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We report here experimental results on laser ablation of metals in air and in vacuum in similar irradiation
conditions. The experiments revealed that the ablation thresholds in air are less than half those measured in
vacuum. Our analysis shows that this difference is caused by the existence of a long-lived transient nonequi-
librium 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 time
needed for energy transfer from the bulk to the surface layer to build the high-energy tail, exceeds other
characteristic timescales such as the electron-ion temperature equilibration time and 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 nonequilibrium surface state
allowing thermal evaporation to proceed before the surface cools. We find, therefore, that the threshold in
vacuum corresponds to nonequilibrium 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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I. INTRODUCTION

Many experimental and theoretical studies of the ablation
threshold and the ablation rate for metals irradiated with pi-
cosecond laser pulses clearly demonstrate the presence of
two different ablation regimes depending on the pulse
duration.1–10 For pulses longer than about 100 ps, the surface
temperature is determined by the thermal diffusivity of the
material and hence the ablation proceeds in equilibrium con-
ditions. The threshold fluenceFthr, sometimes referred as the
damage threshold, increases with pulse durationtp according
to the relationFthr~ tp

1/2. However for subpicosecond pulses
ablation proceeds in nonequilibrium conditions because the
pulse duration is shorter than both the electron-to-lattice en-
ergy transfer time, which is of the order of 1–10 ps, as well
as the electron heat conduction time. Hence the electrons
cool without transferring energy to the lattice.6–10 In this re-
gime the ablation threshold becomes independent of the
pulse duration. However, the transition observed experimen-
tally from the ablation threshold expected for the nonequilib-
rium regime to the thermal regime occurs at unexpectedly
large pulse durations, for example, up to,100 ps in gold.2,10

This indicates that for some reason, which is not yet fully
understood, the thermal mechanism does not contribute to
the ablation rate at fluences near threshold, as might be ex-
pected, even when the pulse width is up to ten times longer
than the electron-lattice equilibration time.

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. Analyzing this obser-

vation we found that the time to establish the high-energy tail
of the Maxwellian energy distribution of atomsat the surface
must be considered along with time for equilibration of the
electron and lattice “temperatures.” 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 surfacesbulk-to-surface energy transfer timetb-sd be-
comes thecrucial parameter that determines the relative con-
tribution of equilibrium sthermald evaporation and nonther-
mal ablation to the material removal rate, especially near the
ablation threshold. Our analysis, therefore, suggests that ther-
mal 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 leading to a reduction in
the ablation threshold. Our results may be useful in explain-
ing transition from short pulse to the long pulse ablation
regime reported for different materials.1,2

In this paper we first present experimental results on ab-
lation 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:YVO4 laser. We analyse 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 createdin the bulkto the nonequilibrium surface
layer in laser ablation with short pulses. We develop a gen-
eral 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 con-
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ditions. The theoretical model is shown to be in good agree-
ment with the experimental data.

II. EXPERIMENTAL RESULTS

A. Experimental conditions

The ablation experiments were carried out with laser
pulses generated by a 50-W long-cavity mode-locked
Nd:YVO4 laser11,12using a number of Al, Cu, steelsFed, 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 wasEp=6.5 mJ. The beam profile
measured after a multipass slab amplifier was close to a
Gaussian shape withM2=1.15 in the vertical direction and
M2=1.4 in the horizontal direction.12

Two sets of experiments were performed: one with the
targets in air and the other in a vacuum of,5310−3 Torr.
The energy per pulse and the pulse duration were fixed,
while the energy densitysfluenced was varied by moving the
samples away from the focal plane of a 300-mm focusing
lens so that the illuminated area was changed fromSf,min
=4.9310−6 cm2 sdf =25 mm FWHMd to Sf,max=1.2
310−4 cm2 sdf =124mmd. This corresponded to a span of
fluences from 5.4310−2 to 1.3 J/cm2 sor, of intensities from
4.23109 to 1.031011 W/cm2d. The profile of the focused
beam was determined by attenuating the beam in front of the
focussing lens and re-imaging the focal plane onto a CCD
camera using a microscope objective. To avoid drilling cra-
ters in the target, the beam was scanned withX andY oscil-
lating mirrors operating at 61 and 59 Hz, respectively, over
an area of approximately 17313 mm2. This led to quasiho-
mogeneous scanning over the ablated area by creating a Lis-
sajous scan pattern. The scanning speed is normally too slow
to physically separate the beams from adjacent pulses for
pulse trains in the 1–100 MHz range, many laser pulses still
arrive at the same spot on the target surface. One can easily
calculate the time that the laser beam “dwells” over a focal
spot of size,df, for a given scanning frequencyvs using the
condition vstmax,vstmin!1. Thus, the maximum dwell time
is tmax=s4/vsdsdf /ad1/2. Similarly, the minimum dwell time
near the center of a target at the maximum scanning velocity
is tmin=df /avs. In the conditions of our experimentsa
,15 mm, df =25–124 microns, andvs,60 s−1. Therefore,
the minimum and maximum dwell times are in a rangetmin
=2.8310−5–1.38310−4 s, tmax=2.7310−3–6310−3 s. Cor-
respondingly, the minimum and maximum number of pulses
hitting the same spot at 4.1 MHz repetition rate areNmin
=115–566,Nmax=1.13104–2.483104.

Since many pulses hit the same region of the target in
succession, it is important to note that provided the target
cools completely between consecutive pulses, then should be
no interaction between them. The laser interaction with a
target then proceeds in the same way as for a single pulse
provided, of course, any crater formed by the preceding
pulses is insignificant. This is the case near the ablation
threshold. As will be shown later, the characteristic cooling
time s3310−11 s–2310−10 sd for laser heated skin layer in
the metals studied in these experiments is much shorter than
the time gap between the pulses of 2.5310−7 s. Therefore,

target cools down completely between consecutive pulses
and laser-target interaction near threshold proceeds in the
single pulse mode.

It is important to achieve a high intensity contraststhe
ratio between the peak pulse power to that of the back-
groundd during ablation experiments near the threshold to
ensure that no surface modification occurs between the
pulses due to, for example, amplified spontaneous emission.
The energy contrast was measured at 1064 nm by using an
acousto-optic modulator, triggered by the laser pulse train, as
a gate to synchronously eliminate the mode-locked pulses
from the output laser beam. This allowed the background
power level between the pulses to be measured using a sen-
sitive photodetector. Using the known pulse duration, the
intensity contrast ratioRc was found to beRc<43107.
Since the output was frequency doubled in a nonlinear crys-
tal the contrast ratio in the second harmonic beam should
increase to<Rc

2 meaning that the emission between pulses
was negligible. In addition five dichroic mirrors optimized
for high 532-nm and low 1064-nm reflection were used to
suppress the 1064-nm radiation at the target by a factor or
.107.

B. Ablation mass, depth, and ablation thresholds

Total amount of material ablated over a 60-s period in the
ablation experiments was measured by weighing the sample
with the accuracy ±10−4 g before and after the ablation. The
ablated mass per single pulsemav was determined by aver-
aging the mass difference over the 2.463108 pulses. We in-
troduce the ablation depth per single pulse as follows:

labl =
mav

Sfr
, s1d

wherer is the target mass density andSf is the focal spot
area. To avoid redeposition of the ablated material back onto
the target surface due to the collisions of the ablated vapors
in the experiments in air, the vapors were sucked away from
the target surface. The target has been examined after abla-
tion under the optical microscope and no redeposition was
found. If the redeposition did occur in a submicron scale, this
would lead to an increase of the ablation threshold, while the
experiments demonstrate the opposite. The measured abla-
tion depths for various ablated materials as a function of the
incident laser fluence are shown in Fig. 1.

There is an upper limit for the mass of materialsor, maxi-
mum for the ablation depthd ablated by a single laser pulse
with the pulse energyEp sor fluenceFpd, with atomic mass
Ma and binding energy«b senergy of vaporization per atomd
assuming total absorption, i.e.,A=1. This is determined from
energy conservation10

labl
max=

FpMa

«br
, s2d

mabl
max=

EpMa

«b
. s3d

The limiting values given by Eqs.s2d ands3d are higher than
the experimental data. This indicates that the measured data
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are physically reasonable, and that the difference is caused
by incomplete absorptionA of laser radiation in the target
sA,1d, energy loss to bulk heating of the target, and the
energy expended in the form of kinetic energy of the expand-
ing plume.

The measured ablation depth as a function of fluence al-
lows one to determine the ablation threshold. The focal spot
diameter is much larger than optical absorption depth, which
is a few tens of nm corresponding to the skin depth of the
metal. Thus, ablation can be considered as a one-dimensional
process. The fluence at the ablation threshold can be deter-
mined by extrapolating the ablation depth dependence to the
zero depth, such as it was used in a number of reports.2,3,6

However it appears that the threshold obtained this way may
depend strongly on the extrapolation procedure since the flu-
ence dependence is not a simple linear function. Indeed, it is
known from statistical physics16 that the relative average
fluctuation in the number of particles in an open system
grows up as the average particles number goes to zero:
ÎsDNd2/N=1/ÎN. Therefore the relative error in experi-
ments trying to measure the ablation threshold for a decreas-
ing number of ablated atoms will increase. In practical terms
repetition of an ablation experiment at the same fluence close
to the ablation threshold should produce randomly scattered
results in terms of particle removal. In our experimental data
this is reflected by the fact that is impossible to find a physi-
cally justifiable extrapolation to zero depth. As a result it
seems reasonable to define the ablation threshold as the en-
ergy density needed to remove a single atomic surface layer.
The threshold introduced using this condition can be justified

by comparing the experimental and theoretical results for
nonequilibrium ablation using femtosecond pulses.10 The ab-
lation threshold fluenceFthr, derived in this manner from the
experimental data for different metals is presented in Table I.
We note that the threshold for Cu in vacuum, for example, of
0.41±0.05 J/cm2 is in good agreement with the results of
Nolte et al.3 sFthr=0.375 J/cm2 for 9.6-ps and 0.423 J/cm2

for 14.4-ps pulsesd.
Table I shows that for all the metals studied the ablation

threshold in air was found to be noticeably lower than in
vacuum. We emphasize that these experiments were carried
out using identical laser and focusing conditions so that the
only significant variable was the presence or absence of air.
Hence the errors in the relative values presented in Table I
are small.

In what follows we consider below the physical processes
during the pulse and after the end of the pulse in order to
understand why air should influence the ablation rate and
threshold. In particular we search for the explanation of why
the ablation depth in air near threshold is much larger than

FIG. 1. Ablation depth per
pulse vs fluence forsad Al, sbd Cu,
scd Fe, andsdd Pb in experiments
in air strianglesd and in vacuum
scirclesd using 12 ps 4.1 MHz rep-
etition rate laser. The horizontal
lines and the numbers above the
lines correspond to interatomic
distances sin angstromsd, while
the arrows indicate the ablation
threshold. The dashed lines are the
upper limits for the ablated depth
determined using the energy con-
servation law.

TABLE I. Threshold fluence for ablation of metals by 12-ps
pulses measured in air and in vacuum.

Metal, Ma fa.u.g Al, 26.98 Cu, 63.54 Fe, 55.85 Pb, 207.19

Fthr in air,
fJ/cm2g

0.17±0.03 0.23±0.03 0.19±0.02 0.008±0.002

Fthr in vacuum,
fJ/cm2g

0.32±0.04 0.41±0.05 0.36±0.04 0.08±0.02
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when the same target is irradiated in the same conditions in
vacuum. We also discuss a difference between the single-
pulse and the multiple-pulse laser ablation which could be
relevant to the conditions of these experiments.

III. DISCUSSION

Two qualitatively different ablation mechanisms must be
considered for the intermediate range pulse duration used in
these experiments: one is nonthermal ablation and the other
is thermal evaporation. Nonthermal ablation occurs when the
surface atoms gain an average energysTd from the laser
greater or equal to the binding energy«b. In such conditions
atoms from the outermost surface layer can leave the surface
with kinetic energy equal toT−«b. Note that nonthermal
ablation ceases to exist whenT,«b. In such conditions only
thermal ablation occurs which involves the escape of atoms
whose energy exceeds«b from the high-energy tail of the
Maxwellian distribution.

The processes of laser energy absorption by electrons, en-
ergy transfer from electrons to ions, and the establishment of
the Maxwellian energy distribution among the atoms takes
place both during and after the laser pulse. The contribution
of thermal evaporation and nonthermal ablation to the total
material removed from the surface essentially depends on the
duration of these energy transfer processes. In what follows
we estimate the characteristic times of these processes and
calculate the ablation thresholds for ablation in vacuum and
in air by a single pulse comparing the result to those of our
experiments.

A. Electron-to-ion energy-transfer time

First, let us consider the electron-ion collision frequency
in the absorbing layer. The maximum electron temperature in
this surface layer rises up to a few eV by the end of the laser
pulse. The effective electron-ion collision frequencynei for
momentum transfer is of the order of magnitude of the elec-
tron plasma frequencyvpe:nei>vpe.

9 The time for energy
transfer from electrons to ions is expressed astenergy
=sneime/mid−1. This time for the metal targets used in the
experiments is shown in Table II. It is evident that in all
metals except Pb almost all the absorbed laser energy is al-
ready transferred to the ions by the end of the 12-ps pulse.
The thermal diffusion ratetth= ls

2/D, is also shown for com-
parison in Table II, to demonstrate that thermal diffusion
from the absorbing skin layer occurs much more slowly. We

note here that the electron-ion energy exchange time is close
to the electron-phonon coupling timessee Appendix Ad.
These data are in a good fit to the data known from the
literature.1–10

B. Temperature in the skin layer during the pulse

The characteristic heat conduction time in metals, which
is tth> ls

2/D, is at least a few times longer than the 12-ps
laser pulsesD is the thermal diffusivity presented in Appen-
dix Bd. Therefore, any heat wave propagates to a distance
less than the skin depth during the pulse. For this reason we
can neglect heat conduction from the calculations of the
maximum temperature to the pulse end in the surface
layer.2,10 Then the temperature in the skin layer during a
single laser pulse can be calculated using a two-temperature
approximation13

Cene
]Te

]t
=

2A

ls
Istd −

ne

teL
sTe − TLd,

CLna
]TL

]t
=

ne

teL
sTe − TLd, s4d

wherene andna are, respectively, the electron and the atomic
number density,Ce andCL are the heat capacity of the elec-
trons and of the atoms in the lattice,A is the absorption
coefficient, ls=c/vk is the skin depthsv is the laser light
frequency,k is the imaginary part of the refractive index, and
c is the speed of light in vacuumd, andIstd is the laser pulse
intensity. The pulse has the Gaussian time shapeIstd
= I0expf−pst / tp−1d2g. Correspondingly the total fluence to
the end of the pulse is then expressed asF= I0tps1/Îp
+1/2d=1.064I0tp.

Special note should be made of the specific heatsthe heat
capacityd of the electrons and the lattice in metals. The con-
ductivity electrons in metals are degenerate if the tempera-
ture is lower than the corresponding Fermi energysTe,«Fd.
The Fermi energy is usually higher than the binding energy
for the metals. Therefore, the electrons are degenerate below
and near the ablation threshold. The specific heat of degen-
erate electrons is conventionally expressed as follows:14

Ce <
p2

2

kBTe

«F
. s5d

The specific heat for atoms is equal to 3kB per atom at low
temperature when the atomic motion has an oscillatory char-
acter. At higher temperature the vibrational motion of atoms
changes to a translational one as for a monoatomic gas. The
atom specific heat gradually decreases to the level of 3kB/2
per atom with increasing temperature. The effective bound-
ary dividing the temperature ranges, where the two limiting
values of the atomic specific heat are valid, can be associated
with a potential barrier against the free motion of atoms
through the solid. The temperatureTb at the potential barrier
is related to the binding energyTb,2«b/3.15 Thus, the in-
crease in lattice temperature as the ablation threshold is ap-
proached is accompanied by a change in the specific heat of
the atoms.

TABLE II. Plasma frequency, time for the energy transfer from
electrons to the lattice, and thermal diffusion rate calculated with
the electron effective massessRefs. 14 and 30d ssee details in Ap-
pendix Bd.

Metal Al Cu Fe Pb

vpe=s4pe2ne/med1/2, 1016 s−1 1.97 1.395 0.82 1.46

tei spsd 1.695 6.04 1.55 13.2

tth spsd 26.2 25.6 96.0 139.6

Ce sin units kBd 0.473 0.76 0.122 0.269
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The electron and lattice temperatures in the surface layer
at the ablation threshold in vacuum for each metal can be
calculated taking the experimentally determined threshold
fluence from Table I, and “hot” plasma optical parameters
from Appendix A. The results of numerical calculations of
Eq. s4d are presented in Fig. 2, and the maximum tempera-
ture at the end of the laser pulse in air and in vacuum are
presented in Table III.

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 nonequilibrium 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 shall 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 re-
visit the conditions and the formulae for conventional evapo-
ration in thermodynamic equilibrium, and compare them to
the conditions during and after the pulse.

C. Thermal evaporation in equilibrium conditions

1. Saturated pressure

The pressure at a solid-vapor boundary in equilibrium
conditionssthe saturated pressured is defined by the condi-
tion that the pressure, temperature, and chemical potential
for both equilibrated phase states coincide at the interface16

P = const3 Tcp−csexph− «b/Tj, s6d

where cp is a specific heat at a constant pressure for the
vapor, cp=5/2 kB sfor monoatomic gasd, 3 /2 kBøcsø3 kB
is the specific heat for a solid, depending on density, and«b
is the heat of evaporation per atom or the binding energy. In
conditions close to the critical point one can takecp−cs
>kB.

2. Thermal ablation rate

In equilibrium conditions at the solid-vapor interface the
number of particles leaving the solid per unit time from the
unit area equals to the number of particles coming back from
the vapor. The differential collision rate for the atoms in the
vapor with the solid surface, in atoms/cm2s, is

dn = vdna, s7d

where v is the atom thermal velocity andna is the vapor
number density. Integration of Eq.s7d with the Maxwellian
distribution

dna = naS Ma

2pT
D3/2

expS−
Mav

2

2T
D4pv2dv

produces the evaporation rate as follows:16

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.

TABLE III. Maximum surface layer temperature at the ablation
threshold fluence in vacuum and in air. The binding energies are
presented for comparison.

Al Cu Fe Pb

Tmax, eV svacuumd 2.5 2.9 2.39 1.15

Tmax, eV saird 1.74 1.66 1.49 0.18

Binding energy«b, eV 3.065 3.125 3.695 1.795
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n ; snavdtherm=
naT

s2pMaTd1/2 =
P

s2pMaTd1/2, s8d

whereMa is the atomic mass andP is the pressure of satu-
rated vapor defined by Eq.s6d. The density of the saturated
vapor in equilibriumna is expressed in the form

na = const3 Tcp−cs−1expH−
«b

T
J ~ expH−

«b

T
J . s9d

Equilibrium evaporation in vacuum is conventionally con-
sidered as evaporation at the saturated vapor density corre-
sponding to the equilibrium temperature.16 However, one
should exercise caution with a direct application of the above
equilibrium evaporation formulas to nonequilibrium ablation
by short laser pulses. These equilibrium formulas, as we
demonstrate below, can only be appliedafter the time needed
to establish both the main partas well as the high-energy tail
of the Maxwellian energy distribution.

D. Time to establish the Maxwellian energy distribution

We estimate the time needed to establish a Maxwellian
distribution in the skin layer at temperature nears1/3
−1/2d«b, close to the experimentally observed ablation
threshold in air. The atom-atom collision time in a neutral
solid is conventionally estimated astcoll>snas0vd−1>s5
31022 cm−335310−16 cm2333104 cm/sd−1>10−12 s
sheres0=pr0

2 is the cross section for atomic collisions andr0
is the atomic radiusd. Alternatively in a heated solid density
plasma the time for Coulomb collisions readstcoll-p
,snsplvd−1,T3/2.17 Both these times correspond to that re-
quired to establish the main part of the Maxwellian distribu-
tion tcoll, tmain. However, it was found a long time ago that
the time needed to establish thehigh-energy tailof the equi-
librium distribution in plasma is much longer than this col-
lision time.18 In a plasma the time to establish the high-
energy tail can be estimated for a particular energy«@T, as
ttail< tmains« /Td3/2@ tmain.

In the conditions of our experiments the temperature is of
the order of an electronvolt. At the temperature of 1 eV the
degree of ionization is only,10%, therefore we shall esti-
mate the time to create the high-energy tail in a neutral solid
in conditions whereTmelt!T!«b. The solid is in a disor-
dered state atT@Tmelt. Thus the interatomic energy ex-
change occurs due to random collisions. In order to increase
the energy of an atom fromT to «b, the atom should experi-
enceN=«b/DT isotropic and statistically independent colli-
sions, each of which increases the atom’s energy fromT to
T+DT sDT=T/n!T, n@1d. The probability of such energy
increase is expressed as follows:

WsT → «bd = S T

T + DT
DN

= S 1

1 + n−1Dns«b/Td

. s10d

In the limit of n@1, e.g., taking into account that
limn→`s1+n−1dn=e, the above formula attains the recogniz-
able equilibrium features

WsT → «bd = e−«b/T. s11d

Now, the cross section to reach energy«b in the conditions
T!«b takes the following form:

sT→«b
= s0WsT → «bd = s0e

−«b/T. s12d

The time to establish the high-energy tail in isotropic con-
ditions characteristic of a bulk solid which has undergone an
instantaneous rise of temperature toT!«b then reads

ttail = tmaine
«b/T. s13d

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 10tmain,2 ps staking tmain,0.2 psd.

The question that now arises is whether the time to create
the Maxwellian distribution in the bulk also applies to the
surface layer. The atoms in the outermost surface layer next
to the vacuum are in fact in a different condition compared to
the atoms in the bulk. Below we consider the processes re-
sponsible for the removal of instantaneously heated atoms
from the surface layer into vacuum, and consider relative
contribution from thermal and nonthermal processes of abla-
tion of atoms near the ablation threshold.

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

It is well known that the surface atoms are loosely bound
to the bulk making part of bonds dangling or saturated with
foreign atoms.19,20 The effects of different bonds leads to
decreases in the Debye and melting temperatures, to changes
in the bond length and interatomic distance as well as the
crystalline structure, and the nature and rate of any phase
transition. However, as was noticed by Prutton:19 “ …many
surface phases are actually metastable, i.e., the surface is not
in a true thermodynamic equilibrium.” The energy distribu-
tion in the outermost surface layer is the important charac-
teristic affecting the removal of atoms from the surface layer
at the ablation threshold. The energy distribution is respon-
sible for the relative contribution of nonequilibrium ablation
and thermal evaporation.

Atoms from the outermost surface layer will immediately
leave a solid if energy in excess of binding energy is instan-
taneously deposited into this layer. This is the process of
nonequilibrium ablation.10 In equilibrium conditions, the
evaporation can proceed at a much lower temperature than
the binding energy. This is due to the existence of high-
energy atoms in the Maxwellian tail with«ù«b. However,
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 close to the thickness of a mono-
atomic layer. Indeed, if the energy of an atom in this layer
reaches the binding energy due to collisions with the atoms
from the bulk, this atom immediately escapes from the solid.
Thermal evaporation from the surface heated to a tempera-
ture below the binding energy can therefore, only proceed
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when energy is supplied to the surface from the bulk via
atom-atom collisions. Thus, the time for the energy to in-
crease from«=T,«b to «ù«b in the surface layersthat is
the bulk-to-surface energy transfer timetb-sd determines the
onset of the thermal evaporation at solid-vacuum interface.
This time is analogous to the time needed to establish the
Maxwellian tail in isotropic conditions in the bulk. The prob-
ability of energy transfer from the bulk to the surface can be
found from a solution of the time-dependent two-
dimensional kinetic equation, which is a formidable prob-
lem! However, one can make a reasonable estimate as fol-
lows.

It is clear that the probability of energy transfer in excess
of «b from atoms in the bulk to those at the surface should be
lower than that between atoms in the bulk due to a decrease
in the number of close neighbors around the surface atom
capable of such energy transfer. For example, the number of
close neighborssnbd equals 6 in the bulk of a closely packed
solid whereas the number of close neighbors from the bulk
snsd for a surface atom is only 1 because the other four clos-
est neighbors are also surface atomsssee Fig. 3d. Therefore
the number of collisions required to increase the energy of a
surface atomNsurf will need to be larger compared to that in
the bulkNsurf,b3Nbulk, whereb<nb/ns. Correspondingly,
the probability of energy transfer from the bulk to the surface
should be lower in accordance with Eq.s10d: Wbulk,W1

Nbulk,
Wb-s,W1

Nsurf,Wbulk
b . Then the cross section for a collision

between atoms in the bulk with the surface atoms can be
presented in the form

sb-s = s0Wb-s , s0Wbulk
b . s14d

Now one can arrive to the following estimate for the cross
section for the bulk-to-surface energy transfer

sb-s < s0Wb-ssT → «bd < s0e
−bs«b/Td. s15d

The bulk-to-surface energy transfer time thus reads

tb-s = fnavsb-sg−1 < tmaine
bs«b/Td. s16d

According to Eq.s16d, the bulk-to-surface energy transfer
time increases dramatically with decreasing temperature. For
example atT,«b/2, tb-s<1.63105tmain,33104 ps. Hence
one can see that the bulk-to-surface energy transfer time ex-
ceeds markedly the electron-to-lattice thermalization time
and the heat conduction time at fluences that are below the
threshold for nonthermal ablation. In other words as the sur-
face starts to cool by thermal conduction, 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.

F. Contribution of thermal evaporation at t. tb-s

The total ablation is the sum of contributions from non-
equilibrium mechanism att, tb-s and thermal ablation att
. tb-s if the threshold condition for the nonthermal ablation
in vacuum is achieved. To quantify this process, let us con-
sider the relative contribution from thermal and nonthermal
ablation mechanisms in vacuum when the nonthermal thresh-
old condition is achieved. The outermost atomic layer, where
Tmax,«b, is removed, thus the ablation depth equals the in-
teratomic distanced. Thermal ablation starts after a timetb-s
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 th =
1

na
E

tb-s

` E
0

`

v̄fsv̄,tdd3v̄dt. s17d

The transient distribution function differs from the equilib-
rium one only by the high-energy tail. Therefore, the average
density na= fsv̄ ,tdd3v̄ and the average velocityvfTstdg
=e0

`v̄fsv̄ ,tdd3v̄ are close to their equilibrium values. The
number density of evaporating atomssanalogous to the satu-
rated density of vapor in equilibriumd can be approximated
as n<naexpf−bs«b/Tdg. Then the evaporation depth in Eq.
s17d is expressed as

l th < E
tb-s

` S2T

M
D1/2

e−bs«b/Tddt. s18d

The temperature decreases in accordance with linear heat
conductionT=Tb-sstb-s/ td1/2, Tb-s;Tstb-sd. The latter is ex-
pressed as follows:

Tbs= TmS tth
tth + tb-s

D1/2

. s19d

Then, Eq.s18d can be immediately integrated to obtainssee
Appendix Cd:

l th < tb-sS2Tbs

M
D1/2Tbs

2«b
e−b«b/Tbs. s20d

The maximum temperature at the end of the pulse in the
absence of losses is proportional to the total absorbed fluence
Tm,Fa.

10 Hence the thermal evaporation depth scales with
the absorbed fluence asl th<Fa

3/2.
A conservative estimate taking the maximum surface tem-

perature at the nonthermal ablation thresholdTm,«b, tb-s
,80 ps,tth,30 ps,v,105 cm/s,Tbs=0.52Tm gives l th,2
310−11 cm!da. Thus, nonequilibrium ablation completely
dominates thermal evaporation. We therefore can conclude
that in vacuum thermal evaporation at the ablation threshold
and below that threshold is completely negligible.

FIG. 3. Close neighbor atomsscolored blackd delivering high
energy by collisions in a bulksleftd and at the surfacesrightd.
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G. Ablation threshold in vacuum

From the above we have concluded that the ablation of
metals in the experiments in vacuum is essentially a nonther-
mal process. The threshold laser fluence can be defined from
the condition that the temperature at the end of the pulse
equals to the binding energy10

Fth
m <

ls«b

2A
hCes«bdne + 1.5naj. s21d

We note that the above threshold definition is based on the
calculation of temperature under the assumption that all the
losses are negligible.

In the long pulse limit electron thermal conduction deter-
mines the depth of the zone where the energy is deposited
l th@ ls. Equation s21d then reproduces the well-known
square-root dependence on the pulse duration since the skin
length is replaced by the heat conduction lengthl th
=sDtpd1/2.21,22 This dependence of the ablation threshold on
the laser fluence would be expected to start at pulse durations
for which thermal losses become significant during the laser
pulse.

Finally we refine our estimate of the ablation threshold in
the resulting nonthermal conditions in vacuum. To make
such estimates we need reliable values for the optical param-
eters of the surface. The optical parameters of metals at room
temperature are well documented23 ssee also Appendix Ad.
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.24,25 We, therefore, calculate these optical properties
assuming the existence of hot plasma in the surface layer
ssee Appendix Ad. These calculations are in agreement with
more complicated computer simulations,26 which take into
account two-temperature hydrodynamics and transient ab-
sorption changing from the cold metal to plasma during the
laser pulse. The calculated ablation thresholds for a single
12-ps laser pulsesl=532 nmd are presented in Table IV. The
calculated threshold values are in reasonably close agree-
ment with the experimental data in vacuum. However, the
most significant differences exist between the ablation
thresholds in air and in vacuum. In order to understand these
differences we shall consider how the presence of air can
effect thermal evaporation 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?

H. Thermal ablation in air after the pulse

Before we can proceed to analyze ablation in air, we have
to be sure that there is no optical breakdown in the air next to
the surface in the conditions of the experiments. Breakdown
of air by 10 ps pulses produced by a Nd:YAG lasers1064
nmd has been reported to occur at an intensity of 3
31014 W/cm2.27 The breakdown time scales in inverse pro-
portion to ~sI 3l2d−1, thus the breakdown threshold for
12-ps 532-nm laser should be around 1015 W/cm2. The
maximum intensity in our experiments was of the order of
1011 W/cm2, which appears well below the expected break-
down threshold. Indeed, no breakdownsno sparkd was ob-
served, therefore we can conclude that the vapors remained
neutral during the experiments.

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 distribution
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 classi-
cal thermal evaporation. The presence of air introduces a
new pathway allowing the creation of the high-energy tail of
the Maxwellian distribution in the surface layer augmenting
the bulk-to-surface energy transfer process discussed earlier.
Thus there are now three processes acting at the same time
which determine the ablation conditions at the solid-air in-
terface:sid evolution of the Maxwellian distribution at the
surface due to air-solid collisions,sii d evolution of the Max-
wellian distribution at the surface due to bulk-to-surface en-
ergy transfer, andsiii d cooling of the surface layer by heat
conduction. Whereas we concluded that mechanismsii d was
too slow to result in thermal evaporation whenT,«b the
role of the air could be to significantly increase thermaliza-
tion at the surface allowing thermal evaporation to take 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
densityspressured to the vapor temperature. Let us 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 islg-k
=6310−6 cm.15 Therefore, the equilibration timeteq needed
to establish a Maxwellian distribution in the gas can be esti-
mated asteq, lg-k/vth, wherevth is the average thermal ve-
locity in air. We estimate this time at room temperature
svth=3.33104 cm/sd teq,1.8310−10 s. The bulk-to-surface
energy transfer time calculated by Eq.s16d at the maximum
temperaturesTmax,«b/2d for conditions equal to the thresh-
old fluence in air constitutestb-s< tmaine

12,30 ns@ teq for
Cu, Al, and Fe after the pulse. Thus, only the air-surface
collisions could lead to the formation of high-energy Max-
wellian 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

TABLE IV. Threshold fluence for ablation of metals by 532 nm
12-ps pulses calculated assuming plasma conditions compared with
those measured in the experiments in air and in vacuum.

Metal Al Cu Fe Pb

FthrfJ/cm2g,
Eq. s21d

0.34 0.404 0.28 0.106

Fthr in vacuum,
fJ/cm2g

0.32±0.04 0.41±0.05 0.36±0.04 0.08±0.02

Fthr in air,
fJ/cm2g

0.17±0.03 0.23±0.03 0.19±0.02 0.008±0.002
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when the surface temperature has dropped due to thermal
conduction toTeq=Tmstp/ teqd1/2. Here Tm is the maximum
temperature at the end of the laser pulse at the experimental-
determined threshold fluence for ablation in air. The values
were presented in Table III. Thermal evaporation starts after
the equilibration timet. teq 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 Maxwellian equilibrium can
be estimated as

knvtltherm=E
teq

`

snvdthermdt. s22d

A reliable estimate of the evaporation rate can be obtained
with the numerical coefficients extracted from the known
experimental data at the temperature close to our experimen-
tal conditions. Such data exist for copper: at the temperature
T=0.25 eVs>2850 Kd the saturated vapor pressure and den-
sity are, respectively, 107 erg/cm3 and 2.6731019 cm−3.28

With the help of Eq.s9d the interpolation formula for the
ablation rate then follows:

snvdth,Cu= 8.953 1031expH−
4.85

TfeVgJFatoms

cm2 s
G . s23d

Integration of Eq.s22d with Eq. s23d and T=Tmstp/ td1/2 re-
sults in the ablation rate of 5.2831015 cm−2. Another inter-
polation for the saturated vapor density:28

nsat,Cu= 2.673 1019expF−
3.173s4TfeVg − 1d

TfeVg G
yields an ablation rate of 4.2631015 cm−2, which is very
close to that from the interpolation by Eq.s23d.

Unfortunately we could not find any high temperature
data for Al, Fe, and Pb. However, thermal ablation rates can
be estimated assuming that the equilibrium in the vapor-air
mixture with a predominance of air plays a role of the satu-
rated vapor over the ablated solid. Then one can estimate Eq.
s22d as

knvtltherm=E
teq

`

snvdthermdt <
nairTeq

1/2

s2pMad1/2teqFatoms

cm2 G . s24d

The resulting values should be compared to the correspond-
ing areal number densityna3dmono in the atomic monolayer
which corresponds to our threshold condition as described
earlier. The values predicted by Eqs.s23d and s24d are pre-
sented in Table V for comparison with the areal density of a
monolayer. It is clear that the predicted number of the ther-
mally ablated atoms is, in fact, close to the number of atoms
in a monoatomic layer.

Table V suggests that thermal evaporation well after the
end of the laser pulse at fluences corresponding to the thresh-
old measured in air can, indeed, be responsible for the re-
moval of a monoatomic layer for Al, Cu, and Fe. This is in a
good agreement with the experiments, as the threshold flu-
ence was introduced as the fluence needed to remove a single

atomic layer. Therefore, we can conclude that the presence of
air decreasesthe single pulse ablation threshold by approxi-
mately a factor of two relative to the vacuum case 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 differed by an order of magnitude and the calculated
results for lead are somewhat lower relative to the areal den-
sity of a monolayer than for the other materials. It should be
noted that this may be caused by the fact that the optical
properties of lead as function of temperature are poorly
known and could differ from the “hot” plasma parameters
used in this papersAppendix Ad. It is also possible that Pb
has a more pronounced cumulative effect from consecutive
pulsessas will be discussed nextd. As one can see from Eq.
s21d, the ablation threshold is a function of absorption coef-
ficient, which is temperature dependent. For example, the use
of optical characteristics for cold aluminium can lead to an
order of magnitude difference in the expected ablation
threshold.

I. Multipulse 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 pulsesteq=snsvd−1,Rrep

−1.
From this condition, the vapor density should comply with
condition n. sRrep/svd. Thus, taking the experimental con-
ditions Rrep=4.13106 s−1, s,10−15 cm2, and vth,105

cm/s, the vapor density should bena.431016 cm−3. Thus,
for the vacuum ablation in our experiments atP=3
310−3 Torr sna=1.831014 cm−3d the density near the ab-
lated surface should increase more than 200 times due to the
action of many consecutive pulses.

Let us consider the conditions for such density build up.
The plume expands adiabatically because the entropy and the
energy are conserved after the pulse. 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

TABLE V. The predicted numbers of atoms thermally evapo-
rated after the pulse once a Maxwellian distribution has been estab-
lished compared with the number of atoms in a monolayer.

Al Cu Fe Pb

fnvtgtherm,1015 cm−2, Eq. s24d 2.4 5.28 1.67 0.45

fnvtgtherm,1015 cm−2, Eq. s23d 4.26

na3dmono,1015 cm−2 snumber
of atoms in a monolayerd

1.72 2.16 2.0 1.15
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the initial position sin contrast to isothermal expansiond,
while the velocity is at maximum.15 Therefore the density
next to ablation surface has a steep gradient. The size of the
expanding plume grows linearly with time:

Rmax=
vth

Rrep
, s25d

which is ,250 microns in experiments. The experimental
data of Fig. 1 indicate that slow nonequilibrium 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 comprisesn1
,3Nabl/4psRmaxd3>1.531013 cm−3 in the conditions of our
experiments. Hence, more than 103 pulses are needed to cre-
ate a vapor dense enough to “switch on” thermal evaporation
in the manner invoked in the presence of air. In fact in our
experiments 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, how-
ever, in a range of experimental error in the case of Al, Cu,
and Fe. However, the difference for lead is large and it might
be explained by the accumulation effect, although as pointed
out earlier the physical parameters for lead are not well
known especially at elevated temperatures. Evidently, more
experimental and theoretical studies needed to understand
the difference between the single-pulse and the high-
repetition rate multiple-pulse ablation threshold.

IV. 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 abla-
tion threshold. In order to explain this observation we have
analyzed in detail the role of nonthermal ablation and ther-
mal evaporation for the intermediate duration pulsess12 psd
used in the experiments.

Our analysis shows that for materials such as aluminum,
the single pulse threshold in vacuum agrees with the thresh-
old for nonthermal ablation that is the well-accepted mecha-
nism applying to ultrashort 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 evapo-
ration is negligible led us to examine in detail the character-
istic 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 have been re-
garded as important. For the materials that were studied we
find that, generally, the electron and lattice energies equili-
brate 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 fluence is below the threshold for nonthermal
ablation, thermal evaporation will occur only if a Maxwell-
ian 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 transfer 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 com-
pared with only 1 ps in the bulk. Since the surface thermal-
ization time is now longer than the cooling time of the sur-
face, it becomes impossible for thermal evaporation to
contribute to material removal at fluences below the thresh-
old for nonthermal ablation. It is worth noting that we predict
thermalization of the surface layer still occurs in a time
,1 ns and hence our results are completely consistent with
the many experimental studies of ablation using nanosecond
pulses where it is well established that the thermal mecha-
nism dominates.

The clue to understanding why the ablation threshold is
lower in air than in vacuum then stems from the need to
create a Maxwellian distribution of energies at the surface
for thermal evaporation to occur. In this case collisions be-
tween the air and the laser-heated surface create of a new
pathway by which the surface can thermalize—in fact, the air
replaces the role of the saturated vapor in the classical model
of thermal evaporation. Whilst it takes up to 1 ns for the air
to thermalize with the surface once this occurs thermal
evaporation will still result in the removal of a mono layer
from the surface at fluences between two and three times
lower than the threshold in vacuum. Hence one concludes
that the presence of a gaseous atmosphere switches on ther-
mal 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 reduce
the ablation threshold in our experiments. In particular in the
case of lead this might provide a reason for the larger dis-
crepancy between the measured and calculated threshold val-
ues.

Further experimental studies, including time-resolved
measurements of the dielectric properties, i.e., real and
imaginary parts of the dielectric function during the pulse
and after the pulse will allow one to gain complete under-
standing of the ablation processes near and above the abla-
tion threshold.
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APPENDIX A: OPTICAL CHARACTERISTICS OF
METALS

The values of the temperature to the pulse end and abla-
tion threshold strongly depend on the absorption coefficient
and skin depth. Most of the optical parameters of metals are
known at the room temperaturessee Table VId.

We included in the above table electron-phonon energy
exchange rate estimated as the following:

ne-ph <
Ji

"
·

me

M
,

whereJi is the ionization potential. Metal is converted to a
partially ionized plasma at the ablation threshold, the optical
properties are changed, and they are unknown. One can es-
timate the ratioA/ ls as the following. Near the ablation
threshold the condition holds:neff,vpe.v. The dielectric
function and the refractive index then are as follows:

«8 <
v2

vpe
2 , «9 <

vpe

v
S1 +

v2

vpe
2 D−1

, n < k = S«9

2
D1/2

.

sA1d

The absorption coefficient then immediately follows from
the Fresnel formulas

A = 1 −R<
4n

sn + 1d2 + n2 . sA2d

The optical parameters for the “hot” metallic plasma atl
=532 nm sv=3.5431015 s−1d are presented in Table VII.
The electron heat capacity atTe,«b,«F is also unknown.
We interpolate its dependence onx=Te/«F by the function
Ce< 3

2s2x−x2d that attains the ideal gas value atTe=«F
* . The

electron effective masses for the threshold calculations at
Te=Ti =«b by Eq. s21d were taken equal to those from the

thermal conductivity measurementsssee Table VIIId.14,30

APPENDIX B

The physical properties of metals used in the experiments
are supplied in Table IX.

APPENDIX C: ANALYTICAL FORMULA FOR THE
ABLATION DEPTH

Introducing new variablex=st / tb-sd1/4, Eq. s24d reduces to
the following:

l th = 2tb-sS2Tbs

M
D1/2E

1

`

expH−
«b

Tbs
x2Jxdx2. sC1d

The last integral is integrated by parts:

E
1

`

expH−
4«b

Tbs
x2J2xdx2

; E
1

`

exph− cx2j2xdx2

= −
2

c
E

1

`

xdexph− cx2j

= −
2

cHx exph− cx2j1
` −E

−Îc

`

exph− u2jduJ
<

Tbs

2«b
expH−

4«b

Tbs
J . sC2d

In our case alwaysc=4«b/T.2. Thereforee-Îc
` exph−u2jdu

,0. Finally one obtains

l th < tb-sS2Tbs

M
D1/2Tbs

2«b
expH−

4«b

Tbs
J . sC3d

TABLE VI. Optical parameters for metals at room temperature
at 532 nm.

Al Cu Fe Pba

n 0.85 2.60 1.05 2.01

k 6.48 2.58 3.33 3.48

A=1−R=1−hfsn−1d2+k2g
/ fsn+1d2+k2gj

0.075 0.487 0.432 0.38

ls snmd 13.11 32.85 25.43 24.3

Electron-phonon collision
time te-ph=ve-ph

-1 , ps
5.42 9.88 8.5 33.57

aAt 589.3 nmsRef. 29d.

TABLE VII. The optical parameters for “hot” metallic plasma at
l=532 nm.

Al Cu Fe Pb

n,k 1.67 1.45 1.81 1.46

A 0.673 0.716 0.648 0.714

ls, nm 50.7 58.4 46.8 58.0

TABLE VIII. Binding energy and heat capacity.

Al Cu Fe Pb

Binding energy, eV 3.065 3.173 3.695 1.795

Ce sin units kBd 0.473 0.76 0.122 0.269

TABLE IX. Physical properties of metals.

Al Cu Fe Pb

Thickness of mono-layer, 10−8 cm 2.86 2.56 2.35 3.5

Electron density, 1022 cm−3 18.6 8.45 16.8 13.2

Atomic density, 1022 cm−3 6.02 8.45 8.5 3.3

Fermi energy, eV 11.63 7.0 11.1 9.47

Ionization potential, eV 5.86 7.73 7.9 7.417

Binding energy, eV 3.065 3.173 3.695 1.795

Thermal diffusivity, cm2/s 0.979 1.165 0.228 0.241

Thermal electron effective mass,
m* / me sRefs. 14 and 30d

1.48 1.38 8.0 1.97
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