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Damage threshold of LiF crystal irradiated by
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Abstract: Here we demonstrate the results of investigating the damage threshold of a LiF crystal
after irradiating it with a sequence of coherent femtosecond pulses using the European X-ray
Free Electron Laser (EuXFEL). The laser fluxes on the crystal surface varied in the range ∼

0.015–13 kJ/cm2 per pulse when irradiated with a sequence of 1-100 pulses (tpulse ∼ 20 fs, Eph = 9
keV). Analysis of the surface of the irradiated crystal using different reading systems allowed the
damage areas and the topology of the craters formed to be accurately determined. It was found
that the ablation threshold decreases with increasing number of X-ray pulses, while the depth of
the formed craters increases non-linearly and reaches several hundred nanometers. The obtained
results have been compared with data already available in the literature for nano- and picosecond
pulses from lasers in the soft X-ray/VUV and optical ranges. A failure model of lithium fluoride
is developed and verified with simulation of material damage under single-pulse irradiation. The
obtained damage threshold is in reasonably good agreement with the experimentally measured
one.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Exposure of dielectrics to high energy fluxes of ultrashort laser pulses can lead to the damage
of the material. The investigation of such interaction and the determination of the threshold at
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which the ablation of a substance begins is of interest both from a practical point of view for the
development of laser technologies and from a theoretical point of view for the development of
models for the strength and destruction of materials.

Nowadays, lasers are widely used in lithography [1,2], the basis for the production of
microfluidic chips [3], in the production of volumetric sub-micron structures [4], in the creation
of meta-optical devices and in the modification of surface properties by growing nanostructures
with a specific topology [5,6], color printing [7] and etc. The important direction in the physics
of interaction of laser radiation with matter is associated with lasers with ultrashort pulses. The
duration of such pulses ranges from femtoseconds (fs) to picoseconds (ps). The extremely short
duration of exposure is associated with a number of advantages over conventional nanosecond
and microsecond lasers. In drilling, for example, lateral energy losses are greatly reduced, and
the quality of holes and cuts is significantly improved. The mechanisms of surface structure
formation change fundamentally. In the case of nanosecond exposure, this is the evaporation of
the substance, while the occurrence of amplitude-controlled thermomechanical stresses and the
thermomechanical processing of the substance are associated with ultrafast exposure.

The newest direction is associated with the use of ultra-short pulses with a small wavelength in
the X-ray range (of the order of 0.1–10 nm) [8]. In X-ray lithography, this enables the production
of chips with packing details of units and tens of nanometers. In this case, the transition to
photon fluxes with energies of the order of or above the ionization potential of the inner shells
of the atoms fundamentally changes the physics of the interaction process and, in considering
it, requires the synthesis of approaches developed in solid-state physics with those of plasma
physics.

Let us compare the physics of interaction with matter in the case of optical lasers and in the
case of the hard X-ray laser considered in this article. This will help us to better understand the
specifics of the effect of the hard photon beam. In the optical case, the situation depends on
the arrangement of the electronic spectrum, i.e. whether there is a gap in the spectrum or not -
therefore there is a qualitative difference between the behavior of metals and dielectrics under
optical exposure. We are talking here about the energy gap that separates the conduction band
from the filled valence bands in the electronic spectrum. While in metals the absorption of optical
radiation is linearly proportional to the intensity of the incident radiation and is localized near the
surface in a thin skin layer of the metal, 10-20 nm thick (metal is opaque to optics), the situation
with dielectrics is more complicated with the absorption of optical radiation. Such phenomenon
as optical breakdown is associated with dielectrics [9,10]. Single or multiphoton ionization and
electron avalanches take place [9,10]. As a result of these processes, an electron is excited across
the energy gap and the conduction zone is filled up accordingly. In this way, an increasingly
dense (as new excitations keep occurring) electron-hole plasma is formed in the dielectric [10].
In the case of hard photons, the main contribution to the absorption is due to the excitation of
deep electron shells. The influence of the gap in the electronic spectrum disappears. The gap
is related to the outer shells, which have low energy. In this sense, qualitatively, the behavior
of metals and dielectrics with respect to absorption of hard radiation is similar. Although, of
course, the attenuation length, the role of thermal conductivity may differ significantly depending
on the particular dielectric or metal. It is important to note that there is no optical breakdown
phenomenon in dielectrics when illuminated by X-rays. Starting at weak fluxes, the absorption
of hard X-rays is simply proportional to the intensity of the radiation; here we have drawn away
from such a phenomenon as the emptying of inner shells (“hollow” ions) in the field of very
intense X-rays [11,12]. In the case of optical irradiation of dielectrics, on the other hand, the
absorption increases sharply (i.e., it depends strongly nonlinearly on the intensity) when the
concentration of the electron-hole plasma exceeds a critical value. At a critical concentration, the
plasma frequency of the electron-hole plasma becomes greater than that of the optical laser.
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With the advent of X-ray free-electron lasers, it became possible to study matter under the
influence of high energy fluxes that were previously inaccessible. With coherent femtosecond
X-ray pulses focused to a size of a few hundred nanometers, volume energy densities of tens
and hundreds of MJ/cm3 can be achieved. It should be noted that for the development of laser
technologies, it is necessary to accurately measure the amount of absorbed energy at which
material damage/ablation occurs.

Lithium fluoride (LiF) crystal is one of the widely used dielectrics for laser-substance interaction
studies. This material is used to make optical windows, prisms and lenses for the ultraviolet (UV),
visible and infrared (IR) regions of the spectrum. In addition, the LiF crystal is actively used as a
fluorescence detector in X-ray diffraction experiments as an alternative for image plates because
it offers submicron spatial resolution and is resistant to high radiation fluxes [13–15]. Due to the
latter fact, it can be installed as close as possible to the target in laser plasma experiments (in
contrast to CCD matrices) to implement phase-contrast X-ray diffraction and thus reduce the
blurring of the final image due to diffraction effects. Knowledge of the destruction threshold of a
given dielectric when exposed to high-intensity laser radiation is necessary for the development
of various applied fields of physics, as well as for the verification of numerical codes describing
such an effect.

The investigation of LiF ablation threshold under nano/picosecond optical lasers and soft
X-ray/EUV lasers has been widely reported in the literature [16–21], while there are no data for
femtosecond hard pulses of XFELs. In particular, in works [17–19], the threshold value of fluence
after which ablation begins and a crater form on the crystal surface was determined for LiF. In
particular, the ablation threshold for a LiF crystal was found to be 10 mJ/cm2 for the wavelength λ
= 13.9 nm, which is more than two orders of magnitude below the threshold for the case of optical
laser irradiation (λ =1053 nm) and below the thresholds in the case of nanosecond pulses of X-ray
lasers (λ = 46.9 nm). The aim of our work was to extend the knowledge about the interaction of
ultra-intense X-ray pulses with the LiF dielectric and to determine the ablation/damage threshold
of this material under the influence of hard XFEL femtosecond pulses.

2. Experimental procedure

2.1. Laser damage of LiF crystal

The experiment was performed at the European X-ray Free Electron Laser (EuXFEL) at the High
Energy Density instrument (HED). The scheme of the experiment is shown in Fig. 1. An X-ray
beam with a pulse duration of ∼ 20 fs and a photon energy of 9 keV (λ = 0.138 nm) was focused
through beryllium compound refractive lenses (CRLs) into a spot with a size ∼ 410 nm at full
width at half maximum (FWHM) (for more details on the measurement of the spot size for this
experiment, see [22]).

A circle LiF crystal with a diameter of 20 mm and a thickness of 2 mm was irradiated with
EuXFEL radiation in modes of 1, 3, 10, 30 and 100 pulses per exposure at a frequency of
10 Hz. The average pulse energy was determined to be 17 µJ/pulse with the estimated errors
of 10%. After each irradiation, the crystal was moved perpendicular to the beam so that the
next irradiation fell on a clean sample surface. To find the threshold laser fluence Fth for the
onset of LiF damage, the crystal moved at different planes from the theoretical focus along
the beam propagation. This approach allowed the value of the laser fluence F to be varied by
increasing the beam size with distance from the focal area. As an example, the upper part of
Fig. 1 shows the results of the scanning electron microscope (SEM) measurements after a single
pulse irradiation of the crystal. The laser fluence varied in the range of 0.015 – 13 kJ/cm2 per
pulse. The value of the absorbed dose D (energy deposition per unit volume) can be calculated
using the formula D=F/datt, where datt is the attenuation length in the material. Considering
that the attenuation length in the LiF crystal is datt = 475 µm for 9 keV photons [23], the dose
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Fig. 1. – Scheme of the irradiation of the LiF crystal in this work. The diameter of
the cross-section of the XFEL beam (green) is ∼ 410 nm in the focal plane. The crystal
moves along the focusing axis of the X-ray beam. Above you can see examples of SEM
measurements of the surface of an exposed LiF crystal in different planes. The areas with
structural changes are marked with different colors.

rate (Drate is the absorbed dose per pulse) for the different exposures varied in the range of 0.32
– 270 kJ/cm3/pulse.

2.2. Read-out procedure

To obtain a more complete picture of the consequences of the interaction of X-ray pulses with a
LiF crystal, surface of an exposed sample was scanned using several read out systems.

Since the LiF crystal is a fluorescent medium, when it is irradiated with ionizing radiation,
color centers (CCs) form in it whose distribution corresponds to the irradiation region. To obtain
information about the intensity distribution inside the incident beam, we used a confocal laser
scanning microscope CLSM700 from Carl Zeiss. A laser with a pump wavelength of 488 nm
allowed excitation of F-type color centers (F2 and F3

+) whose emission spectrum lies in the
optical range (500-800 nm) [24]. The signal was read out from a depth of ∼1 µm using a 100x

objective with a pixel size of 0.25 µm (field of view 200× 200 µm2).
To study the damage and modification of the crystal surface, we used an atomic force microscope

(AFM) equipped in a scanning laser microscope (OLS4500, Olympus Corp.) and a scanning
electron microscope (SEM) (HELIOS NANOLAB 600I, FEI).

It is important to use both the AFM and SEM for our analysis, as both microscopes can provide
complementary information. Indeed, the AFM has several advantages over SEM, the most
important of which is the ability to obtain a three-dimensional surface profile. In addition, the
AFM does not require special surface treatments (such as metal/carbon coatings) that permanently
alter or damage the sample. SEM observation enables us to confirm the real structures with a
higher spatial resolution than of an optical microscope.
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3. Experimental results and discussion

3.1. Damage threshold

Figure 2 shows the results of SEM, AFM and CLSM data readouts from the surface of an exposed
crystal at different radiation powers after exposure to 1-100 pulses. An interesting feature is a
black spot at the central region of CLSM images (at the low dose rate cases). It corresponds to a
dip in the intensity distribution inside the XFEL beam. This fact is explained by the feature of
focusing CRL optics when its elements have geometrical imperfection as discussed in detail in
our recent work [22].

Fig. 2. – The results of measurements with different readout systems of the LiF crystal
surface after irradiation with 1, 3, 10 and 100 pulses with dose rates of 2.2 – 6.0 kJ/cm3/pulse:
large images, SEM; orange outlines, CLSM; green outlines, AFM. For all images, the field
of view is 6× 6 µm2. The images where damage begins for each irradiation mode are
highlighted with wine-red frames.

As can be seen, the dose rate Drateof 6.0 kJ/cm3/pulse of coherent femtosecond X-rays leads
to crystal damage at all irradiation modes (1-100 pulses). When the Drate is reduced to 3.4
kJ/cm3/pulse, no more surface ablation is observed for single-pulse irradiation, while swelling of
the crystal surface occurs at 3 pulses (the area is outlined in yellow), which clearly represents
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a threshold value. When irradiating with a sequence of ten X-ray pulses, the Drate threshold
at which crystal damage occurs is in the range of 2.2 kJ/cm3/pulse - 3.4 kJ/cm3/pulse. If the
number of pulses Npulses was increased to 100, ablation already starts to manifest at the Drate of
2.2 kJ/cm3/pulse. So, one can see a clear decrease in the damage threshold with an increase in
the number of X-ray pulses.

Damage distribution caused by the hard X-ray pulses depends on the net dose absorbed in the
material. At the relatively low dose rates in the range between the thresholds for brittle damage
Drate(brittle) and ablation Drate(abl), the damages of surface layer are observed in the form of
cracks and ruptures, but ablation of the material with formation of crater does not occur. Such
damage is typical of brittle materials, like lithium fluoride, but is unusual for the most metals.
The ablation of surface material around the beam spot is caused by the higher dose rates above
the ablation threshold Drate(abl), which leads to formation of a crater with a linear size larger than
the beam diameter, and the surface cracks in a wide field surrounding the crater. For even higher
dose rate beyond the threshold of deep damage, Drate(cyl) a cylindrical-like cavity is formed in
the material along the beam path, in addition to the cracks and crater [25].

Thus, the area of brittle damage increases with increasing Drate while the beam diameter
remains almost constant. It indicates that the stress waves generated by the fast energy deposition
within the relatively small beam diameter are responsible for formation of both the cracks and
crater. It worth noting that the ablation of LiF is caused by its spallation, as seen in the AFM and
SEM images presented in Fig. 2. It means that heating of material by an X-ray pulse is negligible
outside the beam diameter, and the generated tensile stress waves exceed the local tensile strength
of LiF in the crater area. The generation of such high-pressure waves is feasible because the
heating is much shorter than the expansion time of heated material, which is provided by the
shorter duration of X-ray pulse (∼20 fs) than the acoustic time (ts =FWHMbeam/2cs ∼ 1 ps).

Figure 3 shows the damage thresholds in terms of Drate found for each of the irradiation cases.
The full fill marks the dose rate ranges where crystal ablation is clearly observed for each of the
irradiation cases. The areas with broken shading correspond to the dose rates at which ablation
could occur based on the data in Fig. 2, but we do not have accurate images in these areas. From
the diagram in Fig. 3, we see that the ablation threshold decreases as the number of pulses
incident on the crystal increases. Thus, the threshold dose is 2-3 times higher for single pulse
irradiation than for 100 pulses. Note that the range of the Drate threshold for the case of single
pulse irradiation is near to the threshold of semiconductor (Si - 5.75 kJ/cm3/pulse) and metal (Pt -
5.5 kJ/cm3/pulse) occurs, which were found in the work [25] when irradiating with a SACLA
XFEL femtosecond pulse with a photon energy of 10 keV. Finally, our experimental data was
fitted by the following empirical formula:

Drate_abl[Npulses] = Drate_abl[1pulse]∗(1 − log(Npulses)
n), (1)

where Drate_abl[1 pulse] — ablation threshold for single pulse irradiation (the value depends
on the material) and n is a constant that takes into account the non-linear dependence of the
threshold on the number of pulses.

Using the expression (1), the parameters of the approximation function were found:
Drate_abl[1]= 3.9± 0.27 kJ/cm3/pulse and n= 0.86± 0.17, plotted in Fig. 3. Thus, we can
conclude that the ablation threshold of LiF decreases for a pre-exposed crystal. In our case, we
are dealing with a fluorescent dielectric in whose crystal lattice color centers accumulate from
pulse to pulse. The accumulation of the dose means an increase in the concentration of F-type
CCs, which weakens the binding energies between the atoms in the lattice and thus “loosens up”
the substance. In the theoretical work [26], the influence of the concentration of color centers on
the ablation threshold of LiF under soft X-ray pulses was investigated. In particular, it was found
that defects can lower the ablation threshold several times due to the lattice destabilization and
the tensile pressure caused by the defects when they are formed. The concentration of the F-type
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Fig. 3. – The value of the ablation threshold, expressed in values of the Drate_abl,
depends on the number of pulses irradiating the LiF crystal. The fitting parameters for
the data are: Drate_abl[1]= 3.9± 0.27 kJ/cm3/pulse and n= 0.23± 0.04 for black line and
Drate_abl[1]= 4± 0.25 kJ/cm3/pulse and s= 0.89± 0.05 for blue curve.

CCs f (D, Drate) as a function of the radiation dose D and the dose rate Drate can be estimated
using the empirical formula [24]:

f (D, Drate) = k
√

D

[︄
1 + log

(︃
1 +

Drate

Drate_th

)︃2
]︄

, (2)

where Drate_th = 10 mJ cm−3s−1 — threshold dose rate for LiF, above which nonlinear effects
begin to appear during CCs generation; k= 8× 1015 J−1/2 cm−3/2 — coefficient constant for the
LiF.

The concentration values of single CCs of F-type nF−centers, calculated using Eq. (2), excited in
a LiF crystal after irradiation with 1-100 pulses with the Drate = 2.2 kJ/cm3/pulse, are shown in
Table 1. Taking into account that the concentration of lattice atoms of the LiF crystal is nLiF−atoms
∼ 6× 1022 cm−3, it can be seen that when the concentration of F-type CCs is increased by an order
of magnitude (up to several percent of the total number of lattice atoms), the ablation threshold
decreases by ∼ 2.7 times for irradiation with 100 pulses compared to single pulse irradiation. We
can therefore assume that the threshold value does not drop significantly (logarithmic dependence)
with irradiation with more than 100 pulses.

Table 1. Estimated values of the F-type CCs concentration nF−centers
activated in a LiF crystal upon irradiation with pulses with a constant dose
rate Drate =2.2 kJ/cm3/pulse. The values indicated in italics correspond to

the case with the manifestation of ablation according to Fig. 2

N Drate, kJ/cm3/pulse nF−centers, sm−3 nF−centers/ nLiF−atoms

1 pulse 2.2 1.6× 1020 0.26%

3 pulses 2.2 2.7× 1020 0.45%

10 pulses 2.2 5.0× 1020 0.83%

100 pulses 2.2 1.6× 1021 2.6%
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On the other hand, the obtained reduction in threshold can be explained in terms of the
incubation model [27]. This model was also used to explain the decrease in the ablation threshold
of PMMA under soft X-ray pulses (λ = 27.2– 34.3 nm) [28] as well as for copper, silicon and
gelatin under optical irradiation (λ = 800 nm) [29]. The relation between single-shot threshold
dose Drate_abl[1] and N-pulses threshold dose Drate_abl[Npulses] has been proposed as given by:

Drate_abl[Npulses] = Drate_abl[1pulse]∗Npulses
S−1 (3)

where S is called the incubation coefficient characteristic to the accumulation behavior (if S= 1
implies no incubation effect).

Using the expression (3), the parameters Drate_abl[1]= 4.0± 0.25 kJ/cm3/pulse and S= 0.89± 0.05
were found. As can be seen in Fig. 3, the approximation curves constructed with Eqs. (1) and
(3) are very close to each other (see black and blue curves plotted in Figure 3). We believe that
the breaking of the lattice bond is one of the main reasons for lowering the threshold for LiF
crystal. For soft matter, e.g. PMMA, the EUV laser pulse cause the chemical bond to break even
with low fluence irradiation [28], and the accumulation of the laser pulse would also increase the
deterioration of the chemical bond, like for case with the formation of color centers in LiF crystal.

3.2. Failure model for lithium fluoride

The results of the SEM measurements on the surface of lithium fluoride LiF show that the
destruction of the material by a femtosecond pulse of the XFEL occurs when a certain threshold
value of the energy input is exceeded. In a number of papers, there is also evidence that
LiF samples are destroyed under dynamic or static loads by the formation of shear bands in
which stress relaxation occurs [30,31]. In this case, the character of the destruction is similar
to that observed in ceramic materials under high impact loading. In this context, we used a
modified Johnson-Holmquist-Bessel failure model JHB [32–34] for ceramic materials with some
modifications, which have been discussed in our previous works [35,36] to analyze a short pulsed
impact on a LiF sample.

The basic idea of the JHB model is that the intact material (model damage parameter D = 0)
has the strength limit σi (P) below which the only elastic loading is possible, Fig. 4(a). When
this limit is reached, the failure process begins, which is characterized by a gradual loss of the
shear strength. Such strength collapse is limited by σf < σi, which corresponds to the strength
of the material in a completely failed state in the proposed model, Fig. 4(a). In this case, the
damage kinetics is described by the following expression:

dD
dt
= (1 − D)

1
ε

f
p

dεp
dt

, (4)

where dεp is an infinitesimal plastic strain increment at the time integration step dt, εf
p is the total

plastic strain of the completely failed state.
Compared to the original model [32–34], its modification, which is discussed in details in

our previous work [35], adds the factor (1 − D) to expression (4). This dependence limits the
value of D from above to 1 and results in a smooth slowing down of the damage in the initial
stages, whereas in the original model an acceleration of decay occurs. The total value of plastic
deformations in a completely failed state in the context of the considered model is determined
according to the definition of the increment of plastic deformations dεp as follows:

ε
f
p(P) =

σi(P) − σf (P)
3G

, (5)

where G is the shear modulus of the material.
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Fig. 4. – (a) Model strength curve of LiF in intact (red curve) and completely failed
state (blue curve). The black dashed line corresponds to the elastic load of the material.
The diagram contains images (top view) of the damage pattern at different energy inputs:
3.4 kJ/cm3 (purple asterisks), 3.9 kJ/cm3 (blue asterisks), 5.1 kJ/cm3 (orange asterisks).
Different asterisks on the plot show the feasible stresses, which can be obtained in the lithium
fluoride without the usage of damage model. Grayscale corresponds to the degree of damage
(black D = 1) (b) Material velocity profiles inside the LiF sample at a depth of 0.98 mm
(black markers and curve) and 2.98 mm (red markers and curve) from the collision site.
The experimental data [31] are indicated with markers, the solid lines correspond to the
simulation results.

A detailed description of the JHB model used and a step-by-step algorithm for its implementation
can be found in work [35]. The mechanical properties and parameters for equation of state of the
LiF are given in Table 2 [37,38].

Table 2. Mechanical properties of lithium fluoride (LiF) and
sapphire (Al2O3)

Mechanical properties LiF Al2O3

Density ρ0, kg/m3 2650 3989

Shear modulus G, GPa 55 151

Spall strength σsp, GPa 1.5 (model) 10 [39]

Intact strength σi, 2.4 -

Volumetric speed of sound c0, km/s 5.15 7.27

Shock coefficient sa 1.35 1.533

Grüneisen parameter γ 0.71 [40] 1.5

To calibrate the constants of the failure model, shock wave experiments [31] were used in which
the mass flow velocity produced by shocks propagating in the <111> directions in single-crystal
samples was recorded with electromagnetic velocity gauges. The simulations were performed
using the meshless contact smoothed particles hydrodynamics method SPH [41,42]. On the graph
in Fig. 4(b), the experimental velocity profiles are shown at a depth of 0.98 mm (black markers)
and 2.98 mm (red markers) from the impact point of the LiF target with a sapphire impactor;
the impactor velocity was 660 m/s. The simulation results are shown in the graph in Fig. 4(b)
with curves in the corresponding color. It can be seen from the graph that the impact load in the
experiments exceeds the damage limit of the material: The formation of an elastic precursor is
observed, which propagates in the material at the longitudinal speed of sound, followed by the
damage wave front. Note that stress relaxation occurs as a consequence of the damage to the
LiF sample: as can be seen from the diagram in Fig. 4(b), the amplitude of the elastic precursor
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first reaches its maximum value, after which its amplitude decreases significantly. The nature
of the relaxation processes that determine this type of elastic wave profile in LiF is not known
with certainty. It should also be noted that the failure model used does not reproduce the shape
of the elastic precursor observed in experiments. However, its amplitude agrees well with the
experimentally determined value, which indicates that the model should reliably reproduce the
damage threshold of the material. Otherwise, it can be concluded from the comparison in the
graph in Fig. 4(b) that a good agreement between the simulated and experimental velocity profiles
was achieved.

The calibrated LiF failure model was used to analyze the results of the SEM measurements
of LiF. As in the shock-wave experiments [31], the single crystals are used in our study, but
their orientations were not determined. In simulations, a 3D sample x× y× z= 10× 20× 20
µm3 (10 µm is into the depth of the sample) exposed to a femtosecond XFEL pulse is modelled
by specifying an energy source within a cylindrical volume. The energy within this cylinder
has a gaussian distribution with FWHM= 1 µm in the x× y directions. According to work [40]
the Grüneisen coefficient γ strongly decreases with temperature and is equal to 0.71 near the
melting point. Such a value listed in Table 2 is used in our simulation to provide the calculated
damage threshold ∼3.4 kJ/cm3 to be closed to the experimental one ∼3.9 kJ/cm3. Depending on
the energy deposited in the sample, a generated pressure pulse may exceed the energy density
threshold for material failure. For higher energy density the failure bands are formed and
propagate beyond the energy deposition region, similar to that observed in experiments. The
damage pattern corresponding to such an energy deposition is shown in the inset marked with a
purple star in Fig. 4(a). With increasing energy density, the damage area increases and form a
“halo” around the cylindrical area where the energy is deposited, see the inset marked with a blue
star in Fig. 4(a). The degree of damage grows up with further increasing of energy, but the area
of damaged material increases only marginally, because the amplitude of diverging cylindrical
shock wave decreases rapidly and soon it becomes below the damage threshold.

3.3. Crater morphology

In the next step, we studied the morphology of the formed craters for the case of a maximum Drate
of 270 kJ/sm3/pulse realized at the point of best focus of the X-ray beam (FWHM= 410 nm).
The profile of the intensity distribution within the beam and its size were the same for exposures
in the range of 1-100 pulses. Figure 5 shows the results of the AFM measurements for irradiation
with 3, 10, 30 and 100 pulses. It can be seen that for irradiation with 3 pulses, a crater with a
depth of ∼310 nm is formed, and the crystal surface is flat all around. As the number of pulses
hitting the crystal increases, the depth and area of the crater increase, while nanostructures up to
200 nm high form on the surface around the crater, Fig. 5(b-d).

Figure 6 shows the dependence of the crater area and depth on the number of pulses incident
on the LiF crystal. From general considerations, it seems that the dependence should be linear
since the pulse duration is ∼ 20 fs and the repetition rate is ∼ 100 ms. Therefore, each subsequent
pulse must interact with the already “cold” solid. However, as seen in Fig. 6(b), the depth of the
crater depends non-linearly on the accumulated number of pulses (at a constant Drate).

It is interesting to compare the crater depths obtained in our work when irradiated with hard
femtosecond X-ray pulses with similar measurements for the soft X-ray range. In work [17],
when the ablation threshold was reached by picosecond pulses (∼7 ps) of a soft X-ray laser
(Eph = 89 eV), a crater with a depth of d ∼ 30-55 nm was formed on the surface of the LiF crystal,
which is close to the attenuation length datt[89 eV]= 30 nm for a given photon energy. The
results of our AFM measurements, shown in Fig. 6(b), indicate that the depth of the formed
craters is ∼ 1000 times smaller than the decay length datt [9 keV]= 475 µm for the photon energy
Eph = 9 keV. We assume that the reason for the shallow depth of the crater is that the ablated LiF
crystal in the region below the crater floor cannot be ejected outwards, which probably leads to a
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Fig. 5. – AFM data for LiF crystal irradiation regime with constant Drate = 270 kJ/cm3/pulse:
(a) 3 pulses, (b) 10 pulses, (c) 30 pulses, (d) 100 pulses. For clarity, the data from SEM for
each case are shown on the right.

Fig. 6. – Dependence of the area (a) and depth (b) of a formed crater in a LiF crystal as a
function of the number of pulses incident on the surface. All data were obtained for one
Drate = 270 kJ/cm3/pulse, the results of AFM measurements of which are shown in Fig. 5.

solidification of the material and its amorphization. A similar effect was observed in work [25]
when silicon was irradiated with XFEL pulses with a photon energy of 10 keV. It was showed the
formation of a plug of a substance that clogged a long channel inside the sample. Within the
scope of our work, we did not investigate this effect, which could be the subject of a separate
article with additional measurements. For our AFM measurements, dynamic range (maximum
value) of vertical depth was 2400 nm. However, since the beam diameter was too small in our
experiment (FWHM= 410 nm) and damage around the formed crater had some nanostructures
above the crystal surface, the tip of AFM cantilever could not reach the bottom of deep holes
(width becomes larger as closer to the cantilever base). Thus, our measurements of crater depth
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are a lower bound, but the trend of a non-linear dependence on the number of pulses is clearly
visible.

3.4. Comparison of damage threshold between present results and soft x-ray/optical
laser data

As mentioned in the introduction, the LiF crystal is often used as a fluorescent X-ray detector. In
work [14], it was shown that when LiF is irradiated with a soft synchrotron source in accumulation
mode (500 eV, dose rate 30 J/cm3/pulse), no ablation occurs at an accumulated dose up to 170
kJ/cm3 and the sensitivity of the detector is ∼20 mJ/cm3. Thus, the dynamic range of such a
detector can reach a value of 107. However, the damage of the crystal during irradiation with
powerful ultrashort XFEL pulses reduces the dynamic range. Based on the values we determined
for the thresholds for the ablation of the LiF crystal, the dynamic range decreases to ∼ 1× 105 -
2× 105 when irradiated with femtosecond X-ray pulses with a dose rate of 2-4 kJ/cm3/pulse.

Let’s now compare the values of the ablation thresholds determined in our work with earlier
measurements from the literature. Figure 7 compares the ablation thresholds in terms of fluence
and dose rate for different laser sources with the data obtained in our work. It can be seen that
the fluence at which crystal ablation occurs is strongly dependent on the photon energy and pulse
duration. From the data of a Ti:Sa laser (1.2 eV, “Optics” region in Fig. 7(a)) and X-ray lasers
(26 eV and 89 eV, vacuum ultra-violet “VUV” region in Fig. 7(a)), it can be seen that the shorter
the pulse incident on the crystal, the lower the threshold fluence [16] for the manifestation of LiF
ablation at a constant photon energy. The values obtained in our work are more than 4 orders
of magnitude higher than those found for an X-ray plasma laser with a pulse duration of 7 ps
(Fig. 7(a)). However, moving to the consideration of the ablation threshold in units of dose
rate, we find that the data agree well within the error limits with the measurements for a plasma
laser with a picosecond pulse duration, Fig. 7(b). This fact suggests that for ultrashort pulses
spanning the ps-fs range, ablation under the action of X-ray photons is achieved at a value of
absorbed energy density of substance. Thus, for photons with energies in the range ≳ 100 eV
- 9 keV for ultrashort pulses (ps-, fs-), the ablation threshold is in the range 2-4 kJ/cm3/pulse.
This fact can be explained by that the absorbed energy density provides a pressure required for
generation of tensile stresses exceeding the spall strength σsp of material, which leads to ablation.

Fig. 7. - Threshold ablation laser fluence (a) and ablation dose (b) for the manifestation
of damage in a LiF crystal as a function of laser source and photon energy. The ablation
threshold for different pulsed laser systems is marked with a separate color. The data for
the optical and VUV range were taken from [16,17,19,21] for comparison with the results
obtained in this work – the X-ray range.
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For ultrashort X-ray pulses, σsp is a constant and does not depend on the photon energy and
attenuation length – it is only determined by the deformation rate in the tensile wave. Thus, to
compare the ablation thresholds produced by different X-ray sources with ultrashort pulses the
dose rate must be used instead of fluence as illustrated in Fig. 7.

4. Conclusion

We investigated the multi-pulse damage threshold on LiF crystal under number of pulses in range
1-100. Combining the results obtained in our work with the available data for irradiation of a LiF
crystal with coherent laser radiation in the soft X-ray/VUV range and for optical laser pulses, it
was possible to show the dependencies of the ablation thresholds in a wide range of parameters –
the energies of the incident photons, the pulse duration, and the accumulated dose. It was found
that the ablation threshold of LiF crystal is determined only by the dose rate and does not depend
on the photon energy Eph for the ultrashort pulses in ps-fs range. We associate this fact with
independence the spall strength σsp of material from these parameters. Also, an appreciable
decrease in the ablation threshold was found in the case of multi-pulse irradiation. We associate
this reduction with the lattice destabilization and the tensile pressure the color centers induce
upon.

Our results enable the development of methods and possible technological approaches for the
controlled nanomodification of the surface of dielectrics and, in particular LiF, using ultrashort
coherent pulsed X-rays. Also, the presented data on the surface and depth morphology of the
destruction of a lithium fluorine crystal can be used to verify numerical codes and models of the
failure of dielectrics under the action of ultrashort X-ray pulses.
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