Applied Physics B (2023) 129:42
https://doi.org/10.1007/500340-023-07980-6

Applied Physics B

Lasers and Optics

RESEARCH q

Check for
updates

Experimental X-ray emission doses from GHz repetitive burst laser
irradiation at 100 kHz repetition rate

Vytenis Barkauskas' - Lukas Rimkus?3 - Jonas Reklaitis' - Artaras Plukis' - Mikas Vengris®3

Received: 1 August 2022 / Accepted: 19 January 2023 / Published online: 16 February 2023
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract

Material processing with high repetition rate ultra-short laser pulses with intensities higher than 10'* W/cm? may lead to the
X-ray emission dose exceeding allowed dose limits. We have investigated a worse-case exposure scenario, in which laser
processing parameters were tuned to maximize X-ray yield. Use of double pulse regime leads to increase of the X-ray yield
up to two orders of magnitude compared with the single pulse regime. H'(0.07) and H*(10) dose rates were measured using
X-ray spectrometer and electronic dosimeter. Maximum dose rates at 35 cm distance from the X-ray source calculated using
spectrometer data exceeded 1 Sv/h and 9 mSv/h, respectively. Dose rates measured using the dosimeter were lower. The
difference is attributed to narrower X-ray spectral range detectable by dosimeters, which may lead to underestimation of
exposure doses in the laser processing laboratories. The presented method might be used as an example to evaluate X-ray

yield and optimize measures of radiation protection.

1 Introduction

Recent development of ultra-short pulse lasers allows to
achieve very high power irradiation (in PW scale) and high
pulse repetition rate (in GHz scale). The applications of
such lasers in industry varies from material processing to
medical applications [1-4]. Although focused beams allows
to achieve 10*2 W/cm?, or even higher intensities [5], the
requirements of most everyday applications are much lower.
Table-top high repetition rate lasers usually achieve moder-
ate intensities up to 10" W/cm?2. Nevertheless, an inevitable
consequence of irradiating matter with such light intensities
is the generation of X-ray.

The efficient and potentially hazardous (when exposure of
radiation exceeds dose limits set in safety requirements. This
may have negative consequences for human health.) X-ray
generation becomes possible at the intensities of 10'3 W/cm?
[6]. When femtosecond laser pulse of such intensity interacts
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with the material, the electrons are torn off from the atoms
and quasi-neutral plasma is created. The electrons of the
plasma are further accelerated by the electric field of the
laser light and decelerated by the deflections or collisions
with the other particles of the matter. Deceleration results
in bremsstrahlung continuum radiation. At electron energies
high enough to kick out the electrons from the inner shells
of target atoms, characteristic X-ray fluorescence lines are
emitted when inner shell holes are filled by the recombi-
nation electrons. The energy of produced X-ray photons is
directly related to the electron temperature (7,) of plasma,
which is a function of laser intensity (/; )and wavelength
(A1) and could be written as 7, ~ IL/li [7]. Typically, peak
intensities between 10'*~10'> W/cm? result in X-ray ener-
gies ranging from a few keV to several tens of keV. [8—10].
This effect allows to create the source of ultrashort X-ray
pulses, however in other applications, e.g. laser processing,
the negative effect of hazardous ionizing radiation genera-
tion is observed. This problem has been recently addressed
in the works by different authors [11-15].

Until recently, it was generally thought that the intensity
range of 1013-10"* W/cm? was not enough to cause serious
radiation hazard concerns [6]. However, recent studies have
shown that not to be the case, especially when the small
pre-pulses are introduced before the main pulse [16-18].
The smaller intensity pre-pulse creates pre-plasma which
increases driving pulse coupling and X-ray generation
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efficiency [19, 20]. The overall efficiency highly depends on
the delay and intensity of the pre-pulse. Particularly, if tun-
able GHz and MHz bursts produced by the lasers with burst-
in-burst feature [21] are used during material processing, the
leading pulses within the burst can also create pre-plasma
and X-ray emission might increase drastically [22]. When
materials are processed in ambient air or in shielding gas,
the intensity of laser field is clamped at a certain value due to
the photoionization and self-induced defocusing [23]. This
effect limits the maximum achievable intensity and possible
doses in such applications. The air strongly absorbs ionizing
radiation with photon energies up to about 5 keV [12] and
this reduces the X-ray dose level at greater distances. When
lasers with high average power and high repetition rates are
used, the dose can accumulate over time, therefore repeti-
tion rate should also be considered in radiological hazard
analysis. Survey meters and dosimeters may be used for
dose measurements during laser material processing [14].
Data acquired from X-ray spectral measurements may also
be used for dose calculations using experimental parameters
and relevant dose factors [24].

ICRP recommended effective dose limits in planned
exposure situations are 20 mSv/y for occupational expo-
sures averaged over a period of 5 year and 1 mSv/y for the
members of the public. Such doses are typically measured
using ambient dose equivalent H*(10), representing a deep
radiation dose at a depth of 10 mm below the skin. The
H'(0.07) equivalent dose measurements are used for shal-
low dose measurements, representing a shallow dose at a
depth of 0.07 mm below the skin. ICRP recommendations
for annual equivalent dose in the skin (H’(0.07)) are 500
mSv/y for occupational exposures and 50 mSv/y for public
members [25]. The studies in this field show that this limit
might be easily exceeded during laser operation [14], there-
fore analysis of radiological hazards in the laser microma-
chining laboratories should be performed. In this paper, we
present experimental investigation of doses resulting from
X-ray generation during laser processing. We have attempted
to simulate a worst-case exposure scenario by tweaking the
process parameters to maximize X-ray yield, then measure
maximum X-ray doses evaluating potential hazard and effec-
tive shielding.

2 Experimental setup

The experiment using femtosecond laser pulses was per-
formed in order to measure dose rates and cumulative doses.
An amplified solid-state laser Carbide from Light Conver-
sion [21] featuring laser radiation with a maximum aver-
age power of 90 W, a repetition frequency of 0.1-2 MHz,
with a central wavelength of 1030 nm and a variable pulse
duration (0.24—10 ps) was used. The laser was configured
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to produce the bursts of pulses. In the burst mode, the laser
output pulse train consists of pulse packets instead of single
pulses. Each packet consists of a certain number of equally
separated pulses. MHz-Burst contains pulses with a nano-
second period (~ 13.15 ns), GHz-Burst contains pulses with
a picosecond period (~ 440 ps) [21].

The laser radiation was focused using f = +150 mm
spherical lens into a spinning metal target, which was trans-
lated during the measurements to have a fresh target spot for
every shot. A focused beam spot size diameter was ~ 25 pm
(FWHM). The laser pulse energy was changed in the range
of 100-900 uJ which corresponds to 6.5x10' — 5x10'* W/
cm? intensity. In different experiments, when the pulse
energy or other parameters were changed the focusing dis-
tance was also optimized to obtain the maximum X-ray
yield. The target was based on a rotating disk geometry,
which was continuously translated along the radial direction
in the focal plane, and the laser pulse angle of incidence
was kept at zero. The disk rotation speed was ~ 800 RPM,
corresponding to the linear velocity of 4.2 m/s at the inner
radius (5 cm) and the 8.4 m/s at the outer radius of the target
(10 cm). In contrast, the lowest calculated speed required
for each consecutive laser pulse separation was ~ 4.5 m/s
at 100 kHz.

Direct measurements of the X-ray emission spectra
from plasma with an energy resolution of 140 eV and 50
eV channel width were done using an Amptek X-123SDD
spectrometer in the single-photon counting regime which
uses a thermoelectrically cooled Si-PIN junction detector
(area—25 mm?, thickness—0.5 mm) with 21.5 mm? col-
limator before it. This type of spectrometers are commonly
used to measure the spectral photon flux in pulsed radiation
fields. Before entering detector, the incident photons passed
a protective 25 um Be foil and the collimator.

To attenuate X-ray signal, different thinness Al foil filters
of varying thickness were placed before the spectrometer.
These filters allowed to attenuate X-ray flux under ~ 6 keV,
minimizing the spectrometer total count input rate below
10 % of applied laser pulse repetition rate and avoiding pos-
sible detector saturation and photon pile-up phenomena [26].
The distance between the spectrometer and the target was
also changed during the experimental session. When X-ray
source was optimized and the final X-ray fluence meas-
ured the distance between focal spot and spectrometer was
220 c¢m, with ~ 10° angle to the target plane and 21 pm Al
foil in front of detector (see Fig. 1). To calculate the energy-
dependent fluence, the transmission of the filters, position
of the spectrometer, and the detector efficiency were taken
into account.

It is important to stress out that X-ray dose might vary
on the detection angle [6], however in our calculations, we
assumed the angular distribution of X-rays from the laser-
driven plasma sources to be almost isotropic [27, 28].
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Fig. 1 The experimental setup

X-ray doses were measured using electronic and ther-
moluminescence dosimeters. Electronic semiconductor
dosimeter (Thermoscientific EPD-N2) was used for dose rate
measurements. This personal-type dosimeter detects photons
within an energy range of 20 keV to 10 MeV and was placed
35 cm away from the laser focal spot. Thermoluminescence
dosimeters were used to monitor integral doses at the dif-
ferent spots in the laboratory during whole experimental
session. Thermoluminescence dosimeters were capable to
measure doses from 0.01 mSv to 10 Sv, in the energy range
from 10 keV to 10 MeV.

3 Results

The experiment of X-ray generation optimization and
irradiation doses measurement was performed to evalu-
ate potential ionizing radiation hazard. It is important to
mention that even 20 influencing factors might be counted,
affecting X-ray photon emissions arising from ultrashort
pulse laser materials processing [16]. All parameters
that, according to our knowledge, could have the high-
est impact on X-ray yield and also were possible to tune
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were optimized to obtain the maximum X-ray yield. The
recently published paper explains the detailed X-ray yield
optimization experiments of such X-ray source [29]. A
number of different MHz and GHz laser burst configu-
rations, focusing conditions, amplitude ratio between the
prepulse and the driving pulse, delay time of prepulse,
disk rotation speed and other parameters were investigated
in the mentioned paper. Moreover, it was observed that
vacuum suction near the plasma spot increases registered
X-ray signal (presumably, by limiting reabsorption and
scattering losses due to debris).

It is important to stress that in this work, we only inves-
tigate the highest X-ray emission scenario when maximal
dose values are registered, and these parameters were found
to give highest X-ray yield: GHz-Burst with two pulses,
total energy of 0.9 mJ in both pulses and the energy ratio
1/10 between the pulses (second pulse was 10 times greater
than the first one). Repetition rate was 100 kHz, pulse dura-
tion was minimal (240 fs) and the average laser power was
maximal (90 W). The target spinning and translation speed,
debris vacuum suction near the plasma were also optimized.
The X-ray spectra at maximum X-ray yield for different
materials used during experiments are shown in Fig. 2.

Fig.2 Calculated spectral 10" . . . . . N .
photon flux for different target S Fe Pulse packet
materials at 100 kHz repeti- o 10 —/c:rPZT;seepziiZTt
tion rate. The driving pulse ; 10"k ‘ —— Mo Pulse packet
energy without prepulse is x oF IR /\ Sn + Pb Pulse packet
Epg = 0.9 mJ, the driving g, 10°F *\ ‘ — D26§ Glass Pulse packet:
pulse energy with prepulse is S 10°F S S — Fe Single pulse
Epg = 0.82 mJ, and the prepulse X 0k eond M;W”T“ hebes b " T
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T 400
10°F U
. 0l
10 5 10 15 20 25 30 35 40 45
E,, (keV)

@ Springer



42 Page4of8

V. Barkauskas et al.

The upper energy limit of photons generated in the
targets using mentioned parameters reached 45 keV. This
value is close to the detection limit set for this experiment.
Thus even higher energy photons might be expected. Max-
imum photon energy of 45 keV corresponds well with the
spectral modeling results using electron temperature scal-
ing, which predicts highest electron temperature [9, 10].
Measurements using single pulse regime were also per-
formed. Single pulse regime results in much smaller (more
than 200 times) intensity than use of double-pulse. The
reason for this difference is that smaller intensity pre-pulse
creates pre-plasma which increases driving pulse coupling
and X-ray generation efficiency [19, 20, 30]. Since we tried
to maximize X-ray yield by optimizing earlier mentioned
parameters (especially amplitude ratio between prepulse
and driving pulse), we see a more than 200 times increase
in X-ray yield compared with 30 times increase that was
reported earlier by using a similar laser system [22], where
the envelope of the pulse train is adjusted to ensure that
each pulse in the burst has an identical pulse energy. It is
important to add that it has been shown that introducing
lower intensity prepulse before the main pulse can increase
the soft X-ray yield up to 100 times compared with the
single pulse operation [30].

By knowing irradiated detector area, spectrometer dis-
tance from the X-ray source (220 cm), air and aluminum
transmission spectrum, measurement time (60 s) and using
dose conversion coefficients [31] the H'(0.07) and H*(10)
spectral dose rates (SPD) were calculated at 35 cm dis-
tance from the X-ray source. The dose rates were calcu-
lated using Eq. 1:

Ph(E,) 1 1
Eff(E)XD  Ta(Epd) — Tay(E,R—r

t

5 X DCC(E,) R
r2’
ey
where D—irradiated area of Si-PIN detector, Ph(E,)—num-
ber of detected photons at a certain energy channel, Eff(E,
)—energy dependent spectrometer efficiency, 7,,(E,, d),
T (E,, R-r)—energy and thickness dependent values of
Al, air transmission, d—thickness of Al filter before spec-
trometer, R—distance between spectrometer and Fe target,
r—distance from the X-ray source where the dose rates are
evaluated, DCC(E,)—energy dependent dose conversion
coefficients, ~—measurement time.

When the spectral dose rate is known the dose rate could
be simply calculated using:

SPD(E,) =

X

Dose rate = 2 SPD(E,,). )

The calculated spectral dose rates for Fe are given in Fig. 3.
The comparison of H'(0.07) and H*(10) show that highest
contribution for the skin dose (H'(0.07)) comes from the low
energy photons (up to approx. 20 keV), while the contribu-
tion for H*(10) starts to grow at higher energies.

The calculated dose rates using spectral data for different
target materials are given in Table 1. The highest integral
dose rate in 645 keV range at 35 cm distance from source
measured using spectrometer was H*(10) = 8.94 mSv/h and
H'(0.07) = 1276 mSv/h. These dose rates were achieved
using iron target. The dose rates that were measured with
electronic dosimeter at 35 cm distance from the X-ray
source was H*(10) = 3.1 mSv/h and H'(0.07) = 5.2 mSv/h.

Fig. 3 Iron (Fe) X-ray spectral (a)1 ot . . . . . . . (b) 10° ;
dose rate a H'(0.07) and b
H*(10) at 35 cm from the X-ray __10°4
source N =
%) 104 21074
x
£ 1011
S 10 %
Q %)
£ 10° E
~ =an2]
g 101 g 10
T I
1074
10° 10° T T T T T T T
5 5 10 15 20 25 30 35 40 45
E,, (keV)
Table 1 H*(10) and H'(0.07) Fe Cu Al Mo D263 Glass Sn + Pb
dose rates for different target
materials calculated using H*(10) 8.94 473 2.95 1.18 0.13 0.77
spectral data (in mSv/h) H'(0.07) 1276 448 107 62 9.95 33.6

Measurements performed at 100 kHz repetition rate, the driving pulse energy with prepulse is
Epr = 0.82 mJ, and the prepulse energy is Epp = 0.08 mJ
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Compared to the calculated values using spectral measure-
ments the dose rates measured using the dosimeter were
about three times lower for H*(10) and about 250 times
lower for H'(0.07). One reason for this might be the dead
time of the detector [32, 33]. However, the main reason for
this difference could be attributed to the fact that the dosim-
eter used had designed detection energy limit of 20 keV and
all photons below this level were omitted as expected.

The low energy limit for such dosimeters has no signifi-
cant impact in their common applications measuring doses
from gamma or neutron sources due to a fact that gamma
and neutrons usually have much (one or two orders of mag-
nitude) higher energies. In this experiment the use of such
dosimeters was motivated by the fact that there are no com-
mercial dosimeters which allow measuring doses at very
low (below 10-20 keV) energies. This suggests that when
dosimeters are used to measure doses caused by bremsstrahl-
ung irradiation at low energies (5—45 keV) the dose values
obtained underestimates the exposure doses. We demon-
strate this experimentally and we conclude that application
of standard dosimeters to estimate doses in the laser lab is
not straightforward. Doses measured by such dosimeters
should be analyzed only taking into account the spectral
properties of the ionizing radiation. X-ray spectrometer can
detect individual photons and measure the energy spectra,
which is particularly important if adequate radiation pro-
tection shielding is to be calculated. The energy depend-
ent fluence measured using spectrometer can be translated
to exposure dose using dose factors. It is important to add
that ionization-chamber based survey meters have been used
in most measurements of the X-ray radiation field emitted
in laser material processing [6, 14]. As we see from the
spectra above, the largest part of ionizing radiation energy
occurs in the low energy region, which is not covered by
conventional dosimeters. Another problem with the usual
personal dosimeters is that they were designed and tested
with continuous X-ray sources and their response in pulsed
fields (especially with ultrashort pulses) is still a matter of
investigation [33-36] and is outside the scope of this paper.

The targets of other metals besides Fe were investigated
as well. The obtained dose rates measured for Cu and Al
targets using dosimeters were, respectively, 2 and 3 times
lower for H*(10) and 3 and 12 times lower for H'(0.07) in
comparison with Fe targets. However targets of heavier
elements (Mo, Sn, Pb) showed one order of magnitude
lower dose rates for H*(10): 0.66 mSv/h (Mo), 0.22 mSv/h
(Sn + Pb), 0.16 mSv/h (Pb). This contradicts the results
obtained using modelling [10], which predicted increasing
doses with increasing target atomic number. It is known that
bremsstrahlung intensity scales with square of the atomic
number [37]. The results obtained in modelling [10] were
in an agreement with this fact. Therefore we expected some
increment in X-ray emission with Z in the experimental

measurements, however our experimental data using dou-
ble pulse regime does not follow this trend. Atomic number
of Mo (Z = 42) is higher than Fe (Z = 26) or Cu (Z = 29),
but X-ray emission is almost one order of magnitude lower.
We believe that other factors like melting point, laser light
reflection and absorption, may have considerable impact for
generated X-ray intensity [38]. It may be the material for
an additional study outside of the discussion of this paper.

Data presented in Table 1 show that dose rates during
such experiments are high and dose limits for personnel
operating in such environments may be easily exceeded.
Therefore precautionary measures should be taken. Usually
the combination of three main different measures are taken:
(1) minimization of the exposure time, (2) maximization
of the distance from the X-ray source, (3) effective shield-
ing utilization. The first principle is ensured by applying
cumulative dose limits, which are set in the requirements for
the occupational exposure. The time limit can be calculated
knowing dose limit and dose rate during irradiation.

In case of H*(10) dose rate of 9 mSv/h and (H'(0.07))
dose rate of 1276 mSv/h, allowed non-occupational doses
(1 mSv/year and 50 mSv/year, respectively), would be
exceeded in several minutes. It would take a bit longer
to exceed allowed occupational doses (20 mSv/year and
500 mSv/year respectively), however the conclusion is that
additional protective measures should be taken, as time limi-
tation would eliminate personnel from working in the lab.

For the second principle, the air attenuation and
dose quadratic dependence from the distance should be
accounted. Finally, for the third principle the different
materials attenuation should be known and their thicknesses
could be evaluated.

In Fig. 4 it is shown how the dose value depends on the
distance from the X-ray source in air. From this evaluation

_10°y . :
2 —u—H*(10) ‘
3 10°4, —e— H'(0.07) L
g 107_! \, - = —H*(10) one year limit ]
® \.\ - — —~H'(0.07) one year limit
Q 10°4 °\ 1
o) 105}.\. ® 1
e N \
> 104 \-\ \.
L )

7 10 TN\ ]
S 1021________________\;\_______:
T 10'4 \\ )
& 10°---=cccmccccccncccna- txl -- -
c
- 10‘1 T T T
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Distance from the source in air (cm)

Fig.4 Calculated H*(10) and H'(0.07) dose dependence on distance
from the X-ray source in air per 2080 h
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it is seen that safe distance from unshielded source for H’
(0.07) is around 7 m and for H*(10) is around 20 m.

Dose dependency on the shielding material thickness at
100 cm distance from the X-ray source was evaluated. The
results are shown in Fig. 5. For the H*(10) dose to be lower
than recommended dose, the safe lead thickness should be
more than 0.4 mm, LX-57B glass thickness should be more
than 1.6 mm, iron thickness should be more than 2.3 mm,
aluminum thickness should be more than 35.7 mm and SiO,
thickness should be more than 48.3 mm.

During experimental session passive thermoluminescence
dosimeters were used to evaluate cumulative dose levels.
The specified lower energy limit of this dosimeter was
10 keV. Experiments were performed for 3 weeks (15 days
in the lab). This should not be treated as continuous opti-
mal operation of the equipment: the adjustment of the setup
was performed constantly, with laser turned off, therefore it
is very difficult to evaluate the real time of the irradiation.
However, this does represent the typical irradiation schedule
of a laser research laboratory; in production environment,
where laser micromachining stations are operational 24/7,
the presented results would underestimate the doses by one
or more orders of magnitude. We report these results as a
complementary monitoring data which we obtained during
experimental session. The dosimeter closest to the target
(31 cm away) measured H*(10) dose of 32.4 mSv and H’
(0.07) dose of 2.05 Sv during experimental session. Another
dosimeter which was behind 3 mm thick iron plate, with
the same distance from the target measured 0.04 mSv and
0.33 mSv above background respectively. Personal-type
dosimeter, which was placed at lab worker working place
(~ 2 m from the X-ray source), showed only 0.01 mSv above
the background. This implies that the chosen thickness of
3 mm iron shielding was sufficient to attenuate the dose
below recommended limits.

Finally the possible cumulative doses were calculated
using highest registered dose conditions at 35 cm away from
the target. In 2080 h (typical work year) the integral H*(10)
dose at this distance would be 18.95 Sv and the integral
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H'(0.07) dose would be 2633 Sv without any shielding or
protection, which is more than 4 orders higher than recom-
mended dose for public users. Such possible doses indicate
that precautionary measures should be taken to avoid irradia-
tion above the set limits.

4 Summary and conclusions

The experimental investigation of doses resulting from
X-ray generation during femtosecond laser processing was
performed. The laser, beam delivery and target param-
eters affecting X-ray generation efficiency were optimized
to maximize X-ray yield. The use of double-pulse regime
resulted in up to 200 times higher X-ray intensity in com-
parison with the single pulse regime. Maximum X-ray dose
rates were measured to be H*(10) = 8.94 mSv/h and H’
(0.07) = 1276 mSv/h for the iron target. At such dose rates
the doses accumulated within typical work year 35 cm away
from the target would exceed recommended irradiation dose
more than 4 orders of magnitude. Therefore simple precau-
tionary measures were investigated to limit the irradiation
doses. The most practical measure to protect workers from
ionizing radiation emerging from femtosecond laser material
processing was identified to be shielding using metal plates.
It was also found that dose measurements using electronic
dosimeters may be evaluated incorrectly due to electronic
dosimeter energy limits. The presented methods might be
used as an example to evaluate X-ray yield in laser process-
ing facilities and optimize measures of radiation protection.
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