and τP is the pulse duration of the laser
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pulse, the power emitted per unit frequency and per unit area can be calculated for each
depth z = zval inside the hole by

ε0(ω, z) =
d2PB

dωdA
=

(ℓa + cS(z)τP)32π

3

√
2π

3mekbTh(z)
Zi(z)e

6(n h (z))
2

mec3 e
− ℏω

kbTh(z) . (5)

The degree of ionization Zi, the ion speed of sound cS, and the number density of the hot
electrons nh are calculated for each depth by

Zi(z) = ZE · atan

(ZE

3
2 kbTh(z)
3Ei,max

) 1
3
, (6)

cs(z) =

√
Zi(z)kbTh(z)

mi
(7)

and
nh(z) = qh · Zi(z) ·

ρ

mi
· ℓa

ℓa + cS(z)τP
, (8)

respectively [18], where ZE is the atomic number, Ei,max is the maximum ionization energy
of the element, ρ is the density of the material, and mi the mass of the ions. The factor qh
denotes the fraction of the free electrons which are “hot electrons”.

The evaluation depth zval further determines the thickness

sshield(zval , zh, ξ, β) =
zcut(rcut(zval , zh, ξ, β), zh, ξ)

sin(β)
. (9)

of the surrounding material that the X-ray radiation needs to transradiate to reach a given
detector position, where

rcut(zval , zh, ξ, β) =
(zval − zh) ·

(
1 + tan(β)

2ξ

)
2ξ − tan(β)

, (10)

and
zcut(rcut, ξ) = 2ξrcut. (11)

refer to the position, where the emitted photons from an evaluated emission depth zval hit
the opposite wall of the drilling hole, see Figure 2. The area-specific spectral power of the
X-ray radiation transmitted through the material is finally found by inserting (5) and (9)
into (4) which leads to

εs(ω, zval) = ε0(ω, zval) · e−α(ω)·sshield(zval ,zh ,ξ,β). (12)

The energy-specific attenuation coefficients α(ω) for different materials are provided by the
National Institute of Standards and Technology (NIST, Gaithersburg, MD, USA) [33]. The
reflection of the X-ray radiation on the walls of the hole was neglected, as this fraction is
very small [8].

The total spectral power transmitted through the surrounding material was calculated by
integrating εs(ω, zval) over the walls of the hole up to the depth zh,

Es(ω, zh) = π
dh

√
z2

h + (dh/2)2

z2
h

zh∫
0

εs(ω, z)·(zh − z)dz. (13)
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Once transmitted through the material, the radiation is further attenuated in the air, hence

Ed(ddet, ω, zh) = ϑair(ddet, ω) · Es(ω, zh), (14)

where ϑair is the energy-specific transmissivity through air and the distance ddet to the
detector may be assumed to be virtually independent of zval , as the dimensions of the
holes are much smaller than the distance to the detector. The expected average power of
the X-ray radiation reaching a detector’s position can now be calculated by integrating
Equation (14) over the frequency ω and the hole depth zh > 0,

P(ddet, zh) = π
dh

√
z2

h + (dh/2)2

z2
h

·
ω=∞∫

ω=0

ϑair(ddet, ω) ·
z=zh∫

z=0

εs(ω, z) · (zh − z)dzdω. (15)

Figure 5a shows the yield, calculated with Equation (15) for the three detection angles
which were investigated during the experiments. All parameters used for the calculations
are shown in Table 1.
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including an unshielded emission from the surface next to the hole (green dotted line) following
Equation (15).

While irradiating very shallow holes with ξ ≈ 0.15 right at the beginning of the
drilling process, the model predicts nearly the same yield for all detection angles. For
small observations angles, β < 35◦, the yield immediately starts to diminish right from the
beginning of the drilling process due to the shielding effect of the material surrounding the
hole. At higher detection angles, here seen with the calculations for β = 70◦, the detected
X-ray emission is first found to increase before it drops again when the hole reaches a
certain aspect ratio, as expected due to the shielding by the surrounding material. The
initial enhancement arises due to the increase in local irradiance J(z) inside the drilling
hole, which results from multiple reflections of the laser pulse incident in the hole. This
effect leads to an increase in efficiency of the X-ray emission by a factor of more than 3 for a
detection angle of 70◦ or above.
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Table 1. Values of the parameters, which were used to calculate the X-ray yield.

Parameter Symbol Value

Laser beam profile Gaussian
Pulse duration τp 1 ps
Beam power P 1 W
Laser pulse repetition rate frep 1 kHz
Beam waist radius (1/e2) ω0 24 µm
Beam raw diameter d0 10 mm
Focal width (F-Theta lens) fL 400 mm
Laser wavelength λ 800 nm
Atomic number (Material) Ze 26 (Iron)
Mass of ions mi 9.274·10−26 kg [34]
Complex refractive index n, k n = 2.8, k = 3.36 [35]
Material density ρ 7.874 g/cm3 [36]
Hole diameter dh 90 µm
Distance of detector ddet 35 cm
Angle of detection β 15◦, 35◦, 70◦

Optical penetration depth ℓa 19 nm [35]
Max. ionization energy Ei,max 9278 eV [37]
Fraction of hot electrons qh 5.5·10−4 [18]

The experimental results, mentioned in the previous section, showed a small remaining
signal for higher aspect ratios, which was nearly identical for all three investigated detection
angles. This signal is assumed to arise from the influence of a plasma, which is formed near
the entrance of the drilling hole, on the laser beam. The plasma can lead to defocusing of
the laser beam [32], and thus lead to an increased irradiance near the edges of the entrance
of the hole. X-ray emission from these regions can reach the detector without further
shielding by the bulk material around the hole. This additional X-ray emission of the
unshielded plasma near the surface of the sample was considered by adding a fraction cu
of the expected emission that would be generated when processing a plane surface with
the laser parameters used during the experiments. The local irradiance was again obtained
from the raytracing calculations. This unshielded part of the X-ray emission is independent
of the detection angle and was assumed to be constant during the whole drilling process.
The value of cu = 0.05 was found using a best fit method. The power Pu of the unshielded
emission was calculated by replacing z with the radial coordinate r in the expression for
the X-ray emission given by Equation (5) and integrating it over a circular area which
corresponds to the opening of the hole on the surface of the samples, finally integrating
over the spectrum while considering the attenuation of the radiation in the air

Pu(ddet) = cu

ω=∞∫
ω=0

ϑair(ddet, ω) ·
r=rh∫

r=0

ε0(ω, r)2πr dr dω. (16)

It is worth noting that the same result is obtained by substituting the integration variable
dz in (15) with dr using r(z) = dh/2 − z·dh/2zh and setting zh = 0 in the result (hole with
zero depth corresponds to flat surface).

The results shown in Figure 5b are the sum of Equations (15) and (16) for the three eval-
uated detection angles (as well as the unshielded emission itself) following Equation (16),
depicted in green.

4. Discussion

The results of the measurements are compared to the corresponding model calculation
in Figure 6 separately for each of the three considered detection angles. It can be stated
that the predictions of the model are in good agreement with the measured data for all
validated detection angles. At β = 15◦ (Figure 6a) the shielding effect of the surrounding
material of the hole is slightly weaker than predicted by the model, but still within the
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experimental uncertainties discussed in Section 3.2. For detection angles elevated higher
above the surface, the increase in yield and, subsequently, the aspect ratio at which the
maximum occurs are predicted very well by the model. The remaining yield at high aspect
ratios is well-described by an unshielded plasma emission originating from the upper part
of the hole and can reach the detector without any further shielding of the surrounding
solid material. Finally, both, experimental data and model calculations showed a decrease
in the X-ray yield by at least one order of magnitude with an increasing aspect ratio until
ξ = 3.
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Figure 6. Comparison of measurements and model calculation. Depending on the detection angle,
the yield of X-ray emission first increases (b,c) before dropping to a constant value, which is identical
for all three detection angles. For small detection angles (a) there is no increase at the beginning
visible, because the discussed shielding effect starts immediately.

For the experiments, the applied peak irradiance was calculated to amount to 1.1·1014 W/cm2.
This irradiance is two–three orders of magnitude higher than the ablation threshold for the
used pulse duration of 1 ps and thus at least one order of magnitude above the irradiances,
which are typically used to drill holes with good quality in practice. Using industrial laser
systems, which operate at a repetition rate of several tenths or hundredths of kHz, the
evaluated aspect ratios are reached within processing times of less than one second. One
can conclude from the findings reported above that X-ray emission during percussion
drilling is only relevantly detectable at the very beginning of each drilled hole.

5. Summary

A model to calculate X-ray emission from laser percussion drilling with ultrashort
pulses was presented and evaluated with data from corresponding experiments. The
experiments were performed using a Ti:Sa laser with a wavelength of 800 nm, a pulse
duration of 1 ps, a pulse frequency of 1 kHz, and a pulse energy of 1 mJ. Percussion drilling
with a total of up to 1000 pulses for each hole was performed on a sample of stainless steel
(1.4301) with a peak irradiance of 1.1·1014 W/cm2 on the plane surface. The X-ray emission
was measured with a spectrometer for three different detection angles at a distance of
35 cm from the processing zone. The model calculations of shielding effects due to the solid
material surrounding the hole are in very good agreement with the experimental data.

6. Conclusions

The model is suitable for predicting the self-shielding of X-ray emission from ultrafast
laser processing due to geometrical changes of the interaction zone.

By combining the given model with other analytical models, the presented method can
be adapted to other irradiation conditions. This includes, e.g., the progress of laser drilling
in conical holes, as described in [27]. Furthermore, the model allows for describing the
self-shielding when processing other metals by adapting the corresponding transmission
coefficients [8] for the X-ray transmission through the material. However, the presented
formulas are only valid for metals. Calculating the self-shielding during processing of
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semiconductors and dielectrics would require modification of Equations (3) and (5) while
considering non-linear absorption.

The presented work can be used to estimate the reduced potential hazard during
processing of deep structures. One major finding, regarding safety issues due to ionizing
radiation, was that X-ray emission during percussion drilling is only relevantly detectable at
the beginning of the drilled hole until there are no shielding effects due to the surrounding
material. The curse of the dose rate, which would result from the investigated drilling
process, follows the same curse as the yield shown in Figure 6. These normalized dose rates
were measured to be below 1 (µSv/h)/W due to the short processing time and number of
pulses which it takes to reach aspect rations ξ > 3. At these points, the yield has already
decreased by at least one order of magnitude compared to its initial value.

Future investigations might include space resolved measurements of the locations of
the X-ray emission. This would allow for explaining the reason of the remaining yield at
high aspect rations.

Author Contributions: Conceptualization, J.H. methodology, J.H.; software, J.H.; validation, J.H.
formal analysis, J.H.; investigation, J.H.; data curation, J.H.; writing—original draft preparation, J.H.;
writing—review and editing, T.G. and R.W. and C.H.; visualization, J.H.; supervision, T.G. and R.W.;
project administration, J.H.; funding acquisition, T.G. and R.W. and C.H. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was partly funded by the Deutsche Forschungsgemeinschaft (DFG, German
Research Foundation) in the frame of INST 41/1031 1 FUGG and the project 491192473.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Acknowledgments: The author would like to thank Max-Jonathan Kleefoot of the Hochschule Aalen
for providing the spectrometer.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Nolte, S.; Momma, C.; Jacobs, H.; Tünnermann, A.; Chichkov, B.N.; Wellegehausen, B.; Welling, H. Ablation of metals by

ultrashort laser pulses. J. Opt. Soc. Am. B 1997, 14, 2716. [CrossRef]
2. Gamaly, E.G.; Rode, A.V.; Luther-Davies, B.; Tikhonchuk, V.T. Ablation of solids by femtosecond lasers: Ablation mechanism and

ablation thresholds for metals and dielectrics. Phys. Plasmas 2002, 9, 949–957. [CrossRef]
3. Gamaly, E.G.; Rode, A.V. Physics of ultra-short laser interaction with matter: From phonon excitation to ultimate transformations.

Prog. Quantum Electron. 2013, 37, 215–323. [CrossRef]
4. Förster, D.J.; Weber, R.; Holder, D.; Graf, T. Estimation of the depth limit for percussion drilling with picosecond laser pulses. Opt.

Express 2018, 26, 11546–11552. [CrossRef]
5. Giulietti, D.; Gizzi, L.A. X-ray emission from laser-produced plasmas. Riv. Nuovo Cim. 1998, 21, 1–93. [CrossRef]
6. Wilks, S.C.; Kruer, W.L. Absorption of ultrashort, ultra-intense laser light by solids and overdense plasmas. IEEE J. Quantum

Electron. 1997, 33, 1954–1968. [CrossRef]
7. Legall, H.; Schwanke, C.; Pentzien, S.; Dittmar, G.; Bonse, J.; Krüger, J. X-ray emission as a potential hazard during ultrashort

pulse laser material processing. Appl. Phys. A 2018, 124, 407. [CrossRef]
8. Henke, B.L.; Gullikson, E.M.; Davis, J.C. X-ray Interactions: Photoabsorption, Scattering, Transmission, and Reflection at

E = 50–30,000 eV, Z = 1–92. At. Data Nucl. Data Tables 1993, 54, 181–342. [CrossRef]
9. Bekefi, G. Radiation Processes in Plasmas; Wiley: Hoboken, NJ, USA, 1966; ISBN 9780471063506.
10. Weber, R.; Cunningham, P.F.; Balmer, J.E. Temporal and spectral characteristics of soft x radiation from laser-irradiated cylindrical

cavities. Appl. Phys. Lett. 1988, 53, 2596–2598. [CrossRef]
11. Meyerhofer, D.D.; Chen, H.; Delettrez, J.A.; Soom, B.; Uchida, S.; Yaakobi, B. Resonance absorption in high-intensity contrast,

picosecond laser–plasma interactions*. Phys. Fluids B Plasma Phys. 1993, 5, 2584–2588. [CrossRef]
12. Balmer, J.E.; Donaldson, T.P. Resonance Absorption of 1.06-mm Laser Radiation in Laser-Generated Plasma. Phys. Rev. Lett. 1977,

39, 1084. [CrossRef]

https://doi.org/10.1364/JOSAB.14.002716
https://doi.org/10.1063/1.1447555
https://doi.org/10.1016/j.pquantelec.2013.05.001
https://doi.org/10.1364/OE.26.011546
https://doi.org/10.1007/BF02874624
https://doi.org/10.1109/3.641310
https://doi.org/10.1007/s00339-018-1828-6
https://doi.org/10.1006/adnd.1993.1013
https://doi.org/10.1063/1.100190
https://doi.org/10.1063/1.860694
https://doi.org/10.1103/PhysRevLett.39.1084


Materials 2024, 17, 1109 12 of 12

13. Dewald, E.L.; Rosen, M.; Glenzer, S.H.; Suter, L.J.; Girard, F.; Jadaud, J.P.; Schein, J.; Constantin, C.; Wagon, F.; Huser, G.;
et al. X-ray conversion efficiency of high-Z hohlraum wall materials for indirect drive ignition. Phys. Plasmas 2008, 15, 072706.
[CrossRef]

14. Back, C.A.; Davis, J.; Grun, J.; Suter, L.J.; Landen, O.L.; Hsing, W.W.; Miller, M.C. Multi-keV X-ray conversion efficiency in
laser-produced plasmas. Phys. Plasmas 2003, 10, 2047–2055. [CrossRef]

15. Legall, H.; Schwanke, C.; Bonse, J.; Krüger, J. X-ray radiation protection aspects during ultrashort laser processing. J. Laser Appl.
2020, 32, 22004. [CrossRef]

16. Legall, H.; Schwanke, C.; Bonse, J.; Krüger, J. The influence of processing parameters on X-ray emission during ultra-short pulse
laser machining. Appl. Phys. A 2019, 125, 570. [CrossRef]

17. Bunte, J.; Barcikowski, S.; Puester, T.; Burmester, T.; Brose, M.; Ludwig, T. Secondary Hazards: Particle and X-ray Emission.
In Femtosecond Technology for Technical and Medical Applications; Dausinger, F., Lichtner, F., Lubatschowski, H., Eds.; Springer:
Berlin/Heidelberg, Germany, 2004; pp. 309–321. ISBN 978-3-540-20114-4.

18. Weber, R.; Giedl-Wagner, R.; Förster, D.J.; Pauli, A.; Graf, T.; Balmer, J.E. Expected X-ray dose rates resulting from industrial
ultrafast laser applications. Appl. Phys. A 2019, 125, 635. [CrossRef]

19. Schille, J.; Kraft, S.; Kattan, D.; Löschner, U. Enhanced X-ray Emissions Arising from High Pulse Repetition Frequency Ultrashort
Pulse Laser Materials Processing. Materials 2022, 15, 2748. [CrossRef]

20. Kraft, S.; Schille, J.; Bonse, J.; Löschner, U.; Krüger, J. X-ray emission during the ablative processing of biological materials by
ultrashort laser pulses. Appl. Phys. A 2023, 129, 186. [CrossRef]

21. Holland, J.; Weber, R.; Sailer, M.; Graf, T. Influence of Pulse Duration on X-ray Emission during Industrial Ultrafast Laser
Processing. Materials 2022, 15, 2257. [CrossRef]

22. Williams, W.E.; Soileau, M.J.; van Stryland, E.W. Picosecond air breakdown studies at 0.53 µm. Appl. Phys. Lett. 1983, 43, 352–354.
[CrossRef]

23. Schille, J.; Kraft, S.; Pflug, T.; Scholz, C.; Clair, M.; Horn, A.; Loeschner, U. Study on X-ray Emission Using Ultrashort Pulsed
Lasers in Materials Processing. Materials 2021, 14, 4537. [CrossRef]

24. Metzner, D.; Olbrich, M.; Lickschat, P.; Horn, A.; Weißmantel, S. X-ray generation by laser ablation using MHz to GHz pulse
bursts. J. Laser Appl. 2021, 33, 32014. [CrossRef]

25. Behrens, R.; Pullner, B.; Reginatto, M. X-ray emission from materials processing lasers. Radiat. Prot. Dosim. 2019, 183, 361–374.
[CrossRef]

26. Qin, Y.; Michalowski, A.; Weber, R.; Yang, S.; Graf, T.; Ni, X. Comparison between ray-tracing and physical optics for the
computation of light absorption in capillaries--the influence of diffraction and interference. Opt. Express 2012, 20, 26606–26617.
[CrossRef]

27. Holder, D.; Weber, R.; Graf, T.; Onuseit, V.; Brinkmeier, D.; Förster, D.J.; Feuer, A. Analytical model for the depth progress of
percussion drilling with ultrashort laser pulses. Appl. Phys. A 2021, 127, 1–8. [CrossRef]

28. Ordal, M.A.; Bell, R.J.; Alexander, R.W.; Long, L.L.; Querry, M.R. Optical properties of fourteen metals in the infrared and far
infrared: Al, Co, Cu, Au, Fe, Pb, Mo, Ni, Pd, Pt, Ag, Ti, V, and W. Appl. Opt. 1985, 24, 4493. [CrossRef]

29. Liu, J.M. Simple technique for measurements of pulsed Gaussian-beam spot sizes. Opt. Lett. 1982, 7, 196–198. [CrossRef]
30. PN Detector. XRF—Key Features. Available online: https://pndetector.de/products-applications/the-xrf-spectrometer-all-in-

one/ (accessed on 22 February 2024).
31. Usman, S.; Patil, A. Radiation detector deadtime and pile up: A review of the status of science. Nucl. Eng. Technol. 2018, 50,

1006–1016. [CrossRef]
32. Tang, Q.; Wu, C.; Wu, T. Defocusing effect and energy absorption of plasma in picosecond laser drilling. Opt. Commun. 2021, 478,

126410. [CrossRef]
33. Hubbell, J.H.; Seltzer, S.M. Tables of X-ray Mass Attenuation Coefficients and Mass Energy-Absorption Coefficients 1 keV to 20 meV for

Elements z = 1 to 92 and 48 Additional Substances of Dosimetric Interest; Ionizing Radiation Div PB-95-220539/XAB; NISTIR-5632;
National Inst. of Standards and Technology—PL: Gaithersburg, MD, USA, 1995. Available online: https://www.osti.gov/biblio/
76335 (accessed on 25 July 2023).

34. De Laeter, J.R.; Böhlke, J.K.; de Bièvre, P.; Hidaka, H.; Peiser, H.S.; Rosman, K.J.R.; Taylor, P.D.P. Errata: Atomic weights of the
elements: Review 2000 (IUPAC Technical Report). Pure Appl. Chem. 2009, 81, 1535–1536. [CrossRef]

35. Johnson, P.; Christy, R. Optical constants of transition metals: Ti, V, Cr, Mn, Fe, Co, Ni, and Pd. Phys. Rev. B 1974, 9, 5056–5070.
[CrossRef]

36. James, A.M.; Lord, M.P. Macmillan’s Chemical and Physical Data; Pan Macmillan: London, UK, 1992; ISBN 9780333511671.
37. Kramida, A.; Ralchenko, Y. NIST Standard Reference Database 78; NIST Atomic Spectra Database: Gaithersburg, MD, USA, 1999.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1063/1.2943700
https://doi.org/10.1063/1.1566750
https://doi.org/10.2351/1.5134778
https://doi.org/10.1007/s00339-019-2827-y
https://doi.org/10.1007/s00339-019-2885-1
https://doi.org/10.3390/ma15082748
https://doi.org/10.1007/s00339-023-06440-4
https://doi.org/10.3390/ma15062257
https://doi.org/10.1063/1.94334
https://doi.org/10.3390/ma14164537
https://doi.org/10.2351/7.0000403
https://doi.org/10.1093/rpd/ncy126
https://doi.org/10.1364/OE.20.026606
https://doi.org/10.1007/s00339-021-04455-3
https://doi.org/10.1364/AO.24.004493
https://doi.org/10.1364/OL.7.000196
https://pndetector.de/products-applications/the-xrf-spectrometer-all-in-one/
https://pndetector.de/products-applications/the-xrf-spectrometer-all-in-one/
https://doi.org/10.1016/j.net.2018.06.014
https://doi.org/10.1016/j.optcom.2020.126410
https://www.osti.gov/biblio/76335
https://www.osti.gov/biblio/76335
https://doi.org/10.1351/PAC-REP-09-06-03_errata
https://doi.org/10.1103/PhysRevB.9.5056

	Introduction 
	Calculation of X-ray Emission 
	Raytracing in Laser Drilled Holes 
	Spectrum of the X-ray Emission 

	X-ray Emission from Percussion Drilling 
	Pricinple of Detection 
	Experimental Results 
	Calculation of Self-Shielding 

	Discussion 
	Summary 
	Conclusions 
	References

