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Abstract: The laser energy per unit surface, necessary to trigger material removal, decreases with the
pulse shortening, becoming pulse-time independent in the sub-picosecond range. These pulses are
shorter than the electron-to-ion energy transfer time and electronic heat conduction time, minimising
the energy losses. Electrons receiving an energy larger than the threshold drag the ions off the surface
in the mode of electrostatic ablation. We show that a pulse shorter than the ion period (Shorter-the-
Limit (StL)) ejects conduction electrons with an energy larger than the work function (from a metal),
leaving the bare ions immobile in a few atomic layers. Electron emission is followed by the bare ion’s
explosion, ablation, and THz radiation from the expanding plasma. We compare this phenomenon
to the classic photo effect and nanocluster Coulomb explosions, and show differences and consider
possibilities for detecting new modes of ablation experimentally via emitted THz radiation. We also
consider the applications of high-precision nano-machining with this low intensity irradiation.

Keywords: ultra-short laser pulses; laser pulses shorter than the ion period; non-equilibrium ablation;

Coulomb explosion; micromachining; THz emission

1. Introduction

Coulomb forces are entirely responsible for keeping a solid intact. Quantum effects
in solids significantly modify the Coulomb interactions. In the unperturbed metal, the
wave functions of conduction electrons are periodic Bloch waves, allowing the conduction
electrons to propagate through the metal without perturbation by attraction from the ion
cores. Intense (~10'* W/cm?) sub-picosecond laser pulses excite electrons, while the ion’s
cores remain unperturbed. The conduction electrons oscillate with energy comparable to
the Fermi energy, violating the Braggs conditions, destroying the Bloch wave function,
and converting the metal into plasma. The multi-particle Coulomb interaction between
electrons and ions is restored over a certain duration depending on the electron-to-ion
mass ratio. This time is in the range of a few femtoseconds to a few tens of femtoseconds
depending on the ion’s mass.

A sub-picosecond pulse duration (from a few tens of picoseconds to a few tens of
femtoseconds) is shorter than the electron-to-ion energy transfer time and electronic heat
conduction time. It is established experimentally [1,2] that the energy density per unit area
triggering material ejection (the threshold fluence) does not depend on the pulse duration.
The analysis shows that the collective electrostatic field of hot electrons drags cold ions
off the skin layer of a laser-excited solid [3]. The energy of an electron is proportional to
the absorbed energy per unit surface. The threshold achieved when the absorbed energy
per electron in the outmost surface layer is equal to the sum of the work function of the
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electron and the cohesion (binding) energy of the atom. The calculated threshold coincides
well with the measured data [3]. Hence, it is obvious that the laser-matter interaction in
this mode occurs over a longer time than necessary for the collective electrostatic field
restoration.

The subject of this paper is the analysis of the laser—-metal interaction with a pulse
duration shorter than the time necessary for the collective electrostatic field restoration.
First, we identify the limit of the restoration time in a solid and in a plasma. Then, we
analyse the electrostatic ablation mode and compare it to the shorter-the-limit (StL) pulse—
metal interaction. The laser-excited conduction electrons in this mode have no time to affect
the ion’s cores. Therefore, an electron with an energy larger than the work function leaves
the surface with the kinetic energy €;;,, = €., — w,, like in the classical photo effect (e, is the
energy of electron and w, is its work function; Figure 1).
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Figure 1. The schemes of the different interaction regimes. (a) Left: a knocked-off electron by a single
UV photon in the classic photo effect; Right: absorption of multiple photons of an StL laser pulse
followed by an electron ejection. (b) In electrostatic ablation, the ions are driven by the gradient of the
electronic pressure, Vpe. (c) In StL interaction mode, the ions are driven by the Coulomb repulsion
layer by layer, with the outmost surface layer moving first and fastest. The energy scale is the work
function, w,; the space scales are the mean free path of an electron, [, fpr and inter-atomic distance, ;.

However, in Millikan’s experiments [4] (Nobel prize 1923), the intensity of the UV
photons, fiw > we, i.e., the energy of photons per unit surface and unit time, was very
low 10~7-10~3 W/cm?. Hence, a photon interacted with an electron as a particle, swiftly
knocking it off the potential well with a depth equal to the work function. The number
density of affected ions was much lower than the initial density and the spatial separation
of ions was very large, preventing any ion-to-ion interaction. The long interaction time
(minutes) allowed the weak electric currents from the metal bulk to restore the neutrality.

Unlike the photo effect, during more intense StL-metal interactions, the electrons
have an energy larger than the work function from the flow of photons as electro-magnetic
waves at fiw < w,, while the unperturbed positively charged ions remain immobile inside
a few close-to-the-surface atomic layers during the interaction time, which is shorter than
that necessary for restoring the collective Coulomb force of ions. After the end of the
pulse, the joint electric field of the positive charges ejects the surface ions. The acceleration
of ions, which is proportional to the surface charge density, exceeds that of electrostatic
ablation by two orders of magnitude. Electron emission is followed by ion explosion,
ablation, and THz radiation from the expanding plasma. We discuss the experiments for
the possible verification of the StL pulse action and consider applications of high-precision
nano/micro-machining.

2. Hierarchy of the Time Scales in the Electron-Ion Interactions

There are two domains of electron-ion Coulomb interactions. The first domain in-
cludes particle-to-particle collisions of momentum and energy exchange in plasma. The
second group deals with the collective electron-ion interactions in plasma and solids when
a particle is under the action of multiple fields of surrounding positive/negative charges.
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Time scales in plasma are straightforward. The shortest is the electron—electron (e-e)
and electron—ion (e-i) momentum exchange time, t,, = 1/8;1 e egliz > wrjgl, where v,; is the
frequency of e-i collisions, 7, is the number density of electrons, and w. is the electron
plasma frequency. The maximum momentum exchange rate is around the electron plasma
frequency. Hence, the momentum exchange time is around ~0.1 fs for the solid density
plasma. The energy exchange time is larger by the ratio of ion mass M;,, to the electron
mass 1., namely 7 = v;l Mm—“Z” It is in the range of a few ps for the mass ratio of 10°. We

start with the collective interactions in plasma where the physics is straightforward.

2.1. Time Scales for the Electron—Ion Collective Coupling in Plasma

In cold, non-magnetic quasi-neutral plasma with an equal number of positive and neg-
ative charges, an unbalanced force always acts on each charge from the neighbours, causing
the charge to move and therefore the electrons density to fluctuate (a direct consequence of
the Gauss theorem). The sum of electro-static fields forces the electrons to oscillate with
the electron plasma frequency w%,e = (47te*n,)/m, after the time tc, ~ w;el; in SI units
wrz,e = e’n,/ (egm,) with eg = ﬁ (the conversion between proportionality constants of the
Coulomb’s force acting on separated electric charges and magnetic force between currents
is 2k, = czkmg, where the electric and magnetic constants k,; ¢ depend on the definitions

(units) of charge and current, respectively, k,; = 1 (CGS) and k,; = }f—f (SI)). Thus, the
electrons start oscillating after the time tc,, from the moment the electronic plasma is
instantaneously created (~ 10716 s). The sum of the electro-static fields of the oscillating
electrons forces heavy ions to oscillate with the ion plasma frequency wfn- = (4me*n;)/ M;.
The time when the Coulomb fields of the multiple electrons start affecting the ions is
tc; ~ w;il = tcevV/Mi/me ~ 10~ s. The electron plasma frequency from Al to Ag is

in the range (1.97 — 1.21) x 10'® s~!, defining the time when motion of ions begins as

te; ~ (0.5 —0.82) x 10710\/M;/m, (s).

2.2. Time for the Perturbation of Ion Core Positions in a Cold Solid

At zero approximation the ions are assumed immobile and electrons are moving in
the Coulomb field of the stationary ions. The full energy of a solid (a non-relativistic
Hamiltonian in the quantum treatment) includes the kinetic energy of electrons and ions,
electron—electron and ion-ion Coulomb interactions, and electron—ion interactions [5]. The
effective potential energy as well as the energy of the Coulomb interaction between the
nuclei in equilibrium is approximated well by the energy of interaction of two charges,
Uy ~ % = mﬂ’;:, where rp is the Bohr radius. The ion core motion under the action of
the electron’s Coulomb field in a cold solid can be considered as a perturbation. It is the
second term in the expansion of the core’s potential energy in the series on the deviation of
the ion core’s position from the equilibrium, éR. The expansion of the potential near the
equilibrium reads:

102U(R) . ,
= ~ ~——=55—0R". 1
U= Uy+ Uy UQ+2 3R2 1) €))]
The second term is the potential energy of nucleus oscillations:
UydR?
Uy ~ . 2
0 21’% ( )

The minimum momentum of a nucleus is estimated from the uncertainty relations, p; >
1/6R. Then, the ion’s kinetic energy follows: p?/2M; > h?/(2M;6R?). Equalising the
potential energy to the kinetic energy of the core (the Virial theorem), one obtains the
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nucleus displacement, R ~ (2m/M;)'/* x rg. Hence, the ion’s energy increase from
Equation (2) is:
UO 2m,

OUp = €jon = 2\ M
i

®)

The minimum time when ion starts moving after receiving the energy from the electron’s
Coulomb field follows from the uncertainty relation:

h V2h | M; | M;
tion o —— = —— [ — = V24| — 4
ion Cion Uo ", f at - ’ ( )

where the characteristic atomic time is t5; = h/Uy = 0.48 x 10710 (s) for Uy = 13.6 eV. Thus,
M;
me
and mass ratio. Therefore, it sets the minimum time for an electron to affect an ion by its
electric field in the solid.

One can see the proximity of this result to the estimate for the solid density plasma,

tci~ (0.5—0.82) x 10-16 \/%jz (s). In plasma, this time depends on the electron’s number
density, explicitly reflecting the collective nature of the effect that is implicit in the above
estimate. It is legitimate to assume that in a shorter time than that required for the sum of
forces by chaotically directed fields of multiple charges to build up, the ions are not moving.
Hence, the electrons excited during the period shorter than t.; do not interact with the
core ions.

tion & x 0.68 x 1071° (s). This estimate is based only on the fundamental constants

3. Ablation of a Metal by Different Pulses: Long (Electrostatic Mode) and Short
(StL Mode)

Let us compare the ablation of a metal in two different experiments by two pulses (both
shorter than the electron-to-ion energy transfer time) of different durations delivering the
same energy per pulse at the same focal spot (the same fluence). The longer pulse interacts
in the regime of electrostatic ablation, while the shorter pulse ablates the same metal in the
StL interaction mode. The electron temperature distribution in the skin layer depends on
the absorbed fluence. The number of conduction electrons remains practically unchanged
in the considered intensity range. Therefore, the assumption that the absorption coefficient
and skin length at two different intensities are approximately the same is reasonable. The
processes in the considered experiments depend only on the ablation mode (pulse duration).
The pulses are of high contrast (no pre-plasma, step-like density gradient to the end of
the pulse) incident along the normal to the surface. The laser energy is absorbed by the
conduction electrons in the skin layer. The solution of the 1D Maxwell equation in a metal
allows calculation of the absorbed energy density through the Poynting vector. Then, from
the energy equation for electrons follows the electron energy space and time dependence
in the form: .

€e(x, 1) =€.(0,t) xe T, (5)
where €,(0,t) = %F(O, t) and the fluence is a time integral of intensity F(0, ) = fot 1(0, 7)dt.
Here, A is the Fresnel absorption coefficient, the ratio of the absorbed to the incident en-
ergy, ls is the skin length for E-field, and 1, is the electron number density (see details in
Appendices A-H).

3.1. Electrostatic Ablation

The pulse duration for the electrostatic ablation should be in the range t¢; < tputse <
tor, larger than that for building the collective Coulomb force and much less than the
electron-to-ion energy transfer time. Electrostatic ablation of a metal surface has been
experimentally verified by 15 fs laser pulses [6]. The threshold fluence from Equation (5) is
defined as the electron energy necessary for removal of an ion from the outermost surface
layer. This energy is equal to the sum of the cohesion (binding) energy and work function,



Nanomaterials 2023, 13, 1796

50f12

€e(0,tp) = €p + w,. The threshold for metals, Fy,(0,ty) = (el’#fi)"“zs, agrees well with

the measurements [1,2]. Let us define the ablation depth /;;; from the similar condition,
€e(lap, tp) = €p + we. Then, the energy of an electron in the outermost surface layer is
€e(0,tp) = (ep + w,)e?, and the incident laser fluence is F = eZFth(O, tp), where e = 2.71 is
Napier’s number.

The momentum equations for electrons and ions are the following:

du 1

meT: = eEgy + ;Evpe, (6)
dv;

Miaitl eEelstl (7)

where p, is the electron pressure and E,j; is the electroscatic field driving ablation (Figure 1b).
Here, the electric field is the coarse-grained field associated with the collective interaction
of plasma charges [7]. In considering the ion’s motion, the electron’s inertia can be ignored,
neeEqs =~ —Vpe. The collective action of hot electrons drives the cold ion’s motion off

the metal: 5 5
v; €
iaitl = eEelst = _vee = f (8)

Electronic heat conduction smooths the gradient well after the end of the pulse.
The cooling time, when the gradient along with the ions acceleration goes to zero, is
teool = 12/ Dyeqr, where the diffusion coefficient is defined by the e-i momentum exchange
rate V7" as Dy, = 02/ [3v"°"]. It is in the picoseconds range. Thus, the number of ablated

et et
ions (focal area is known), their acceleration, and their final velocity can be calculated.

M

3.2. Ultra-Short Pulse tc; > tpyse Interaction

Let us now consider a much shorter pulse, fc; > t,s, interaction with the same
metal and the same absorbed surface energy density. The energy and space distribution of
electrons created by the long and short pulse is the same. Now, the conduction electrons can
get an energy larger than the work function during the period shorter than that necessary
for building the link to ions. The state is very similar to that in the classical photo effect,
with the difference that this state has been created by multi-photon absorption (Figure 1).
The electrons in a few atomic layers at the distance of the electronic mean free path from
the metal-vacuum boundary can escape the metal with the kinetic energy ey, = €. — we,
leaving N atomic layers with positively charged ions. This number is equal to the electron’s
mean free path divided by the atomic monolayer thickness, N = [, fp/ r5. The focal
spot area, S¢, with the depth [,,¢,, and atomic number density 7,, became positively
charged with the surface charge density, o = en,N x r, (Figure 1). In accordance with
electrostatics [8], the charged thin infinite plate creates equal electric fields perpendicular
to the plane in the positive and negative directions. Each field is proportional to the surface
charge density, E,;; = 27to. Thus, a single charged ion of mass M; is under action of this
force pulling ion off:

dzlton = 271e*n, N x 17\,/17[11 = Nw%,ira/Z. 9)
Note that the maximum acceleration of two repelling ions (at small displacements, { <
7q) is equal to wfn»ru /3 [9], while in the ideal case of an electrostatic charged plate, the
acceleration is constant in space. The acceleration by a charged plate is enhanced by the
multiple contributions of the surface charges. However, the acceleration is not constant in
space in reality. The force has a maximum in the central part of the focal spot, decreasing
with the distance to the focal boundary.

For the finite plate in plasma, the space scale, where it is reasonable to consider this
acceleration as constant, must be much less than the size of the plate (the focal spot). Taking

conservatively this scale as r;, one gets the maximum velocity as v; 45, ~ 1/Nwrzﬁr%.
For Ag (wpi =253 x108 s, 7, = 159 x 1078 cm, N ~ 9), the velocity range is



Nanomaterials 2023, 13, 1796

6 of 12

0'° ecm/s?, orders

i max = (12 —4) x 10° cm/s and the acceleration range is (5 — 0.45) x 1
of magnitude larger than in electrostatic ablation (Figure 1).

Hence, there are a few major differences with electrostatic ablation. First, some of
the electrons are ejected most probably isotropically. Second, some of the bare ions are
accelerated by the Coulomb repulsion with an acceleration a couple of orders of magnitude
higher than that during electrostatic ablation. Third, the ablation threshold was reached at
an electron energy slightly above the work function and caused electrons to leave from a

couple of the outermost surface layers, which then triggered ions to be repulsed.

4. Radiation from the Ablated Plasma

The ablated plasma is a current flowing mainly perpendicular to the sample surface,
decelerating slowly before attaining constant velocity. Let us compare the radiation of
plasma flow in two ablation modes. We consider ablation of an Ag target with the same
incident and absorbed surface energy density producing the identical space energy distri-
bution and ablation depth equal to the skin depth. The total number of ablating particles in
both cases is the same. However, in the case of an StL pulse there are two groups of ions
with different accelerations.

4.1. Radiation from the Electrostatically Ablated Plasma

The frequency spectrum and total power of radiation emitted by the time-dependent
current depends on the full number of emitting charges, their acceleration, and its duration.

Ag ions’ acceleration in the electrostatic ablation mode is % = Az/ﬁ =23 x 10" cm/s?,
1ts

while the number of ablated ions is N,;; = 2.5 x 10" ions (see Appendices A-H for details).

The Fourier transform of the time-dependent current defines the frequency spectrum
of the emitted radiation: j, = [j(t)e’”!dt. The acceleration of ions decreases because
the electronic heat conduction leads to the flattening of the electronic pressure gradient.
The acceleration decreases from the maximum to zero due to the skin layer cooling; the
characteristic time, T ~ 1 ps, and inverse are a characteristic frequency of emitted radiation
of ~1 THz. The direction of the emission is perpendicular to the direction of non-relativistic
acceleration. The power of the radiation emitted by the current is given by the Larmor

formula [10]:
2

~ 33
where d = ¥ e is the sum taken over all dipoles’ acceleration, v, in the current. The power

of the emitted radiation is proportional to the square of the particles number and their
deceleration. One can estimate the total energy emitted by the current using the following:

(d)?, (10)

2T do; \?
€Rad = TxP~= @ (ENabldtl) . (11)

Taking the acceleration as 2.3 x 10" em/s?, Ny = 2.5 x 101! ions, and T ~ 10712 s, one
gets total energy of radiation as 1.88 x 10712 J (a power of 1.88 W). Hence, the ratio of the
total emitted energy to laser energy of 3 uJ is ~ 6 x 10~7.

4.2. Radiation from the Plasma Ablated by StL Pulse

The total number of ablated atoms remains the same. However, the structure of the
plasma outflow is different. First, the electrons from a few atomic layers with the thickness
of the electronic mean free path are moving out. Then, the bare ions abandoned by electrons
are expelled by repulsion. Finally, the bulk of the ablated material is removed with low
velocity and the features considered in the previous paragraph.

The number of ions in layers from where electrons escaped is Nexy = (I, o/ Is)Ngp ~
7.5 x 10°. The mean free path of an electron [, fp = Ve [V~ 1.48 X 10~7 cm extends to
nine monolayers. The electrons from these layers are emitted during the StL pulse. The
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removal of ions by repulsion occurs layer by layer with gradually decreasing acceleration
in accordance with the diminishing number of layers:

dvion
dt

= ngirﬂ/z. (12)

For Ag, the acceleration range of exploding ions is 101°-10%° cm/s?, while the velocity
range is vjpax = (12 —4) x 10° cm/s. The time for reaching the constant velocity of
expansion is a few hundred fs (100—400 fs). Therefore, the frequency of radiation is in
the range of (10-2.5) THz. Now, estimates for the power and total energy of radiation
are straightforward by Equations (10) and (11): P = (3.2 — 320) W and the total energy
(taking T = 2.5 x 10713 5) is around 2.5 x 10~!! J. Hence, only 3% of ablated ions emit by
the order of magnitude larger energy in a slightly higher frequency range. The plasma
plume produced by the StL pulse contains a major part of slow ions, emitting less than 10%
radiation in the THz range. About ~3% of the total ablated fast ions emit major radiation
in a slightly higher frequency range. Two radiation peaks of different height are separated
in time.

5. Discussion and Conclusions

The non-relativistic StL laser pulse (ponderomotive potential 10-20 eV) excites free
electrons in the conduction band of metals during a time shorter than that required for the
restoration of electron—ion Coulomb coupling. Excited electrons escape from a few close-to-
the-surface atomic layers after gaining energy larger than the work function. These layers
become positively charged and create an electrostatic field perpendicular to the surface,
accelerating and ejecting ions by the Coulomb explosion. Let us discuss the similarities
and differences of this phenomenon in regard to the classical photo effect and the Coulomb
explosion of nanoclusters.

In the classic photo effect, a UV photon with an energy larger the work function knocks
the conduction electron off the surface in a single photon—electron collision (Figure 1).
To consider a photon as a quantum particle, the number of photons per cube of photon
wavelength should be less than one [11]. The intensity in Millikan’s experiments [4] was
in the range of 10~7 — 1073 W/cm?, well in accordance with the above criterion, leaving
the rest of the conduction electrons in a free state (not affected by the ion cores). Therefore,
an electron after collision escapes the metal with a kinetic energy in accordance with the
Einstein formula: €, = hw — w,.

In the StL pulse-metal interaction, the high-frequency laser field convert electrons
into a plasma state, thus destroying the free electron—ion core relations of the metal, in
contrast to the classical photo effect. However, an electron absorbs energy during a period
shorter than that needed for the restoration of the collective electron—-ion coupling. The
electron which received energy more than the work function escapes the metal without
being affected by the ion cores due to the extremely rapid nature of interaction. Ions in a
few atomic layers are left immobile and charged. Then, the Coulomb repulsion drives ions
out of the metal.

The phenomenon of the Coulomb explosion of small [12] and large molecules [13] and
nanoclusters [14-16] has been studied for more than three decades. The relativistic laser
beam with the ponderomotive potential in the order of MeVs ionises nanoclusters up to
several electrons per atom. Electrons are accelerated and swiftly ejected from a cluster with
an energy comparable to the ponderomotive potential, leaving ions immobile and positively
charged. The cluster acquires a big total positive charge, resulting in the Coulomb explosion.
The kinetic energy of exploded ions is on the order of MeVs depending on the total charge of
the cluster. Recent studies provide new insights into ablation at ultra-relativistic intensities,
showing a step-like electrostatic potential which drives the disassembly of the solid [17]. In
the StL-metal interaction, similar events develop on a much smaller energy scale and on a
similar short time scale. The laser-ejected electrons are followed by fast ions (a few percent)
accelerated by the explosion and followed by the slow ions of conventional ablation. An
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analysis shows that the ablated flow of fast ions is a more intense source of THz radiation
than the slow current. Using light metals (such as Al) and energetic lasers, one can create
an StL-pulse-generated point source of THz radiation (controlled by the choice of metal,
pulse duration, laser energy, and focal spot size).

Summing up the presented analysis suggests that an intense laser pulse with a duration
less than the ion period (a few tens of fs) is capable of swiftly ejecting the conduction
electrons from a few near-surface atomic layers, followed by the flow of energetic ions
ejected by the Coulomb repulsion and emission of THz radiation. As it follows from the
above, in this interaction regime (StL), it is possible to remove a few atomic layers from a
metal by the action of a single laser pulse (see Appendix H). The number of atomic layers
removed by explosion, i.e., the electron’s mean free path, is controlled by the absorbed
surface energy density delivered by the laser. Indeed, the mean free path of electrons in the
Coulomb collisions is [, o €2, while €, « F. For experimental realisation and monitoring
of the StL pulse ablation, detection of THz emission reported for the generation of single-
cycle circularly polarised pulses under 40 fs pulsed irradiation of a water micro-flow [18]
can be used.
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Appendix A. Classical Photo Effect

In Millikan’s experiments (1916), the photo effect was induced by UV radiation of the
mercury discharge.  The intensity at 365 nm (3.4 eV) was 10-10* erg/cm?s
(10771073 W/cm?). The maximum flow of photons was 1.8 x 1015 photons/cm2/s. AUV
photon swiftly knocks an electron out of the surface layer. Positive charges are equalised
by the slow currents from the bulk. The quantum description of the photon as a particle is
necessary when the number density of photons is less one photon per cubic of the photon’s
wavelength [11].

Appendix B. Properties of Metals at Room Temperature

The conduction electrons’ density 7. is in 102 cm—3, the inter atomic distance, r, =
(4rtn./ 3)_1/ 3 isin 1078 cm (A), the plasma frequency is in 1016 s=1 and the effective
electron’s mass is in units of free electron mass. The electron/ion mass ratio and ion
frequency for Agis m./M; = 5.087¢ and wpi = 2.53 X 1013 s71 (tc; = 36.7 fs).

Table Al. Parameters of metals which can be used for experiments with StL pulses. The maximum
value of w, is shown and for which crystallographic plane [19].

Metal: Ne M; Ta Wpe Mg C, €F €p We

Units 102 ¢cm—3 at.mass A 1016 51 Mme %kB eV eV eV; (max)
Al 1.806 26.982 1.09 1.97 1.48 0.46 11.63 3.065 4.2; (100)-plane
Cu 0.845 63.546 1.41 1.395 1.38 0.70 7.0 3.173 4.48-4.98
Au 0.59 196.97 1.38 1.126 1.14 0.69 5.52 3.81 5.47; (100)-plane
Ag 0.585 107.86 1.59 1.121 1.0 0.79 5.48 2.95 4.52-4.74
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The electron heat capacity is estimated from C, ~ %kB Te(2x — x2), where x = kgT./€ef
attains the ideal gas value at x = 1 [20] and e is the Fermi energy. The electron heat
capacity near the ablation threshold is kgT, = €}, where ¢, is the binding energy, defined
as the potential barrier against the free motion of atoms through the solid. For example,
for Au, €, = 3.81 eV/atom (the cohesive energy per atom), e = 5.52 eV, x ~ €;,/er = 0.69,
and C, = 1.355 (kg), close to 1.5 as for the ideal gas.

Appendix C. Optical Properties of the Electronic Plasma
The Drude-like dielectric permittivity reads [20]:

2 2
Whe Whe Vi
ee=1-—0, fpy=—1"x-", (A1)
W+ vy w tv,; W

and is related to the real and imaginary parts of the complex refractive index i = n + ix via

ere = n? — k% and ¢;,, = 2nK; K2 = (|ere] — €re)/2 and n? = (|ere| + €re) /2, where the com-
plex modulus |e,| = /e, +¢2 . The Fresnel absorption coefficient reads
A= 4n

(n+1)2+x2"

Electron—-ion momentum and energy transfer rates. Near the maximum, it is defined as
Vei = U,/ 1,. Taking the electron velocity on the atomic scale, 2 x 108 cm/s, one gets the rate
of the order of the electron plasma frequency. We consider the conditions when the electron
energy is of the same order of magnitude as the Coulomb energy and Fermi energy. The
plasma is non-ideal and unscreened and the collision rate decreases. Cauble and Rozmus
predicted [21] that in a solid density non-ideal plasma the e-i collision rate can be estimated
as the following:
o InA

el N Wej m/

where the logarithm In A and the number of particles in the Debye sphere Np for the ideal
plasma are [7]:

(A2)

A=~ (9Np)/Z, Np =17 x10°,/63/n., (A3)

where 6, is the electron temperature and Z is the charge state. Taking €, = 10 eV and
e = 0.585 x 102 cm 3 (Ag), one obtains A = 2 (ref. [10] gives 0.69), Np = 0.22, and

VMM 25 0.3w,; ~ 3 x 101 571

-1
The electron-to-ions energy transfer time is 5/’ = [vgl?om X ]’\”A—i} ; for Ag, it is 65 ps.

At w = 1.88 x 101 571 (wavelength of 1002 nm), wy, = 1.21 x 10 s~1, and
VoM ~ 3 x 101 s71, one gets ¢;,, = 16 and & = —9, ie, n = 216, x = 3.7, and
A = 0.365. The skin depth I = 43 nm and the constant Cy = 7371?9 =3 x 10718 cm? is used
in the calculation of electron energy (see below).

Oscillation energy (ponderomotive potential) is given by [22]: eosc = 9.375(1 + a?) x
Wl/cmz] X )\im (eV); here « = =£1 for circular polarisation and & = 0 for linear polarisa-
tion. The intensity I is averaged over many laser pulse periods.

Appendix D. The Electron’s Energy Space and Time Dependence in the Skin Layer

The electron’s energy time/space dependence in the skin layer (normal skin) in 1D
approximation follows from the energy equation under the assumption that the electron’s
density and optical properties are time/space independent, and the pulse duration is

much shorter the electron-to-ions energy transfer time, t7/' = [v;’;"”‘ X %} . The electrons

contain all the absorbed energy. The energy equation for electrons (no losses) is:

dee

ne? = Qabs(x/ t)‘ (A4)
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Here the absorbed energy density reads:
2AI(t,0) _
Quis(,8) = IO 20/t vy e, (a9)
S
The Fresnel absorption coefficient A and skin depth /s are the following:
2A 4wejy, c
e = Ab
I ex|1+E?2 7 wk (A6)

where c is the speed of light. Integrating the electron energy equation by time gives the
electron energy:

€e(x,t) = Cy x F(0, 1) x e=2¥/ks, (A7)
where Cy = 2’? and F(0,t) fO (0, 7)dt. The threshold for Ag €,(0) = €, + w, = 7.5eV
at wavelength A = 1 um, has fluence Fy, = 0.4 ]/cm?.

Appendix E. Electrostatic Ablation of Ag

Ablation depth, number of ablated atoms, and cooling time for the skin layer for an
Ag target. For F = 7.39 x F, = 2.96 ] /cm? at laser pulse energy ~ 3 uJ, €,(0) = 55.8 eV,

v, = 4.43 x 108 cm/s, the ablation depth x,p = 25 ln{

i, } is equal to /;. The ablation

volume, assuming Sfoc = 107 6 em?, is Vy = 4.3 x 10712 ecm3, N, = 2.5 x 10! ions

vy &2 03w, ~ 3 X 10" s~1. The heat diffusion coefficient for Ag Dj,eq = 0%/ 31/’""’" =
21.8 cm? /s and the cooling time t.o; = 12/ Djear = 0.85 ps. The ion removal from these
layers occurs under the electrostatic force of hot electrons acting as a gradient of the

electronic energy.
Electrostatic ablated Ag ions’ acceleration. % = 1\2/I€'75 = 2.3 x 107 em/s? (for

€, = 55.8 eV, s = 43 nm, M; = 107.86). The average electrons’ velocity is around 108 cm/s
and the motion of electrons is chaotic after a few electron—electron collisions. The ion’
motion is directional (along the electron pressure gradient when the exciting beam is at
the normal to the target surface). Thus, for the Gauss intensity distribution across the focal
spot, the main current is directed at the normal at an ion velocity of more than two orders
of magnitude lower than that of the electrons.

Appendix F. Radiation from the Ablated Plasma

The unit vector along the current is r and the direction to the detector located at the
distance Ry is n. The size of the emitter, r, is much smaller than the distance to observation,
r < Ry. The emitted wave arrives at the detector as a plane wave. The vector potential of
the emitted field reads:

:C%O/jxdv. (A8)

The polarisation of the emitted field depends on the mutual directions of the current and
the direction to the observation point:

dA dA
H= <dt><n>/c, E= [({itxn) xn]/c, (A9)

where x is the sign of the vector product. The power of the emitted radiation at the
observation point located at the distance Ry into the unit of the solid angle () is dI =
(CEZ)deQ The distance from the source to the measurement point is larger than the

wavelength of emitted radiation and much larger than the size of the source.
Radiation of the ablated ion current. The estimate of the vector potential for the ablation
case is:

1
A~ EEZNablvi/ (AlO)
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where Ny, = [ 1n;dV is the full number of ablated ions, Vyp = Ly - S foc 1s the total ablated
volume, N,;; = 2.5 x 10! ions of an ionisation number of an atom Z = 1 (for the conditions
introduced above in Appendix E for Ag). The estimate for the electric field is:

1 av;
where the ions” acceleration is % = I\Z/E‘I’s = 1.45 x 107 em/s?. Taking Ry = 1 cm as

an estimate of the distance to the observation point, one gets the field E = 580 V/m
(1.93 x 1072 CGSE).

Appendix G. Absence of the Debye Screening

During an interaction time shorter than the ion period (StL) the space and time
dependence of the electron temperature is strong, while the electron density remains
practically unperturbed, en.E ~ —n,VT,. Therefore, assumptions of the static limit and
space independence of the electron temperature (isothermal equation of state [7]; see Kruer,
p- 14 [7]), essential for deriving the Debye screening, are both inapplicable, en.E # —T,Vn,.
The absence of screening is due to the lack of collective interactions of multiple charges.

Appendix H. Nanomachining: Removal of a Few Mono-Atomic Layers

To remove a few atomic layers with a thickness equal to the mean free path of electrons,
the energy of electrons should be slightly above the work function (/,r, & nanometre);
the laser shall deliver to the Ag surface the energy density (see Appendix D): F = 7(‘:’—8 X

exp [21,1,%} J/em?. For Ag hit by 1000 nm light, only 5% of the surface energy density of

0.247 J/cm? is spent for a few atomic layers’ removal. The number of the atomic layers
removed by explosion, i.e., the electron’s mean free path, is controlled by the absorbed
surface energy density delivered by the laser. Indeed, the mean free path of electrons in
Coulomb collisions is [, Fp X eg, while €, o F.

The volume and speed of ablation can potentially be improved using StL pulses. They
are by an order of magnitude shorter than those typically used in laser micro-machining in-
cluding the burst ablation mode [23]. The latter achieved the benchmark of a ~3 mm?/min
ablation rate using burst-controlled heating and evaporation. Such machining rates are
comparable with those in established mechanical tooling equipment. The StL pulses cause
energetic ion explosion from the laser-affected surface. Ablation at a high repetition rate
(bursts) of StL pulses harnesses the Coulomb explosion of the surface occurring at higher
speeds and can potentially improve the throughput of material processing.
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