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Problem formulation

Contemporary lasers and laser systems generate femtosecond impulses (1 fs=10-1° s). Femtosecond laser systems with light impulse duration 10-1000 fs allow obtaining under
focusing enormous light intensity over 1013 W/cm?. After falling on solid matter surface such high intensity impulses can, under some conditions, lead to considerable damages of this
surface. If the flow is substantially higher than critical value, considerable part of energy of laser radiation is outlaid on a direct phase solid-gas transition. A liquid phase in the area of
treatment is practically absent in this case. Such streams represent the main interest of this research.

An updated system of two interrelated differential equations for the dimensionless dynamics of the crater shape function S and the dimensionless surface pressure P was obtained:
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Here p = (k +1)/2Kk; 1 = 1/k; (1 <k < 5/3); A and e, — factors associated with the absorption of radiation by the plasma-gas phase; t is dimensionless time, and r is dimensionless
radial spatial variable. This system describes the process of high precision laser surface treatment with crater formation but no melt formation. It differs from a similar system considered
earlier in taking into account explicitly two phenomenological parameters: L; and L, which are, respectively, the optical and thermal loss coefficients of the initial flow when it passes the
surface to be treated.

Surface losses with powerful laser irradiation

In numerical modeling using a previously considered similar system, these coefficients were
considered constant and taking values in the range from O to 1. At the same time, they were not
explicitly included in the equations, since they were included in the parameters which are normalizing
the values S, P, t, r. In this sense, there was no need to set the parameters L; and L for dimensionless

06 0.5 calculations. If there was a need to estimate the real values of S, P, t, r, then these coefficients were
o —— assumed to be 0.5. In particular, the carried out calculations for the case of dimensionless constants
A p— | L; and L determine the changes in pressure P (Fig. 1) during the formation of a crater. TwarenbHble
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qs, Aoweawero 4o NOBEPXHOCTU, NPU NPOXOXAEHNN CaMOW NOBEPXHOCTU, TpaHCOpPMUPYETCH 0
a b Bunga: q;, = (1 — L) - q5. A ganelwie B oobeme matepuana yobiBaeT B COOTBETCTBUM C PaBEHCTBOM:

Qout = Qin " €Xp(—ko - z) = (1 — L) - q5 - exp(—ky - 2), rae ky — KO3PPUUNEHT NOrMOLLEHNSA N3NYyYEHNS
TBEpAon hason, z — rnybuHa NPOHNKHOBEHNS U3ny4YyeHns B MaTepuarn. CoOoTBETCTBEHHO, YacCTb
NOTOKa MU3MNYYEHUS: g1 = Gin — Goys, NOMMOLEHHAA MaTepmanom 1 nayuasa Ha Harpes, UMEET TaKom
ABHbIN BUA;

qr = (1 —La) - qs - [1 — exp(=ko - 2)] . (3)
[TpyHUMaa BO BHUMAHUE, YTO KOS MULMEHT NOrMoLweHNa MHOMMX MaTepuanos, OCOOEHHO METAasNOB,
B XOPOLUEM MPUBNMKEHUN MOXHO cYMTaTb DECKOHEYHO BOMNbLUMM, a KOIPAUUMNEHT TENSOBLIX MNOTEPL
L onpenensieTca cCoOOTHOWEHUEM: L = qr/q,, U3 paBeHCTBa (3), C XOPOLLEN CTENEHBIO TOYHOCTH,
MOXHO HanTu: L = 1 — L. Torga B ypaBHeEHUN (2) Bce KO PUUNEHTbI L MOXXHO 3aMEHUTb Pa3HOCTbIO
L =1—-L,; vganee oCTaHOBUTLCS NOAPOOHO TONMBbKO Ha KoddduumneHTte L.
Kak y>xe oTme4anocs:

Fig. 1. Dependence of dimensionless pressure on time on the pulse axis at its
maximum femtosecond duration of 500 fs at a radiation flux (7 - 101> W/m?):
(a) the initial stage of the process t < 1 fs; (b) the whole process t < 525 fs

Ly =R+2. (4)

Temperature dependence of loss coefficients

As studies have shown the reflection coefficient depends on the temperature:

R = Ry — \/pNae/ (oo yTams) In(T /Ty). 7000 0.83
Without accounting scattering losses, optical losses are completely determined by reflection: 6030
Lqg = Ry — ey/pN4/(01ymame) In(T /To). (5) e ‘

And the temperature, in turn, is determined by the equality: a0 0524
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and, as it seen, depends on L. That is, these two equalities are actually two related equations that o
require mutually consistent analysis. The results of this analysis are shown in Fig. 2 for parameter e
values corresponding to silver. In particular, was denoted: o, — electrical conductivity; u — molecular ; T T R—T 095 T W 30
weight; T, — initial temperature (293°K); t, — parameter which normalized time to dimensionless form; A " ®
- thermal conductivity; p is the density.
It can be seen from the graphs (Fig. 2a, 2c) that the critical temperature for silver T, = 6000°K is 610"
reached already at the moment t,, ~ 0.57 fs (5.7 - 10716 s). The moment ¢, can be estimated without e
the joint numerical implementation of the coupled pair of equations (5), (6). To do this, it is enough to e
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putT =T, in (5), (6), substitute (5) in (6) and solve (6) relatively to time t. With pulse duration ~ 140 fs, 35440
the achievement of the moment t.,. ~ 0.57 fs can be considered almost instantaneous. However, this R
period cannot be neglected, since this period forms the initial conditions for the numerical 210
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Implementation of system (1), (2). Fig. 2b demonstrates a decrease in optical loss based on reflection Sk
only from 0.930 to 0.918 as the temperature rises from initial value to critical. o '.]U L . L 1
At the period before the moment of destruction appearance (T < T.,.), radiation losses on the small S R
hemispherical irregularities (with a radius of up to 100 A) were also analyzed. An analysis of the factor c

2 on the scattering losses in definition (4) due to such irregularities leads to an insignificant change in
the dependence 2b. The integral deviation of the curves does not exceed 0.03% towards an increase
in L;. Due to the smallness of the effect and the cumbersomeness of the formula for the factor 2, this Fig. 2. Time dependence of temperature (graph a) and optical loss (graph b)
formula is not presented here. (reflection only). The graph (c) is intended to translate the integer parameter n into
After the beginning of destruction (T > T,.), the reflection loss (5) takes on a value fixed at the real time (s). Here we also used the parameters for silver and the radiation flux 7 -
temperature T,,, and instead of scattering by irregularities, the scattering losses in the plasma-gas 1015 W/m2, but for a pulse duration ~ 140 fs, which is often used in real
phase are switched on. Losses In it for absorption are already taken into account in system (1), (2) in experiments.

the form of factors A and e,,. For silver, the ionization energy Is so high (~ 80000°K) that practically no

plasma is formed and the removal of matter from the solid phase occurs mainly in the form of non-
lonized gas.
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