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An experimental and theoretical study has been carried out of the ablation of a solid insulator
with a wide band gap (LiF) under the action of ultrashort laser pulses of the UV range, obtained
in a free-electron laser (pulse width 7;, = 0.3 ps, photon energy fiw;, = 20.2 V), and the soft
X-ray region, obtained in a silver-plasma laser (tr;, = 7 ps, fiw, = 89.3 eV). A comparison is
made of the results obtained on the two laser systems. It is shown that the ablation threshold is
about the same for both lasers. A theory is presented that explains the weak growth of the
ablation mass with increasing surface energy density of the laser radiation (the fluence) in the
case of X-ray lasers as a result of the transition from spallation close to the ablation threshold to
evaporative ablation at high fluence values. (© 2011 Optical Society of America.
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INTRODUCTION

The ablation of solids under the action of short pulses of
laser radiation in the optical or soft-X-ray region has great
significance from both a theoretical and a practical viewpoint.
It is used for microstructural processing of the surfaces of
metals, semiconductors, and insulators. This article presents
the results of experiments and their theoretical investigation
for cases in which ultrashort UV and X-ray laser pulses act
on solids with various electron-band structures. Experiments
carried out on two types of lasers — a silver-plasma X-ray laser
(XRL) and an extreme-UV free-electron laser (EUV-FEL),
distinguished by the pulse width 7; and energy fiwy of the
emitted photons — show a low fluence threshold, characteristic
of both, for the start of the ablation. The low ablation threshold
means that ultrashort X-ray pulses have higher efficiency
by comparison with the longer nanosecond X-ray pulses,
as well as by comparison with laser pulses of the optical
region—both nanosecond and femtosecond ones. For both
of the lasers under consideration in the soft X-ray region,
the pulse width 7; is less than or of the order of the
acoustic time #;, = Dyy/cs in which sound with velocity
c¢s passes through the depth D,y to which light penetrates
into the sample. In this sense, such short pulses can be
called supersonic. They create thermomechanical stresses,
which cause spallation. The thermomechanical stresses and
the resulting negative pressures determine the character of
the ablation at relatively low fluences close to the ablation
threshold, when, with moderate heating, the target substance
remains in the condensed state and the tensile strength of the
bonds of the atoms of the substance becomes important. At
higher fluence, the absorption of the radiation of the X-ray
laser transforms a heated surface layer of the target to the vapor
state, for which such bonds can be neglected.

The laser pulse is absorbed by the electron subsystem
of the condensed substance. The energy-exchange rate E,;
between the electrons and the ions is limited because of
the large difference of their masses. For short laser pulses,
the energy-exchange time 7., between the electrons and ions
exceeds the pulse width tz. This produces a two-temperature
situation, in which initially 7, > T;, and the temperatures of
the electrons and ions equalize in a time of the order #,,: T, =
T;. The fluences that we considered are such that the heating
of the target’s surface layer of thickness D,y corresponds
to its thermodynamic state between the triple point and the
critical point. The density of the substance during heating
differs little from the density of the solid target, while the
embedded internal energy arriving at the atom ranges from
tenths of an eV to several eV. This is the state of warm dense
matter (the WDM region). The ultrashort laser pulses of the
optical and X-ray ranges at the initial stage transform the
target substance into the two-temperature WDM state, and a
hot single-temperature substance is formed only after a delay
time of about f,4. The two-temperature stage is an important
part of the entire process of ablation of condensed matter under
the action of ultrashort laser pulses.

EXPERIMENTS ON X-RAY LASERS

The first experiments on the ablation of insulators by short
X-ray laser pulses were carried out at the Kansai Institute of
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Optical Research of the Japan Atomic Energy Agency. The
X-ray laser available there, based on silver plasma (Ag-XRL)
and having a working wavelength of A = 13.9 nm, was
substantially reconstructed by comparison with our preceding
research.'? In the new experiments, the soft X-rays of a laser
based on the transitions of Ni-like Ag ions generated by the
first plasma target was amplified as it passed through the
plasma of a second silver target.>* This made it possible to
generate a totally coherent beam of X-ray laser radiation. The
laser pulse had a mean energy of 300 nJ and a pulse width of
77, = 7 ps. The Ag-XRL laser operated in the 0.1-Hz regime,
with horizontal and vertical angular divergences, respectively,
of 1.2 and 0.4 mrad.

The laser beam was focused on a LiF crystal 2 mm thick
and 20 mm in diameter, using a spherical Mo/Si multilayer
mirror with radius of curvature 1050 mm. The mirror was
placed 2715 mm from the exit aperture of the laser at an
angle of incidence of 2°. The LiF crystal could be displaced
along the beam direction in order to change the focusing
conditions on the surface. After each shot, the crystal was
displaced perpendicular to the beam to provide a clean target
surface for the next shot. A zirconium filter 0.2 pm thick was
placed in front of the mirror 800 mm from the laser’s exit
aperture in order to suppress the optical radiation and X-rays
from the plasma created by the picosecond optical laser. The
transmittance of the zirconium filter and the reflectance of
the Mo/Si mirror at a wavelength of A = 13.9 nm were,
respectively, 49% and 50%, and this provided an energy of
about 75 nJ in each shot on the surface of the LiF crystal.

Experiments with the free-electron laser were carried
out on the SPring-8 compact SASE source (SCSS). This
apparatus can generate laser pulses in the hard-UV region.>~’
In our experiments, the wavelength was 61.5 nm. We used
the single-pulse regime, which makes it possible to measure
the laser energy at each shot.” The energy of one SCSS pulse
varied from 4 to 11 wJ, with a pulse width of about 300 fs.0

We used a Kirkpatrick-Baez microscope having ellip-
soidal and cylindrical mirrors with a multilayer SiC coating
for focusing a beam of hard-UV radiation at about 100 cm
from the mirrors. The transmittance of the microscope is about
70%. The LiF crystal could be displaced both along and across
the direction of the laser beam, as in the case of experiments
on the Ag-XRL. To find the threshold fluence for starting to
ablate the LiF, we varied the beam energy and its focusing on
the surface of the crystal, diverging from the position of best
focusing by up to 40 mm.

To determine the shape of the focal spot in the cases
of the Ag-XRL and SCSS lasers, we used the luminescence
of the stable color centers (F centers) formed in the LiF
crystal after the laser pulses act on it.5~!! This allows us
to find the actual value of the fluence on the target surface
and to more accurately estimate the threshold fluence for
ablation. The luminescence of the F centers was observed by
means of a confocal Olympus fluorescence laser microscope
(model FV300). An Ar laser (488 nm) was used in the
microscope to excite F centers with luminescence in the
500-800-nm range, with peaks at 530 nm for F2 centers and
670 nm for F3+ centers. To observe surface breakdown of
the crystal, we used an Olympus BX60 microscope in the
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FIG. 1. (a) /—Luminescence image of the irradiation region of a LiF crystal by an XRL at the transitions of Ni-like Ag ions with energy density / = 10.8 mJ/ cm?
in the focal plane (Af = 0 mm), 2—visible image of the same part of the surface of the LiF crystal. The squares outline the zone on which ablation occurred. 3
and 4—Luminescence and visible images of the irradiation region of a LiF crystal by an XRL with energy density / = 5.3 mJ/ cm? in a plane distant from the
focus by Af = 1 mm. The squares show that no ablation is observed in the irradiation zone. (b) / and 3—Luminescence and visible images of the irradiation
region of a LiF crystal by a free-electron laser (FEL) beam at flux density / = 7.1 mJ/ cm?. There is no ablation. 2 and 4—Luminescence and visible images of the
irradiation region of a LiF crystal by an FEL-laser beam at flux density / = 9.2 mJ/cm?. The dashed circle on image 4 outlines the ablation region (0.035 mm?).

visual and differential modes. Using the Topometrix Explorer
atomic-force microscope, we measured the transverse cross
section of the ablation craters. Typical images of the irradiation
region of the LiF crystal by the Ag-XRL and SCSS lasers for
various positions of the focal point are shown in Figs. 1(a) and
1(b).

We performed two series of experimental studies to
determine the ablation threshold of the LiF crystal under the
action of the short-pulse-width radiation of the X-ray lasers.
In the first series of experiments, carried out on the Ag-XRL,
we repeated our previous studies'-> of LiF ablation under
the action of a 7-ps laser pulse, but this time we used a
second silver target to obtain a more coherent radiation beam
with repetition rate 0.1 Hz.'>-!3 Even though the total energy
in the laser was lower in the new experiments than in the
previous ones, we obtained a more stable ablation pattern on
the LiF because of the better quality of the focusing mirror. To
measure the ablation threshold of lithium fluoride, we varied
the position of the focus spot relative to the target in order
to reduce the beam intensity on its surface. As can be seen
from Fig. 1(a), the new results confirm the results obtained
in our previous experiments—in particular, the relatively low
value of the ablation threshold of LiF under the action of
the picosecond Ag-XRL (Fy, ~ 10 m] /cmz). This value
is significantly lower than the ablation thresholds under the
action of nanosecond X-ray or optical lasers, as well as that of
ultrashort femtosecond lasers.

The second series of experiments was carried out on the
SCSS free-electron laser. This makes it possible to measure
the beam energy in each shot and to study the damage of the
lithium fluoride crystal over a larger area and in a wider fluence
range. This is an important advantage of the SCSS apparatus
by comparison with the Ag-XRL described above. As can be
seen from Figs. 1(b), 2, 3, surface damage of the LiF crystal
under the action of the SCSS-laser radiation was observed
not only when the focal spot of the beam was on the target
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surface, but also when it was 26 mm away from the surface.
This made the ablation zone reach the very great value of about
0.35 mm?2. The possibility of strongly defocusing the laser
beam and varying its intensity made it possible to strongly vary
the fluence on the target surface and to measure the threshold
fluence for ablation of the LiF with good accuracy. It can be
seen from Fig. 1(b) that a fluence of about 7.1 mJ /em? s still
not enough to begin ablation under the action of a beam of
hard-UV radiation from the SCSS apparatus. However, even
at a fluence of about 9.2 mJ /cmz, an ablation spot can be
distinctly seen on the surface of the crystal.

It is interesting to compare the depths of the ablation
craters when lithium fluoride has been irradiated by a UV laser
with different values of fluence. We found that the smallest
crater depth that appears when there is significant fluence
close to the ablation threshold is 10-15 nm (Fig. 2). At the
same time, increasing the fluence to 80 mlJ /cm2 does not
substantially increase the ablation depth, which amounts to
30-35 nm for such fluence. This result is significantly different
from the results of irradiating the LiF surface with the 7-ps
pulse of the Ag-XRL laser, when we already observed an
ablation crater 40-50 nm deep close to the ablation threshold.
Figure 3 shows the results of a depth measurement of the
ablation crater for fluences of UV radiation that exceed
80 mJ/cm?. They again show that the ablation depth of the UV
laser weakly depends on the fluence. As follows from Fig. 3,
with fluences of 110-150 mJ/ cm?, the ablation depth remains
small and is about 30—40 nm.

PHYSICAL MODEL OF THE INTERACTION OF AN
ULTRASHORT PULSE OF AN X-RAY LASER WITH AN
INSULATOR

The system of equations that describes the variation of the
state of a dielectric target and its motion when it interacts with
an ultrashort laser pulse in the soft X-ray region can be written
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FIG. 2. Density patterns from images obtained by atomic microscope, for sections of a LiF crystal irradiated by a pulsed FEL in a plane distant from the plane
of best focus by 5 mm.
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FIG. 3. Surface-irradiation zones of a LiF crystal after one burst of an FEL, obtained by atomic microscope, and density patterns of the surface profile: (a) energy
E = 6.35 wJ (energy density / = 110 mJ /cm2), ablation depth about 35 nm; (b) energy £ = 10.3 wJ (energy density / = 150 mJ /cm2), ablation depth about
40 nm. The density patterns show a slow increase of the ablation depth with increasing energy density of the incident radiation.
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Equation (1) describes the population variation Z =
ne/np of the conduction band by electrons (the degree of
ionization), while Eqgs. (2) and (3) describe the variation
of the internal energy of the electrons and ions, respec-
tively. Equations (1)—(3) are solved in combination with
the one-dimensional Lagrangian hydrodynamic Egs. (4)—(6).
Lagrangian variable x°, associated with a moving substance,
is the initial position of a material particle. Direction
x is perpendicular to the surface being irradiated. The
one-dimensional approximation is valid, since the transverse
dimensions of the focal spot are much greater than the
penetration depth of the light, D,y = 9 nm (Ref. 14) when
the photon energy is 20.2 eV. Equation (1), which describes
the transition of the electrons from the valence band to the
conduction band, is missing from the system of equations that
we used earlier in discussing the ablation of metals under the
action of ultrashort laser pulses in the optical region.!” It gives
the variation of the electron concentration in the conduction
band in a moving material particle with Lagrangian variable
A due to photoionization, impact ionization, and collisional
recombination. The contributions of photorecombination and
ambipolar diffusion are small on our time interval and
can be neglected in Eq. (1), as can the electron and ionic
thermal conductivities in Egs. (2) and (3). The laser-energy
flux density 7 [W/cm?] gives in Eq. (1) the energy release per
unit volume of d//0x = —I/Dyy and laser pumping of the
electrons into the conduction band when an electron from the
valence band absorbs a photon of energy /iy, and has the form

169, = —& & ( o ) )
X, 1) = exp|—— Jexp| — .
ﬁ TL P TLZ P Dy

Here F [mJ/cm?] is the fluence (the surface energy density)
absorbed by the insulator. The thickness of the LiF disk is
2 mm 3> Dy ~ 9 nm, and the fluence is completely absorbed
in the surface layer, resulting in the exponential dependence
of I on x° in Eq. (7). The initial position of the insulator
corresponds to x > 0. The time is counted from the maximum
of the laser pulse in Eq. (7). The calculations begin at fgr =
—STL.

In Eq.(2), E. is the energy of the electrons in the
conduction band, measured from the bottom of the band.
It includes the zeroth Fermi energy of electrons with
concentration 7, and the temperature contribution and can be
written in the form of the interpolation expression

1 6 \?
E,(T,, p,Z) = Ene (gEF> + (3kBTe)2- (®)
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Here Er = (37%)% 3h2ng/ 3 /2m, is the Fermi energy.16 The
electron pressure in the conduction band is

Pe = (2/3)Ee 9

The electron pressure p, and ion pressure p; in Egs. (2), (3)
determine the work of expansion p,du/dx° and p;du/9x° in
the electron and ion subsystems. The variation of the pulse
in dynamic Eq. (4) is determined by the gradient of the total
pressure p = p, + p;.

THE EQUATION OF STATE AND THE KINETIC COEFFICIENTS
IN TWO-TEMPERATURE LiF

To integrate the system of differential Egs. (1)-(6), it is
necessary to know the equation of state of the target substance,
as well as the kinetic coefficients: the impact-ionization
frequency Viyp, the three-particle recombination coefficient
krec, and the electron—ion energy-exchange coefficient o. As
shown in Ref. 17, at moderate temperatures, identical for ions
and electrons, the equation of state of LiF with high accuracy
coincides with the equation of state of aluminum. To illustrate
this, Fig. 4 shows the cold-compression curves and impact
adiabats of these two substances. The fact that these curves
coincide makes it possible for the ionic contribution E;(7;, p)
and p;(T;, p) in LiF to use the ionic contribution to these
quantities from the well-known wide-range equation of state of
aluminum.!”-!® The contribution of the conduction electrons
to the equation of state is taken into account by the approx-
imating expression given by Eq. (8). The impact-ionization
frequency vimp in Eq. (1) was taken from Ref. 21, as was done
in Ref. 2. The three-particle recombination coefficient is found
from the principle of detail balance.”!

In calculating the electron—ion energy-exchange coeffi-
cient o, we mainly took into account the strong interaction of
the conduction electrons that result from being excited from
the valence band by photoionization and impact ionization
with the transverse optical phonons of the ionic LiF crystal.
Such interaction results in a strong increase of coefficient
o as the number of electrons in the conduction band
increases (@ — O for low concentrations of conduction
electrons, and this manifests the difference of the electron—ion
energy exchange in an insulator and a metal, including
aluminum?2~2%). When the electron concentrations in the
conduction band are significant, part of the bonds in the LiF
crystal begin to make a transition from ionic to covalent,
and neutral atoms begin to form in the crystal. This reduces
coefficient «, with a maximum that exceeds its value for
aluminum by a factor of 1.7-2.

The resulting kinetic coefficients were used along with
the equation of state of LiF for a numerical solution of the
two-temperature system of hydrodynamic Egs. (1)—(6).

THE HEATING AND EXPANSION DYNAMICS OF THE LiF
CRYSTAL

The system of Egs. (1)—(6) with parameters determined in
the two preceding sections was used for numerical modelling
of the action of hard-UV radiation from a free-electron laser on
the insulating LiF crystal in accordance with the experimental
conditions described in the section on X-ray lasers. The
formation and propagation of an impact wave in the crystal
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FIG. 5. (a) Formation of a compression wave. (b) Appearance of an impact wave as a result of the breakdown of the compression wave after a pulse from an
EUV-FEL laser is delivered with intensity close to the ablation threshold (z; = 300 fs, fluence F = 10 mJ /cmz). The numbers over the curves denote the time
in picoseconds that have elapsed since the time of the maximum intensity of the laser pulse.

after the action of a laser pulse is shown in Figs. 5 and 6, with
the parameters that characterize the experiment: pulse width
77, = 300 fs, photon energy 20.2 eV, and penetration depth
Dy = 9 nm. The heating depth D, is less than in the case of
metals.!2:29:27.28 At the same time, the skin-layer thickness in
metals at optical frequencies is comparable with Dy, and they
exhibit rapid supersonic propagation of an electronic thermal
wave, which is absent in insulators. Therefore, an impact wave
appears in LiF earlier than in metals.

Half the energy of the laser pulse has been liberated at
time ¢ = 0; see Eq. (7). The total pressure p = p; + p. reaches
its maximum somewhat later than the end of the action of the
pulse. First, this is because the electron—ion energy-exchange
time is greater than t; = 300 fs; second, it is because the
pressure increases as energy is transported from the electrons
to the ions, since the Griineisen coefficient of the ions is
greater than that of the electrons (pressure p, is less than p;
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when the internal energy of the electrons and ions is equal).
Passing through some distance into the depth of the sample,
the resulting compression wave breaks up as a consequence
of its nonlinearity and forms a pressure discontinuity (an
impact wave). The greater the nonlinearity that characterizes
the compression wave (the greater the fluence F and the
accordingly the pressure p), the faster it breaks up. The
impact wave thus formed attenuates as it propagates along the
sample (Fig. 6). The impact wave attenuates faster for strongly
nonlinear waves.

Near the ablation threshold Fuy &~ 10 mJ/cm?, the
maximum electron temperature is 7, =~ 20 kK, while the
maximum degree of ionization Z is about 3%. Electron—ion
relaxation lasts for time feq ~ 1 ps. The maximum ionic
temperature T; equals 1.5 kK. At a fluence of F = 180 mJ /cm?
(the largest in the experiments), the corresponding parameters
are as follows: Ty|max ~ 110 KK, Z|max ~ 0.4-0.5, and
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FIG. 6. Formation of a powerful acoustic perturbation and an impact wave
after a strong pulse is delivered from an EUV-FEL laser (r;, = 300 fs, F =
180 mJ /cmz). The numbers over the curves denote the time in picoseconds
that have elapsed since the time of the maximum intensity of the laser pulse.

Tilmax =~ 10 kK (at a time close to the instant at which
electron—ion equilibrium is established 7., ~ 1 ps). Short
UV laser pulses with low fluence values F ~ Fyp and those
with large values F ~ 200 mJ/cm? create negative pressures
that differ in magnitude, causing spallation. The mechanism
of spallation of insulators under the action of ultrashort pulses
of XRLs was proposed in Ref. 2, where we experimentally
and theoretically discussed only the region of fluences of the
Ag-XRL laser close to the threshold value. Here, for the SCSS
laser, we shall consider ablation in a wide range of fluences.

It can be seen from Figs. 5-7 that, in the near-threshold
case, negative pressures are reached at an early stage at a small
depth of ~ 10 nm, and their amplitude |ppeg| ~ 3.5 GPa is
about half the amplitude of the compressive wave. At high
fluences, the negative pressures appear later, at a significant
depth, with their maximum amplitude |ppeg|max being of
the same order of magnitude as in the near-threshold case.
However, it now constitutes only a small part (less than 0.1
when F = 180 mJ/cm?) of the maximum pressure on the
compression wave.

The |pneg|max(x0) dependences in Fig. 7 show how the
maximum tensile stresses |pneg|max Vary in space and in time
when the compression and expansion waves propagate into
the depth of the LiF crystal. As was said earlier, we used
the equation of state of aluminum'’~!® when numerically
modelling the LiF-ablation dynamics. For aluminum, the
maximum modulus of the negative pressure of the cold
substance is |ppeg|max (I’ = 0) ~ 12 GPa (according to Ref. 20
and the literature references indicated in it). Neglecting the
nucleation kinetics in the metastable region, fragmentation
appears when the state of the target substance on the phase
plane is at a point that lies on the spinodal. Our calculations
show that, in the cases shown in Figs. 5-7, in the cold part
of the target, tensile stresses close tO |ppeglmax(T = 0) for
aluminum are not attainable at the fluence values that are
used. Consequently, we cannot observe breakaway of a cold
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FIG. 7. Maximum tensile stress |pneg|max vs Lagrange coordinate P (solid

curves). The numbers on the curves indicate the fluence F in mJ /cmz. The
dashed curve is the strength pjip, of the material for the case F = 10 mJ/ cm?.

spallation plate from the rest of the target, as occurred in
Ref. 20, but we observe evaporation and fragmentation of
the hot substance in a thin surface layer at large values of
fluence. This means that the state of the target substance on
the phase plane in our calculations is at a point lying on
the high-temperature part of the spinodal (not far from the
critical point) and cannot reach the cold part of the spinodal,
corresponding to the value |pheg|max (T = 0).

We estimated the thickness of the cold spallation plate
as follows: First of all, the temperature dependence of the
strength of the target substance pjim(7) was determined. The
value of p;im(T) was taken at the level of 30-60% of the
strength of aluminum, known at high deformation rates from
the data of Ref. 27, and can be approximated by the expression
pLim(T)[GPa] = —2.2 4+ 0.7T[kK]. The T(x) dependence
obtained in the modelling now makes it possible to obtain
the pim(T(°)) = prim(x°) dependence. The dashed curve
in Fig. 7 shows the strength profile pjim(x?) of the target
substance when it is heated with a pulsed UV laser as a
function of the Lagrangian coordinate of a material point of the
target. The intersection of the pjiy (xo) and |pneg|max (xo) curves
gives the value of the Lagrangian coordinate of the rupture
point. The intersection point of the pjim (x°) and |Pneg|max (xo)
curves at a fluence of F = 10 mJ/cm? is shown by a circle
in Fig. 7. Similar circles show the points where these curves
intersect for other fluences.
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