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On possible manifestations of the induced transparency during

laser evaporation of metals

S.N. Andreev, V.I. Mazhukin, N.M. Nikiforova, A.A. Samokhin

Abstract. The possible acoustic and optical manifestations of
the induced transparency during laser evaporation of metals
are analysed. It is shown that under certain conditions the
photoacoustic effect related to the movement of the induced-
transparency front can make an appreciable contribution to
the total recoil pressure. The formation of the induced-
transparent layer can be accompanied at the initial instant of
time by both the decrease and the increase in the reflectance
of the target. It is established that the laser intensity, required
to realise the stationary regime of evaporation with induced
transparency, is substantially lower than the threshold of
plasma formation.
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parency, explosive boiling.

1. Introduction

Phase transitions from liquid to vapour, taking place upon
quasi-equilibrium evaporation of metals, are accompanied
by metal —insulator transitions, since for many metals at
temperatures below the critical liquid —vapour temperature
the equilibrium degree of ionisation of vapours turns out to
be rather small because the ionisation potential is
comparatively high with respect to the critical temperature
T,.

As the temperature increases, the metal density decreases
and a metal—insulator transition can, in principle, take
place in a condensed phase at a temperature T.,q < T,
which was for the first time noticed in Ref. [1]. It is evident
that such a transition will be accompanied by a drastic
decrease in the absorption coefficient, i.e., by an increase in
the depth of the laser radiation penetration into the target.

Such induced transparency was discussed in Refs [2—5]
in connection with the results of irradiation of lead and
bismuth targets by millisecond Nd: YAG-laser pulses. The
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question, concerning the origin of induced transparency in
the experiments [2], was at that time left open for a number
of reasons (such as the spatio-temporal inhomogeneity of
the laser pulse, the lack of data on the variation of the recoil
pressure during target exposure and others), complicating
an unambiguous interpretation of experimental results [2].
As far as we know, no reports on experimental results of this
kind for millisecond exposures were made ever since,
although different problems of the laser-induced evapora-
tion and explosive boiling were investigated in many works
(see, for example, Refs [6—16]). The authors of recent work
[17] carried out the experiments on the exposure of silicon,
which transforms into metal when melting, to laser radiation
(A= 266 nm, I,=10"—10"" Wem™?), and revealed a
dramatic (more than by an order of magnitude) increase
in the crater depth at intensities 7 > 2.2 x 10'° W cm 2. The
main removal of mass in their research occurred at the time
delay of approximately 300 ns after irradiation by a 3-ns
laser pulse.

The authors of Ref. [17] interpreted the observed effect
as induced transparency of the material of the irradiated
target, which provides deep penetration of laser radiation
into the target, with the subsequent explosive boiling of the
superheated liquid phase. Some aspects of this interpreta-
tion were discussed also in Refs [18, 19]. It should be noted
that the formation of the layer, transparent for laser
radiation, with optically sharp boundaries was observed
in experiments on irradiation of metals and semiconductors
by femtosecond pulses, and this layer existed for about 1 ns
[20-23].

A sharp (tens of times) increase in the crater depth,
observed in Ref. [17], is a serious argument in favour of the
interpretation, proposed by the authors of this work.
However, in later work [24], devoted to the same problem
and accomplished by almost the same co-authors, the
induced transparency is no more used to explain the drastic
increase in the crater depth; instead, an attempt to attribute
this increase to the heat-conduction process and subsequent
explosive boiling after the end of the laser pulse is made. As
mentioned above, such an ambiguity of interpretations of
the results arises particularly from the deficiency in the
experimental data. To study this effect in detail, a complex
experimental diagnostics including optical, acoustical and
other measurements is required.

In this connection, a more detailed theoretical study of
particularities of the laser evaporation regime in the
presence of the induced transparency in the irradiated
matter is of interest for stimulating the appropriate experi-
ments. Such a study is the main goal of this work.
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2. Stationary and ‘semi-stationary’ regimes
of evaporation

We will describe the evolution of the temperature
distribution inside the evaporated target using a one-
dimensional time-dependent heat-conduction equation,
taking into account the possibility of an abrupt change
in the optical and thermal parameters of the target matter
[25]. In the coordinate system, the origin of which is
attached to the evaporation front, moving at the velocity V'
through the static material in the positive direction of the z
axis in the laboratory reference frame, this equation has the
form

2
oT_ o T . o
ot 0z 9z%  ¢p
where y, o, ¢ and p are the thermal conductivity, absorption
coefficient, specific heat, and density of the target material,
respectively; I = I,,n(1 — R) is the absorbed intensity; R is
the reflection coefficient of the material. The coefficient
n < 1 accounts for the possible attenuation of the incident
laser radiation Ij,, in the near-surface plasma layer.
When the induced-transparency (bleaching) temperature
Ty is achieved and a sufficiently sharp change in o and yx
takes place, a layered structure, schematically represented in
Fig.1, appears in the irradiated target. Inside each of layers,
the temperature profile is determined by Eqn (1) with values
of the absorption coefficient o; and thermal conductivity y;
corresponding to this layer and conditions of continuity of
the temperature and heat flow, taking into account the heat
of the corresponding phase transition at layer boundaries.
Note that the boundary of the induced-transparent layer
does not necessary coincide with the evaporation surface,
since the near-surface layer can remain non-transparent
under appropriate conditions due to the evaporation cool-
ing.

Liquid phase

Solid phase

Induced-trans-
parent layer

Incident

Reflected
radiation
7l H, T H, 1
Figure 1. Schematic view of the irradiated target in the presence of

induced transparency: (0) near-surface non-transparent liquid layer, (1)
induced-transparent layer, (2) second non-transparent liquid layer, (3)
semi-infinite solid phase.

The evaporation front velocity V" and recoil pressure p,,
which depend on the surface temperature 7, and the Mach
number M of the flow of evaporated matter, are

V= Kl VOa Pv = szs, (2)

where V, = [m/(2nkTs)]1/ (ps/p); k is the Boltzmann con-
stant; m is the target molecule mass. In accordance with one
of the simplest models of the Knudsen layer [26], the values
K, and K, can be represented as K; =1 —r® and K, =
(1 +r9)/2, where the parameter r depends on the Mach
number M. For M =1 the parameters r = 0.78, K; = 0.86
and K, =0.56 [26]. The dependence of the saturation
pressure p, on the surface temperature 7 is approximated
by the formula

Ps = Do eXp[A(l - TV/TS)]’ (3)

where T, is the temperature of boiling of the target matter
under normal pressure p,=1Dbar and 4 =12 is the
constant.

In a stationary case, the solution of Eqn (1) within each
layer has the form

1;

T(z)=A; +Be % + ———
i) ' ' cpyi(gi — %)

e, (4)

where ¢; = V/y;; the constants 4; and B; are found from the
boundary conditions at the surfaces separating induced-
transparent and non-transparent layers, as well as liquid
and solid phases. The subscript i ranges from 0 to 3 (see
Fig. 1). The values of the absorbed intensities /; within each
layer are determined by the recurrent formula: 7, =1,
I, = Le % where H; is the thickness of the ith layer;
i=0, 1, 2. For simplicity, the possible influence of the
interference is not taken into account in this formula.
The layer boundary conditions have the form

Ty=T,, y0(0T,/0z)=VL,/c for z=0, (5)

Ty =T, = Ty, 2(0Ty/0z) = 1,(0T,/0z)

forz = H,, (6)
Ty =Ty =Ty, 11(0T/0z) = 1,(0T/0z)

forz = Hy + H|, @)
Ty =T5 = Ty, 12(072/0z) = 13(075/0z) + VLy /¢

forz=Hy+ H, + H., ®)

T;=T,, 07T3;/0z=0 for z— oo,
where L, is the latent vaporisation heat; T,,, L, are,
respectively, the temperature and latent melting heat of the
target matter; and T,, = 373 K is the temperature of the
solid phase at the sufficiently great depth. It is assumed in
(6) and (7) that no appreciable absorption or heat release
occurs at the induced-transparency front.

The typical form of the temperature profile for the
silicon target is given in Fig. 2 for 7 =3.197 x 10’ W cm ™2,
T,=087T,, T7.,=8000 K, 7,=3076 K, ay=o =
113 x 10°ecm™, oy =100 cm™", 5y =y, =021 cm® s,
71 = %0/10. The rest parameters (L, =1797J g™, L, =
137223 g7, T,=1683K, ¢=1.05Jg 'K, p=252
g cm ™) are in close agreement with those given in Ref. [17].

In contrast to the regime considered in Ref. [17], where
the temperature of the induced-transparent layer remains
constant, in our case the temperature has the maximum
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Figure 2. Typical view of the stationary temperature profile inside the
silicon target in the presence of induced transparency for I = 3.197 x 10’
W em™2,

within the induced-transparent layer. The magnitude and
position of this maximum depend on the parameters of the
medium and laser pulse intensity [3]. For the threshold
intensity /;, = 3.1964 x 107 W cm ™2, the temperature of the
induced transparency is achieved in a single point
z=Hy=084x10"° cm, ie. the thickness H, of the
induced-transparent layer is equal to zero. In this case,
the layers 0 and 2 (see Fig. 1) adjoin, and the thickness H, of
the near-surface non-transparent layer 0 is maximum.

As the intensity increases, the thickness H; of the
induced-transparent layer increases, and H, tends to
zero. For the intensity 7 = 3.1976 x 10" W ¢m 2, the maxi-
mum of the temperature profile reaches 7., at this time
Hy=0.7%x10"% cm and H; =19.7 x 107* cm. The near-
surface non-transparent layer disappears at the intensity
Inax = 3.273 x 107 W cm™2, at which the maximum of the
temperature profile exceeds the critical temperature by a
factor of 2.3, which is beyond the bounds of applicability of
the model with constant coefficients. The small value of the
intensity range Al = I.,,,—1I;, is connected in this case with
the abrupt intensity-dependence of the temperature profile
as well as with not very big difference between the induced-
transparency temperature and critical temperature. With the
increase in o, the range Al increases, the thickness of the
induced-transparent layer (for the fixed value of the inten-
sity 7 within the range Al) decreases.

The authors of Ref. [17] assumed, in fact, that when the
induced-transparency temperature 7}, is achieved, the
absorption coefficient in the transparent medium becomes
vanishingly small. In this case, the ordinary stationary
regime of evaporation with the time-independent tempera-
ture profile in the system of evaporation front is not
achieved, actually, in a one-dimensional model, because
the front can penetrate arbitrarily deep into the target
matter due to the absence of absorption in the induced-
transparent layer. It is obvious that in such ‘semi-stationary’
regime, in contrast to the stationary one, the thickness of the
induced-transparent layer will depend on the laser pulse
duration.

At sufficiently high intensities, the velocity of the
induced-transparency front ¥} can be appreciably greater
than the velocity of the evaporation front V, which is
maintained constant due to the absorption of laser radiation
in the thin non-transparent layer, directly adjoining the
evaporation border. The thickness of this layer can be
determined from the expression

for keeping such a regime, because in the induced-trans-
parent layer the temperature profile 7 = const does not
provide heat supply, sufficient for keeping this evaporation
regime. The necessity of the existence of the absorbing near-
surface layer is also noted in Refs [2, 17].

3. Estimate of the influence of interference
effects and plasma formation threshold

If the boundaries of the metal—insulator transition are
sufficiently sharp and the condensed phase is sufficiently
stable, the appearance of the induced transparency will be
accompanied by the interference effects typical for the thin-
film situation. The dependence of the -coefficient of
reflection of matter on thicknesses H; and H, of the
transparent and non-transparent layers for A =266 nm is
demonstrated in Fig. 3. Real and imaginary parts of the
refraction coefficient of the induced-transparent and non-
transparent matter were taken as n; = 2.62, £, = 0.0002,
ny = 11.7 and &, = 2.39, which correspond to the values of
coefficients of absorption o; = 100 em™!, @y = 1.13x
10 cm™" and reflection R, =0.2, R, =0.72 for semi-
infinite induced-transparent and non-transparent medium,
which were used in Ref. [17]. As is seen from Fig. 3, the
behaviour of the reflection coefficient R in the presence of
the induced transparency is non-monotone and in some
cases R can even exceed its initial value Ry.

Thus, in the case when the intensity slightly exceeds the
value of I, with the growth of the thickness of the induced-
transparent layer, appearing at the depth H,=

Ak
W
SN 708 %1076

Figure 3. Reflection coefficient of the target versus thickness of the near-
surface non-transparent H, and induced-transparent H; layers.
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0.8 x 107° cm, the reflection coefficient increases, at first,
from Ry, =0.72 to 0.84 for H; =2 x 10~ cm, and then
decreases to 0.65 for H; = 5 x 10°® cm, following which a
similar ~ dependence  repeats  with the period
AH; = 5.6 x 10°® cm. In the case when the induced-trans-
parent layer appears at the depth Hy = 1.1 x 10°® c¢m, the
reflection coefficient at first decreases from 0.72 to 0.57 for
H, =4 x 10~° cm with the increase of the transparent-layer
thickness, and then increases to 0.74 for H; = 5.5 x 10~ cm
(see Fig. 3).

Thus, the behaviour of the reflection coefficient during
the propagation of the induced-transparency front essen-
tially depends on the depth, at which the induced-
transparent layer appears, i.e., on the position of the
maximum of the temperature profile at the instant when
the temperature of the induced transparency is reached. For
the fixed value of the incident intensity the position of the
maximum of the temperature profile is determined by the
value y = ay/V (i.e. the lower is the value of y, the closer to
the surface is the temperature maximum). Such behaviour of
R in case of the radial intensity distribution in the bounded
laser pulse leads to the radial dependence of the reflection
coefficient and appearance of respective interference rings.

It is obvious that the presence of the plasma torch can
impede the direct observation of such behaviour of the
reflection coefficient. From this point of view, most pref-
erable is the use of the regimes of evaporation with induced
transparency, which are close to the stationary regime and
require lower values of intensity than those in Ref. [17].

Fig. 4 shows the dependences of the plasma formation
time on the intensity of the incident radiation for different
initial temperatures and vapour concentrations at the out-
side boundary of the Knudsen layer, which were obtained
with the code described in Ref. [27]. For M =1 the tempe-
rature and concentration of vapour at the outside boundary
of the Knudsen layer are, respectively, 0.637, and 0.32n,
where the concentration ng of saturated vapours at the
surface temperature T, is determined by formulae ng =
ps/(kT) and (3). As is seen from Fig. 4, the threshold
value of the intensity required for plasma formation is signi-
ficantly greater than the above-calculated values of inten-
sities typical for the stationary regime, which allows us to
hope for the realisation of the stationary regime of evapora-
tion with induced transparency without plasma formation.

a T, =6400K, T, =4050 K
o T, =T7200K,

T, = 4560 K

1071

1
10° 10" 10!

/W cm 2

Figure 4. Time of plasma formation on the surface of the silicon target as
a function of the incident radiation intensity for different temperatures of
the target surface 7.

4. Influence of induced transparency
on a photoacoustic signal

In the stationary regime of evaporation without the induced
transparency, the contribution of the evaporation pressure
Py, depending on the surface temperature 7, to the total
recoil pressure turns out to be significantly greater than the
contribution resulting from variation of the density of the
heated layer of condensed matter. The latter one can be
estimated by formula Ap ~ V?Ap, where Ap = p(T}) — p,
is the difference between densities on the surface and in the
interior matter [12]. In case of the induced transparency,
this formula contains the induced-transparency front
velocity V, instead of ¥V, and Ap = p(Ty)— p,. For
definiteness, further we will assume that there is no density
jump at the induced-transparency front.

In the case of induced transparency at sufficiently high
intensities, the induced-transparency front and melting
front, related to the first, can move with the velocity 7,
which significantly exceeds the evaporation front velocity V.
According to the data of Ref. [17], the transparent front
velocity V7, estimated as the ratio of the crater depth H =
3 x 107 cm to the pulse duration T = 3 ns, is of the order of
the velocity of sound in condensed phase V; ~ 10® cm s,
i.e., the value of the additional pressure Ap can exceed the
value of evaporation pressure even for relatively small Ap
[12].

To calculate the photoacoustic signal during the irra-
diation of the silicon target by the laser pulse with the
Gaussian profile and duration 7 =3 ns, the Lastec 1.1
program package [28] was used. This package provides
the joint solving of one-dimensional continuity, Euler, and
heat conduction equations for the compressible medium and
volume absorption of the laser radiation by the target
matter. The process of heat conduction in given calculations
was assumed to be quasi-equilibrium, i.e., we neglected the
difference between the electron and lattice temperatures,
which, generally speaking, can noticeably change the
dynamics of the process of heat transfer into interior target
during irradiation by intense ultrashort laser pulses (see, for
example, Refs [29, 30]).

The coefficient of thermal expansion in solid and liquid
phases was taken equal to f=3x 10" K~'. The total
change in the target density at the induced-transparency
front resulting from melting and thermal expansion was
Ap =p(Ty) —py =—-025¢ cm~>. The rest data on the
silicon target were taken the same as in the above-mentioned
calculations of the stationary temperature profile. Interfe-
rence effects were, for simplicity, not taken into account in
this calculation, inasmuch as possible non-monotonicity of
the behaviour of photoacoustic signal connected with
interference effects is characterised by very short periods
of time (less than 1 ns). The average change of the reflection
coefficient caused by the appearance of the induced-trans-
parent layer was not taken into account as well, i.e., the
incident radiation was assumed to be totally absorbed.

The time dependences of the photoacoustic signal for
different values of the incident intensity are given in Fig. 5.
After obtaining the induced transparency, the temperature
on the surface and related evaporation pressure cease to
increase within the sufficiently wide intensity range. The
increase in the total pressure p,, within this area is
essentially connected with the velocity of the induced-
transparency front. At the intensity 7 = 0.5 x 10° W cm™>
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Figure 5. Total recoil pressure as a function of time for /= 0.5 x 10°
(1),1x10°(2),2x10°(3),3 x 10° W em™2 (4); (5) normalised laser
(Gaussian) pulse.

[curve (1)], slightly exceeding the induced-transparency
threshold, the transparent front velocity becomes small
as compared with the velocity of sound, and the contribu-
tion Ap,, = ppy — py of the photoacoustic signal, related to
the movement of the transparent front, to the total pressure
signal py, becomes also small. As the intensity increases, the
contribution Ap,, to the total recoil pressure grows. At the
intensity /=2 x 10° W cm™ [curve (3)] the peak value of
Ap,, becomes equal to the corresponding peak value of the
evaporation pressure py X ~ 3 kbar, while at the intensity
I=3x10" W cm ™2 [curve (4)] it exceeds the value of pm&
by more than a factor of three.

Fig. 6 demonstrates the dependence of maximum (over
the time of interaction with the pulse) values of Ap,,, on the
laser radiation intensity. Assuming that the profile of the
density distribution with the drop Ap remains constant, we
can obtain the following expression [12] for the photo-
acoustic signal caused by the movement of this profile in the
matter:

Ap = Ap(V? + zV), (10)

where z; u V represent, respectively, the position and
acceleration of the density drop front. The maximum value
Ap,, obtained from the dynamics of the melting front, is in
sufficiently good agreement with Ap,,, calculated without

p/kb'dr q Apér;lx *
7 o Ap
6 o Apl/li'dx
S VA
; A
3 //‘lr
2
1 /
L |
0.5 1.0 1.5 2.0 1/10° W cm >

Figure 6. Maximum values of photoacoustic signal Ap,,, and parameters
Api, ApV? versus laser pulse intensity.

the assumption of the invariability of the density distribu-
tion profile. For comparison, the intensity dependence of
the parameter ApV2,., where V., is the maximum (over
the pulse duration) melting front velocity, is shown in
Fig. 6. In this case, the difference between Ap,,, and Ap V2
turns out to be more noticeable, which is mainly connected
with the time discrepancy of the signal maximum and the
maximum of the velocity V., as well as with the invalidity
of the assumption of constant density distribution profile.

Fig. 7 shows, for comparison, the total signal of the
recoil pressure [curve ( /)], evaporation pressure [curve (2)],
photoacoustic signal Ap,, [curve (3)], and Ap; [curve (4)]
versus time for the laser pulse intensity / = 2 x 10° W cm 2.
As is seen from Fig. 7, Ap, provides not only close
approximation of maximum values of the photoacoustic
signal, but also a sufficiently correct description of its
temporal behaviour. Let us note that the slight decrease
of 0.9 kbar in evaporation pressure [curve (2)] during
lifetime of the induced-transparent layer is caused by the
decrease of 300 K in surface temperature due to the
reduction of the heat supply of the evaporation front. A
sufficiently good agreement between Ap; and Ap,, makes it
possible to use the photoacoustic signal in the experiment in
order to find the induced-transparent matter density for the
determined velocity V. An independent measurement of
can be realised, for example, by registering the melting front
velocity according to the behaviour of the probe infrared
radiation, which is directed from the reverse of the target to
the melting front and reflects from the latter.

p/kbar

oW B W

) 0 2 4 6 /s

3}

Figure 7. Total recoil pressure signal (1), evaporation pressure (2),

photoacoustic signal Ap,,, (3), and parameter Ap, (4) versus time for

laser pulse intensity 7 = 2 x 10° W cm™2.

As far as crystalline silicon transforms into metal upon
melting and its density increases, Ap can, in general, have
different signs depending on the ratio of contributions of
density variations caused by melting and thermal expansion
under heating to T},. However, the case Ap > 0 seems to be
less probable, than the case Ap < 0, when the density of the
induced-transparent matter is lower than the initial solid-
state density. At the same time, both cases can be realised at
the melting front depending on the material: thus, for
example, the density of germanium, silicon, and bismuth
increases under melting, while that of the most other metals
decreases. The results of the respective calculations of the
photoacoustic signal in cases of Ap > 0 and Ap < 0 at the
melting front will be presented further.
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5. Restrictions connected
with the metastable-phase stability

The above-described model of the laser evaporation taking
into account the induced transparency assumes that the
appearing superheated metastable phase is thermodynami-
cally stable at time periods of the order of laser pulse
duration. Within the framework of such an approach, it is
necessary to take into account the particularities of the
behaviour of the heat conductivity and heat capacity near
the boundary of the extreme superheating (spinodals)
[8, 12] because the maximum of the temperature profile
in the model with constant coefficients can exceed the
critical temperature. In the opposite limit, the periodic
volume boilings [7, 10, 12] can take place during the
interaction with the laser pulse.

The assumption of the existence of a one-dimensional
evaporation regime with the induced transparency is con-
nected not only with the problem of the thermodynamic
stability of the superheated metastable phase, but also with
the problem of the morphological stability of the plane
evaporation front [12, 31—-33].

In the case of volume absorption with the coefficient
a =100 cm ™', considered in Ref. [32], the maximum value

of the increment of the evaporation front instability is equal 9.

t0 Prax = | ns ™! for the wave number k,,,, = 20.8 pm~! and
Mach number M = 0.7 in the flow of evaporated matter. We

should bear in mind that these estimates relate to the case 0.

o =const and y = const, while in the model, which we
consider,
wherein the values of o and y are different from those in

the induced-transparent layer. In general, more analysis is @2 15.
of the TH16.

17.

required to resolve the question of the stability
evaporation front within the bounds of such model.

6. Conclusions

Thus, when the superheated metastable phase of the

induced-transparent matter is sufficiently thermodynami- @2 20.

cally stable, the stationary regime of the developed
evaporation with the plane front can probably exist during
the time of about 10~% s. The realisation of such a regime
within the millisecond range seems to be unlikely. The laser

radiation intensities required to maintain the stationary =22

regime are substantially lower than those used in Ref. [17].
The decrease in the laser radiation intensity will allow one
to avoid plasma torch formation near the target surface and
provide additional possibilities for applications of the
optical diagnostics of the irradiated surface. Estimates
given in this work show that the appearance of the induced-
transparent layer does not necessary lead to the direct
decrease in reflectivity, the behaviour of which turns out to
be more complicated. In case of the ‘semi-stationary’
regime, the dependence of the thickness of the induced-
transparent layer on the laser pulse duration should be
approximately linear, and this fact can be exploited as one
of experimental indications of realisation of such regime.
The induced transparency can exhibit most obviously in a
photoacoustic effect, which usually is registered by the
pressure sensor from the reverse side of the target [12, 16].
The value of contribution to the total recoil pressure
connected with the movement of the induced-transparent
front can exceed the evaporation pressure when the surface
temperature T, ~ T}. In the same way one can register the

a near-surface non-transparent layer exists, i 13.

18.
19.

23,
24

29.

increase in pressure connected with the onset of the
explosive boiling of the metastable superheated phase.
The observation of the above-described particularities of
the induced transparency manifestation can allow one to
make a more definite conclusion about the realisation of
this effect in specific experiments.
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