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Laser-matter interaction is defined by an electronic band structure of condensed matter and frequency wy, of
electromagnetic radiation. In the range of moderate fluences, the energy absorbed by electrons from radiation
finally thermalizes in the ion thermal energy. The thermalization processes are different for optical as compared
with X-ray quanta and for metals relative to semiconductors and dielectrics, since the light absorption and
electron-electron, electron-ion dynamics are sensitive to the electron population in a conduction band and the
width of a forbidden gap. Although the thermalization processes are different, the final state is simply a heated
matter. Laser heating creates powerful stresses in a target if duration of a laser pulse 7, is short in acoustic
time scale. Nucleation and material removal take place under such stresses. Such way of removal is called
here the spallative ablation. Thus the spallative ablation is an ablation mechanism universally important for
qualitatively different materials and quanta.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Laser-matter interaction is a great fundamental issue of high significance for many industrial applications.
Usually it is divided into several scientific directions depending on wavelength, pulse duration, and material
properties because the physics of absorption and electron-electron, electron-ion interactions are sensitive to these
parameters. Here we want to attract attention to the universal feature which controls material removal for various
wavelengths and materials if the pulse duration 77, is short. This is the spallative ablation which should take place
in any case (i) when the delivery of laser energy is faster than elastic reaction to heating and, (ii) the absorbed
energy density is comparable to the cohesive energy of condensed state. Why is this so?

Atoms - a system of an ion and electrons - interact with radiation through electron subsystem. Therefore ab-
sorbed laser energy should pass through electrons. For moderate and large absorbed fluences F;; the electron-
electron thermalization is fast. Hot electrons transfer the absorbed energy to heavy particles by means of electron-
phonon collisions, in case of crystal, and through electron-ion interactions, in case of amorphous solids and melts.
The rate of these collisions defines time t., necessary for electron-ion equilibration.

There are three time scales: 7z, t.q, and ts, where t; = dr/cs or ts = ds/c, shows how fast is acoustic
response to laser irradiation, dr is a heat penetration depth, dy is the thickness of a foil target. It is replaced by
dr if a foil is thinner than the heat penetration depth dy < dr, and ¢, is sonic velocity. Laser pulse increases
pressure in the heated layer d7 orin a thin foil d; from p = 0 to pjoqq. For short pulses

T < ts ey

this increase pjoqq is of the order of volume density Fy;s/dr of absorbed energy because the Gruneisen factor
I" is of the order of unity.
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Electron I'. and ion I'; numbers are both of the same order, regardless of the fact that the electrons are
degenerate, as in metals, or they are classical or semiclassical, as in semiconductors and dielectrics excited by
laser pulse. Therefore it may be either

teg <s, 2
or
ts <teq 3

particular case does not influence the conclusion that pjoeq ~ Fups/dr O Proaa ~ Faps/dy in the case when
the condition (1) takes place.

But the cases (2) and (3) are physically different. If condition (2) holds, then ion pressure p; drives expansion
at the hydrodynamical stage, while in the opposite case (3), electron pressure p. is higher and hence its action
expands matter during the time interval ¢ ~ .

Absorption and thermalization depend on a band structure, a room temperature electron energy distribution,
and changes in this distribution during heating by laser pulse and after the end of the pulse. This is why the
physical pictures vary from (i) optical quanta hwy ~ 1 eV and metals to (ii) hwy ~ 1 eV and semiconductors,
(iii) Awyp ~ 1 eV and dielectrics, and X-rays quanta in (iv) metals, (v) semiconductors, and (vi) dielectrics.
In (i) there are [a] intra- and interband absorption by conductivity and valency electrons, [b] widening of the
heated layer as a result of electron heat conduction, and [c] electron-ion energy transfer from conduction band
hot electrons to ions [1,2]. At later stages, the nucleation inside the stretched melt, foam formation, and spallation
take place. This explains the observations of dynamical Newton rings found in the experiments [3-7].

In (ii), there is nonlinear absorption, depending on ratio of the number of electrons in conduction band to
the number of electrons necessary to increase plasma frequency up to laser frequency wy. This ratio depends
on intensity and time after beginning of laser irradiation, because irradiation excites electrons from valence to
conductivity band through direct interband transition, multi-photon, and tunnel processes. Absorption depth
drops and the absorbed laser power per unit volume increases sharply after achieving the critical density of
conduction electrons. At this stage, the situation with semiconductors becomes similar to that with metal. In
semiconductors, the forbidden gap is narrow in comparison with dielectrics, therefore not as much energy is
needed to transfer semiconductor into this stage - semiconductor is not very hot, and cohesion bonds remains
dynamically significant. These reasons cause similar dynamical behavior of semiconductors at late stages with
nanospallation, foaming of melt, appearance of the Newton rings, and decrease of reflection coefficient due to the
foaming [7,8].Development of foam and freezing of nano-relief are the bases for formation of weakly reflecting
black gold and platinum [9,10].All these phenomena provide bright manifestations of spallative ablation.

In case (iii) of dielectrics and optical irradiation, the gap is wide. Therefore, after achieving the stage with
critical number of electrons in conduction band, dielectrics transform into hot state where the cohesion bonds are
insignificant. Space expansion from this stage progresses as gas expansion. This means that in dielectrics the
optical breakdown threshold Fjp4 is higher than the spallative ablation threshold F,p; introduced below. The
threshold F,p; is determined by strength of the bonds. While in semiconductors Fpqy < Fjp;, and spallation
exists.

Absorption and atomic physics of electron-ion thermalization for X-ray lasers (XRL) in cases (iv), (v), and
(vi) are different from optical lasers. The initial stages are similar in the cases (iv)-(vi). High reflection of incident
light, like in case of metals, is absent - all X-ray quanta are absorbed in bulk targets. There is no highly nonlinear
phenomena like sharp increase of opacity during pulse as a result of accumulation of critical electron density. On
the contrary, nonlinear X-ray opacity may decrease during laser pulse due to the devastation of the electron shell
which are mainly absorbing XRL quanta [11,12]. But this relates to the high fluence irradiation. In our case with
energetic XRL photons fwy, = 89.3 eV (Ag XRL and similar devices [13-16]),and even higher X-ray photons
of up to 10 — 15 keV (XFEL [17]), concentration of excited atoms is small and nonlinear effects are negligible,
because we are interested in spallation when the average energy per atom FE,;s is of the order of cohesion energy
E .. Scale of this energy is moderate even for substances with strong bonds. For metals it is of the order of
3 — 4 eV/atom.

It is shown in this paper, that in spite of obvious differences in absorption and electron-ion relaxation stages,
final stage is similar for all cases (i), (ii) and (iv)-(vi) if condition (1) holds. Absorption elevates pressure Djoqq
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in the heated layer dp. The release of this pressure into the vacuum side, in case of the targets irradiated from
the vacuum boundary, creates negative pressure (tensile stress) in the stretched matter. Stretching is caused by
expansion of suddenly (at acoustic time scale ¢,) heated matter. Let p,., be the absolute value of maximum
tensile stress achieved at given irradiation fluence F. There is a strength limit p;;,, called the material strength.
It exists due to finite strength of cohesive bonds between atoms. If p,., overcomes pj;,, then nucleation and
spallation take place. This means that there is a sharp spallative ablation threshold Fip;, Preg(Fabi) = Prim.,
because the function py,c,(F') grows with F.

In this picture, particular evolution at the initial stages (absorption, e-i interaction) is not significant. In any
case (1), (ii), (iv)-(vi), they produce strained (or "loaded”) state, negative pressures, and above the ablation thresh-
old Fj; - nucleation and spallation.
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Fig. 1 Photon energy of Ag X-ray laser is between the
L-edges for Al and Si. Therefore the attenuation depths for
Al (37 nm) and Si (590 nm) are very different. The data is
taken from [18]. (Online colour: www.cpp-journal.org).

laser wavelength, nm

Fig.2 Attenuation depth varies in a wide range depending
on photon energy of particular X-ray laser. For high energy
photons, generated by future free-electron lasers [17], this
depth is large. (Online colour: www.cpp-journal.org).

Typical attenuation depths d,;; are shown in Fig. 1 and 2. The dependencies d,;(wy) are complicated,
reflecting the electron shell structure of atom. We see how large is the depth d,;; in case of high energy quanta.
Corresponding acoustic responses are also very long, because heating is moderate, and changes of sonic velocity
in comparison with its room temperature values are small. E.g., for fiw;, = 12keV itis ts = duut/cs = 30 ns.
This time is huge in comparison with picosecond time scale of e-i relaxation process. The fluence necessary to
achieve spallative ablation threshold is

Fabl = klim datt Nat Ecoh ~ 200 chmza

where ki, = 0.2 — 0.4 is a coefficient connecting delivered laser energy and limiting strength of material
[19,20], this coefficient is significantly below unity, n,; is atom concentration in solid state.

Future XFEL lasers [17] will have 0.1 keV < hwp < 12 keV photons, ultrashort durations 77, ~ 20 fs,
and fluence up to several hundred J/cm 2. Irradiation by such a pulse can cause spallative ablation of huge sub-
millimeter piece of condensed target. Three-dimensional effects will become significant as focal spot diameter
dsp is usually from tens to hundreds of microns. In the case when d,, < dq4 powerful lateral shocks will be
produced, propagating in radial directions to the heated cylinder created by pulse in a target. The length of the
cylinder is ~ dqs and its diameter is d,. Let us also mention, that in the thin surface layer (thin in comparison
with dg¢), nonlinear effects with devastation of electron shells will be significant at such high intensities of
X-ray flux (large fluence, small duration).

At such laser parameters, there are little differences between cases (iv), (v), and (vi), because an additional
widening Adcp. of the heated volume due to electron heat conduction is small in comparison with dgs. In
one-temperature metals, heat diffusivity and thermal penetration are x ~ 1 cm?/s and Adepe ~ /X ts ~
2um < d,+- The same may be said about carriers and heat expansions in semiconductors and dielectrics.
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Let us consider ablation flow initiated by action of Ag XRL on dielectric LiF. One dimensional approximation
is valid because the diameter d, is much larger than the depth du¢; = 28 nm for quanta 89.3 eV in LiF [18].
Pulse duration is 7;, = 7 ps. Equations for electron concentration n. in the conduction band and for electron
total energy L are

QL 3 . . F e_f’z/‘rg
Ne = 712 + VimpTe — KrecNe, E‘; = QL — Eeq, QL = mv E: = NeUiz + Ee. “4)
Quantities n. and E? are averaged over the depth d,;. Simulations begin at initial instant {g = —57.. In (4)

the Maxwellian distribution for electrons over energy is used because the e-e exchange is fast, E. = (3/2)n. T,
is electron thermal energy, Q;, is a XRL source, F' is fluence of laser, typical fluences are F' ~ 10 mJ/cm?,
Vimp and k... are the electron impact ionization frequency and the coefficient of three-body recombination
taken from [21]. In (4) the term F., = A E, gives loses of energy by electron subsystem. This energy transfers
from electrons to atoms. Calculations give A ~ 1.5 x 10'2 s~! for the electron-atoms exchange coefficient.
Potential energy of primary ions created by XRL photons is u;; ~ 30 — 60 eV, wu;o = 10 eV is the potential
energy of secondary ions. The secondary ions appear as a result of impact and Auger ionizations.

Numerical integration of system (4) gives time-dependent power FE.,(¢) heating atomic subsystem. We
write E¢(x,t) = (2/y/T)Eeq(t) e~ /e for the local value of energy transfer to atoms. This power is used
as energy source in our molecular dynamics (MD) simulations because in dielectrics thermal conductivity and
diffusion during acoustic relaxation time ¢, are small - ionized electrons and their heat are localized inside the
layer d,;. The goal of these MD simulations is to estimate maximum negative pressure pp., in a target created
by our XRL laser pulse. We neglect dynamical influence of electronic pressure, as estimates show that it is small.
New EAM (embedded atom methods) potential for aluminum [19] is applied because careful comparison of LiF
and Al equations of states shows that they are very close to each other.

Results of MD simulations are shown in Figs. 3 and 4. Temperature profiles are estimated from temperatures
for Al, taking into account double the heat capacity of LiF. But calculations are done with Al EAM potential. They
show melting. For LiF the melting temperature is higher, while its temperatures are lower (since heat capacity
of LiF is larger than for Al). Therefore LiF does not melt in our range of fluences ~ 10 mJ/cm?. Melting of
Al takes small amount of total absorbed energy and almost does not influence dynamics. Temperatures slightly
decrease behind the melting front. The melting front is located near the small temperature drop seen in the profile
for ¢ = 25 ps in Fig. 4. Thickness of the molten layer is 10 nm. Decrease of temperature due to adiabatic
expansion is small, because pressure drops sharply with decreasing density. The density expansion is small, thus
the work done for expansion is small.
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Fig. 3 Evolution of pressure profiles created due to ab- Fig. 4 Contrary to the pressure profiles, the tempera-
sorption of XRL pulse. Gradually negative pressures ap- ture profiles remain frozen into matter. (Online colour:
pears. (Online colour: www.cpp-journal.org). www.cpp-journal.org).

Main results of MD simulations concerns stress fields. Negative pressure pp.q gradually develops as a result
of the acoustic reflection from the boundary with vacuum of the pressure perturbation created by laser heating.
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The maximum value of p,., ~ 1 GPa is achieved at the time interval 15-20 ps, and at the depth ~ 50 nm.
During further evolution p,., remains constant. Therefore, near the spallative ablation threshold, the depth of a
crater is 50 nm. This value agree with our experimental measurements.

The experiment has been performed with the Ne-like Ag soft X-ray laser facility at JAEA Kansai Photon Sci-
ence Institute, working at transient collisional scheme [22-24]. The X-ray laser beam with the energy ~ 11J and
the horizontal and vertical divergences of 12 mrad x 5 mrad, respectively, was focused on a LiF crystal of 2 mm
thickness and 20 mm diameter, by using a spherical Mo/Si multilayer mirror of 1050 mm radius of curvature. The
total energy on the LiF crystal of the XRL beam, after passing 200 nm Zr filter, and reflecting from the focusing
mirror, was ~ 170 nJ in a single shot. The luminescence of the stable color centers (CCs) [25-28], formed by
XRL radiation, was used to measure the intensity distribution in the XRL laser focal spot [23,24]. After irradia-
tion of the LiF crystal with the XRL, the photo-luminescence patterns from the color centers (CCs) in LiF were
observed by using a confocal fluorescence laser microscope (OLYMPUS model FV300). An OLYMPUS BX60
microscope in the visible differential mode and an atomic force microscope (AFM, TOPOMETRIX Explorer),
operated in the tapping mode, have been used for measurements of the size of the ablation spot. As it was shown
in our previous experiments [23], only about 6% of full laser energy is concentrated to the best focus spot of
~ 2004 m?, which corresponds to the energy of ~ 5 mJ/cm? or laser intensity ~ 7 x 10% W/cm?.

Two types of experimental investigations of the XRL ablation threshold of the LiF crystals were done. In the
first experiments, Zr filter has been removed. Therefore, the XRL beam expands freely and then is focused on
the surface of LiF crystal. Ablation of crystal materials is clearly seen from the AFM image and traces. Since the
energy of the XRL beam is 350 nJ in these experiments, we can estimate the XRL laser energy threshold of the
LiF crystal as ~ 10.2 mJ/cm?. From the traces, we can see that the ablation depths vary between 30 and 55 nm,
which is close to the absorption depth ~ 28 nm for 13.9 nm radiation [18]. In the second type of experiment, Zr
filter was settled inside the XRL beam propagation path, and 3 shots were done in the same focusing spot with
the fluence of 5 mJ/cm?. In this case a crater, with an ablation depth of about 50 nm, appears on the surface
of the crystal, which is similar to the craters obtained in the previous experiments with the single more intense
XRL shot. It is necessary to mention, that the ablation spot would have never been observed if only single shot
with fluence 5mJ/cm? has been made. The value of the ablation threshold, obtained in our experiments, is much
lower as compared with the previous experiments with the longer XRL pulse.
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