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Abstract

Experiments on laser ablation of metals in air, in vacuum, and in similar irradiation conditions, revealed that the ablation
thresholds in air are up to three times lower than those measured in vacuum. Our analysis shows that this difference is
caused by the existence of a long-lived transient non-equilibrium surface state at the solid-vacuum interface. The energy
distribution of atoms at the surface is Maxwellian-like but with its high-energy tail truncated at the binding energy. We
find that in vacuum the rate of energy transfer from the bulk to the surface layer to build the high-energy tail, which
determines the lifetime of this non-equilibrium state, exceeds other characteristic timescales such as the surface cooling
time. This prohibits thermal evaporation in vacuum for which the high-energy tail is essential. In air, however, collisions
between the gas atoms and the surface markedly reduce the lifetime of this non-equilibrium surface state allowing
thermal evaporation to proceed before the surface cools. It was experimentally observed that the difference between the
ablation depth in vacuum and that in air disappears at the laser fluencies 2-3 times in excess of the vacuum threshold
value. The material removal at this level of the deposited energy density attains the features of the non-equilibrium
ablation similar for both cases. We find, therefore, that the threshold in vacuum corresponds to non-equilibrium ablation
during the pulse, while thermal evaporation after the pulse is responsible for the lower ablation threshold observed in air.
This paper provides direct experimental evidence of how the transient surface effects may strongly affect the onset and

rate of a solid-gas phase transition.
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1. INTRODUCTION

Many experimental and theoretical studies of the ablation
threshold and the ablation rate for metals irradiated with
short laser pulses clearly demonstrate the presence of two
different ablation regimes depending on the pulse duration
(Corkum et al., 1988; Stuart et al., 1995, 1996; Nolte et al.,
1997; Du et al., 1994; Perry et al., 1999; Malvezzi et al.,
1986; Luther-Davies et al., 1992; Eidmann et al., 2000;
Gamaly et al., 2002, Semerok et al., 2002; DiBernardo
et al.,2003; Ying et al., 2003). For pulses longer than about
100 ps, the surface temperature is determined by the thermal
diffusivity of the material, and hence the ablation proceeds
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in equilibrium conditions. The threshold fluency F;,,, increases
with pulse duration, #,, according to the relation F, oc £,/%.
However, for sub-picosecond pulses ablation proceeds in
non-equilibrium conditions because the pulse duration is
shorter than both the electron-to-lattice energy transfer time,
which is in the order of 1-10 ps, as well as the electron heat
conduction time. Hence, the electrons cool without transfer-
ring energy to the lattice (Perry et al., 1999; Malvezzi et al.,
1986; Luther-Davies et al., 1992; Eidmann et al., 2000;
Gamaly et al., 2002). In this regime, the ablation threshold
becomes independent of the pulse duration. However, the
transition observed experimentally from the ablation thresh-
old expected for the non-equilibrium regime to the thermal
regime occurs at unexpectedly large pulse durations, for
example, up to ~100 ps in gold (Stuart ez al., 1996; Gamaly
et al., 2002). This indicates that for some reason, which is
not yet fully understood, the thermal mechanism does not
contribute to the ablation rate at fluencies near threshold, as
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might be expected, even when the pulse-width is up to 10
times longer than the electron-lattice equilibration time
(Corkum et al., 1988; Stuart et al., 1996).

In this paper, we report experiments using intermediate
duration pulses, 12-ps long, which show that in the same
laser illumination conditions the ablation thresholds of metal
targets irradiated in air are significantly lower than when the
same targets are irradiated in vacuum. To explain this obser-
vation, we have developed a model of the single pulse
ablation process that indicates that equilibration of the elec-
tron and lattice “temperatures” is not the only timescale that
must be taken into account. Additionally, the time to estab-
lish the high-energy tail of the Maxwellian energy distribu-
tion of atoms at the surface must be considered. Specifically,
in vacuum, the time needed to transfer energy from the
high-energy Maxwellian tail from atoms in the bulk to the
atomic layer at the surface (bulk-to-surface energy transfer
time 7,,_,), becomes the crucial parameter that determines the
relative contribution of equilibrium (thermal) evaporation
and non-thermal ablation to the material removal rate, espe-
cially near the ablation threshold. Our analysis, therefore,
suggests that thermal ablation will only dominate when the
pulse duration is comparable to or longer than the bulk-to-
surface energy transfer time. The presence of air speeds up
the creation of the Maxwellian distribution at the surface, in
effect increasing the role of thermal evaporation, and lead-
ing to a reduction in the ablation threshold. Our results may
be useful in explaining transition from short pulse to the
long pulse ablation regime reported for different materials.

In this paper we first present experimental results on
ablation of aluminum, copper, steel, and lead in air and in
vacuum using 12 ps 532 nm pulses generated by a 50-W,
4.1 MHz mode-locked Nd:YVO, laser. We analyze the
ablation mechanisms near and above the ablation threshold
for these intermediate duration pulses. We demonstrate for
the first time, to our knowledge, the importance of the time
needed to transfer energy from the high-energy tail of the
Maxwellian distribution created in the bulk to the non-
equilibrium surface layer in laser ablation with short pulses.
We develop a general theoretical model of laser ablation
near and above the ablation threshold, based on the process
of energy delivery to the atomic surface layer, and applied it
to the ablation conditions. The theoretical model is shown to
be in good agreement with the experimental data.

2. EXPERIMENTAL RESULTS

2.1. Experimental conditions

The ablation experiments were carried out with laser pulses
generated by a 50 W long-cavity mode-locked Nd:YVO,
laser (Kolev er al., 2003; Luther-Davies et al., 2004) using a
number of Al, Cu, steel (Fe), and Pb targets. The samples
were exposed to 12 ps 532 nm pulses at a pulse repetition
rate of 4.1 MHz; the energy per pulse on the target surface
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was E, = 6.5 ulJ. The use of second harmonic of the
fundamental radiation in combination with a number of
wavelength separating mirrors guaranteed very high energy
contrast of the laser beam, which is important for the abla-
tion experiments near the threshold.

Two sets of experiments were performed: one with the
targets in air, and the other in a vacuum of ~5 X 1073 Torr.
The energy per pulse and the pulse duration were fixed,
while the energy density (fluency) was varied by moving the
samples away from the focal plane of a 300 mm focusing
lens so that the illuminated area was changed from S; ,,,;, =
4.9 X 107° cm? (d; = 25 um FWHM) to Sy, = 1.2 X
10~* cm? (d; = 124 pm). This corresponded to a span of
fluencies from 5.4 X 1072 J/cm? to 1.3 J/cm? (or, of
intensities from 4.2 X 10° W/cm? to 1.0 X 10" W/cm?).

To ensure uniformity and to avoid drilling craters in the
target material, the beam was scanned with X and Y oscil-
lating mirrors operating at 61 and 59 Hz, respectively, over
an area of approximately 17 X 13 mm? This led to quasi-
homogeneous scanning over the ablated area by creating a
Lissajous scan pattern.

2.2. Ablation mass, depth and ablation thresholds

Total amount of material ablated over a 60-s period in the
ablation experiments was measured by weighting the sam-
ple with the accuracy +10~* g before and after the ablation.
The ablated mass per single pulse, m,,, was determined by
averaging the mass difference over the 2.46 X 10% pulses.
We introduce the ablation depth per single pulse as the
follows:

l _ m(ll} (1)
abl Sf p

where p is the target mass density and S, is the focal spot
area. The measured ablation depths for various ablated
materials as a function of the incident laser fluency are
shown in Figure 1.

The ablation threshold was determined as the energy
density needed to remove a single atomic surface layer. The
threshold introduced by this condition can be justified by
comparing the experimental and theoretical results for non-
equilibrium ablation using femtosecond pulses (Gamaly
et al., 2002). The ablation threshold fluency, Fj,,, derived in
this manner from the experimental data for different metals
is presented in Table 1. We note that the threshold for Cu in
vacuum, for example, of 0.41 = 0.05 J/cm? is in good
agreement with the results of Nolte er al. (1997) (Fy, =
0.375 J/cm? for 9.6 ps and 0.423 J/cm? for 14.4 ps pulses).

Table 1 show that for all the metals studied the ablation
threshold in air was found to be noticeably lower than in
vacuum. We consider below the physical processes during
the pulse and after the end of the pulse in order to understand
the influence of air on the ablation rate.
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Fig. 1. Ablation depth per pulse vs. fluency for (a) Al; (b) Cu; (c) Fe; and (d) Pb in experiments in air (triangles) and in vacuum (circles)
using 12 ps 4.1 MHz repetition rate laser. The horizontal lines and the numbers above the lines correspond to inter-atomic distances,
while the arrows indicate the ablation threshold. The dashed lines are the upper limits for the ablated depth determined using the energy

conservation law.

3. DISCUSSION

Two qualitatively different ablation mechanisms must be
considered for the intermediate range pulse duration used in
these experiments: one is non-thermal ablation; the other is
thermal evaporation. Non-thermal ablation occurs when the
surface atoms gain an average energy (7') from the laser
greater or equal to the binding energy, &;,. In such condi-

tions, atoms from the outermost surface layer can leave the
surface with kinetic energy equal to 7 — g,. Note that
non-thermal ablation ceases to exist when 7' < g;,. In such
conditions, only thermal ablation occurs which involves the
escape of atoms whose energy exceeds g, from the high-
energy tail of the Maxwellian distribution.

The contribution of thermal evaporation and non-thermal
ablation to the total material removed from the surface

Table 1. Threshold fluence for ablation of metals by 12-ps pulses measured in air
and in vacuum. In last row is the calculated threshold (see Section 3.7)

Al Cu Fe Pb
Metal, M, [a.u.] 26.98 63.54 55.85 207.19
Fyy in air, [J/cm?] 0.17 £0.03 0.23 £0.03 0.19 = 0.02 0.008 = 0.002
Fy,» in vacuum, [J/cm?] 0.32 £0.04 0.41 = 0.05 0.36 = 0.04 0.08 = 0.02
Fy [1/cm?]; calculated 0.372 0.526 0.603 0.139
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essentially depends on the duration of the processes of the
energy exchange between the electrons and ions (lattice)
that is calculated below.

3.1. Electron-to-ion energy-transfer time

The effective electron-ion collision frequency v,; for momen-
tum transfer at the electron temperature of a few eV is in the
order of magnitude of the electron plasma frequency w,,:
Vi = o, (Eidmann et al., 2000). The time for energy
transfer from electrons to ions is expressed as ,, = (v,;m,/
m;) . This time, along with the thermal diffusion time 7, =
12/D, for the metal targets used in the experiments is shown
in Table 2. It is evident that in all metals except Pb almost all
the absorbed laser energy is already transferred to the ions
by the end of the 12-ps pulse.

3.2. Temperature in the skin-layer during the pulse

The temperature in the skin-layer during a single laser pulse
is calculated using a two-temperature approximation while
the heat conduction can be neglected (Kaganov ez al., 1957):

o, 24 =" 1)

N, = — ) — — U, —

"o T i, L

Con, T _ e g 4)
LMa ot - t e L)

Here, n, and n,, are, respectively, the electron and the atomic
number density, C, and C, are the heat capacity of the
electrons and of the atoms in the lattice, A is the absorption
coefficient, [, = ¢/wk is the skin depth (w is the laser light
frequency; « is the imaginary part of the refractive index; ¢
is the speed of light in vacuum); and 7(¢) is the laser pulse
intensity that has the Gaussian time shape.

The specific heat of degenerate electrons is convention-
ally expressed as follows (Kittel, 1996):

)

The specific heat for lattice is equal to 3k per atom at low
temperature (T < g,) while at higher temperature, T = g,,, is
equal to 3kp/2 per atom.

Table 2. Time for the energy transfer from electrons to the
lattice, and thermal diffusion rate

Metal Al Cu Fe Pb
Wpe = (4me®n,/m,)"% 100571 1.38 1.64 1.64 1.00
toi 357ps 7.07ps 62ps 37.76 ps
to, 38 ps 28 ps 137ps 240 ps
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The electron and lattice temperatures in the surface layer
for each metal were calculated by the numerical integration
of Eq. (4) at the experimentally determined threshold flu-
ency from Table 1 (see Fig. 2).

It can be seen from the results that the maximum surface
temperature in vacuum is close to the binding energy, thus
we can conclude that ablation of metals in vacuum at the
ablation threshold starts as a non-equilibrium process. How-
ever, the ablation in air starts at a temperature about half the
binding energy for Al, Cu, Fe, and 10 times lower for Pb.
This is a clear indication of the dominance of the thermal
mechanism of evaporation in air. In order to understand the
difference we will analyze the energy transfer from the bulk
of the heated material to the outermost atomic surface layer
where removal of atoms begins. It is also instructive to
revisit the conditions and formulae for conventional evapo-
ration in thermodynamic equilibrium, and compare them to
the conditions during and after the pulse.

3.3. Thermal evaporation in equilibrium conditions

The pressure, temperature, and chemical potential for both
phase states coincide at the solid-vapor interface in condi-
tions of evaporation in equilibrium (Landau & Lifshitz,
1980). The thermal evaporation rate is then defined as
follows:

(M0} = € 2V et exp | - 2
V) therm = tong| — T ex ——
no), onst-n I; p T

Ep
ocexp{f7}. (6)

Here ¢, is a specific heat at a constant pressure for the
vapor, ¢, = ¢, + 1 = 5/2 (for mono-atomic gas), 3/2 =
¢, = 3 is the specific heat for a solid (both in units of the
Boltzmann constant k), depending on density; and g, is the
heat of evaporation per atom or the binding energy. In con-
ditions close to the critical point, one can take ¢, — ¢, = 1.
The number density of evaporating atoms in (6),
n,-exp{—e;/T} coincides with that in the high-energy tail
(&, > T) in condition when &,/T = 9 in correspondence to
the fact that the equilibrium boiling temperature for major-
ity of solids constitutes 7,,; ~ 0.1g,.

We demonstrate below that these equilibrium formulae
can be applied to the ablation by short laser pulses only after
the time needed to establish both the main part as well as the
high-energy tail of the Maxwellian energy distribution.

3.4. Time to establish the Maxwellian energy
distribution in the bulk of a solid

We estimate the time needed to establish a Maxwellian
distribution at temperature near, (1/3-1/2) &;, and below
the experimentally observed threshold.

The atom-to-atom collision time in a neutral solid is
conventionally estimated as f.,; = (n,oov) ! = (5 X
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Fig. 2. Calculated electron and lattice temperature in the skin-layer at the ablation threshold in Al, Cu, Fe, and Pb in vacuum and in air,

together with the Gaussian profile of the 12-ps laser pulse.

102 cm 3 X 107" cm? X 10° em/s) ' = 02 X 107 "% s
(here oy = 7r¢ ~ 10~ '° cm? is the cross-section for atomic
collisions, and ry is the atomic radius). Alternatively, in the
heated solid density plasma the collision time reads 7., ~
(no,v)~' ~ T3/* (Kruer, 1987). Both these times, 7, and
teoll-p» cOTTESpONd to the main part of the Maxwellian distri-
bution, ?.,; ~ t,...,- However, it was found a long time ago
(MacDonald et al., 1957) that the time needed to establish
the high-energy tail of the equilibrium distribution in plasma
can be estimated for a particular energy in a tail, ¢ > T, as
tmil -~ Z‘main(s/T):;/z > tmain'

In the conditions of our experiments, the temperature is
around 7 ~ eV. At T ~1 eV the degree of ionization is only
~10%. Therefore, we will estimate the time to create the
high-energy tail in a neutral solid in conditions where 7,,,.;, <
T < g;,. The solid is in a disordered state at 7> T,,,;;. Thus,
the inter-atomic energy exchange occurs due to random
collisions. In order to increase the energy of an atom from 7
to g, the atom should experience N = g, /AT isotropic and
statistically independent collisions, each of which increases
the atom’s energy from T'to T+ AT (AT =T/n < T, n >1).
The probability of such energy increase is expressed as
follows:
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In the limit of n > 1, that is, taking into account that
lim,,_,,(1 + n~1)" = e, the above formula attains the recog-
nizable equilibrium features:

€b

W(T —eg,)=e¢ . (8)

Now, the cross-section to reach energy g, in the condi-
tions 7 < g, takes the following form:

1o, = 00 W(T = &,) = 0¢-¢ . )

The time to establish the high-energy tail in isotropic
conditions characteristic of a bulk solid which has under-
gone an instantaneous rise in temperature to 7 < g, then
reads:
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eb
T

Lait = Tnain€ "~ - (10)

Taking, for example, the average temperature in the skin
layer of ~1 eV, which is close to the threshold conditions
with 12-ps pulses, and the binding energy of ~3 eV, the
high-energy Maxwellian tail is established in the bulk in a
time of about 20t,,,,, ~ 4 ps (taking 7,4, ~ 0.2 ps).

3.5. Time for the energy transfer from the bulk
to the outermost surface layer

The atoms in the outermost surface layer next to the vacuum
are in fact in a quite different condition compared to the
atoms in the bulk. It is well known that the surface atoms are
loosely bound to the bulk making part of bonds dangling or
saturated with foreign atoms (Zangwill, 1988; Prutton, 1994).
The effects of different bonds leads to decreases in the
Debye and melting temperatures; to changes in the bond
length and inter-atomic distance as well as the crystalline
structure and nature and rate of any phase transition. More-
over, Prutton (1994, p. 155) noticed: “... many surface
phases are actually metastable, that is, the surface is notin a
true thermodynamic equilibrium.”

This is particularly true in relation to the appearance of
the high-energy tail in the energy distribution at ¢ > g,
(while T < g,) of laser-heated atoms in the outermost
surface layer. These atoms will immediately leave the solid
if their energy instantaneously increases in excess of the
binding energy. This is the process of non-equilibrium abla-
tion (Gamaly et al., 2002). Therefore, the presence of the
free surface prevents the equilibrium from being established
in the surface layer itself, whose thickness is comparable to
the mean free path for atomic collision. This thickness is
also close to the thickness of a mono-atomic layer. Thermal
evaporation from the surface heated to a temperature below
the binding energy can, therefore, only proceed when energy
is supplied to the surface from the bulk via atom-atom
collisions. Thus, the time for the energy to increase from € =
T < g, to € = g, in the surface layer (that is, the bulk-to-
surface energy transfer time, #,_;, and correspondent proba-
bility) determines the onset of the thermal evaporation at
solid-vacuum interface. The probability of energy transfer
from the bulk to the surface can be found from a solution of
the time-dependent 2D kinetic equation, which is a formi-
dable problem! However, one can make a reasonable esti-
mate as follows.

It is clear that the probability of the energy transfer in the
excess of g, from atoms in the bulk to those at the surface
should be lower than that in the bulk due to a decrease in the
number of close neighbors capable for such an energy
transfer. Indeed, the number of close neighbors equals to six
in a closely packed solid. However, any surface atom has
only one closest neighbor atom in the bulk while the other
four closest neighbors are themselves surface atoms. There-
fore, the number of collisions leading to the energy increase
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in a surface atom, N, should be larger compared to thatin
the bulk, Ng,s ~ b X Ny The decrease in the number of
close neighbors allows the above coefficient to be estimated
as b ~ 6. Now using the same arguments as in deriving
formulae (7)—(10), one can arrive to the following estimate
for the cross-section for the bulk-to-surface energy transfer:

€
—p.2L

O'b_.“%a'o’wh_x(T% Sb)%o'()'e T, (11)

The bulk-to-surface energy transfer time thus reads:

b5
T

by = [nava-b»s]il = linain" € . (12)

According to Eq. (12), the bulk-to-surface energy trans-
fer time increases dramatically with decreasing tempera-
ture. For example, at T ~ &,/2 t,., =~ 1.6 X 101,41, ~3 X
10* ps. Hence one can see that the bulk-to-surface energy
transfer time exceeds markedly the electron-to-lattice ther-
malization time, and the heat conduction time at fluencies
that are below the threshold for nonthermal ablation. In
other words, as the surface starts to cool by thermal conduc-
tion, the bulk-to-surface energy transfer time increases to
such an extent that it makes it impossible for the surface
atoms to gain energy above the binding energy. Hence
thermal evaporation does not occur.

3.6. Contribution of thermal evaporation at¢ > ¢,

The total ablation is the sum of contributions from non-
equilibrium mechanism at # < t,_; and thermal ablation at # >
1, if the threshold condition for the nonthermal ablation in
vacuum is achieved. The outermost atomic layer, where
Tax ~ €p, 1s removed, thus the ablation depth due to
non-thermal mechanism equals the thickness of atomic mono-
layer, d. Thermal ablation starts after a time ¢, , when the
energy in excess of the binding energy is delivered to
the surface layer from the bulk through atomic collisions.
The depth of material removed by thermal evaporation can
be expressed through the time- and space-dependent distri-
bution function as follows:

l o0 o0
Ly = —J J of (0, 1) d>0 dt. (13)
ng 0

Ipos

The transient distribution function differs from that in
equilibrium only by the high-energy tail. Therefore, the
average density and the average velocity are close to their
equilibrium values. The number density of evaporating atoms
(analogous to the saturated density of vapor in equilibrium)
can be approximated as n =~ n,-exp(—b-&,/T). Then the
evaporation depth in Eq. (13) is expressed as follows:

f‘”’(ZT)'/Z b2
b~ | (=) "7 ar (14)
th . M

b
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The temperature decreases in accordance with linear heat
conduction as T = T,,-(t,.,/t)"*; T,, = T(t,,). Then,
Eq. (14) can be immediately integrated to obtain:

b-g,

2Ty \V2 T,
Ly =~ lb-s'<7> e € foe, (15)
b

A conservative estimate of Ty, = T,,(t,;,/(t; + 1p.))"?
taking 7,, ~ &,; ., ~ 80 ps; t,, ~ 30 ps; v ~10° cm/s, T,y =
0.527,, gives I, ~ 2 X 107! ecm < d,. Thus, non-
equilibrium ablation completely dominates thermal evapo-
ration. Thus, we conclude that in vacuum thermal evaporation
at the ablation threshold and below that threshold are com-
pletely negligible.

3.7. Ablation threshold in vacuum

The threshold laser fluency for non-thermal ablation can be
defined from the condition that the temperature at the end of
the pulse equals to the binding energy (Gamaly et al., 2002):

Fp ~ 2 Rl (16)
th 2 A .

The optical parameters of metals at room temperature are
well documented (Bass et al., 2001). However, atoms in the
surface skin layer are partially ionized at the temperatures
near the ablation threshold, hence the optical properties
such as absorption, skin depth, can change, and are difficult
to measure during and after the laser pulse (von der Linde &
Schuler, 1996; Uteza et al., 2004). We, therefore, calculate
these optical properties assuming the existence of hot plasma
in the surface layer. These calculations are in agreement
with more complicated computer simulations (T. Itina, Pri-
vate Communication, 2004), which take into account two-
temperature hydrodynamics and transient absorption changing
from the cold metal to plasma during the laser pulse. The
calculated ablation thresholds for a single 12-ps laser pulse
(A =532 nm) are presented in the last row of Table 1.

The calculated threshold values for Al and Cu are in
reasonably close agreement with the experimental data in
vacuum. The difference between the calculated single-pulse
values and the data taken from the multiple-pulse experi-
ments that is significant for Fe and Pb, most probably relates
to the fact that our experiments can be affected by the
cumulative action of successive laser pulses following. We
will return to this point later. However, the most significant
differences exist between the ablation thresholds in air and
in vacuum. In order to understand these differences, we will
consider how the presence of air can effect thermal evapo-
ration that is the only process that can occur below the
vacuum ablation threshold. The question is how is thermal
evaporation “turned on” by the presence of air when we
concluded it is negligible in vacuum?
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3.8. Thermal ablation in air after the pulse

After the laser pulse, the air next to the heated surface
layer gains energy through collisions with the solid target.
This results in the establishment of a Maxwellian distribu-
tion in the air near the air-solid interface. Hence, it is
possible for the air to play the same role as the saturated
vapor in classical thermal evaporation. The presence of air
introduces a new pathway allowing the creation of the
high energy tail of the Maxwellian distribution in the sur-
face layer augmenting the bulk-to-surface energy transfer
process discussed earlier. Thus there are now three pro-
cesses acting at the same time which determine the abla-
tion conditions at the solid-air interface: (1) evolution of
the atomic energy distribution at the surface due to air-
solid collisions; (2) evolution of the atomic energy distri-
bution at the surface due to bulk-to-surface energy transfer;
and (3) cooling of the surface layer by heat conduction.
Whereas we concluded that mechanism (2) was too slow
to result in thermal evaporation when T < g, the role of
the air could be to significantly increase thermalization at
the surface allowing thermal evaporation to takes place
after the air-solid equilibrium has become established. The
ablation rate then can be calculated using thermodynamic
phase equilibrium relations, which link the saturated vapor
density (pressure) to the vapor temperature. Let’s consider
all these processes in sequence.

The air-solid equilibrium energy distribution is estab-
lished by collisions of air molecules with the solid. The
gas-kinetic mean free path in air in standard conditions is
I, =6X107° cm (Zel’dovich & Raizer, 2002). Therefore,
the equilibration time ¢,, needed to establish a Maxwellian
distribution in the gas can be estimated as 1, ~ [, /vy, ~
1.8 X 107195, where v,, is the average thermal velocity in air
(v, = 3.3 X 10* cm/s). The bulk-to-surface energy transfer
time calculated by Eq. (12) at the maximum temperature
(T,pax ~ €1/2) for conditions equal to the threshold fluency
in air constitutes #;, ; = t,,4, € '> ~ 30 ns > t,,, for Cu, Al, and
Fe after the pulse. Thus, only the air-surface collisions could
lead to the formation of high-energy Maxwellian tail, and
therefore to thermal evaporation from the surface.

The evaporation rate can be calculated in the following
way. The solid-air temperature equilibration is completed
when the surface temperature has dropped due to thermal
conduction to 7, = 7,,(1,/1,,) "% Thermal evaporation starts
after the equilibration time t > f,, and the temperature at
the solid-air surface continues to decrease in accordance
to the linear heat conduction law. We suggest that thermal
evaporation proceeds at a vapor density corresponding to
the temperature at the solid-air interface. The number of
atoms ablated per unit area after establishing the Maxwell-
ian equilibrium can be estimated with the help of Eq. (6)
as follows:

<nvt>therm = f (nv)rherm dt. (17)
feq
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Areliable estimate of the evaporation rate can be obtained
with the numerical coefficients extracted from the known
experimental data for Cu (Weast & Astle, 1980) at the
temperature 7 = 0.25 eV (= 2,850 K) close to our experi-
mental conditions. The saturated vapor pressure and density
are, respectively, 107 erg/cm?® and 2.67 X 10" cm™2 in
these conditions. One can calculate the total ablation from
unit area using two different interpolation formulae for
evaporation rate from (Weast & Astle, 1980) and integrating
(17) with these formulae. Such integration yields an abla-
tion rate for Cu of (4.77 £ 0.5) X 10" cm?.

Thermal ablation rates for Al, Fe, Cu, and Pb can be
estimated assuming that the equilibrium in the vapor-air
mixture with a predominance of air plays a role in the
saturated vapor over the ablated solid. Then one can esti-
mate Eq. (17) as follows:

1/2
nairTq

v atoms
QxM,)'? teq|: cm? ] (18)

The resulting values should be compared to the corre-
sponding area number density n, X d,,,,, in the atomic
monolayer. Both values are presented in Table 3 for all the
metals studied. One can see that the number of the thermally
ablated atoms is close to the number of atoms in a mono-
atomic layer.

These calculations suggest that thermal evaporation well
after the end of the laser pulse at fluencies corresponding to
the threshold measured in air can be responsible for the
removal of a mono-atomic layer for Al, Cu, and Fe. This is in
a good agreement with the experiments, as the threshold
fluency was introduced as the fluency needed to remove a
single atomic layer. Therefore, we can conclude that the
presence of air decreases the single pulse ablation threshold
by approximately a factor of two due to the contribution of
thermal ablation assisted by the presence of the air well after
the end of the pulse.

The measured ablation thresholds for Pb in air and in
vacuum differ by an order of magnitude and the calculated
results for Pb are significantly different from the measured
results. A possible explanation for this difference may relate
to the unknown optical properties of Pb as a function of
temperature, as well as to a more pronounced cumulative
effect of consecutive pulses (as will be discussed next). As
one can see from Eq. (18), the ablation threshold is a
function of absorption coefficient, which is temperature-

s}
<nUl>therm = f (nv)therm dt~
1,

eq

Table 3. Thermal evaporation after the pulse end and after
establishing the Maxwellian distribution

In units 10" cm ™2 Al Cu Fe Pb
[nvt ] iperms by Eq.(18) 2.4 5.28 1.67 0.45
[nvt ] herm (Weast & Astle, 1980) — 4.77 — —
ng X dmono 1.72 2.16 2.0 1.15
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dependent. For example, the use of optical characteristics
for cold Al can lead to an order of magnitude difference in
the expected ablation threshold.

3.9. Multi-pulse thermal ablation in vacuum

As demonstrated in the previous Section, the presence of a
gas next to the solid surface increases the ablation rate due
to thermal evaporation after the pulse. A similar effect may
take place when a high repetition rate laser is used for
ablation because of the accumulation of a dense vapor in
front of the solid target surface from successive pulses

One can estimate the conditions for such accumulation
effects as follows. Thermal ablation can be efficient once a
Maxwellian distribution between the vapor and the solid has
been established. Thus, the first condition for cumulative
evaporation is that the equilibration time should be shorter
than the time gap between the pulses, 7, = (nov) ' < R;},.
From this condition, the vapor density should comply with
condition n > (R,,,/ov). Thus, taking the experimental
conditions: R,,, = 4.1 X 10°s™'; 0 ~ 107" cm?; and v, ~
103 cm/s, the vapor density should be , > 4 X 10'® cm ™3,
Thus, for the vacuum ablation in our experiments at P = 3 X
1073 Torr (n, = 1.8 X 10" ¢cm™3), the density near the
ablated surface should increase more than 200 times due to
the action of many consecutive pulses.

Let’s consider the conditions for such density build-up.
Entropy and the energy are conserved after the pulse. There-
fore the plume expands adiabatically. The specific features
of the isentropic expansion are the follows: the density and
the temperature of a plume go to zero at the finite distance
from the initial position (in contrast to isothermal expan-
sion), while the velocity is at maximum (Zel’dovich &
Raizer, 2002). Therefore, the density next to ablation sur-
face has a steep gradient. The size of the expanding plume
grows linearly with time, Ry,x = vy,/R,.p, Which is ~250
microns in experiments. The experimental data of Figure 1
indicate that slow non-equilibrium ablation does take place
when the surface temperature is as little as half the ablation
threshold. This is plausible because only a few collisions
can lead to some atoms gaining enough energy to exceed the
binding energy. Thus the number of ablated atoms below
threshold for a single pulse is several times lower than the
number of atoms in a monolayer. Thus, the density increase
after the single pulse comprises 1n; ~ 3N, /47 (R, pa)’
=1.5 X 10'® cm™? in the conditions of our experiments.
Hence, more than 103 pulses are needed to create a vapor
dense enough to “switch on” thermal evaporation in the
manner invoked in the presence of air. In fact, in our exper-
iments, around a thousand pulses on average dwell at the
same spot on the target and this may be sufficient to cause
some change of the ablation threshold because of an increased
level of thermal ablation. The difference between the single
pulse and the multiple pulse thresholds is, however, in a
range of experimental error in the case of Al, Cu, and Fe.
However, the difference for Pb is large and it might be
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explained by the accumulation effect, although as pointed
out earlier the physical parameters for Pb are not well
known especially at elevated temperatures. Evidently, more
experimental and theoretical studies are needed to under-
stand the difference between the single-pulse and the high-
repetition rate multiple-pulse ablation threshold.

4. CONCLUSIONS

Experiments on the ablation of metals in air and in vacuum
by 4.1 MHz repetition rate laser revealed that the presence
of air results in a significant reduction in the ablation thresh-
old. In order to explain this observation we analyzed in
detail the role of non-thermal ablation and thermal evapo-
ration for the intermediate duration pulses (12 ps) used in
the experiments.

Our analysis shows that for materials like Al, the single
pulse threshold in vacuum agrees with the threshold for
non-thermal ablation that is the well-accepted mechanism
applying to ultra-short pulses. This implies that in vacuum
there is a negligible contribution from thermal evaporation
both during and after the pulse. The threshold condition then
corresponds to the surface atoms receiving energy directly
from the laser equal to their binding energy.

The somewhat unexpected conclusion that thermal evap-
oration is negligible led us to examine in detail the charac-
teristic timescales for energy transfer within the laser-
heated layer. In previous models, only the electron-to-lattice
energy transfer time, and the thermal conduction time were
regarded as important. For the materials that were studied,
we find that, generally, the electron and lattice energies
equilibrate close to the end of the 12 ps laser pulse, and the
heat conduction time is usually several times longer than the
pulse duration, in agreement with previous work. However,
when the laser fluency is below the threshold for non-
thermal ablation, thermal evaporation will occur only if a
Maxwellian distribution of atom energies can be established
at the target surface. We show that the time needed to create
the Maxwellian distribution at the surface is surprisingly
long and is determined by the bulk-to-surface energy trans-
fer time due to collisions between the surface atoms, and
those in the bulk. In fact the time to equilibrate the surface is
at least an order of magnitude longer than in the bulk
material and is strongly dependent on the layer temperature.

Thus, for example, when the laser imparts energy to the
surface atoms corresponding to half their binding energy,
the thermalization time at the surface approaches 100 ps
compared with only 1 ps in the bulk. Since the surface
thermalization time is now longer than the cooling time of
the surface, it becomes impossible for thermal evaporation
to contribute to material removal at fluencies below the
threshold for non-thermal ablation. This is a new result that
can explain why the transition from non-thermal to thermal
ablation observed in experiments (Corkum et al., 1988;
Stuart et al., 1996) occurs at pulse durations much longer
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than it should be if the electron heat conduction is a major
mechanism for this transition to occur.

The clue to understanding why the ablation threshold is
lower in air than in vacuum also stems from the need to
create a Maxwellian distribution of energies at the surface
for thermal evaporation to occur. In this case, collisions
between the air and the laser-heated surface create a new
pathway by which the surface can thermalise; in fact, the air
replaces the role of the saturated vapor in the classical model
of thermal evaporation. While it takes up to 1 ns for the air to
thermalise with the surface, once this occurs, thermal evap-
oration will still result in the removal of a mono layer from
the surface at fluencies between two and three times lower
than the threshold in vacuum. Hence one concludes that the
presence of a gaseous atmosphere switches on thermal
evaporation that was negligible in vacuum.

It follows from this explanation that the presence of any
vapor near the target surface could result in a decrease in the
ablation threshold via the same mechanism. We consider the
case of the vapor produced when a high repetition rate laser
such as used in these experiments is used to continuously
evaporate the target. The analysis indicates that the vapor
accumulated from multiple pulses hitting the same spot on
the target has a density close to the value that might re-
duce the ablation threshold in our experiments. In particular
in the case of Pb this might provide a reason for the larger
discrepancy between the measured and calculated threshold
values.

Further experimental studies, including time-resolved mea-
surements of the dielectric properties, that is, real and imag-
inary parts of the dielectric function during the pulse and
after the pulse will allow one to gain complete understand-
ing of the ablation processes near and above the ablation
threshold.
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