MECHANISM FOR THE FLASH UNDER THE EFFECT OF
MONOCHROMATIC RADIATION ON METAL SURFACES
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A flash is due to the piston effect during the spraying and subsequent evaporation of a melt drop
layer in a medium with initial pressures and temperatures equal to the temperature and pressure
of the vapors which have been formed earlier above the metal surface, but ata diminished flow
veloeity.

The comparison between experimental and theoretical results {1-6] shows that for radiation fluxes q=~
10" W/em? atthe wavelength A =~ 1,1 ym, a sharp diserepancy exists on an aluminum surface between the large
computed and the small experimental flash times (the beginning of the avalanchelike temperature rise and the
optical absorption of the vapors) r¢;. Thus, for average fluxes ~1.5 - 10" W/em?, according to [5, 6], the
experimental heating and flash developmenttime on aluminum is 30.5 usec. The results apparently depend
weakly on the surrounding gas (air, helium, argon, vacuum). The computedtime ison the order of 10? psec.
This discrepancy is conserved even whentaking account of separation of the electron and gas temperature T,>
T and the ionization nonequilibrium which result in an increase in the electron concentration and the coefficient
of optical absorption of the vapors.

Theoretically, according to [3, 5], for a flash to develop with q ~(10"-10%) W/em? it is necessary that the
optical thickness be >0.01, which corresponds to a temperature of >5000°K at pressures of tens of atmospheres
(the initial warming of the vapors to these or lower parameters could be achievedby heating the surface and by
the piston effect on the target).

It is difficult to explain the discrepancy between theory andexperiment by contaminating impurities.
Thus, the spectral width of the neodymium laser radiationused in the experiment is much greater thanthe
width of the atomic spectral lines with the absorption coefficient k(v)>>1, although in other cases there is
theoretically the possibility (with a very low probability) of incidence of the narrow (gas) laser line on a line
contained in negligible quantities (< 0.1%) of impurities. Easily ionized admixtures can specify a multiple
increase in the electron concentration ng and the absorption coefficient k(v) sufficient for a flash (correspond-
ing to a change in n, for T = 4000 — 5000°K) only for an impurity content >0.1%. The strongdependence,
noted in [4], of the flash time on the state of the surface can be explained by the strong dependence of the surface
heating time to the boiling point "'heat"’l /21— «)® on the coefficient of reflection a.

Let us show thata flash cannot be explained by nonequilibrium since the latter is small. The separation
of the temperatures T, T is diminished substantially upon taking account of the energy exchange during inelas-
tic collisions, which were not considered in[1-3].

For the characteristic values Te=~T =~ 4000°K; p =15 atm; g~ 107 W/em?, we have from the Saha formula
ne = 1.2 - 10'® em-3; the atom concentration is N=2.8 . 10'? em™, the molar fraction of eleetrons is Xg =ne/N =
4.3-10 (Al vapors). The free — free part of the coefficient of absorptionby electrons ina field of neutral
atoms was calculated according to [7]and equals ky,=1.4 - 1073 em™? fora radius rap =2.5 A. The free — free
and free — bound parts of the coefficient of absorption in an ionfield equals k4 = 2.1 - 10-% em~! according to the
Kramers formula with Zef=1.

According to a simple estimate [8], the electron distribution function is Maxwellian for these conditions;
hence the excitation section of a resonance level gp =3.14 eV by electron impact was used, which was computed
as a function of the energy from the data in [9].

For the influx velocity and the energy loss perunit volume during elastic eleetron — ion collisions and
inelastic collisions between electrons and atoms, we have

Translated from Inzhenerno-Fizicheskii Zhurnal, Vol. 35, No. 2, pp. 221-228, August, 1978. Original
article submitted August 25, 1977.

902 0022—0841/78/3502—0902 $07.50 ©1979 Plenum Publishing Corporation



_de

— k o 1 qeei l daea l
=k | !<< S

The inequalities are strengthened for T>4000°K.

Inthe long run, the role of the inelastic losses is determined by a "narrow place": the velocity of deac-
tivation of the excited state Al* during collisions with Al atoms with the passage of the excitation energy into
translation energy.

The deactivation (quenching) section is unknown for Al; it can apparently be determined by a process analo-
gous to dissociative recombination with a probability strongly dependent on the mutual location of the potential
curves of the stable and unstable states of the Al, molecule [10]. Taking into accountthe presence of a stable
molecular state of Al,, it is natural to expect that the probability ofthis process can turn out to be quite large.
Thus, for thevalue rpj= 2.5 A we obtain for the rate of loss during deactivation —de4/dt> |degq/dt], and
corresponding to this, the rapidequilibration of the separation between T and T,.

The significant emission of electrons, apparently because of thermoemission by mieroinhomogeneities
during the actionof laser radiation withan ~ 1lpmwavelengthT~ 1 msec duration, and energy density s up to 1
J/em? on an aluminum plate in a vacuum, has been detected experimentally in [17]. With the growth of £ dur-
ing the simultaneous diminutionin 7, i.e., with the rise in temperature, the growth of the thermoemissionby
many orders of magnitude is possible [12]. In the presence of a thermodynamic vapor — liquid equilibrium, the
electron concentrations cannot exceed the thermodynamic concentrations being determined by the ionization
equilibrium (the Saha formula) in the vapor, correspondingly the flagh cannot be explained by thermoemission
because of overheating by target microinhomogeneities.

One of the equally likely mechanisms for a flash at moderate q is local overheating of the vapor dur-
ing evaporation of the drops being formed during fractionation of the liquid melitbecause of the combined effect
of the inhomogeneity of the laser radiation, surface tension, pressure, and inertia forces.

The following model for the step-by-step originationof a flash is proposed below: evaporation of the tar-
get surface resulting in the formation ofa vapor with a temperature of ~4000°K and a pressure of ~10-20 atm
(direct heating from the target and partially the piston effect); drift of the contact boundary to a comparatively
long distance from the surface, formation of meltdrops flying slowly relative to the cold and hot evaporating
drops; optical shielding of the target surface by a layer of drops and attenuating or cutting off its evaporation;
drop in the vapor velocity at the surface with the conservation of the same pressure and temperature; heating of
the drops and their evaporation into this medium; a new rise in the vapor pressure and temperature above the
layer ofevaporating drops because of the piston effect (but during the evaporation of the layer of drops).

Assuming the formation and fractionation of the melt drops to be determined by the pressure gradients
because of the laser radiation inhomogeneities near the surface, we fake the surface tension ¢ <914 dyn/em
[12]* and the pressure gradient as governing parameters, which we represent as

d(p + pv? p -+ pv?
Si= (pax ot d

where d is the characteristic size of the light spot; vis the meanvelocity of atoms flying off from the melt, ¢
is anempirical coefficient close toone accordingto [14].

’

Since pvorq/qgy, and for a semi-Maxwellian distribution

v )V 2T, Inmas ~ 0.9 kmAec 2 const,

where Tgyr is the surface temperature ~4000°K; qg,, is the heat of evaporation 11.8 kJ /g [15], mp is the mass
of an aluminum atom, p is the density of the vaporat the surface, then
Py ppr £ 20— (1)
2 Gev
where 8 isa semiempirical factor close to 0.8under the conditions in [5] (see the experimental pressures behind
the shock front in [5]; low values of B are apparently due to significant losses by heat conduction in the target),
and p, «p is the initial air pressure above the target.

*Since the critical temperature for Al is T, ~ 8400°K [13], the drop in¢ with temperature shouldbe slower than
that computed according to the theoretical dependence proposed in [12]. Letus note that the heat-conduction
coefficient of liquid Alvaries negligibly to T ~6500°K [13].
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From dimensionality relationships, the upper value of the characteristic drop diameter and the fractiona-
tion layer thickness, corresponding to the static equilibration of the pressure drop and the surface tension
forces, is for d~5 mm

/2
Dpax ~ [ Ofev® d ] o~ 40 pm,
BLog(l—a)

However, there exists a mechanism resulting in a sharp increase in the total pressure gradients after
the beginning of evaporation and corresponding to the substantial diminution in the drop size.

Neglecting the heat of fusion (0.4 kJ/g) in comparison with the heat for heating to ~3000°K, we obtain
the melt thickness to the beginning of boiling from the heat-conduction equation (for a coefficient of liquid heat
conduction 0.6 W/cm - deg):

Ax ~xATig(l —a) >~ 3.6 ym;

the melting time
At ~(Ax)c,p;'n>~03 psec

(p; ~2.7 g/cm® is the density of Al).

The thin liquid film is itself unstable. The self-accelerating mechanism of drop formationis that a cer-
tain amplification of the laser radiation on one of the sections and a corresponding rise in the local pressure
result in the occurrence of a flow of meltand the dlsplacement of fluid from the lower layers into the adjacent
sections with the latter becommg cool because of fluid mixing and the dropin the intensity of evaporation and
head pv?. Growth of the drop (b+pv2) hence contributes toa stillgreater acceleration of the overflow and a
further rise in the gradient 8(p+pv?)/dl.

Under the combined effect of the head

2
Ap~ Cfpv~ ———

where the coefficient is Cy~1 [16] for the existing Reynolds number ~50, and the surface tension 20/R, the
drop diameter durigg fractionation of the melt layer is

8o _ 160gev
pr  Bug(l—a) (2)

The quantity of the liquid phase being sprayed is hence apparently limited only by the condition of self-
consistency: the optical thickness in a layer of drops being determined by the ratiobetween the total area ofthe
opaque sections 7R’ of the drops and thearea of the acting spot 7d?/4 should be on the order of 0.5-1. Itfollows

from the closeness of the drop diameter and the thickness of the meltlayer (for any q) that the spacings between
the drops arealso on the order.of their size at the time of layer formation (the whole liquid phase is "skimmed") *

The time of drop accelerationhy the stream to the velocity v of thehead pv: is

T My _ 54910'42ev .
ace . mRIpvz ~ 3ug* (I —a)?pe

The time to form the absorbing layer (the time for the drops to traverse the spacing ~D) is

l/- 2MD N[ 6830291qsev ]1/2_
Tlayer~ aRp | Fop(l —ap (3)

The time to heat the drops to the boiling point is

£ cpMAT 32p;1¢ ATquv_
heat q(l—oc):rnRz‘— 3pgr(l —a)fu (4)

* The formatijon of the drops and their heating areaccelerated by vapor condensation on their surfaces. Thus,
for a vapor density of p 221073 g/cm? and spherical condensation atthe speed of ‘sound, the lower boundary of
the time to heat a 5um diameter drop by AT = 2500°K is >0.3 usec.
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The initial temperature drop AT, governing the temperature gradient of the melt on the evaporating
surface is found from the heat-conduction equation for a thickness Ax ~D:

_ 1 g(l—o) 8¢  8agev
Tboil——Td=AT~_2— ® pu? - frv

or, if AT exceeds (T ~ Tm)/Z, takes the latter value, where Tq is the initial temperature of the drop
being formed; Thoil & Tgur = 4000°K; Ty, is the melting point ~ 1000°K. '

The evaporationtime is

2% Jey M =_3_?_ qi)evﬂpl X
ev q(l —a)nR? 3 vt —a)p?
&t

During &} a drop traverses the path

8 pif(ATPo
s = 3 qul——a)z (5)

with acceleration.

Substituting the numerical values for n~0.6 W/cm - deg, cpul J/g-deg, we obtain D~ 4,8 ym; M=~1.6"
1070g; 7a0e > 5.1 psec; AT = (Tpop — Ty 1/2=1500°K; 1&) ~0.26 psec; (K = 2.0 psec; s(K) =6 um; r1ager=~
0.23 psec.

Similar results are obtained for copper, e.g., despite the significant differences in the thermophysical
parameters {12, 15]. From the energy balance

P sat (1) i

0(T)q oy ——q(l—a). . (6)

where psat(T) is the density of the saturated vapors, and from (1)-(5), we find Tgypr = 4300°K; pve e~ 25atm; D~ 4.4

Pm; Tigger = 0.3 psecs -r(slé)r~0 35 pusec; s(K)~ 6.2 ym; v~ 0.6 km/sec.

The drops of the melt do not themselves cause the flash although they increase the absorption coefficient
(in addition, the absorbedenergy isexpended in the evaporation of drops and the effect is equivalent to the trans-
fer of sections of the evaporating surface a distance s{k); however, a growth of 1.5-2 times is possible for the
absorption in the vapor because of the increase inthe optical path of the radiation due to multiple reflection
and scattering by the drops).

Therefore, the role of the drops is determined by the local overheating of the vapor during the motionand
evaporation in the stream, which play the part of seed centers of absorptionbecause of the sharptemperature
dependence of k(v).

A natural limit on the modelbeing developed is the condition s(k)> D, which reduces for aluminum to
g <0, BUATI6(1 — ) g, o 1.2.107 Wem?

(for copper 1.4+ 10" W/em?). At the same time, e.g., for q~10° W/em? we would obtain 7 >-r(k) ~ 26 ysec
for the minimal flash time (if itwere generally possible).

For the evaporationof drops in a medium with the pressure p, (inthe case under consideration p; =15 atm),
under the assumption of a significant drop in the velocity of the vapor because of the "shadow effect" (both the
diminution in evaporationbecause of shielding of the radiationby the drops and the formation of a "dead zone"
of the stream on the reverse side of the drop layer), the total static pressure P wouldequal the sum of the exter-
nal p, and the excess pressure needed to produce the head pv 'SM/p, where Sy is the mass flow rate of the
vapor.

Using (1) and the Clapeyron equation, we find

SZ kT kT ﬁq(l——oc)]“’
P py+ Prmay p°+Pmu[ 29y

from the relationship

1+l/ 1+__ T [% 7(I—a)

P ’”2*“ Jev J ~ 3.64 p,, )
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where B~ 2 (because of the preliminary almost total heating of the drop and its small size, the losses by heat
conduction in the drop and heating of the vapor being formed can be neglected). In conformity with the phase
dependence

a1 g ev
P [ S
o eXp ( T )
the temperature of the drop should be raised by
2
AT~ - 1n 364 > 350°% (8)
matqey

For T =4350°K we have p~mp; P/kT~4.1-107° g/em’; v =Sy /p=~1.0 - 10° em/sec; pv2 = 43 atm.

A temperature rise to*
p—1

h's
IZ—N(EP) ~ (6.5)%%% = 1.9 times (for y¢ 1.5)
T Po’ (9)
is possibleat the stagnation point of sucha jet in a uniform flow (plane layer of drops)at the stagnation pressure
PT =P+p v

Therefore, for this extreme case we obtain a maximum gas.temperature to 8200°K for a total pressure
of P ~100 atm at distances ofmany diameters from the evaporating layer of drops depending onthe thickness
of the vapor layer within whose limits the initial velocities (up to the beginning of drop evaporation) are small.
Corresponding to these parameters are: N =8. 9 10 em3; ng =3.2" 10'® em=3;x¢ =3.4 + 1072, the coefficient
of absorption is k(v) =ky+k; =1.8+14=16 em”™

The time to heat -the vapor to 1000°K (which can be taken approximately as the beginning of the flash) for
this absorption coefficient.is
T~ Cp oAT
k(v)g

which corresponds to the absorbing vapor having traversedthe distance rv~26 pm ~5D.

~ 2.6.1072 psec,

Estimates usingthe excitation section of the-levelep = 3.14 eV [9] {the possible narrow place for stepwise
fonization) show that the time tobuild up ionization equilibrium is «r.

A practical formulation for an approximate estimate of the flash time according to (4) (taking (3) into account)
follows from the analysis made.

The possibility of flash development for weaker fluxes is-determined (for the numerical solution ofgas-
dynamic equations, for example) by giving v=0 as the initial condition at this time while conserving the distri-
butions of T, p, andp existing atthis time and the results of the subsequent solution of the gasdynamic problem

NOTATION

g, flux density of the monochromatic radiation; A, radiation wavelength; 7oy, time correspondingto the
beginning of the flash; T, Te, gas and electrontemperatures; k(v), spectral coefficient of absorption (per unit
length) for the wave number v; p, gas pressure; n,, electron concentration; N, atom concentration; x,, molar
fractlon ofelectrons; rp, radius ofaluminum during interaction with electrons; kg, k4, parts of the absorption
coefficient corresponding to the free —free and free — bound electron transitions in a field of neutral atoms (k)
and ions (k+); Zef, effective charge on the nucleus inthe Kramers formula; o, surface tension of the melt; S,
total pressure gradient; p, density; v, gas velocity atthe evaporatmg surface; d, effective diameter of the light
spot; B, ¢, dimensionless empirical coefﬂcients; Qey- head of evaporation (per unit mass); Tgyp. temperature
of the evaporating surface; «, coefficient of reflection; Thoit = Tgur, boiling pointduring development of evapo-
ration in amediumwitha steady pressure rise;D, effective diameter; R, radius of the liquiddrop; », heat-con-
duectivity coefficient of the liquidor solidphase; p;, density of themelt; cp, specific heatof the melt or vapor;
Cf, gasdynamic drag coefficient of the drop in-the vapor stream; M, mass of the drop; T,., time toaccelerate
the drop to the veloeity vby the head sz; Tlayers characteristic time for formation of the drop layer; Tl(llé)at’ time

* For Mach numbers ~1-2 the results ofa temperature computation by means of the Poissonadiabat and by the
usual adiabat differ slightly.
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toheat the drops of melt tothe boiling point; TQ%), time for droo evaporation; S(k), spacing traversed with
acceleration of drops of the melt during the time T}(llé)at; P sat(T),density corresponding to the saturated vapor
withthe temperature T; Sy, mass rate of flow of vapor; p,, vapor pressurebefore the beginning of evaporation
of meltdrops; P, static vapor pressure at which dropevaporation occurs; vy, adiabatic index; Ty, T,, initialand

final temperatures under adiabatic compression; P, stagnationpressure.
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