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Conclusion. In connection with the problem of
laser simulation of impact processes, we note that in
‘our case, ablation pressure on the andesite target was
~ 4-10% atm at I~10® W/cm?. A typical resulting
pressure in case of micrometeorite impact (mass 1013
g) is of the order of E/[(4/3)rd2,]~pmV? [6]. It fol-
lows that these experiments could simulate a collision
with velocities around 13 km/s.
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KINETIC COEFFICIENTS OF METALS ABLATED UNDER THE ACTION
OF FEMTOSECOND LASER PULSES

Petrov Y.V.,*! Inogamov N.A.,' Migdal K.P.?
LITP RAS, Chernogolovka, 2 VNIIA, Moscow, Russia
*uvp49@mail.ru

Kinetic coefficients of metals in two-temperature state arising under the action of femtosecond
laser pulses are calculated in dependence on electron temperature. Among metals, used as targets
for the investigation of their ablation under the action of laser irradiation, simple, with s- and p-
electrons, as well as noble and transition metals with laser-excited d-electrons are considered.

Keywords: femtosecond laser ablation, kinetic coefficients

Introduction. Dynamics of ablation of metals un-
der the action of ultrashort laser pulses essentially de-
pends upon their transport properties such as electron
thermal conductivity and energy exchange between
electrons and ions. At the early stage of laser pulse-
metal target interaction the metal state can be charac-
terized by electron and ion temperatures, which differ
to a great extent from one another, and by the minor
-change of a target volume. Electron kinetic character-
“istics of a metal define the depth of the surface layer of
a metal target heated by the laser pulse. This heated
layer is produced by the electron heat propagation and
- heat trans mission from electrons to ions resulting in
 the equalization of electron and ion temperatures. Be-
 cause of its high temperature, target surface layer has
ta high pressure giving rise to the onset of ablation.
: We have calculated electron heat conductivity coeffi-
~cient and electron-phonon coupling factor, governing
. the electron-ion energy relaxation. Among metals used
t as the targets, when laser ablation is investigated, we
consider metals with dif- ferent electron energy bands:
i simple metals with only s- and p- electrons excited un-
. der the action of laser irradiation and also rare and
! transition metals with laser-excited d-electrons.

i Electron-ion scattering frequencies. Accord-
ing to the two-temperature approach, we suggest that
~phonons (in the Debye approximation) are described
: by their partition function in dependence of their mo-
‘mentum q as N(q) = [e™a/k8Ti _ 1]=1 with the ion
“temperature 7; different from the electron tempera-
ture T.. Electron temperature 7, define Fermi parti-
tion function of s-, p- electrons (commonly called by s-
electrons) and d-electrons with the dispersion laws
e(p) = &5+ p*/2my, £(p') =1+ p/2mq.

1)

and effective masses m, and mq. d-electron energy lies
within the d-band width ¢; < e(p’) < 3. Parabolic
dispersion law for s- and d-electrons approximates
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Figure 1. Ni density of state, obtained by the density
functional method and parabolic approximation of the den-
sity of state of s- and d-electrons.

more real energy spectra and electron density of state
which we obtained for metals under consideration by
the density functional method [1]. Results of density
functional theory application and parabolic approach
for the density of state of Ni are presented in Fig.1.

Ion temperature T; in our calculation lies within the
interval from the Debye temperature 6 to the temper-
ature value T, of the order of several melting temper-
ature T),. In single temperature (1T) case (T, = T; =
T), when 6 < T < T,, electron heat conductivity coef-
ficient k17 = k(T is defined by the electron-ion scat-
tering (e-e collisions give negligible contribution under
these conditions).

In Fig.2 experimental data on dependence of the
resistivity of some noble and transition metals on
the temperature in single temperature case is shown.
These experimental data are obtained in modern mea-
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Figure 2. Dependence 7(T') of the resistivity of some no-
ble and transition metals on the temperature in the single
temperature case.

surements of resistivity of thin wires, heated by the
electric current pulse [2]. Experiments of this kind
allows to reach the temperature values much more
than the melting temperature. In solid state of pure
metals above the Debye temperature resistivity r in-
creases proportionally to T increase because of the
phonon number growth. In magnetic metals (Ni, Fe
in Fig. 2) linear rise of resistivity lasts up to Curie
temperature (squares in Fig.2). For the iron this lin-
ear on T dependence takes place at large resistivity
values, comparable with the limit metallic resistivity

Tmm ~ MeUF/nse?a ~ ha/e? ~ 1 uQ-m; here the col-

lision frequency v has its maximum value of the order
of vp/a, where v is the Fermi velocity, a is the lattice
constant.

We take into account the change of the slope of r(T")
curves after the melting and their approach the max-
imum metallic values by writing the resistivity via its
linear approximation ry = a + bT before melting and
this limit metallic resistivity 7, = as the interpolation
expression r(T}) = (r;2 + r;;2,,)"1/2. The resistivity
obtained by this means define the effective electron-ion
collision frequency as a function of the ion temperature
from the Drude relation:

_ ns(Te) 62T(Ti)

87

(2)

mg

Here n,(T,) is the concentration of s-electrons, depend-
ing upon the electron temperature because of the ex-
citation of d-electrons into the s-band.

s-s and s-d electron-electron scattering. Effec-
tive frequency of s-electron collisions with other elec-
trons v, in metals with d-electrons can be written as
Vse = Vss + Vsg, With consequently s-s collision fre-
quency vss and s-d collision frequency vsy. Influence
of s-s electron scattering onto the electron heat con-
ductivity of simple metals was considered in [3]. Addi-
tional effective frequency of scattering of s-electrons on
d-electrons is now calculated by the following manner.
First we calculate the depending upon the s-electron
momentum p its-collision frequency vq(p). It can be
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written as

2m [ u*(q)d’q
k| (2rh)3

2d3pr
(2mh)3

vsd(p) = S. (3)

Here s-electron having the momentum p interacts with
d-electron having the momentum p/. q is a transferred
momentum. Function

6 = 8le(p) +e1(p) — e(p +q) — e/(p! — q)].

stands for the energy conservation. Statistical factor
S in (3) has the form

S(p,p,q) = fa(p)[1 — fs(p + Q)][1 — fa(p’ — Q)]+

+75(p+q) fa(p! — @)1 — fa(pr),

where fs; and f; are Fermi distribution functions
of s- and d-electrons with the chemical potential p.
Equation (3) includes a Fourier transform wu(qg) of
electron-electron screened Coulomb interaction u(r) =
e? exp(—r/X)/r, where \(T.) is the screening length in
Thomas-Fermi approximation [4, 5]. Frequency vyq(p)
obtained from (3) is then used to calculate the heat
conduction coefficient xs4(7e), due to the s-d scatter-
ing. Within the 7- approach

= [ (-1 (w+ 1)

where f! = 0fs(¢)/0e, p’ = Ou/0T., vs(p) is the veloc-
ity of s-electron. Sixfold integration in (3) is reduced
to double integration in ¢ = |q|,p’ = |p’| - plane. Tak-
ing it into account, expression (4) can be written as a
threefold integral over p’, ¢ and p. Effective frequencies
Vsda(Te) then can be defined as those to give the same
value of the heat conductivity coefficient k54 from the
Drude formula: veq = Csv2/3ksq. Analogously effec-
tive s-s collision frequency ves = Csv2/3Kgs. ’

Effective s-electron collision frequencies vqe(Te) =
Vs + Vgq for some simple, noble and transition metals
are presented in Fig. 3. As it can be seen, at electron
temperatures T, under consideration s-e contribution
exceeds that one from s-i scattering only at ion temper-
atures T; less than ~ 1 kK. Depending upon electron
and ion temperatures electron heat conductivity coef-
ficient k(Te,T;), taking into account s-i , s-s and s-d
scattering, is shown in Fig. 4 for T; to be a room tem-
perature. Fig.5 illustarates dependence on the elec-
tron temperature of the heat conductivity coefficient
of nickel at different values of ion temperature 7;.

The rate of electron-ion heat transfer. The
energy transferred from electrons to ions in the unit
volume in the unit time can be written as [6]

vi(p) p*dp
Vsa(p) 3m2h3’

(4)

B= [ gV da/(2nt)? = o(T) (T, - T). (5)

Expression (5) defines the electron-phonon coupling
factor c. The quantity

Ny=2 / B Wy 6(ep—q + Fivg — p) dp/(27R)?
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Figure 3. Effective collision frequency of s-electrons with
other electrons in some simple, noble and transition metals.
Horizontal lines stand for the electron-ion collision frequen-
cies of Au and Fe at the ion temperature T; = 300 K.
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Figure 4. s-electron heat conductivity coefficient x(Te, T})
for simple (Al), noble(Au) and transition (Ni, Fe, Ta) met-
als. fon temperature T; = 300 K.

in equation (5) is a rate of change of longitudinal
phenons with momentum q and energy fuwq concen-
tration Ng(t).

=1 —fp—q)fp+N(Q)[(1“fp—q)fp —(1-fp) fo-dl

is the statistical factor with Fermi f, and Bose N(q)
distribution functions. Phonon frequencies are taken
in the Debye approach: wq = c,|q|/h. Probability
for the electron in the metal to change the momentum
from p to p — q in a unit time under the interaction
with longitudinal phonons is

Wqd(ep—q + hwg — €p)
with
Wy = 1wq/(pVe3) - n3U%(a)

Here U(q) = 4me?h?Z;/(g%c(q)), and e(q) is the di-
electric permeability in the Lindhard approach [4, 5],
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Figure 5. s-electron heat conductivity coefficient x(7%, T;)
of nickel. Ton temperatures in kK above the curves corre-
spond both to solid and liquid states. ‘

Z; is the effective charge of ion, ng; - concentration
of atoms, p - mass density. Total electron-phonon cou-
pling factor in (5) is a sum of separate s- and d-electron
factors ay and ag : a = a, + ag. For the case of
the effective ion charge Z; = ng(Te)/nae, and in ay
case Z; = Zs(T,) + Z4(T.) =const. Electron-phonon
coupling factor ag can be written as

_ m} k3T
0 = —
4m3hT pes
e1+e .-
[t rram S, o
with
— oy £ B g - _ g
€1 = exp keT, ez—exp( %eT. )
1 /q 2 2
a—€1+—2md (§+mdcs) , b=g¢ +2 m—

gp is the Debye momentum. Electron-phonon coupling
factor o, is expresed by the formula, similar to (6).
At temperatures exceeding the Debye temperature o
depends only on the electron temperature but not the
ion temperature. As a function of electron temperature
it is shown in Fig. 6 for aluminum (simple metal) and
gold (noble metal). Curves Au; and -Augg differ by
the value of the effective mass of s-electrons (1 and 0.6
a.u. correspondently). Curve Augop is obtained by
the multiplying Aug ¢ by the factor reducing o« to the
experimental value [7-9] at the room temperature.
Analogously electron-phonon coupling factor for
transition metals (nickel, iron and tantalum) as a func-
tion of electron temperature is presented in Fig.7.
Fig.6 demonstrates the significant increase of
electron-phonon coupling factor with electron temper-
ature growth in gold, similar to the results of the works
[10, 11]. Of partial electron-phonon coupling factors a
and ¢g4 in this noble metal oy dominantly contributes
to the total a at electron temperatures greater than 5

kK.



Figure 6. Electron-phonon coupling factor «(7e) of Al
and Au in dependence on the electron temperature. Com-
parison is made with the work [11] data (marked by gsum)-
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Figure 7. Electron-phonon coupling factor of transition
metals (Ni, Fe and Ta ) in dependence on the electron
temperature. The curve Ni[3] is taken from the work[11].

In the case of transition metals ay gives the main

contribution into the full electron-phonon coupling fac-
tor at all electron temperatures T,. Different transi-
tion metals differ with respect to the position of Fermi
level within the d-band. Three typical cases can be
observed: a) Fermi level is slightly (several percents of
d-band width) lower than the upper edge of d-band;
b) difference between Fermi level and the upper edge
of d-band has the moderate value of the order of ten
percents of d-band width; ¢) Fermi level is essentially
lies within the d-band. Band structure of Ni belongs to
the case a). Here we can see a drastic decrease of a(T,)
coefficient at kpT, > £2. In the case b) (it is presented
by Fe) the a(T.) decrease with electron temperature
increase has a smooth fall character. And in the last
case, when the Fermi level lies within the d-band (Ta),
a(Te) function is approximately constant.
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RADIATION RESISTANCE OF SODIUM CHLORIDE FOR SHORT LASER PULSES
Savintsev A.P.,* Gavasheli Yu.O.
KBSU, Nalchik, Russia
*pnr@kbsu.ru

In this paper, drawing on the data calculated the radiation resistance of sodium chloride in the
range of the laser pulse duration of 1 ps—50 fs. It was found that for 7 = 200 fs critical field strength
in sodium chloride and other inorganic optically transparent material is practically the same.

Keywbrds: Radiation resistance, sodium chloride, laser pulse duration.

Radiation resistance of optically transparent solids
numerically characterized radiation damage threshold
(voltage breakdown): critical flux density of optical
radiation, from which the volume or on the surface
of irreversible changes occur as a result of anomalous
absorption of the light flux.

For transparent solids is a certain dependence of the
breakdown threshold and, consequently, the radiation
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resistance of the duration of short laser pulses. The ex-
periments showed that, as a rule, with decreasing pulse
radiation resistance increases. Study of the nature of

his dependence helps to understand the mechanisms
and patterns of breakdown.

This paper was given the task to calculate the val-
ues of radiation resistance of sodium chloride in the
femtosecond laser pulse duration range.



