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Abstract: A large range of laser-matter applications employ ultrashort pulses and high laser
intensity. Such processes can lead to unrequired X-ray generation, which represents a hazardous
radiation factor even for common laboratory research-grade laser systems. We present here an
analysis of the radiation dose rate and X-ray spectrum emitted during ablation of a rotating copper
cylinder with respect to several laser parameters. The results show that focused sub-picosecond
pulses with intensity above 10'> W/cm? can exceed the annual irradiation limit even in one hour,
requiring appropriate shielding for the safety of the researchers.
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1. Introduction

With the rapid advancement of laser industry, a plethora of high intensity laser systems is
emerging all over the world. In particular, femtosecond laser pulses play an ever-expanding role in
material processing [1-5], from new product development to high-volume manufacturing, due to
the reduced heat-affected area compared to longer pulse duration systems [6,7]. Simultaneously,
an ionizing radiation hazard caused by the interaction of laser pulses with peak intensity above
10"3 W/ecm? with solid targets has been steadily observed [8—11]. In the ultrashort regime, the
laser pulse energy is rapidly deposited in the target, leading to the ignition of plasma [12,13].
Energetic electrons are ejected from the target, which is responsible for the emission of X-ray
radiation by Bremsstrahlung, recombination and line emission [14,15]. These processes are well
known and the emission of X-ray radiation in the keV and MeV spectral range from laser-induced
plasma is used in different applications [16-21]. However, X-ray emission during laser-material
processing leads to a potential health risk, which has been confirmed by previous studies [22-27].
Several laser parameters, such as central wavelength and peak intensity, as well as physical
properties of the target, influence the plasma dynamics and consequent X-ray generation [28,29].
Therefore, all these parameters must be taken in consideration with respect to radiation safety.
Moreover, in the last decade, the development of high repetition rate laser systems paved the way

#468135 https://doi.org/10.1364/OE.468135
Journal © 2022 Received 21 Jun 2022; revised 16 Aug 2022; accepted 18 Aug 2022; published 23 Sep 2022


https://orcid.org/0000-0003-3628-3543
https://orcid.org/0000-0003-0622-1018
https://orcid.org/0000-0002-2813-9608
https://doi.org/10.1364/OA_License_v2#VOR-OA
https://crossmark.crossref.org/dialog/?doi=10.1364/OE.468135&amp;domain=pdf&amp;date_stamp=2022-09-23

Vol. 30, No. 20/26 Sep 2022/ Optics Express 37039 |
Optics EXPRESS A N \

for quick, cost-effective laser-material processing [5—7]. However, even in the case of low X-ray
dose per pulse, accumulation effects can lead to a total dose rate exceeding the statutory radiation
limit which represents a hazardous risk for the operating staff [17,19]. While the investigation
of potential radiative hazards during laser micromachining is currently a significant topic for
industrial applications, a comparable interest has not been addressed in the scientific research
environment. Ultrashort laser systems commonly used in state-of-the-art research laboratories
deliver multi-joule pulses with durations down to a few femtoseconds and repetition rates from a
few Hz up to several GHz. For strong field nonlinear optics applications, the laser beam is often
focused on a target, reaching peak intensities above 10'3> W/cm?. Therefore, the investigation
of potentially hazardous X-ray emission from laser-matter interaction is indeed of interest also
for the laboratory radiation safety scenario. The recommended annual dose equivalent limit for
the general population set by the International Commission on Radiological Protection (ICRP)
publication 103 (2007) is 15 mSv/year (H’(3)) for the eye and 50 mSv/year (H’(0.07)) for skin
and extremities [30]. The latest value can be considered the limit also for laboratory use, since in
this case the skin is most likely more expose to the radiation. This limit results in a maximum
dose rate of 25 uSv/h (H’(0.07)) for a non-restricted area during continuous (2000 hours/year)
use. However, typically material processing in research involves only short exposure times. By
considering a exposure of 50 hours/year, short-term radiation dose values of up to 1000 uSv/h
(H’(0.07)) are permissible. Maximum exposure time, minimum working distance and suitable
radiation shielding are then essential factors for the protection of experimentalists [31].

In this study, five different research-grade laser systems with intensities between 10'> W/cm?
and 10'® W/cm? are used to induce X-ray emission from a pure, solid copper target. Copper is
a material commonly present in optical research laboratories, often used as beam dumps or in
crystal holders due to its high thermal conductivity, and therefore represents an interesting target
for the investigation of potential radiative hazards. The dose rate and the spectral distribution of
the emitted X-ray radiation is analyzed with respect to the laser parameters in order to identify
their influence. Moreover, the X-ray emission is also investigated for nonlinear processes which
do not exceed the damage threshold of the target, such as the ones that takes place inside
high-power ultrashort laser system. The presented results show a clear K, line emission during
white-light generation in a YAG crystal, a process commonly used in ultrashort optical-parametric
amplifiers. Finally, the shielding properties of different materials are tested and conclusions
on the recommended safety practices are presented. Note that, while the plasma’s formation
and expansion are complex dynamics which require a complete theoretical model for accurate
estimations, here experimental measurements are carried out in order to draw a realistic scenario
for radiation protection in the laboratory environment.

2. Experimental methods

2.1. Optical setup

In order to perform measurements on X-ray generation, the experimental setup shown in Fig. 1 is
used. A laser pulse is focused on a rotatable copper cylindrical sample of 1.8 cm in diameter
using a plano-convex lens of 50 mm focal length. The estimated focal diameter is equal to 100 um.
The rotation speed of the copper cylinder is of 1.5 revolution/second. The target is set at an angle
of 45° with respect to the axis of the incident laser beam. The X-ray detector can be placed
at different angles in order to study the angular distribution of the generated radiation. Each
measurement is integrated over 6 seconds. The spectral emission and dose rate of the generated
X-ray radiation are studied for different laser systems, at different working distances, as well as
for long material processing times. An overview of the used laser systems, is listed in Table 1.
Similar systems and parameters are commonly found in most nonlinear optics laboratories. In
particular, two titanium-sapphire based laser systems are used, which deliver femtosecond pulses
with a central wavelength of around 800 nm: a commercial chirped pulse amplifier (CPA) system
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(Dragon, KMLabs Inc.) and a custom optical parametric chirped-pulse amplifier (OPCPA). In
addition, two Ytterbium based systems are employed, which deliver longer pulses with a central
wavelength of about 1030 nm: a commercial solid-state amplifier (neoYb, neoLase GmbH) and a
home-built solid-state amplifier.

Laser beam

X

Fig. 1. Schematic of the experimental setup. An ultrafast laser beam is focused onto a
copper cylinder target at an incidence angle of 45°, as shown schematically in the inset. A
Silix Lambda spectrodosimeter is used to measure the dose rate and spectrum of the emitted
X-ray radiation.

Table 1. List of used laser system and parameters

Laser Wavelength ~ Repetition Rate  Pulse duration =~ Maximum power
CPA 800 nm 1kHz 35fs 1w
OPCPA 800 nm 100kHz 8fs 6.5W
Solid-state neoLASE 1030 nm 100kHz 730fs 60 W
SHG of neoLASE 515nm 100kHz 600 fs 30W
Solid-state anplifier 1030 nm 1 MHz 850 fs S0W

2.2. Spectrodosimeter

A calibrated Silix Lambda spectrodosimeter [32] is used as a detector to measure the spectrum
and dose rate of the emitted X-ray simultaneously. The detectable spectral range covers from
1.78 to 20keV with a spectral resolution of 0.24+0.1 keV (FWHM) [33-35]. Figure 2 shows
an example of X-ray spectrum from laser-induced plasma in solid copper obtained by using the
OPCPA system presented in Table 1. A Bremsstrahlung continuum emission from about 2 to
7keV is clearly visible. In addition, are also distinguishable K-shell lines contributions: a first
narrow peak is visible around 8 keV corresponds to the K, line of copper (8.046 keV), while a
second weaker peak at 9keV is near to the Kp line (8.904 keV) emission. With regards to the
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dose rate, the Silix Lambda is capable to measure the ambient dose equivalent H*(10) and the
directional dose equivalent H°(0.07) simultaneously. Since the radiation investigated i this study
is shallow penetrating, photon energy lower than 15keV, only the equivalent dose rate H’(0.07)
is considered throughout the paper.
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Fig. 2. X-ray spectrum from laser-induced plasma in a copper sample resolved with the
spectrodosimeter Silix Lambda. The spectrum was obtained by using the OPCPA laser
system (see Table 1) with an intensity of 10'® W/cm?2. Bremsstrahlung as well as k-shell
line contributions are visible.

3. Results and discussions

3.1. Angular and distance analysis of X-ray dose rates

The measurement of dose rates is a fundamental practice for radiation protection, but neither the
organ dose nor the effective dose can be measured directly. In order to estimate the radiation
dose, conclusive models are essential. Typically, calibrated detectors are able to directly provide
an estimation of the dose rate by applying several approximations, such as isotropic distribution
of the X-ray radiation over a 47 solid angle. In contrast to X-ray tubes, the direction of the
X-ray emission from laser-induced plasma is influenced by the local surface topography at the
interaction spot, there the isotropic distribution approximation is not valid. For this reason, the
analysis of the X-ray spatial distribution is necessary.

By using the experimental setup presented in Fig. 1, the angular dependence of the emitted
radiation is measured by moving the X-ray detector around the interaction spot in 10° steps. The
distance between the target and the detector is fixed at 100 mm. The distribution obtained is
shown in Fig. 3(a). The angular distribution is clearly anisotropic with a maximum dose rate of
550 uSv/h along the laser direction at an angle of 135°. Assuming a perfect cylindrical symmetry
for the laser produced plasma, the dose rate emitted along the laser direction is expected to
be similar to the one measured at 135° angle. However, this contribution cannot be measured
without blocking the incoming laser beam and it is therefore shown as a dotted line in Fig. 3(a).
This anisotropy of X-ray emission can be understood considering the effect of plasma opacity.
For an optically thin plasma, the angular distribution is expected to be isotropic [32,36]. On the
other hand, if the plasma is not optically thin, X-ray emission can be different for distinctive
directions. The angular distribution of the X-ray emission from a plasma of certain volume and
shape, would be governed by the optical depth faced by the radiation as it passing through the
plasma [37,38]. The increasing thickness and density of the laser produced plasma leads to
opacity effects, which strongly influence the anisotropy of the X-ray dose rate distribution [38].
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Fig. 3. (a) Dependence of X-ray dose rate on the detection angle, normal to the target surface,
measured in air at a distance of 100 mm from the interaction zone. The measurements are
performed with an laser intensity of about 10'® W/cm?. (b) X-ray dose rates at varying
distances from the interaction spot for different research grade laser systems. The lines
represent a fit of the measured data, indicated by the circles. The limit values according
to ICRP 103 for areas of continuous usage (25 uSv/h | H’(0.07)) and for temporary usage
(1000 pSv/h | H’(0.07)) are marked.

A distance analysis is performed to complete the spatial distribution of the X-ray emission.
The detector is placed at an angle of 135° (see Fig. 3(a)), where the maximum emission was
previously found. The distance between the interaction spot and the detector is then varied from
50 to 350 mm in increments of 50 mm. For all laser systems, an exponential decrease of the dose
rate with the distance from the interaction spot is observed, as shown in Fig. 3(b). This effect can
be explained taking into consideration the absorption by air as well as the divergence of the X-ray
radiation [39]. The predicted trend is shown by the continuous lines in Fig. 3(b). Note that, the
presented calculations do not take in consideration the dependency of the absorption coefficient
from the photon energy. This approximation is probably responsible from the small deviations of
the experimental data from the calculated values at high photon energies. The rapidly decreasing
trend in Fig. 3(b) is caused by absorption of low-energy photons. The longer the air distance,
lesser photons with an energy < 6 keV reach the measurement sensor leading to a low measured
value.

3.2. Dependency of X-ray dose rate on laser parameters

A comparison between the measured X-ray dose rate per pulse generated by the different laser
systems is shown in Fig. 4. The laser intensity is varied in the range from 10'3 to 10'® W/cm?.
It is evident that the X-ray dose rate follows an exponential increase up to a saturation regime.
This behavior is expected due to the increasing conversion efficiency of X-ray generation with
the laser intensity [40] until complete ionization of the material [24]. Note that the increase
in X-ray dose rate can be either due to a higher X-ray photon counts or to the generation of
X-ray with higher photon energy, or both. Depending on the laser system used, saturation occurs
at different intensities. Since the measurements are all performed on the same material and
geometry, this discrepancy must be due to the different laser parameters. In the following sections,
the influence of four laser parameters are discussed: repetition rate, wavelength, pulse duration,
and polarization.

Repetition rate. Previous studies has shown that the repetition rate is an important parameter
for radiation safety during laser processing [23,25]. Depending on the processing parameters,
such as velocity, line spacing, etc., repetition rates up to some hundreds of kHz can result in high
dose per second. By comparing the dose per laser pulse, a different slope between the kHz and
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the MHz range is clearly visible in Fig. 4. While there is no significant difference in the slope of
the signal’s increase with respect to the intensity I for the 1 kHz and the 100 kHz laser systems,
the increase is much steeper in case of the 1 MHz system (blue curve in Fig. 4). The measured
points were fitted with a function of the type:

Dsat

D(I)—Dsat_m (H
where Ds,, and Iy, are the X-ray dose and the laser intensity at the saturation level, respectively.
The exponent a is found to be about 4 in case of kHz systems, while it is about 8 for the MHz
laser system, indicating a different regime of interaction. In the MHz case, accumulation effects
could be responsible for the different behaviour. For instance, a pulse can interact with the plasma
generated from the previous one, leading to heating of the plasma and higher X-ray dose rate.
Heat accumulation effects can also be present on the target surface, which is observed by the
formation of molten material near the processed part. From a radiation safety point of view, it is
then important to distinguish between laser systems with repetition rates up to a few hundreds of
kHz) and higher, because pulse to pulse interaction can contribute to a higher total dose rate.

Laser wavelength. Another important parameter, which strongly influence the plasma evolution,
is the laser wavelength. Following the ponderomotive law, longer driving wavelengths lead to
an extended propagation of electrons in the plasma [13,41]. This results in emission of higher
X-ray photon energies, which corresponds to an increase of the X-ray dose rate. The effect can
be seen by comparing the X-ray spectra generated with different driving wavelength, as shown
in Fig. 5. Here, a broader Bremsstrahlung continuum up to 15keV is detected for the 1030 nm
solid-state neoLASE laser system (black curve) compared to a maximum of 7 keV generated with
the 515 nm SHG of the solid-state neoLASE system (red curve). Note that the X-ray spectrum for
the solid-state amplifier (blue curve) includes only Bremsstrahlung emission due to, as already
mention, the pulse-to-pulse interactions, which leads to heat accumulation, molten material and
emitted sparks. When higher X-ray photon energies are generated, a higher saturation point for
the X-ray dose rate per pulse is expected. This effect is clearly visible in Fig. 4 comparing again
the 1030 nm system (black curve) to the 515 nm one (red curve).

Pulse duration. With very short pulses of a few fs, the maximum X-ray radiation per pulse is
expected to be significantly lower compared to longer pulse durations. This can be explained by
the fact that a very fast and very strong laser field results in a quick deposition of energy in the
material and short plasma lifetime. Moreover, since the laser pulse ends in the early stage of the
plasma formation, it cannot additionally contribute to the plasma heating. As a consequence,
the maximum X-ray dose per pulse is expected to be lower compared to longer pulse durations.
By comparing the 8 fs OPCPA (green curve) laser system and the 35 fs CPA (purple curve) in
Fig. 4, the X-ray dose rate per pulse is indeed found to be around 100-times lower for the shorter
pulse duration. Note that this decrease cannot be explained only by the difference in pulse energy
(maximum 65 pJ / intensity for the OPCPA and 1 puJ for the CPA laser system). An even more
clear influence is visible when comparing the X-ray dose over time, shown in Fig. 6. With the
8 fs OPCPA laser system, the X-ray dose decreases in a short time (less than one minute) as the
material is ablated. While for longer laser pulse durations the X-ray dose rate persists over time
with a change of the X-ray spectrum to pure Bremsstrahlung, without line emission.

A similar trend is also evident when comparing the 35 fs CPA laser system (purple curve) with
the longer pulse duration provided by the solid-state neoLASE (black curve) and the solid-state
amplifier (blue curve), indicating a different regime between ultrashort pulses of a few fs duration
and comparatively longer pulses. Therefore, from a safety point of view, laser systems with pulse
duration of hundreds of fs can lead to a stronger X-ray dose rate and therefore require stronger
radiation protective measures with respect to shorter pulses.

Polarization. Another interesting aspect is the higher X-ray dose rate measured for p-polarized
laser light compared to s-polarized light, while other parameters are kept constant. As shown in
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Fig. 4. (a) Measured dose H’(0.07) per laser pulse as a function of intensity for different
research grade lasers. The dose per pulse increases exponentially up to saturation. The lines
represent a fit of the measured data, which are indicated by the circles. (b) Measured dose
rate H’(0.07) per hour as a function of intensity. The limit values according to ICRP 103
for areas of continuous usage (25 uSv/h | H’(0.07)) and for temporary usage (1000 uSv/h |
H’(0.07)) are marked.
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Fig. 5. Normalized X-ray spectrum from a copper cylinder target for different research
grade laser systems at their maximum intensity (see Table 1).
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Fig. 6. Normalized X-ray dose rate H’(0.07) recorded for different research grade laser
systems as function of time at their maximum intensity (see Table 1). The measurement
starts at time zero, when the laser interaction with the target starts, and it lasts about 400
seconds.
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Fig. 7, the measured X-ray dose rate decreases to about half when the laser beam polarization is
changed from horizontal to vertical, i.e. p to s-polarization with respect to the target. For the
CPA laser system, the maximum X-ray dose rate of 550 uSv/h for p-polarized light is reduced to
350 uSv/h when it is changed to s-polarization. These observations are in agreement with other
previous publications [23,42]. The effect is commonly attributed to resonance absorption that, at
high intensities (>10'> W/cm?), can lead to a plasma profile steepening and localized electron
plasma oscillations, which are a source for hot electrons [23,43]. The p-polarized light resonantly
excites these electron plasma oscillations which may lead to a higher X-ray dose rate. In the case
of s-polarized light, the energy of the laser field is not resonantly coupled to the electron-plasma
wave. So, the absence of resonance absorption for the s-polarized laser light leads to the overall
difference in X-ray dose rate.
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Fig. 7. Measured X-ray dose rate H’(0.07) with respect to laser polarization for the CPA
laser system at an intensity of about 10'® W/cm?2.

3.3. Measurements of the X-ray dose for an in-situ case

Potential radiation hazards are not limited to the laser produced plasma from solid targets, but
can be present also for a wide range of laser-matter interactions. As already shown in Fig. 4,
X-ray emission can be generated with intensity even below 10'3 W/cm?. In typical research grade
laser systems, this intensity range can be reached i.e., for supercontinuum or harmonic generation
in solid material. Here we present an example of white-light generation using the solid-state
amplifier (see Table 1) inside a home-built ultrashort laser system. The white-light generation
takes place in a 5 mm Yttrium-Aluminum-Garnet (YAG) crystal using a f = 30 mm planoconvex
lens reaching an intensity of 6x10'> W/cm? in the focus. Characteristic line emission of Yttrium
were clearly detected around 15 keV with an X-ray dose rate of 0.66 uSv/h, which corresponds to
six times the background radiation. According to the German Radiation Protection Ordinance
no regulations are foreseen as long as 10'> W/cm? are not exceeded and the X-ray dose rate is
limited to 1 uSv/h maximum. But the presented example indicates that potential hazardous X-ray
emission can also be observed during normal operation of high intensity lasers and should be
considered for radiation protection. Detailed in-situ measurements are under investigation which
will be presented in future publications.

3.4. Dose rate and spectrum for different shielding materials

The hands and eyes of experimentalists are at particularly risk of exposure from X-ray radiation
during laboratory work. As already mentioned, the recommended annual dose equivalent limit
set by the ICRP is 15 mSv/year (H’(3)) for the eye and 50 mSv/year (H’(0.07)) for skin and
extremities., while the legal annual effective dose limit value for the general population in
Germany is 1 mSv H’(10) [44]. As shown previously, laser-matter interaction, even at relatively
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Fig. 8. (a) Dose rate H’(0.07) dependence with respect to the thickness of different shielding
materials. The measurement is performed at a distance of 100 mm from the laser interaction
spot. The measurement is carried out with the CPA laser system, with an intensity of about
10' W/ecm? on the copper target. The limit values according to ICRP 103 for areas of
continuous usage (25 uSv/h | H’(0.07)) and for temporary usage (1000 uSv/h | H’(0.07)) are
marked. (b) Corresponding attenuated X-ray spectrum for the different shielding materials.

low laser intensities, can lead to exposures which exceed this statutory limit. In this scenario,
radiation protection from X-ray radiation is of fundamental importance not only in the field of
laser machining industries, but also in research laboratories. When a high-intensity laser-matter
interaction experiment is carried out in vacuum, the vacuum chamber itself serves as the primary
shielding for the generated X-ray radiation. The walls of the chamber are usually made of
aluminum or stainless steel providing good shielding properties [22,45,46]. It is well known that
steel is a widely used protective material but it cannot be used in all cases in a research laboratory.
However, even in this case, glass viewports are often used and can allow propagation of very
high energetic radiation (>20keV), requiring additional shielding. Moreover, we have shown
a specific case in which the X-ray radiation was generated inside a high-power laser system.
Investigation of potential radiation hazards should not be disregarded and suitable shielding
material must be used.

Figure 8 shows the thickness dependence and attenuation of different protective materials on the
X-ray dose rate and spectrum. All tested materials are inexpensive and can be quickly assembled
as a protective housing. A solution for lead-free and easily assembled X-ray photon shielding is
always of interest to the scientific community [47]. In the soft X-ray range copper and aluminium
sheets can provide efficient shielding [33]. Copper foil is highly efficient in eliminating the
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Bremsstrahlung X-ray continuum while providing high transmission of the characteristic X-ray
line emission. ITO and Mylar foils reduce the X-ray dose rate only above a greater thickness (>
0.1 mm), while reducing the spectrum homogeneously, making them a good filter material often
used to reduce the pile-up in X-ray detectors. Based on the spectral measurements, we found
that glass suppresses Bremsstrahlung very efficiently. Moreover, to avoid X-ray fluorescence, a
plastic layer should be used before the metal layer. Therefore the most suitable shielding material
should then be chosen accordingly to the specific application.

4. Conclusions

A dependency between the laser parameters and the generation of X-ray radiation as well as
the possibilities for mitigating the X-ray dose rate for practical radiation protection are given.
The spatial distribution analysis showed an anisotropic X-ray emission, clearly peaked along the
direction of the laser and with a gradually decrease with increasing distance from the generation
spot. Moreover, harmful X-ray emission can already occur at laser intensities of 1013 W/cm?. It
is therefore advisable to identify the X-ray dose rate at every laser-material interaction spot. The
absorption measurement points out how important it is to know the emitted X-ray spectrum in
order to use appropriate shielding. In any case, the safe distance should be determined according
to the laser parameters, as it depends on both the laser parameters and the properties of the target
material. Additional thin sheets of aluminum or copper could be used as an efficient protective
shielding from X-ray radiation.
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