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on the threshold of destruction by the
intensive pulse of electromagnetic radiation

A.D.Suprun, L.V.Shmeleva, M.A.Razumova

T. Shevchenko National University of Kyiv, Faculty of Physics,
2 build. 1, Academician Glushkov Ave., Kyiv, 03022, Ukraine

Received October 24, 2010

A problem of interaction of a laser pulse radiation with a solid surface is considered.
The thermal action of radiation on the surface layers of irradiated materials for the
different types of absorption coefficient is analyzed, namely for the unlimited, almost
zero, and finite absorption coefficients, and for the absorption that is strongly depending
on the intensity of radiation flux. The relations determining the thresholds of destruction
in dependence on the intensity and the duration of action of the flux are received. The
properties of the irradiated material are also taken into account. The analysis of the
obtained threshold relations shows that the magnitude of the absorption coefficient of the
material considerably influences the conditions at which the irreversible local phase modi-
fications occur.

Paccmorpena 3amaua B3amMOmEMCTBUS MMIIYJIBCHOI'O JIA3€PHOTO MBJIYUYEHHS C IIOBEPXHOC-
THIO TBEPAOro BelecTBa. IIPoaHAIMBUPOBAHO TEIJIOBOE BO3AEHCTBHE MBJIYUYEeHHS HA II0BEPX-
HOCTHBIE€ CJIOM OOJIy4aeMbIX MAaTEePHUAJIOB [IJsi PASJIMYHBIX BHUIO0B KOd(hduIlmeHTa IIOTJIoIIIe-
HUsA: 0ECKOHEUHOr'0, KOHEUYHOI'0 M KO9(M@MUIMEHTA IIOrJIOMIeHNT, KOTOPLIN 3aBUCUT OT MHTEH-
CHBHOCTH WH3JydYeHHsi. B pabore I[OJydYeHBl COOTHOIIEHWS [IJs OIPeIeJieHUs I[IOPOroB
BOBHHKHOBEHHUS Pa3PYIIEHUs IIOBEPXHOCTU B 3aBUCHMOCTHU OT MHTEHCUBHOCTH U IJIUTEILHOC-
TU BO3AEMCTBUS IIOTOKA. OTH IIOPOIr'OBLIE COOTHOIIEHUS YUYHUTBHIBAIOT TAK’Ke CBOMCTBA 00Jyda-
emMoro marepuaja. AHAJINUS MIOJYYEHHBIX OPOTOBLIX COOTHOIIEHUI ITIOKA3BIBAET, UTO BEJIMYU-
Ha Koo(HUIHeHTa HOTJOMIEHNsI MATEPHAJa CYII[eCTBEHHO BJIMSET HA YCJIOBUS, IIPU KOTOPBIX
HACTYIIAIOT HeoOpaTWMble JIOKaJbHBIE (Da30Bbleé M3MEHEHHUS II0OBEPXHOCTH B 30HE mefcTBUS
UBJIYyUYEHU.

1. Introduction

An action of laser radiation on a surface of solid causes the certain changes which are mainly
characterized by temperature and pressure [1-3]. When modeling the interaction of radiation with
substance a continuum hydrodynamic model [4, 5] is mostly used. One of the main issues is a definition of
threshold values of flux and the duration of pulse electromagnetic radiation that distinguishes an absence
of destruction of the surface from the process when the surface destruction and a burning of corrosive
torch are already possible.

In [6, 7] the general problem of processing of a solid surface under the influence of powerful laser
radiation has been formulated. Two separate problems are generally considered. The first is a problem
that describes the processes of destruction of the surface [7-9]. The second is a problem that describes
the processes preceding to the destruction of the surface namely the warming up of the surface. This is
subject of our interest, because it is connected with the definition of related thresholds. As shown in [6],
this problem is based mainly on the heat equation. In one-dimensional space it has the form
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Relevant initial and two boundary conditions have the form
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Here T = T (¢, z) is the material temperature as a function of time and coordinate z, 7 is the duration
of laser pulse on the surface, ¥ (7 —t) is the Heaviside step function whose value is zero for negative
argument and one for positive argument, ¢ is the heat flux inside solid phase, g¢s is defined through the
input (surface) heat flux, A is the thermal conductivity of material, p is the mass density, C,, is mass-
specific heat capacity, T}, is the initial temperature of the material before irradiation, Ly (0 < L; < 1) is
the coefficient of overall dissipative losses associated with the inhomogeneity of the surface layer material.
The case Ly ~ 1 means that almost all radiation does not penetrate the surface, on which the flux of
energy influences (the case of metals and non-transparent material). The case Ly — 0 corresponds to a
situation where the flux almost does not bear losses when passing through the surface material. Due to
the availability of this factor, the equation (1) with the boundary conditions (2) considers all possible
options for the interaction of radiation with the surface (in the framework of the used one-dimensional
model).

When it comes to irradiation of semiconductors transparent for the given frequency range and
dielectrics with intense radiation of the visible and near-visible ranges, and metals with the intense
far ultraviolet radiation and the soft X-ray, the conditions can be realized under which the absorption
coeflicient is a function of the flux ¢, i.e. k = k(q). Dependence of the radiation flux on the depth of its
penetration z into the material is defined by the Lambert—Beer law with the dependence of the absorption
coeflicient k(g) on the radiation flux ¢ of general form:

A gkla) 3)

Below we use the dimensionless flux value [10] 2 = g/¢s (0 <z < 1), where ¢, is the value of the flux
on the surface of material. By applying the direct and inverse Laplace transform in time to the problem
(1), (2), we obtain the solution, which determines the surface temperature change with time [6]:

T 295 1/2 1 pc<B<u>>2
s(t):Tiner{t Ld+1—Ld Of@ u]_

_ e ). fB Jerfe (W“ (u)) du} —

2X172 24172
2 1/92 L peBuy? <4>
~0(t = 7) gy A= 7)Y [La + (1= Lg) - [ 0 dul—
0
T 1 o/ 2172
5 (1~ La) - [ Blujerfe ({35 B(w) ) d )
©0 2
Here erfe(z) :% J e " dt is complementary error function and
/ d.
=
Blu)— [ 22
o= [ 5 (5)

u

The solution (4) is the general solution for any dependence of absorption coefficient of solid matter
from the value of flux.
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2. Thresholds of destruction of the material in case of the constant absorption coefficient

When the absorption coefficient is constant and has sufficiently small value (k(x) = ko — 0), the
solution (4) reduces to the form [6]:

la (02 o =) (=) )
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W =T exec)

It is interesting to note that another limiting case k(z) = kg — oo can be obtained from (6) by replacing
T2(t) with T¢°(t) on the left-hand side of (6) and by substituting Ly = 1 on the right-hand side of (6).
This case fully coincides with the solution derived in [11]. Therefore we consider these two situations
simultaneously, temporarily discarding the upper index on the temperature, but keeping the value Ly in
the formula (6).

Having analyzed the dependence (6), it is possible to notice that the maximum value T (¢) is reached
at t = 7, unless the destruction of surface does not occur. Hence:

2qsLq

\/WpCU)\\/F.

The threshold flux can be obtained from some boundary condition when the destruction has not yet
occurred but the maximum temperature Ti.x (¢s) at the moment of the termination of impulse ¢t = 7
reaches the interface phase of “solid — gas”. The condition Tyax (¢F) = Ter (¢7) is the condition determining
the threshold intensity ¢F. Here T., (¢7) is the critical temperature, which depends on the flux due to
dependence from the pressure (according to the phase diagrams of substances). Using the relation (7) the
threshold for ¢f can be obtained:

Tmax (qs) = Ts (7—) - En + (7)
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Hence, when the energy flux satisfies condition ¢s < ¢, the destruction does not occur, but as soon
as ¢s > q: the destruction of the material surface happens.

If the temperature 7., is not dependent on the flux ¢, the threshold value (q;*)2 7 for each specific
material and the initial temperature T3, would be a constant. But, as seen from (8), the temperature
T.r (g2) is a function of the intensity ¢%, and usually it increases with the increase of ¢, so the condition (8)
is not reduced to a simple "law"of invariance of product (q;*)2 7 for a particular “substance-radiation”
pair. Thus, the threshold value of flux ¢f, under which the radiation begins to destruct the surface, for
the limiting values of absorption coefficient, k(x) = kg — 0 and k(x) = ko — oo, takes the next form:

;= S (T () = To). )

Note that Lg =1 if k(z) = ko — 0.

Now consider the case when the absorption coefficient is a finite quantity, that is k(xz) = k¢ and
0 < kp < co. It is possible to show [8] that the following expression for the dynamics of surface temperature
can be obtained from (4):

Tho(t) = Ty, + ((at)1/2 2 4 (1- L) [eat/4erfc ((at)1/2 /2) 1 ) .

—9(t —7) 1 ((a(t—7))1/2 724 (1= Ly) - [ew*ﬂ/‘*erfc ((a (t— )% /2 _1]) C 1

Here the designation a = 4k3\/ (pC,,) is used. At ¢ < 7 only the first two terms remain. In this case, the
threshold of radiation flux is defined by the equality:

b AT v (e () 7).

(11)
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Fig. 1. The dependence of the ratios of thresholds ¢ and &’ from the factor of overall dissipative losses L.

For comparison with the previous case under consideration one can consider the flux ratio of (11) to

(9): *
b ()
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Similar expression for the situation k(z) = kg — oo (further denoted it by £’) differs from (12) only by
the factor L; being absent in the numerator. In the approximation of the independence of temperature
from the flux, the ratios of the thresholds ¢, ¢’ can be represented graphically (Fig. 1). The two lower
and the two upper curves in this figure correspond to the ratio ¢ and &/, respectively. The dependences
of £ and ¢’ from the factor Ly of overall dissipative losses are presented for the different durations of
stimulated laser radiation. The estimations are fulfilled for silicon. The analysis of results shows that
both approximations (when the bulk absorption coefficients equal to infinity or zero) differ from the
case when the absorption coefficient is finite (in Fig. 1 — the dotted line that corresponds to ¢ = 1).
The differences are minimal for materials with the large surface losses (L; — 1). With the reduction
of the overall dissipative losses, the errors in determining the threshold of thermal destruction in the
approximation (9) increase.

£

3. Determination of the threshold of destruction of the material when the absorption coefficient
depends on radiation flux

Approximations of the absorption coefficient from the previous section are relevant for metals
(k(z) = kg — oc) or the materials of semiconductor-dielectric nature (k(x) = ko) for the cases of
transparent (kg — 0) and translucent (kg > 0) materials. The common feature of all these situations was
that the absorption coefficient was constant (k(z) = ko). Hence the so-called optically inactive materials
were considered. In this section, the response to intense flux of electromagnetic radiation is taken into
account, mostly for materials of nonmetal or mixed nature.

When the intensity of the beam interacting with the material is large, the absorption coefficient
becomes a function of light intensity. Typically, the dependence k(q) is based on the so-called effective
two-level model for atomic system [12]. With the dimensionless flux value = = q/qg, [10] it can be written

as follows
ko
k(x) = 7 . (13)
T+ (w—O)" 77+ &z
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Here £ = ¢, /qr < 1 actually determines the degree of nonlinearity of the absorption coefficient k(z). The
magnitude gp = cE2 /(87) formally corresponds to the energy flux associated with electrostatic resistance
of material, ko = |8|/(c7r) is the permanent part of the absorption coeflicient, which depends only on
the characteristics of the material and the fundamental constants, the magnitude g = 47QA~® / E2 has
negative value as it includes the equilibrium value of inverse population ¢, which is negative by definition,
and Eo is the material electrical breakdown field. Here 7; is the longitudinal relaxation time of inverse
population which is determined by transitions between the levels caused by the inelastic processes (namely
spontaneous emission, inelastic collisions) in the absence of external field, 7; is the transverse relaxation
time (the relaxation time of polarizability), which is defined not only by the inelastic processes but also
by the elastic processes which change phase states, € is the eigenfrequency of material absorption, w is
the frequency of stimulating radiation, and c is the velocity of light.

To determine the surface temperature of substance with the absorption coefficient (13), we will use
the general solution of the heat equation (4), where the function B(u) is defined by (5) and (13):

1
Blw) = — (=) (1+ @-2)7 ) +€(1-w). (14)

0
Here B(u) is a monotonically decreasing function in (0, 1]. It has a logarithmic singularity at zero and
goes to zero in the neighborhood of « = 1. In the general solution of the heat equation (4) the function

1 1
B(u) appears in the integrals of the form: fe*“Bg(“)du and [ B (u)erfc (aB (u)) du. Since the functions
0 0
_o2B2(u
e B and B (u) erfc (aB (u)) ~ & a;( ) exponentially go to zero in the vicinity of v = 0 (see (14)),
then taking into account that the vicinity of « = 1 makes the main contribution in the integrals on « in
(4), one can replace the lower limit of the integrals by some § > 0 and replace In (u) with (v — 1) or vice
versa in the expression (14) in the vicinity of w = 1, for example, using the following simple convenient

form: )
Blw) = = (14 (w =9’ 77 + €] In (). (15)

0
Since the maximum temperature has been shown earlier to be determined by the moment of the
termination of the pulse, we consider only the first two terms of the solution (4), which are not equals
to zero for t < 7, and describe the processes during the period of the action of the pulse. As a result of

substitution (15) in the equation (4), after integration, for ¢ < 7 we will receive:

_ _ 2 9 . A at
Ar = [1 Hlo—0)7n +g} (ﬁ[u(wm%ﬂ«sﬁ
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Here A = (T5(t) — Tin) % is the dimensionless temperature. An important feature of dependence
(16) is that it simultaneously takes into account both the response of the material on the radiation
intensity (the optical nonlinearity, which is expressed as dependence on &) and the influence of the
radiation frequency on the temperature near the absorption frequency. Graphic rendering of these effects
is shown in Fig. 2.

As seen from Fig.2, the dependence curve Ap(w) in the resonance region for smaller values £ passes
higher. This means that in presence of optical nonlinearity for any values of the absorption coefficient
(€ > 0) the surface is warmed weaker than in absence of this nonlinearity. The greater the nonlinearity of
absorption, the stronger the effect is (i.e., the smaller warming up is). So neglecting the effect of nonlinear
absorption can lead to significant errors in evaluating the energy threshold of the material destruction.

Using (16) it is also possible to find the threshold of the radiation flux ¢ at which the nondestructive
processing of the material becomes destructive one. Assuming ¢ = 7, it is found:

) NV (Tcr (q"> - )
9% = ~ (17)
Vr(l—Lg)- % (erfc (*2/—“;) exp (25) — 1) +ar
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Fig. 2. The temperature of heating surface by radiation at the moment of the termination of action of
the pulse (7 = 107125) in the resonance area for the different values of nonlinearity parameter £.
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Fig. 3. The ratio of the thresholds of destruction & = ¢7 /qiCO depending on the pulse duration 7.

Here the designation ¥ = 1+ (w — Q)° 72 + ¢ is used. In (17), unlike the previous cases of the constant
absorption coefficient, the situation is complicated by the fact that the nonlinearity parameter £ = ¢s/qg
is directly proportional to the radiation intensity g,. This complicates both the direct determination and
the qualitative forecasting of influence of the material and the radiation parameters on the value of the
threshold flux.

To compare (11) and (17) (the absence and the presence of optical nonlinearity) let’s consider ratio

*

g = q*;‘ q¥e. The analysis of behavior of & as a function of 7 is shown in Fig. 3. The parameter of
nonlinearity was assumed to be & ~ 0,2 that is the typical value of the ratios of the fluxes used to
the electrostatic stability of the material. Its dependence on the threshold flux was also not taken into
account. Since the value £ = 1 corresponds to the absence of optical nonlinearity, one can see that
neglecting of nonlinear effects in absorption can lead to significant errors in determining the energy
threshold of material destruction. This happens because of a reduction of the absorption coefficient.

4. Conclusions

The paper analyzes the influence of bulk absorption on the threshold of the material destruction with
the intense fluxes of electromagnetic radiation. The relation determining the thresholds of destruction in
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dependence on the heat flux is obtained for the absorption coefficient of different materials. The ratios of
threshold characteristics were analyzed for the different values of the absorption coefficient, namely for
the unlimited (metals), almost zero (transparent semiconductors or dielectrics), finite (semi-transparent
semiconductor and dielectrics) absorption and absorption that strongly depends on the intensity of
radiation flux (so-called nonlinear materials). The results obtained confirm that as absorption coefficient
of material decreases, regardless of the nature of this decrease, it is necessary to increase the threshold
characteristics of the energy flux to achieve the material destruction. Ignoring this can lead to significant
errors in the question of forecasting the effects of intense electromagnetic pulses.

References

1. R. Kelly, A. Miotello: Appl. Surf. Sci., 96-98, 205 (1996).

2. K. Henriksson, Master’s Thesis, Helsinki (2001).

3. S.R. Vatsya, E.V. Bordatchev, S.K. Nikumb, J. Appl. Phys., 93, 9753 (2003).

4. B. Gakovi¢, M. Trtica, P. Panjan, M. Cekada, Appl. Phys. A, 79, 1353 (2004).

. T.E. Ttina, F. Vidal, Ph. Delaporte, M. Sentis, Appl. Phys. A, 79, 1089 (2004).

. L.V. Shmeleva, A.D. Suprun, Semicond. Phys., Quant. Electron. & Optoelectron., 11, p. 90 (2008).
. L.V. Shmeleva, S.M. Yezhov, A.D. Suprun, S.Ya. Shevchenko, Ukr. Zh. Fiz., 51, Ne8 788 (2006).

. L.V. Shmeleva, A.D. Suprun, S.M. Yezhov, Ukr. Zh. Fiz., 52, 276 (2007).

. L.V. Shmeleva, A.D. Suprun, S.M. Yezhov, Ukr. Zh. Fiz., 52, 46 (2007).

10. A.D. Suprun, L.V. Shmeleva: Functional Materials, 4, 285 (2000).

11. A. D. Suprun, M. A. Razumova, Appl. Phys., A 67, 237 (1998).

12. M. Schubert, D. Wilhelmi, Einfithrung in die Nichtlineare Optik, Teubner Verlagsgesellschaft, Leipzig (1971).

© o N O Ut

Buyus koedirienTa 06’eMHOro NOorJinHaAHAA MAaTepiajly Ha mopir iioro
pyliHyBaHHS iHTEHCUBHUM IMIIYyJIbCHUM €JIEKTPOMAarHiTHUM
BHUIIPOMIHIOBAHHAM

A. Cynpyn, JI. lllmenvosa, M. Pasymosa

PosragayTo 3amaqy B3aeMoii IMITYIBCHOTO Ta3epHOTO BUITPOMIHIOBAHHS 3 TOBEPXHEIO TBEPIOT pe-
qoBuHH. [poanasizoBaHo TEIIOBHI BIINB BUIPOMIHIOBAHHS Ha TIOBEPXHERI IIapW MaTePiaJliB, sIKi O po-
MIHIOIOTECS, /IS PISHEX BUIIB KoedilieHTa HOTTIMHAHHS: HECKIHUEHHOIO, CKIHIeHHOTO Ta KoediIricHTa
MOTJIMHAHHS, IO 3aJeXKHUTh BiJ iHTEHCHBHOCTI BHIIPOMIHIOBAaHHS. ¥ POoOOTI OTPUMAHO CIIBBIIHOIMTEHHS
LIS BU3HaYeHHS TOPOTiB BUHHKHEHHS PYITHYBaHHS TOBEPXHI TBEPOTO Tila 3aJeXKHO BiJl iIHTEHCUBHOCTI
¥ TPUBAJIOCTI Jil 30BHITITHLOTO BIUINBY. BKa3aHi CcHiBBITHOIMEHHS BPaXOBYIOTh, OKPIM XapaKTepUCTHK
BUIPOMIHIOBAHHS, TAaKOXK BIACTHUBOCTI MaTepianly, SKIil opoMiAioeThbesd. [IpoBenennit anamiz mokasye,
o BenudnHa KoedirieHTa MOTINHAHAS MaTepiady iCTOTHO BIJINBAaE HA YMOBWU BHHUKHEHHS HeOOGOPOT-
HUX JOKAJILHUX (HAa30BUX 3MIH MOBEPXHI ¥ 30HI il JIa3epHOTO BHIIPOMIHIOBAHHSI.
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