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Ultrashort X-ray laser pulse acts onto electron subsystem of dielectrics such as LiF and transfers matter into
a two-temperature state with hot electrons excited by the pulse from valence to conduction band. Because
of the small heat conduction, the hydrodynamic motion proceeds in adiabatic regime keeping the radiation
attenuation depth Datt as the only scale of the spatial heat distribution. Hydrodynamic motion qualitatively
changes with absorbed energy increase. At low fluences F ∼ 10mJ/cm2 a spallative removal of LiF remaining
in solid state takes place. This is a reason for the low ablation threshold. The paper presents new experimental
findings supporting this conclusion. For the first time these findings are obtained using ultrashort extreme
vacuum ultraviolet-free electron laser (EUV-FEL). In the case of high fluence, also achieved in our experiments
at EUV-FEL, material removal happens as result of outflow of matter transferred into the gaseous state. This
explains the slow growth of the amount of ablated mass with significant fluence increase.

c© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

Two-temperature warm dense matter, created by the action of the collision Ag-plasma X-ray laser (XRL) onto the
lithium fluoride (LiF) crystal, has been considered in papers [1,2]. Experimental investigations have been done at
Kansai Photon Science Institute (KPSI) of Japan Atomic Energy Agency (JAEA). These experiments exhibited
a low threshold value of laser irradiation fluence for the onset of ablation. This low value of ablation threshold
demonstrates a high efficiency of short pulse XRL in comparison with nanosecond XRL or in comparison with fs
and ns optical lasers. The duration τL of ultrashort laser pulse is shorter than, or comparable with the acoustic time
ts = Datt/cs which is necessary for sound to travel with speed cs through an attenuation depth Datt. Such pulses
create thermo-mechanical stresses which are the reason for spallative ablation. Thermo-mechanics and negative
pressure define the character of ablation at relatively low fluencies of the order of ablation threshold. At such
fluencies heating is moderate and matter remains in condensed state where cohesive properties are dynamically
important. At higher fluencies XRL transfers the heated layer with thickness Datt into gaseous state where
cohesion is not significant.

∗ Corresponding author: E-mail: nailinogamov@googlemail.com, Phone: +07 495 425 8767, Fax: +07 495 702 9317

c© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



420 N.A. Inogamov et al.: Two-temperature warm dense matter

In dielectrics, as well as in metals, a laser pulse is absorbed by electronic subsystem of condensed matter. For
short pulses, the electron-ion energy exchange time teq exceeds pulse duration τL and the situation with different
electron temperature Te and lattice temperature Ti (Te � Ti) appears.

The thermodynamical state of the heated surface layer, with thickness Datt at fluencies under consideration,
lies between the triple and critical points. Density during heating is of the order of solid state density and internal
energy per atom is in the few eV range, the so called warm dense matter (WDM) range. The short pulse XRL
transfers matter first into two-temperature WDM state. The two-temperature stage is an important part of the
whole process.

There is a qualitative difference between the two-temperature dielectrics and metals. In metals, conduction
electrons are initially present, while in dielectrics they appear as the result of photo and impact ionization from
valence band. The ionization degree Z = ne/np is in the 1-100% range for wide-gap dielectric LiF in our range
of energies, from fluencies near ablation threshold Fabl ≈ 10 mJ/cm2 and up to fluencies F ∼ 20Fabl (here
ne, np are free electron and LiF pairs number density respectively, np = 6 · 1022 cm−3 at room temperature). A
difficult and important problem concerning value of an electron-ion energy exchange rate Ėei = α(Te − Ti) for
dielectrics is solved in this paper. The coefficient α has remained unknown for dielectrics. Our calculations show
that α→ 0 when Z → 0 and that αLiF is 1.7-2 times higher than αAl for aluminum at typical ionization degrees
Z ∼ 0.1− 1 of LiF.

2 EUV-FEL experiments with LIF target

The experiment with the self-amplified spontaneous emission-free electron laser (SASE-FEL) facility was per-
formed at the SPring-8 Compact SASE Source (SCSS). This system can provide laser pulses in the extreme-
ultraviolet (EUV) region (51-62 nm) [3–5]. In our experiments, SCSS worked at wavelengths about 61.5 nm. A
single shot mode was used, allowed to measure the laser energy in each shot [5]. SCSS pulse energy was varied
from 4 to 11 μJ in different shots. The duration of the pulse was about 300 fs [4]. To find the ablation threshold
of LiF crystals, we varied EUV-FEL energy and/or changed beam focusing position from the best focus at the
surface of a LiF crystal to defocusing from the best focus up to 40 mm.

The luminescence of stable color centers (CCs) [6–8] formed by EUV-FEL radiation was used to measure the
intensity/fluence distribution in SCSS laser focal spots [9]. This is very important as it allows us to define an
accurate value of the real local fluence at a target surface, and to find exact values of the ablation threshold. This
is significant since, due to strong abberations, the intensity distribution has complicated smeared-out shape and
at near threshold Fabl, only a small part (20-40%) of pulse energy is inside the ablation crater.

Fig. 1 a) The experimental setup for recording
the 61.5 nm SCSS free electron laser beam pat-
terns near the best focusing position on a LiF
crystal. b, c) The patterns recorded on LiF crys-
tal, placed in the best focusing position and 26
mm out of it, imaged by Olympus microscope
working in luminescent and visible modes. Area
of ablation is marked on the visible images.

The photo-luminescence patterns from the color centers (CCs) in LiF (after irradiation of the LiF crystal
with the EUV-FEL beam) were observed by using a confocal fluorescence laser microscope (OLYMPUS model
FV300). To confirm that the surface of the crystal has been damaged, we used an OLYMPUS BX60 microscope
in visible and differential modes. Also, cross sections of the ablated craters were measured with an atomic force
microscope (AFM, TOPOMETRIX Explorer) operating in the tapping mode. Typical images of the SCSS-FEL
beam, recorded with the LiF crystal at different focusing positions, are presented in Figures 1b and 1c.

c© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cpp-journal.org
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Our experiments were performed using 61.5 nm SCSS free electron laser facility. These new experimental
results confirmed the low value of the ablation threshold Fabl ≈ 10mJ/cm2. From Figure 1c we can see that
fluence ∼ 7.1mJ/cm2 was not sufficient for EUV-FEL production of ablation on the surface of LiF crystal.
Meanwhile, fluence ∼ 9.2mJ/cm2 was sufficient to produce clear spot on the surface of the LiF crystal.

Fig. 2 a, b) Trace and AFM image of patterns recorded on LiF crystal placed 5 mm from the best focusing position. Crystal
was illuminated by EUV-FEL beam with energy 11 μJ. Trace shows that different ablation zones could be selected, which
corresponds to laser fluences from 16 to 80 mJ/cm2. A low change of ablation depth from ≈ 10nm to ≈ 30nm with significant
increasing of laser fluence has been observed.

Fig. 3 AFM images and traces of patterns recorded on LiF crystal placed at the best focusing position. Crystal was illumi-
nated by 1 and 100 shots of FEL beam with different energy. Traces of presented images clearly demonstrate that LiF crystal
ablation depth increases very slowly with increasing of laser fluence and number of shots.

It is also very interesting to compare the changes of ablation depth in different ablation zones, which were
irradiated by EUV-FEL with different fluencies. We have determined that the smallest depth, which appears near
ablation threshold of LiF crystal, is 10-15 nm (see Fig. 2). Meanwhile, increasing laser fluence up to 80 mJ/cm2

does not efficiently increase the ablation depth, which reaches the value of only about 30-35 nm. This result is
different enough in comparison with irradiation of LiF crystals by 7 ps Ag XRL laser, where we observed the
depths of ablation about 40-50 nm near the ablation threshold [1, 2]. Fig. 3 presents the results obtained by
irradiation of LiF crystals at even greater intensities, proving the slow increase of ablation depth with increasing
of EUV-FEL fluence. From Fig. 3 it is clear that even under irradiation of EUV-FEL fluences, about 110-150
mJ/cm2, the ablation depth is quite small and varied at around 30-40 nm.

www.cpp-journal.org c© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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3 Physical model

When EUV or XRL laser pulse interacts with dielectrics, we use the next system of equations for target material
parameters

np
∂Z

∂t
=

I

�ωL Datt
+ νimpne − κrecn

3
e, (1)
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=
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ρ
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p Δ
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ρ(x0, t)
∂x(x0, t)

∂x0
= ρ0, (5)

∂x(x0, t)

∂t
= u(x0, t). (6)

Equations (1-3) define ionization degree Z = ne/np (1) and energies of electron (2) and ion (3) subsystems.
Equations (1-3) are solved together with hydrodynamical equations (4-6). Lagrangian variable x0 is linked to

moving substance. The variable x0 is the initial position of material particle. The x gives direction normal to the
irradiated surface. One dimensional approach is valid since radial size of focal spot is large in comparison with
attenuation depth Datt(hν = 20.2eV) = 9nm [10].

Equation (1) describes variation of concentration of free electrons ne in moving material particle x0 under
action of XRL photo-ionization, impact ionization, and recombination. At our time intervals, contributions of
photo-recombination and ambipolar diffusion are small. Diffusion is weak as a result of large mass of holes in
the narrow valence band. Therefore we neglect diffusion in equation (1) and neglect electron heat conduction
in equation (2). Phonon heat conduction is small. Laser flux I[W/cm2] defines energy production per unit of
volume ∂I/∂x = −I/Datt in equation (2). Volume energy absorption and energy of photon hν, absorbed at
one-photon transition of electron from valence to conduction band, give volume rate of free electron production
in ionization equation (1).

Energy flux in (1,2) is

I(x0, t) =
F√
πτL

exp

(
− t2

τ2L

)
exp

(
− x0

Datt

)
. (7)

In (7) value F [mJ/cm2] is XRL fluence absorbed by dielectrics. Thickness of the LiF disk is 2 mm, see Section
2. This is a thick layer (2 mm� Datt ≈ 9nm) and incident fluence is totally absorbed in a surface layer (no
transmission, no reflection). Initially, the absorbing dielectric is placed at the right semiaxis x > 0. Time is
measured from the maximum of a laser pulse (7). Computer simulation starts from a distant wing of Gaussian
function (7) at the instant tstart = −5τL.

Electron energy Ee in (2) is measured from the bottom of the conduction band. It includes thermal and
quantum energy contributions.

Adiabatic expansion works for electron and ion subsystems (2), (3) are pe∂u/∂x0 and pi∂u/∂x
0. Gradient of

the total pressure p = pe + pi governs the change of momentum in dynamical equation (4).

4 Lithium fluoride equation of state, ionization and recombination rates and

electron-ion energy exchange

To integrate numerically the system of equations (1)-(6) we need the equation of state (EOS), frequency of impact
ionization by free electrons νimp, recombination coefficient κrec, and electron-ion energy transfer coefficient α.
As for EOS of LiF, we present ionic part of EOS as Ei(Ti, ρ), pi(Ti, ρ). Electronic excitations are included within

c© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cpp-journal.org
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the effective mass approximation. Comparison of EOS for LiF and aluminum (Al) taken from the work [11]
shows their close similarity. It makes it possible to use better known wide-range EOS of Al from [11, 12] for
computer simulation of LiF, under the action of XRL.

Impact ionization frequency νimp in equation (1) was the same as in the paper [2] from the work [13]. Three-
body recombination coefficient κrec can then be defined from detailed equilibrium [13].

When the electron concentration in the conduction band of LiF is small, crystal retains its ionic character. In
this situation, conduction band electrons interact more extensively with longitudinal optical phonons [14]. Energy
transferred from electrons to longitudinal optical phonons per unit volume and unit time can be presented in the
form

dE

dt
= α(Te − Ti). (8)

with electron-phonon coupling factor α

α =

√
2

π

kBne

tat

√
me

m

(
εat
kBTe

)3 (
�ω0

εat

)2
qD∫
0

dq

q
exp

⎛
⎜⎝−�

2
(

q
2 + meω0

�q

)2

2mekBTe

⎞
⎟⎠ . (9)

Here εat = 27.2 eV is the atomic energy unit, tat = 2.4 · 10−17s is the atomic time unit, and qD is the Debye
wave vector. Electron-phonon coupling factor α in (9) is proportional to ne at small ne. With ne increase, an
ionic crystal transforms into a configuration similar to a covalent crystal, since the number of F− ions gradually
disappears as number of electrons, lifted from valence band, increases. Therefore, strong electron- optical phonon
interaction decreases. This process saturates growth of α.

20 40 60 80

Te,  kK
0

2

4

6

8    α,  1017 W / K  / m3

L iF

Al, 2008

Al, 2005
Fig. 4 Comparison of coefficient α for dielectric and
metal. There is an obvious difference in α (α gives power
transfer per unit of volume) at small temperatures con-
nected with small values of Z in dielectrics. Dependen-
cies for Al are from [15] ”Al, 2005” and from [16,17] ”Al,
2008”. (Online colour: www.cpp-journal.org).

In Fig. 4 electron-phonon coupling factor α for LiF is shown together with its value for a simple metal such
as Al for the comparison. Coefficients α for aluminum, shown as the curves ”Al, 2005” [15] in Fig. 4 were
calculated taking into account Thomas-Fermi screening of Coulomb interaction without the use of any adjustable
parameters. The curve ”Al, 2008” in Fig. 4 has been calculated in [16] with the use of approach [18, 19]. It
should be mentioned, that very different approaches [15] and [16] give similar results for the coefficient α of Al,
see Fig. 4. Calculated values of α for LiF have been used in the computer simulations of system of equations
(1-6).

5 Heating and expansion dynamics of LiF crystal under short EUV-FEL pulse

Equations (1-6) with parameters described in Section 4 were used to simulate action of EUV-FEL onto LiF
dielectric crystal. Formation and propagation of shock after EUV-FEL action are shown in Figs. 5–7 with
parameters typical for experiments (pulse duration τL = 300 fs, photon energy 20.2 eV, Datt = 9 nm).

www.cpp-journal.org c© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 5 Formation of compression wave after action of
EUV-FEL pulse in the ablation near-threshold regime with
τL = 300 fs and fluence F = 10mJ/cm2. The square
marker in the pressure profile for t = 5ps gives position
(t, x, or x0) and absolute value of the maximum instant
negative pressure |pneg(t = 5ps)|max. (Online colour:
www.cpp-journal.org).
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Fig. 6 Appearance of shock as a result of breaking the
compression wave τL = 300 fs, F = 10mJ/cm2. Let
us mention that two shocks appear: one before the com-
pression wave, while the other behind the stretching wave.
There is also appearance of second compression p > 0 and
second stretching p < 0 behind main ”plus and minus”
acoustic pulse, compared with paper [20]. (Online colour:
www.cpp-journal.org).

At instant t = 0 half of fluence is delivered, see (7). Maximum of total pressure p = pi + pe is achieved
slightly later the end of a heating laser pulse. Because, firstly, two-temperature relaxation lasts longer than
τL = 300 fs, and, secondly, electronic gas is softer than condensed matter (at equal internal energies of electron
and ion subsystems pressure pe is smaller than pi). After propagation through some distance, the compression
wave breaks due to its non-linearity and forms a pressure jump (shock wave). The more non-linear is the wave
(larger F, p), the faster it breaks. Shock decays during its subsequent propagation into bulk, see Figs. 6 and
7. Shock attenuation is faster for more non-linear shock. This attenuation is connected with rarefaction wave
coming to the shock from the vacuum boundary side.

Near threshold fluence Fabl ≈ 10mJ/cm2 the maximum electron temperature is Te ≈ 20 kK, the maximum
ionization degree is near 3%. Two-temperature relaxation lasts teq ∼ 1ps. Maximum Ti is 1.5 kK. The values for
fluence F = 180mJ/cm2 are: Te|max ≈ 110kK, Z|max ≈ 0.4− 0.5 (in the dense part of LiF where ρ ≈ 2.6 g/cc
near the end of two-temperature relaxation), Ti|max ≈ 10kK, teq ≈ 1 − 2 ps. Fluence F ≈ 180mJ/cm2 is the
highest fluence achieved in EUV-FEL experiments presented in Section 2.

Low fluence F ∼ Fabl and high fluence F ∼ 200mJ/cm2 EUV-FEL pulses produce different negative pressure
profiles which are responsible for spallative ablation at low fluence. Spallative mechanism of ablation has been
proposed for explanation of very low values of ablation threshold in case of XRL [2]. In work [2] only the near-
threshold case for Ag XRL has been considered experimentally and theoretically. Here we study ablation in wide
range of EUV-FEL fluencies.

From Figs. 5–8 we see that in the near-threshold case, negative pressure is achieved in early stages, at shallow
depth ≈ 10 nm, and its amplitude |pneg| ≈ 3.5GPa is approximately half of the amplitude of compression
wave. At large fluencies, the situation is different. Negative pressures appear later, and at significant depths, their
maximum amplitude |pneg|max is of the same order as in the near-threshold case. But now, this amplitude is
negligible part (less then 0.1 for F = 180mJ/cm2) of the maximum compression pressure.

The dependencies |pneg|max(x
0) in Fig. 8 show how the maximum tensile stress |pneg|max evolves in space

and time as the pressure waves presented in Figs.5–7 penetrate into the LiF target. The square markers in Figs.
5 and 8 help to understand the sense of dependencies in Fig. 8. As was stated in Section 4, we use EOS of
Al [11, 12] in computer simulation. In this case, the maximum cold negative pressure pneg|max(T = 0) is
≈ 12GPa according to paper [20] and its References. In simulations (Figs. 5-8) we did not use technique which
allows to include kinetics of nucleation (this will need another paper). In this case fragmentation is achieved
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when the system touches the spinodal. Simulations show that in our calculations, presented in 5-8, in cold part
of our target the value of tensile stress near pneg|max(T = 0) for Al is not achievable in the range of considered
fluencies. Therefore, we did not see separation of a somewhat cold spallation plate from the rest of a target as it
was in the paper [20]. But we see evaporation and fragmentation of a rather hot matter from a thin surface layer
when fluence F is large. This means, that in our simulations, the system touches the hot part of the spinodal
(the spinodal ends in the critical point) and can not achieve the cold part of the spinodal which ends in the point
pneg|max(T = 0).

0 200 400x,  nm

0

20

40

60
 P,  
GPa F=180 mJ/cm2

t = 0 ps

t = 1.1 ps

t = 5 ps

t = 10 ps

t = 20 ps

t = 60 ps

Fig. 7 Formation of powerful acoustic disturbance
after action of strong EUV-FEL pulse, τL = 300 fs,
F = 180mJ/cm2.
(Online colour: www.cpp-journal.org).
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Fig. 8 The continuous curves give dependencies |pneg|max on
Lagrangian coordinate x0. The square marker in profile F =
10mJ/cm2 corresponds to the apex point of the well in Fig. 5
marked by the same marker. Its coordinates are: t = 5 ps,
|pneg|max = 3.4GPa, x = 10 nm, x0 = 9.7 nm. The dif-
ference between x and x0 is due to motion of substance. The
dashed curve presents material strength plim for the case F =
10mJ/cm2. Fluencies are written as digits near the curves.
(Online colour: www.cpp-journal.org).

To estimate thickness of the cold spallation plate, we found the material strength plim(T ) and compared it
with values of |pneg|max(x

0) in simulations. The dashed curve in Fig. 8 gives the profile of material strength
plim(x0) in substance heated by EUV-FEL pulse. Dependence plim(T ) has been taken as 30%-60% value of
material strength for Al obtained from the paper [21]. In Fig. 8, the intermediate dependence plim(T )[GPa] =
−2.2 + 0.7T [kK] is shown as the dashed curve. A temperature profile T (x), taken from simulation has been
substituted into the function plim[T (x0)]. The intersection point of the curves plim(x0) and |pneg|max(x

0) is
denoted by the circle marker in Fig. 8 for the case with F = 10mJ/cm2. Intersections at the different fluencies
F are denoted by the different circle markers. Simulations demonstrate slow growth of the crater depth with
increasing of fluence.

6 Conclusion

Warm dense matter, arising under the action of ultrashort EUV-FEL pulse onto LiF dielectric crystal, is charac-
terized by high temperature of conduction electrons, with their number density achieving values of the order of
atom number density at maximum laser fluences in our experiments. Expansion of matter, heated and pressurized
through the electron-ion energy exchange, gives rise to the spallative ablation at small fluences and gaseous out-
flow from a target in the case of large fluences. Ablation threshold is low in comparison with a longer nanosecond
XRL.
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