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Physics of ultrashort laser pulse (UsLP) interac-
tion with matter is important as it is a base of many
technologies from microchip surface fabrication, pro-
duction of nanopowders, or layer film deposition to
biomedical applications, see, e.g., [1]. A UsLP trans-
fers metalls into a two-temperature (2T) state with
T. > T;, where T,,T; are electron and ion tempera-
tures. Duration of 2T state is ~ 1 — 10 ps. This is a
new and rather artificial state. Indeed, energy density
E. of the electron subsystem right away the absorp-
tion of the UsLP may exceed the cohesion energy of
condensed matter. These conditions were not interest-
ing for researchers before beginning of the study of fast
ions moving through solids [2] or before an invention
of the UsLP [3] because they are incompatible with
keeping of matter in a condensed state. In the case of
UsLP the condensed matter may remain in condensed
state as result of fast conductive cooling from irradi-
ated surface into bulk of a target.

Now the 2T state is a subject of many fundamen-
tal studies. They are significant because thermody-
namic (e.g., electron pressure p.) and kinetic (e.g.,
conductivity o) data about the 2T state are neces-
sary for the understanding of processes initiated by
a UsLP and for corresponding calculations. Our pa-
per is devoted to this subject. Chromium-forsterite
(wavelength A =1240 nm, pulse duration 7, =100 fs)
or titanium-sapphire (A =800 nm, 77, =40 fs) lasers are
used in the experimental part of the paper. Very high
speed (temporal resolution ~ /277~ 1071 s) experi-
mental pump-probe technique used in our work allows
to follow fast non-equilibrium evolution of the irradi-
ated target. But obtained experimental data are indi-
rect. They contain only optical information about a
reflected probe light wave—a coefficient of light reflec-
tion R and a phase ¢ of a reflected wave (let’s mention
that R, are functions of time delay fgc1qy between
the pump and the probe FsLPs). There is a long way
from (R, ) to the 2T thermodynamic/kinetic proper-
ties through a dielectric permittivity e calculated from
optical data. Therefore a physical model together with
2T hydrodynamic and molecular dynamic simulations
are necessary to connect (R, 1) and the 2T properties.
There are three recent models including 2T, hydro-
dynamics, and optics [4-6]. Other 2T models do not
include or 2T hydrodynamics, or optics. The term ”2T
hydrodynamics” means that the electron pressure p, is
included in the equations in addition to the 2T ther-
mal effects («, ke, Ce- an energy exchange, a coefficient

of electronic heat conduction, an electron heat capac-
ity). The main components of our model ([5]) are: the
two-temperature equation of state, the many-body in-
teratomic potential, the electron-ion energy exchange,
the electron thermal conductivity, and optical prop-
erties of solid, liquid, and two phase solid-liquid mix-
ture. The collision frequencies are taken from the re-
cent quantum-mechanical molecular dynamics works,
e.g., [7].

Comparison of experimental optical responses of
simple (aluminum, Al) and noble (gold, Au) metals to
pump irradiation at the incident fluences ~ 1 J/cm?
shows qualitative differences. Fast increase of electron
temperature T, during a short time slice of pump ac-
tion 77, causes small changes of € in Al (though T is
high) and large changes in Au at similar T, as shown
in Fig. 1. Our analysis links this variation in € to two
factors. (i) There is a difference in the band structures
of Al 3s23p! and Au 5d'°6s'. (ii) There is a decrease
of a degeneration degree and a sharp growth of a colli-
sion frequency v as result of this. Consequence of the
v-growth for absorption of the probe photons are dif-
ferent for Al and Au as the collision mechanisms are
different.

Let’s discuss a band structure and the dependence
Z(T.) of number of the conduction electrons Z on
T.. In Al number Z = 3 does’t change at our in-
cident Fj,. < 2 J/cm? and absorbed Fu,, < 0.3
J/cm? fluences and corresponding maximum temper-
atures T, < 5 eV. In gold at room temperature (r.t.)
there are Z = 1 conduction and 10 d-electrons. A gap
E, ~ 2 eV separates the upper edge of the d-band and
the Fermi level at r.t. Z(T,.) increases in Au with the
increase of T, as it is shown in Fig. 2. The maximum
Z ~ 2 — 3 at our fluences. Fig. 2 presents calcula-
tion with a simlified band structure. The d-band is
described as the square distribution of the density of
state (DOS), while the overlapping s and p bands are
presented as an extension of a common parabolic DOS.
This approach slightly underestimates Z. Electron en-
ergy E.(p =19.3g/cc,T,) is 8 eV /atom at T, = 3.3 eV
and Z = 2. Gold remains condensed for the example
with maximum heating T, = 3.3 eV owing to the elec-
tron heat conduction into the bulk of target although
cohesive energy of Au is 3.4 eV/atom.

It is important that the collision mechanism de-
pends on the band structure. This differs electron
collisions in Al and Au. Main contributions are v.; +
pintraband 1y interband where y,; is electron-phonon col-
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Figure 1. Qualitative difference (Al versus Au) in ability
of the conduction electrons excited by the pump to absorb
the probe photons. The difference is caused by the presence
of the excited d-electrons in gold. To emphasize this the
example with Al more hot than Au is shown. The ¢ is
calculated by the Fresnel formula valid in the time range
when the e space profile maybe approximated by a step
function.
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Figure 2. Increase of Z as result of thermal excitation of
d-electrons into s,p bands.

lisions in a crystal or electron-ion collisions in a molten
metal, vintreband — b(Er /h)(T, /Tr)? is collisions be-
tween pairs of electrons both from the conductivity
band (Er = kpTr is Fermi energy), vinterband jg 5
frequency of collisions between electrons from differ-
ent bands; they are absent in Al. In Au this results

from the collisions between the s;p and d electrons.

The ratio mesr/me is = 1 for the s,p electrons, while
the d-band is narrow and the d-electrons are heavy
Meff 2> Me.

It is supposed usually that v.; is a function of T;
only. This is true for Al with its simple band struc-
ture. The frequencies are: v?4l = 4.5 1017} s71,
ylaAl — 1110175 /(130 + 0.0367T; — 66700/T;) s,
peoldn = 1.2.1017T; 571, A = 9101 2.3 10117,
s~! (the superscript "sol” means solid, "liq”—liquid).
They are obtained from the one-temperature (1T)
T, = T; measurements. 2T simulations show that for
the fluences given at Fig. 1 at tgeiay = 0.2 ps temper-
atures of Al or Au are TA! = 1.3 kK, T/ = 1 kK
(near the beginning of melting). At these T; frequen-
cies are 524!~ 0.15, 3214 ~ (.04, where the nor-
malized frequency is U = v/wprobe, Rwprope = 2 €V is
the second harmonic of the chromium-forsterite laser.
Melting v5%| 7, — uééq|Tm increases v,; 2.5 times in
Al and 3 times in Au. At these short times metals are
isochoricaly heated, pressure inside the heated surface
layer is high, and melting temperatures 7T, are higher
than the low pressure values of T}, : T,,, = 933 K (triple
point, Al), the intersections of the solidus and the lig-
uidus with the isohore p = 2.71 g/cc are 1.2 kK and
1.5 kK for Al, and 1337 K, 1.9 kK, and 2.05 kK for
Au. We see that 7,; increases as the result of the lat-
tice heating (the growth of T;) even during short delay
time. But the values v,; remain significantly below the
value 7,; ~ 1 necessary to explain the changes of 4%
in Fig. 1.

It is plausible that for Au with its overlapped d and
s bands [8] there are another channels to enhance v,; as
a result of increase of T, to several eV. The growth of
the number of conduction electrons Z(T,) illustrated
in Fig. 2 increases the light absorption. The growth
of the charge of ion Z magnifies the Coulomb cross-
section of ions. As was shown this influences the elastic
constants and melting temperature of Au [8]. This
means that the effect is significant and may influence
the values of v.; and «. The growth of Z increases
the plasma frequency wp;. A new interesting channel
of absorption is connected with d—1i collisions when
Z—1 holes in d-band interact and are scattered by ions.
The holes absorb the probe photons and participate
in the transfer of thermal energy from the conduction
electrons to the cold lattice. The last process increases
the e-1 energy exchange coefficient «.

In case of Au our calculations show that a and

ve; are related by the following equation »*? =

el

a*°Y(T.) /nkg)(T;/0)(Tr/0), where « is an e-i energy
exchange, 6 is Debye temperature. Similar relation
should exists in a melt. It is proposed that in Au the
coefficient « is a significant function of T, [9-11] ten
times increasing in the range 7, = 3 — 20 kK and after
that saturating. If this is the case the frequency v;
will increase proportionally.

Let’s analyze a role of the e-e collisions. In Al only
yintraband jg hossible. In Au an additional hypothetic
channel of light absorption through vi?erband may he
significant. This frequency may be of order of the elec-
tron atomic frequency when T, is high and Z—11is ~ 1,
see Fig. 2. This may explain results shown in Fig. 1.
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The T, enhancement of v,.; and V;’e”mb“”d presents

two new mechanisms of absorption. The quantitative
estimate of them should be developed in future. The
sole term included in the physical models so far [4, 6] is
yintraband  Below we will refer to it as simply ve.. The
term v, can ensure an immediate growth of absorp-
tion as T, increases. At T, ~ Tk the electron-electron
collision frequency v.. should be of order of atomic fre-
quency, and 7., > 1. Why then the changes in €4; in
Fig. 1 are small?

We have to split the frequency v, =
b(Erp/h)(T./Tr)?, b ~ 1, into two different fre-
quencies: one for diffusion, while the other for light
absorption. They are v.. = b(Er/h)(T./Tr)? (heat
conductivity) and vUmk = ¢b(Er/h)(T./Tr)? (elec-
trical resistivity or photon absorption), £ < 1. The
"weight” coefficient & may differ from zero only as
result of the Umklapp effect. The Umklapp processes
operate if crystal lattice exists. But experiment
shows that the changes in €4; are small. This means
that ¢ <« 1. Why? A possible explanation is: in
spite of the lattice existence at the short time delays
the space-periodic correlations in the electron Bloch
functions are broken as result of high e-e collisions
frequency.

Evolution of the reflectivity R(t) normalized to R, =
R(—00) is shown in Fig. 3, where R, is the reflectivity
of surface before the pump action. The pump is p-
polarized, angle of incidence is 45°, and Apymp = 1240
nm, the probe comes at the normal incidence relative
to the frontal plane of the target. The crosses in Fig. 3
mark results of the pump-probe measurements. The
theoretical curves (1, 2, 3) correspond to two Umklapp
weights and two approximations of the parallel band
(PB) absorption. The effective mass in Al is varied in
the range mess = (1.2 — 1.7)m.. The ¢ is presented
as a sum [12-15] of the Drude ep, = 1 — w2, /(w? +

v?)](1 — iv/w) and the parallel bands Dy, terms
E:EDT(W,V,Z/meff)+Dbb(V), (1)

where v = vy + ueUemkl . The PB interband addition
Dy, in (1) is important in solid Al at our light fre-
quUency wyrope (the wavelength is Apope = 620 nm)
and it disappears at high collision frequencies v and
in molten Al [5, 12-15]. Two analytical expressions
denoted D{;})S and Dg;go are used for approximation
of the term Dy,. The cumbersome expression D,’;},S is
taken from [15]. We also use simple phenomenologi-
cal expression DJ20 = (e — &7t ) /[1+ A(v% — (v7%)?)],
A = 7—10 for our value of the wavelength A,ope = 620
nm. The superscript "rt” means room temperatute.
D29 decays at v — wprope and gives ezact value for
¢ at rt, while Dl‘;})s presents the dependence on the
variation of w but has an appreciable error at the par-
ticular value of w. This error influences results even at
later ¢4eiqy when Al melts and Dy, disappears because
in our experiments the reflectivity R and the phase
1 are measured relative to their rt values (R,,v,) :
RHR/RO7 w—>A¢=¢—¢o

Figs. 3 demonstrate that in the model the Umklapp
weight £ should be taken small to correspond to the
measurements. This conclusion follows from the ab-
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Figure 3. Absence of the "well” connected with ve. in the
experimental absorptance history R(f4eciay) (the crosses) of
the Al target irradiated by the pump UsLP. Duration 7,
of the pump and the probe UsLP is 100 fs. The pump is
shown as the Gaussian curve ”Laser pulse”.

sence of the absorption well connected with the e-e
collisions in the observations.

The last conclusion is based on the measurements
done at moderate intensities/fluences when an elec-
tron quivering energy is ~ 1 eV. The recent observa-
tions bring new discovery — formation of the well at
high intensities. This is shown in Fig. 4. We see very

'R/R
o Experiment, Finc=1.89 J/cm2, F4,s=0.24 J/icm?
P

S~

0.8 Y = - =
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Figure 4. Appearance of the absorption well at very high
intensities 7 = 1.5 - 10> W/cm?, Al
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fast huge decrease of the reflectivity followed with re-
markable fast recovery — both obviously at an elec-
tronic time scale. After that much more slow decrease
of R(t) takes place at an ion time scale. The dashed
and thin continuous curves are taken from the previ-
ous Figure to illustrate significance of magnification of
the absorbed energy. The high I well resembles the
theoretical e-e well at the moderate I. At the moment
we do not have a simulation for the high I case. The
reasons for formation of the high I well are unknown.
The Umklapp is unlikely since the crystal periodic-
ity and the Bloch functions seem unsignificant at high
electron energies. If there is an another channel of a
photon absorption in the electronic collisions then how
to explain the fast recovery in Fig. 47 How to suppress
these frequent collisions quickly? May be this is the
optical manifestation of the Coulomb explosion of thin
surface layer? The phase history of the high F' case is
given in Fig. 5 as the curve abcd.

'R/R, AW, nm [
Lr N =00
-\ i —rv |
0.8 |
i 3 / \ojv v}
0.6 | i
0.4} 1 ¢ I
I R 200
0.2} ) \_
i a h time, ps
0 i ' =
0 2 4

Figure 5. Short superfast expansion between the points b—
¢ at the curve abed Aw)(t) correlated with the well in R(t).
The high I dependence R(t) is taken from the previous
Figure.

If we suppose that the variation of the phase A
results from the shift of the reflecting surface (the sur-
face of electron critical density n.) then the velocity of
the surface is 1060 km/s between the points b and c.
Velocities between the points c—d and after the point d
are: 180 km/s and 80 km/s, respectively. This velocity
decay corresponds to the space dispersion of the first
portion of the superfast ions. Dispersion means that
the critical surface moves relative to the Lagrangian co-
ordinate. The edge of the plasma cloud is hot, highly
ionized, and the decrease in time of the electron density
at any fixed value of the Lagrangian coordinate results
from the coordinate dependent difference in the mass
velocity — recombination at the early stages may be
neglected. Let us mention that at moderate fluences
Fine ~ 1 J/cm? when initial velocities (velocities at the
stage of the e-i relaxation when T, and T; equilibrates)
are ~ 1 km/s the mechanism of the retardation of the
crirical surface is qualitatively different. It is connected
with the tensile strength of condensed phase.

This picture with rapid expansion of the small
amount of the superfast ions uncovering underlying

more cold ions can explain the recovery of R from
the minimum point 2 to the point 3 in Figs. 4,5. But
still the question remains why the recovery is so quick.
Let’s mention the fine effect with delayed sharp accel-
eration in the point b at the At curve relative to the
beginning of the sharp R drop marked as the point 1 at
the R curve and the arrow 1 at the At curve in Fig. 5.
The time delay between the points 1 and b is 200 fs.
Minimum of R in the point 2 is in the middle of the
fast part b—c of the Ay dependence. It is interesting
that rather large values of At ~ —15 nm correspond
to the precursor range a—b before the maximum of the
pump at ¢t = 0.

The pump-probe experiments at high I (similar to
Figs. 4,5) are important as they open the way to gener-
ation of very high pressures in condensed media. Esti-
mates based on Fyps ~ pdv2/27 duration t = d/v, and
the recoil momentum pt = pdv gives v ~ 1204/ Fgs5/d3o
km/s, t ~ 250d5)>/Fol® fs, and p ~ 0.5Fs5/dso Gbar,
where Fgs = Faps/(65) /cm?), dsg = d/30nm. p from
this crude estimate is ~ 10 higher than in [16]. In
contrast to the weakly decaying (due to dispersion
of ¢4) elastic shocks produced at moderate fluences
(Figs. 1,3) the powerful shocks decay much faster as
result of low energy penetration into bulk, strong dis-
persion (short impact) and energy loses for heating and
ionization.

Let us return to the moderate I. The conclusion
about the small weight £ of the Umklapp absorption
follows from the absence of the narrow e-e well in
Fig. 3. This well is absent also in the data presented
in [17]. The last data correspond to the range 0.2 — 1
J/cm? of the s-polarized incident pump fluence.

There are four physical time scales: (i) 7z, ~ 0.1 ps
since the e-e relaxation is shorter than 77; (ii) the du-
ration of the e-i thermal relaxation t.q, when T, and
T; equilibrate (teq ~ 2 — 3 ps for Al and ~ 15 — 30
ps for Au at our moderate fluences); (iii) the acous-
tic time ts = dp/cs. Near the ablation threshold Fy,
the maximum stretching is achieved at t,,4. ~ ts and
nucleation in melt begins at t,,q ~ ts [1, 18, 19]; for
Al (Au) the time t; and the heat penetration depth
dp are ~ 15(100) ps, ~ 100(200) nm. Significantly
above F,; the times t,,4, and t,,c are shorter than
ts; (iv) the resolidification time is ~ 1 ns [20]. Above
we consider the scale (i). Now let us consider the next
scale. Evolution of the phase A#(t) measured by the
pump-probe microinterferometric technique is shown
in Fig. 6. Comparisons of the critical surface n. tra-
jectory @,.(t) and the phase Aw(t) are presented in
Fig. 7. The phase A is a sum of the shifts A, (the
kinematical displacement) and Atpp,s (the change in
the physical state which causes the change of €). These
shifts are marked by the arrows a—b (forward) and
b—c (backward) in Fig. 7.

In Al our analysis shows that the shift AYppy, is
connected with melting of the crystal in the skin depth
near surface. In Au the 2T simulation with v,; o« a
and « taken from [9, 11] gives too small values for the
relaxation time te, (te; ~ Ci/a) and for the thermal

depth dr, dr ~ /Xleq ~ /(v%/V)(Ci/a) x 1/a if
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Figure 6. Two time scales 77, and t.q. The equilibration
in Au is more slow tfql < tfq“.
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Figure 7. Delay of the growth of Ay(t) in comparison
with the shift z,.(t) as result of the change of ¢ during the
e-i electron cooling and ion heating stage. The curves 1, 2,
and 3 correspond to the same parameters as the curves 1,
2, 3 in Fig. 3. 2T-HD and MD refer to simulations done by
the 2T hydrodynamics and molecular dynamics codes.

v ~ Vg X «, here C; = 3kgn,; is the Dulong-Petit
heat capacity, n; is the ion concentration. This re-
laxation time is smaller than the time ¢., shown in
Fig. 6. Therefore it seems that the coefficient a should
be in between the low temperature (T, < 3 kK) value
0.2 - 10" W/(ecm?® K) and the ten times larger value
proposed in [9, 11]. Our 2T-HD and MD simula-
tions together with experiments give the following pa-
rameters corresponding to the ablation threshold in
Al(Au): Fups = 65(120) mJ/cm?, the crater depth at
the threshold is 50(100) nm, the maximum tempera-
ture at the instant of the equilibration is 2.2-2.5 kK.
The work is supported by the RFBR grant No. 07-02-
00764.
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