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Abstract: Laser energy per unit surface, necessary to trigger the material removal, decreases with 1

the pulse shortening becoming the pulse-time independent in the sub-picosecond range. These 2

pulses are shorter the electron-to-ion energy transfer time and electronic heat conduction time 3

minimizing the energy losses. The electrons receiving the energy larger than the threshold, drag 4

the ions off the surface in the mode of electrostatic ablation. We show that the pulse shorter than 5

the ion period (Shorter-the-Limit (StL)) ejects conduction electrons with the energy larger than the 6

work function (from a metal) leaving the bare ions immobile in a few atomic layers. The electrons 7

emission is followed by the bare ion’s explosion, ablation, and THz radiation from expanding plasma. 8

We compare this phenomenon to the classic photo effect, nanocluster Coulomb explosions, show 9

differences and consider possibilities for detecting the new mode of ablation experimentally by 10

emitted THz radiation and consider applications of high-precision nano-machining with this low 11

intensity irradiation. 12

Keywords: ultra-short laser pulses; laser pulses shorter than the ion period; non-equilibrium ablation; 13

Coulomb explosion; micromachining; THz emission 14

1. Introduction 15

The Coulomb forces are entirely responsible for the keeping the solid intact. Quantum 16

effects in solids significantly modify the Coulomb interactions. In the unperturbed metal the 17

conduction electrons’ wave functions are periodic (Bloch waves) allowing the conductivity 18

electrons propagate through a metal being not affected by the ions’ cores attraction. Intense 19

(∼ 1014 W/cm2) sub-picosecond laser pulse excites electrons while the ions cores remain 20

unperturbed. The conductivity electrons oscillate with the energy comparable to the Fermi 21

energy, violating the Braggs conditions, destroying the Bloch wave function, and converting 22

a metal into plasma. The multi-particle Coulomb interaction between electrons and ions 23

is restored during the time depending on the electron-to-ion mass ratio. This time is in a 24

range from few fs to a few tens of femtosecond depending on ion’s mass. 25

Sub-picosecond pulse duration (from few tens of picoseconds to few tens of femtosec- 26

onds) is shorter than the electron-to-ion energy transfer time and electronic heat conduction 27

time. It is established experimentally [1,2] that the energy density per unit area trigger- 28

ing the material ejection (threshold fluence) does not depend on the pulse duration. The 29

analysis shows that the collective electrostatic field of hot electrons drags cold ions off the 30

skin layer of laser-excited solid [3]. The electron’s energy is proportional to the absorbed 31

energy per unit surface. The threshold achieved when the absorbed energy per electron 32

in the outmost surface layer is equal to the sum of the work function of electron and the 33
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cohesion energy of atom. The calculated threshold coincides well with the measured data. 34

Hence, it is obvious that the laser-matter interaction in this mode occurs during the longer 35

time than necessary for the collective electrostatic field restoration. 36

The subject of this paper is the analysis of the laser-metal interaction with a pulse 37

duration shorter than that necessary for the collective electrostatic field restoration. First, 38

we identify the limit of the restoration time in a solid and in plasma. Then, we analyse 39

the electrostatic ablation mode and compare it to the shorter-the-limit (StL) pulse-metal 40

interaction. The laser excited conduction electrons in this mode have no time to affect the 41

ion’s cores. Therefore, an electron getting energy larger than the work function leaves the 42

surface with the kinetic energy, ϵkin = ϵe − we, like in the classical photo-effect (ϵe is the 43

energy of electron and we is its work function; Fig. 1). 44

However, in the Millikan’s experiments [4] (Nobel’s prize 1923) the intensity of the 45

UV photons, h̄ω > we (the energy of photons per unit surface/unit time) was very low 46

10−7 − 10−3 W/cm2. Hence a photon interacted with electron as a particle swiftly knocking 47

it off the potential well, the work function’s deep. The number density of affected ions was 48

much lower the initial density, ions’ spatial separation very big preventing any ion/ion 49

interaction. The long interaction time (minutes) allowed the weak electric currents from 50

the bulk of metal restoring the neutrality. 51

Unlike the photo-effect, during more intense StL-metal interaction the electrons get 52

energy larger than work function from flow of photons, as electro-magnetic wave, at, 53

h̄ω ≪ we, while the unperturbed positively charged ions remain immobile inside a few 54

close-to-surface atomic layers during the interaction time shorter than that necessary for 55

restoring the collective Coulomb force of ions. After the end of the pulse the joint electric 56

field of the positive charges ejects the surface ions. The acceleration of ions (proportional to 57

the surface charge density) exceeds that of electrostatic ablation by two orders of magnitude. 58

The electrons emission is followed by the ions’ explosion, ablation, and THz radiation from 59

the expanding plasma. We discuss the experiments for the possible verification of the STL 60

pulses action and consider applications of the high precision nano/ micro-machining. 61

2. Hierarchy of the time scales in the electron-ion interactions 62

There are two domains of the electron-ion Coulomb interactions. First domain includes 63

particle-to-particle collisions of momentum and energy exchange in plasma. Second group 64

deals with the collective electrons-ions interactions in plasma and solids when a particle is 65

under the action of multiple fields of surrounding positive/negative charges. 66

Time scales in plasma are straightforward. The shortest is the electron-electron (e-e) 67

and electron-ion (e-i) momentum exchange time, tm = ν−1
ei ∝ ϵ3/2

e
ne

> ω−1
pe , where νei is the 68

frequency of e-i collisions, ne the electrons’ number density, and ωpe is the electron plasma 69

frequency. Maximum momentum exchange rate is around electron plasma frequency. 70

Hence the momentum exchange time is around ∼ 0.1 fs for the solid density plasma. 71

The energy exchange time is larger on the ratio of ion mass Mion to the electron mass me: 72

tm = ν−1
ei

Mion
me

. It is of a few-ps range for the mass ratio of 105. We start with the collective 73

interactions in plasma where physics is straightforward. 74

2.1. Time scales for the electron-ion collective coupling in plasma 75

In the cold, non-magnetic quasi-neutral plasma (equal number of positive and negative 76

charges) on each charge always acts an unbalanced force from the neighbours making 77

any charge moving and therefore the electrons density fluctuating (direct consequence 78

of the Gauss theorem). The sum of electro-static fields forces the electrons oscillate with 79

the electron plasma frequency, ω2
pe = (4πe2ne)/me after the time, tC,e ≈ ω−1

pe ; in SI units 80

ω2
pe = e2ne/(ε0me) with ε0 ≡ 1

µ0c2
1. Thus, the electrons start oscillating after the time, tC,e, 81

1 Conversion between proportionality constants of the Coulomb’s force acting on separated electric charges and
magnetic force between currents is 2kel = c2kmag, where the electric and magnetic constants kel,mag depend on

definition (units) of charge and current, respectively, kel = 1 (CGS) and kel =
µ0c2

4π (SI).
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Figure 1. The schemes of the different interaction regimes. (a) Left: knock off electron by single UV
photon in classic photo-effect; Right: absorption of the multiple photons of StL laser pulse followed
by an electron ejection. (b) In electrostatic ablation, the ions are driven by the gradient of the electronic
pressure, ∇pe. (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,
we; the space scales are the mean free path of an electron, lm f p, and inter-atomic distance, ra.

from the moment the electronic plasma is instantaneously created (∼ 10−16 s). The sum of 82

the electro-static fields of the oscillating electrons forces heavy ions oscillating with the ions’ 83

plasma frequency, ω2
pi = (4πe2ne)/Mi. The time when the Coulomb fields of the multiple 84

electrons starts affecting the ions is tC,i ≈ ω−1
pi = tC,e

√
Mi/me (∼ 10−14 s). Electron plasma 85

frequency from Al to Ag is in a range (1.97 − 1.21)× 1016 s−1 making the time when ion’s 86

motion begins, tC,i ≈ (0.5 − 0.82)× 10−16√Mi/me [s]. 87

2.2. Time for the perturbation of ion core positions in a cold solid 88

At zero approximation the ions are assumed immobile, and electrons are moving in the 89

Coulomb field of the stationary ions. The full energy of a solid (nonrelativistic Hamiltonian 90

in the quantum treatment) includes the kinetic energy of electrons and ions, electron- 91

electron and ion-ion Coulomb interaction, and electron-ion interactions [5]. The effective 92

potential energy as well as the energy of the Coulomb interaction between the nuclei in 93

equilibrium approximates well by the energy of two charges interaction, U0 ≈ e2

2rB
= mee4

2h̄2 , 94

here rB is the Bohr radius. The ion core motion under the action of the electron’s Coulomb 95

field in a cold solid can be considered as a perturbation. It is the second term in the 96

expansion of the core’s potential energy into the series on the deviation of ion core’s 97

position from the equilibrium, δR. The expansion of the potential near the equilibrium 98

reads: 99

U = U0 + δU0 ≈ U0 +
1
2

∂2U(R)
∂R2 δR2. (1)

The second term is the potential energy of nucleus oscillations: 100

δU0 ≈ U0δR2

2r2
B

. (2)

The minimum momentum of a nucleus estimates from the uncertainty relations, pi ≥ h̄/δR. 101

Then the ion’s kinetic energy follows, p2
i /2Mi ≥ h̄2/(2MiδR2). Equalising the potential 102

energy to the kinetic energy of the core (the Virial theorem) one obtains the nucleus 103

displacement, δR ≈ (2m/Mi)
1/4 × rB. Hence the ions energy increase from Eqn. 2 is: 104

δU0 = ϵion ≈ U0

2

√
2me

Mi
. (3)
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The minimum time when ion starts moving after receiving the energy from the electrons 105

Coulomb field follows from the uncertainty relation: 106

tion ≈ h̄
ϵion

=

√
2h̄

U0

√
Mi
me

=
√

2tat

√
Mi
me

, (4)

here, the characteristic atomic time is, tat = h̄/U0 = 0.48 × 10−16 [s] for U0 = 13.6 eV. Thus, 107

tion ≈
√

Mi
me

× 0.68 × 10−16 [s]. This estimate based only on the fundamental constants and 108

mass ratio. Therefore, it sets the minimum time for electron affect an ion by its electric field 109

in a solid. 110

One can see the proximity of this result to the estimate for the solid density plasma, 111

tC,i ≈ (0.5 − 0.82)× 10−16
√

Mi
me

[s]. In plasma this time depends on the electrons number 112

density explicitly reflecting the collective nature of the effect that is in the above estimate 113

implicit. It is legitimate assuming that in a shorter time the sum of forces of chaotically 114

directed fields of the multiple charges do not build yet, i.e., ions are not moving. Hence the 115

electrons excited during the period shorter than tC,i have not interacting with the core ions. 116

3. Ablation of metal by different pulses: long (electrostatic mode) and short (StL mode) 117

Let us compare the ablation of a metal in two different experiments by two pulses 118

(both shorter the electron-to-ion energy transfer time) of different duration delivering the 119

same energy per pulse at the same focal spot (same fluence). The longer pulse interacts in 120

the regime of electrostatic ablation, while the shorter pulse ablates the same metal in the 121

StL interaction mode. The electron temperature distribution in the skin layer depends on 122

the absorbed fluence. The number of conduction electrons remains practically unchanged 123

in the considered intensity range. Therefore, assumption that the absorption coefficient 124

and skin length at two different intensities is approximately the same is reasonable. The 125

processes in the considered experiments depend only on the ablation mode (pulse duration). 126

The pulses are of the high contrast (no pre-plasma, step-like density gradient to the end of 127

the pulse) incident along the normal to the surface. The laser energy is absorbed on the 128

conduction electrons in the skin layer. Solution of 1D Maxwell equation in a metal allows 129

calculation of absorbed energy density through the Poynting vector. Then, from the energy 130

equation for electrons follows the electron energy space and time dependence in the form: 131

ϵe(x, t) = ϵe(0, t)× e−
2x
ls , (5)

where ϵe(0, t) = 2A
ne ls

F(0, t) and the fluence is a time integral of intensity F(0, t) =
∫ t

0 I(0, τ)dτ. 132

Here A is the Fresnel absorption coefficient (ratio of the absorbed to the incident energy), ls 133

is the skin length (for E-field), ne is the electron number density (see details in Appendix). 134

3.1. Electrostatic ablation 135

Pulse duration for the electrostatic ablation should be in a range, tC,i < tpulse < ten
ei , 136

larger than that for building the collective Coulomb force and much less the electron-to- 137

ion energy transfer time. Electrostatic ablation of metal surface has been experimentally 138

verified by 15 fs laser pulses [6]. The threshold fluence from Eqn. 5 is defined as the electron 139

energy necessary for removal of ion from the outmost surface layer. This energy equals 140

to the sum of the cohesion energy and work function, ϵe(0, tp) = ϵb + we. The threshold 141

for metals, Fth(0, tp) =
(ϵb+we)ne ls

2A , agrees well with the measurements [1,2]. Let us define 142

the ablation depth labl from the similar condition, ϵe(labl , tp) = ϵb + we. Then the energy of 143

electron in the outmost surface layer is ϵe(0, tp) = (ϵb + we)e2 as well as the incident laser 144

fluence F = e2Fth(0, tp); e = 2.71 is the Napier’s number. 145
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The momentum equations for electrons and ions are the following: 146

me
∂ve

∂t
= eEelst +

1
ne

∇pe, (6)

Mi
∂vi
∂t

= eEelst, (7)

where pe is the electron pressure. Here the electric field is the coarse-grained field associated 147

with the collective interaction of plasma charges [7]. In considering the ions motion the 148

electron’s inertia can be ignored, neeEelst ≈ −∇pe. The collective action of hot electrons 149

drives the cold ions motion off the metal: 150

Mi
∂vi
∂t

= eEelst = −∇ϵe =
2ϵe

ls
. (8)

Electronic heat conduction smoothing the gradient well after the end of the pulse. The 151

cooling time, when the gradient along with the ions acceleration goes to zero, is tcool = 152

l2
s /Dheat where the diffusion coefficient is defined by the e-i momentum exchange rate νmom

ei 153

as Dheat = v2
e /[3νmom

ei ]. It is in picoseconds range. Thus, the number of ablated ions (focal 154

area is known), their acceleration and final velocity can be calculated. 155

3.2. Ultra-short pulse tC,i > tpulse interaction 156

Let us now consider much shorter pulse, tC,i > tpulse, interaction with the same metal 157

and the same absorbed surface energy density. The electrons energy space distribution 158

created by the long and short pulse is the same. Now, the conduction electrons can get the 159

energy larger the work function during the period shorter that necessary for building the 160

link to ions. The state is very similar to that in the classical photo-effect with the difference 161

that this state has been created by the multiple photon’s absorption by electrons (Fig. 1). 162

The electrons in a few atomic layers at the distance of the electronic mean free path from the 163

metal-vacuum boundary can escape a metal with the kinetic energy, ϵkin = ϵe − we, leaving 164

N atomic layers with the positively charged ions. This number equals to the electron’s 165

mean free path by the atomic monolayer thickness, N = lm f p/ra. The focal spot area, 166

S f , with the depth, lm f p, atomic number density, na, became positively charged with the 167

surface charge density, σ = enaN × ra (Fig. 1). In accord to electrostatics [8] the charged 168

thin infinite plate creates the equal electric fields perpendicular to the plane in the positive 169

and negative directions. Each field is proportional to the surface charge density, Eels = 2πσ. 170

Thus, the single charged ion of mass Mi is under action of this force pulling ion off: 171

dvion
dt

= 2πe2naN × ra

Mi
= Nω2

pira/2. (9)

Note, that maximum acceleration of two repelling ions (at the small displacements, ζ ≪ ra 172

equals to ω2
pira/3 [9], while in the ideal case of electrostatic charged plate acceleration is 173

constant in space. The acceleration by charged plate is enhanced by the multiple contribu- 174

tion of the surface charges. However, the acceleration is not constant in space in the reality. 175

The force has a maximum in the central part of the focal spot decreasing with the distance 176

to the focal boundary. 177

For the finite plate and in plasma the space scale, where this acceleration is reason- 178

able to consider constant, must be much less the size of the plate (focal spot). Taking 179

conservatively this scale as ra one gets the maximum velocity as, vi,max ≈
√

Nω2
pir

2
a . 180

For Ag (ωpi = 2.53 × 1013 s−1, ra = 1.59 × 10−8 cm, N ∼ 9) the velocity range is 181

vi,max = (12 − 4)× 105 cm/s; and the acceleration range (5 − 0.45)× 1019 cm/s2, orders of 182

magnitude larger than in electrostatic ablation. 183

Hence there are few major differences with the electrostatic ablation. First, part of 184

electrons is ejected most probably isotropic. Second, part of bare ions is accelerated by the 185

Coulomb repulsion with acceleration couple of orders of magnitude higher than during 186
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the electrostatic ablation. Third, the ablation threshold reached at the electron’s energy 187

slightly above the work function making electrons from couple of the outmost surface layer 188

to leave letting an ion to be repulsed. 189

4. Radiation from the ablated plasma 190

The ablated plasma is a current flowing mainly perpendicular to the sample surface 191

decelerating slowly before attending the constant velocity. Let us compare the radiation 192

of plasma flow in two ablation modes. We consider ablation of Ag target with the same 193

incident (and absorbed) surface energy density producing the identical space energy 194

distribution and ablation depth equal to the skin depth. The total number of ablating 195

particles in both cases is the same. However, in the case of StL pulse there are two groups 196

of ions with different accelerations. 197

4.1. Radiation from the electrostatically ablated plasma 198

Frequency spectrum and total power of radiation emitted by the time-dependent 199

current depends on the full number of emitting charges, their acceleration, and its duration. 200

Ag ions’ acceleration in the electrostatic ablation mode is, ∂vi
∂t = 2ϵe

Mi ls
= 2.3 × 1017 cm/s2

201

while the number of ablated ions constitutes, Nabl = 2.5 × 1011 ions (see Appendix for 202

details). 203

The Fourier transform of the time-dependent current defines the frequency spectrum 204

of the emitted radiation: jω =
∫

j(t)eiωtdt. The acceleration of ions decreases because 205

the electronic heat conduction leads to the flattening the electronic pressure gradient. 206

The acceleration decreases from the maximum to zero due to the skin layer cooling, the 207

characteristic time, T ∼ 1 ps and inverse is a characteristic frequency of emitted radiation 208

∼ 1 THz. The direction of the emission is perpendicular to the direction of nonrelativistic 209

acceleration. The power of the radiation emitted by the current is given by the Larmor 210

formula [10]: 211

P =
2

3c3 (d̈)
2, (10)

here d̈ = ∑ ev̇ is the sum taken over all dipoles’ acceleration v̇ in the current. The power 212

of the emitted radiation is proportional to the square of the particles number and their 213

deceleration. One can estimate the total energy emitted by the current as the following: 214

ϵRad = T × P ≈ 2T
3c3

(
eNabl

dvi
dt

)2
. (11)

Taking acceleration 2.3 × 1017 cm/s2, Nabl = 2.5 × 1011 ions, T ∼ 10−12 s one gets total 215

energy of radiation 1.88× 10−12 J (the power of 1.88 W). Hence, the ratio of the total emitted 216

energy to laser energy of 3 µJ constitutes ∼ 6 × 10−7. 217

4.2. Radiation from the plasma ablated by StL pulse 218

The total number of ablated atoms remains the same. However, the structure of the 219

plasma outflow is different. First, the electrons from a few atomic layers with thickness 220

of electronic mean free path are moving out. Then the bare ions abandoned by electrons 221

are expelled by repulsion. Finally, the bulk of the ablated material are removed with low 222

velocity and the features like considered in the previous paragraph. 223

The number of ions in layers from where electron escaped is Nexp = (lm f p/ls)Nabl ∼ 224

7.5 × 109. The mean free path of an electron lm f p = νe/νmom
ei ∼ 1.48 × 10−7 cm extends to 9 225

monolayers. The electrons from these layers are emitted during the STL pulse. The removal 226

of ions by repulsion occurs layer by layer with gradually decreasing acceleration in accord 227

with diminishing number of layers: 228

dvion
dt

= Nω2
pira/2. (12)

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 May 2023                   doi:10.20944/preprints202305.0257.v1

https://doi.org/10.20944/preprints202305.0257.v1


7 of 12

For Ag, the acceleration range of exploding ions is 1019 − 1020 cm/s2, while the 229

velocity range is vi,max = (12 − 4)× 105 cm/s. The time for reaching the constant velocity 230

of expansion is a few hundred fs (100-400 fs). Therefore, the frequency of radiation is 231

in a range (10-2.5) THz. Now estimates for the power and total energy of radiation are 232

straightforward by Eqs. 10-11: P = (3.2− 320) W, the total energy (taking T = 2.5× 10−13 s) 233

is around 2.5 × 10−11 J. Hence, only 3% of ablated ions emit by the order of magnitude 234

larger energy in a bit higher frequency range. The plasma plume produced by the StL pulse 235

contains major part of slow ions emitting less than 10% radiation in THz range. About ∼3% 236

of total ablated fast ions emit the major radiation in a slightly higher frequency range. Two 237

radiation peaks of different height are separated in time. 238

5. Discussion and conclusion 239

The non-relativistic StL laser pulse (ponderomotive potential 10-20 eV) excites free 240

electrons in the conduction band of metal during the time shorter that for restoring electron- 241

ion Coulomb coupling. Excited electrons escape from a few close to surface atomic layers 242

after getting energy larger the work function. These layers become positively charged 243

creating electrostatic field perpendicular to the surface accelerating and ejecting ions by the 244

Coulomb explosion. Let’s discuss the proximity and difference of this phenomenon to the 245

classic photo effect and the Coulomb explosion of nanoclusters. 246

In the classic photo-effect, the UV photon with the energy larger the work function 247

knocks the conduction electron off the surface in the single photon-electron collision (Fig. 1). 248

To consider a photon as a quantum particle the number of photons per cube of photons 249

wavelength should be less than one [11]. The intensity in the Millikan’s experiments [4] 250

has been in a range 10−7 − 10−3 W/cm2 well in accord with the above criterion leaving the 251

rest of conduction electrons in a free state (not affected by the ions cores). Therefore, an 252

electron after collision escaped the metal with the kinetic energy in accord to the Einstein 253

formula ϵkin = h̄ω − we. 254

In the StL pulse-metal interaction the high-frequency laser field convert electrons 255

into plasma state thus destroying free electron-ion core relations of metal in contrast to 256

the classic photo-effect. However, an electron absorbs energy during the period shorter 257

that needed for the restoration of the collective electron-ion coupling. The electron which 258

received energy more than the work function escapes a metal not being affected by ions 259

cores due to the extremely rapid nature of interaction. Ions in a few atomic layers left 260

immobile and charged. Then the Coulomb repulsion drives ions out of metal. 261

The phenomenon of the Coulomb explosion of small [12] and large molecules [13] 262

and nanoclusters [14–16] has been studied more than three decades. The relativistic laser 263

beam with the ponderomotive potential around MeV ionises nanocluster up to several 264

electrons per atom. Electrons are accelerated and swiftly ejected from a cluster with the 265

energy comparable to the ponderomotive potential leaving ions immobile and positively 266

charged. The cluster acquires a big total positive charge resulting in the Coulomb explosion. 267

Kinetic energy of exploded ions reaches MeV depending on the total charge of the cluster. 268

Recent studies provides new insights into ablation at ultra-relativistic intensities showing 269

a steplike electrostatic potential which drives disassembly of the solid [17]. In the StL- 270

metal interaction the similar events develop on the much smaller energy scale and on 271

the similar short time scale. The laser ejected electrons are followed by fast ions (few 272

percent) accelerated by explosion and followed by the slow ions of conventional ablation. 273

Analysis shows that ablated flow of fast ions is much intense source of THz radiation than 274

that of slow current. Using the light metals (like Al) and energetic lasers one can create 275

StL-pulse-generated point source of THz radiation (controlled by choice of metal, pulse 276

duration, laser energy, focal spot size). 277

Summing up the presented analysis suggests that the intense laser pulse with duration 278

less than the ion period (few tens fs) is capable swiftly eject the conduction electrons from 279

a few near-surface atomic layers followed by the flow of energetic ions ejected by the 280

Coulomb repulsion and emission of THz radiation. As it follows from the above in this 281
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interaction regime (StL) is possible to remove a few atomic layers from a metal by the 282

action of a single laser pulse (see Sec. H). The number of the atomic layers removed by 283

explosion, i.e., the electron’s mean free path, is controlled by the absorbed surface energy 284

density delivered by laser. Indeed, mean free path of electron in the Coulomb collisions is, 285

lm f p ∝ ϵ2
e , while ϵe ∝ F. For experimental realisation and monitoring the StL pulse ablation, 286

detection of THz emission reported for generation of single-cycle circularly polarised pulses 287

under 40 fs pulsed irradiation of water micro-flow [18] can be used. 288

Appendix A Classical photo-effect 289

In the Millikan’s experiments (1916) photo effect has been induced by UV radiation 290

of the mercury discharge. Intensity at 365 nm (3.4 eV) was 10 − 104 erg/cm2s (10−7 − 291

10−3 W/cm2). Flow of photons maximum was 1.8 × 1015 photons/cm2/s. UV photon 292

swiftly knocks electron out of the surface layer. Positive charges are equalising by the 293

slow currents from the bulk. The quantum description of the photon as a particle is 294

necessary when the number density of photons is less one photon per cubic of photon’s 295

wavelength [11]. 296

Appendix B Properties of metals at room temperature 297

Conduction electrons density ne is in 1023 cm−3, inter atomic distance, ra = (4πne/3)−1/3
298

in 10−8 cm (Å), plasma frequency in 1016 s−1, effective electron’s mass is in units of free 299

electron mass. Ion frequency: Ag, me/Mi = 5.08−6, ωpi = 2.53 × 1013 s−1 (tCi = 36.7 fs). 300

Metal: ne Mi ra ωpe me f Ce ϵF ϵb we

units 1023 cm−3 at.mass Å 1016 s−1 me
3
2 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

Table A1. Parameters of metals which can be used for experiments with StL pulses. The maximum
value of we is shown and for which crystallographic plane [19].

The electron heat capacity is estimated from Ce ≈ 3
2 kBTe(2x − x2), where x = kBTe/ϵF 301

attains the ideal gas value at x = 1 [20]; the Fermi energy ϵF. The electron heat capacity 302

near the ablation threshold kBTe = ϵb, where ϵb is the binding energy defined as the 303

potential barrier against free motion of atoms through the solid. For example, for Au 304

ϵb = 3.81 eV/atom (the cohesive energy per atom), ϵF = 5.52 eV, x ≈ ϵb/ϵF = 0.69 and 305

Ce = 1.355 [kB], close to 1.5 as for the ideal gas. 306

Appendix C Optical properties of the electronic plasma 307

The Drude-like dielectric permittivity reads [20]: 308

εre = 1 −
ω2

pe

ω2 + ν2
ei

, εim =
ω2

pe

ω2 + ν2
ei
× νei

ω
, (A1)

and is related to the real and imaginary parts of the complex refractive index ñ ≡ n + iκ 309

via εre = n2 − κ2 and εim = 2nκ; κ2 = (|εre| − εre)/2 and n2 = (|εre| + εre)/2, where 310

the complex modulus |εre| =
√

ε2
re + ε2

im. The Fresnel absorption coefficient reads A = 311

4n
(n+1)2+κ2 . 312

Electron-ion momentum and energy transfer rates. Near the maximum it defines as, 313

νei ≈ ve/ra. Taking the electron velocity on the atomic scale, 2 × 108 cm/s, one gets the rate 314

of the order of the electron plasma frequency. We consider conditions when electrons energy 315

is of the same order of magnitude as the Coulomb energy and Fermi energy. The plasma is 316
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non-ideal, unscreened and collision rate decreases. Cauble and Rozmus predicted [21] that 317

in the solid density non-ideal plasma the e-i collision rate estimates as the following: 318

νmom
ei ≈ ωei

ln Λ
10ND

, (A2)

where the logarithm ln Λ and the number of particles in the Debye sphere ND for the ideal 319

plasma are [7]: 320

Λ ≈ (9ND)/Z, ND = 1.7 × 109
√

θ3
e /ne, (A3)

where θe is the electron temperature, Z is the charge state. Taking ϵe = 10 eV and ne = 321

0.585 × 1023 cm−3 (Ag), one obtains Λ = 2 (the ref. [10] gives 0.69), ND = 0.22 and 322

νmom
ei ≈ 0.3ωei ∼ 3 × 1015 s−1. 323

The electron-to-ions energy transfer time is, ten
ei =

[
νmom

ei × me
Mi

]−1
; for Ag, it is 65 ps. 324

At ω = 1.88 × 1015 s−1 (wavelength of 1002 nm), ωpe = 1.21 × 1016 s−1, νmom
ei ≈ 325

3 × 1015 s−1, one gets εim = 16 and εre = −9, i.e., n = 2.16, κ = 3.7 and A = 0.365; the skin 326

depth ls = 43 nm; the constant C0 = 2A
ne ls

= 3 × 10−18 cm2 is used in calculation of electron 327

energy (see below). 328

Oscillation energy (ponderomotive potential) is given by [22]: εosc = 9.375(1 + α2)× 329

I
1014 [W/cm2]

× λ2
µm [eV]; here α = ±1 for circular polarisation and α = 0 for linear polarisa- 330

tion. Intensity I is averaged over many laser pulse periods. 331

Appendix D The electron’s energy space and time dependence in the skin layer 332

The electron’s energy time/space dependence in the skin layer (normal skin) in 1D 333

approximation follows from the energy equation under assumption that the electron’s 334

density and optical properties are time/space independent, and the pulse duration is 335

much shorter the electron-to-ions energy transfer time, ten
ei =

[
νmom

ei × me
Mi

]−1
. The electrons 336

contain all the absorbed energy. Energy equation for electrons (no losses) is: 337

ne
∂ϵe

∂t
= Qabs(x, t). (A4)

Here the absorbed energy density reads: 338

Qabs(x, t) =
2AI(t, 0)

ls
e−2x/ls [W/cm3]. (A5)

The Fresnel absorption coefficient A and skin depth ls are the following: 339

2A
ls

=
4ωεim

c × |1 +
√

ε|2
, ls =

c
ωκ

, (A6)

c is the speed of light. Integration the electron energy equation by time gives the electron 340

energy: 341

ϵe(x, t) = C0 × F(0, t)× e−2x/ls , (A7)

where C0 = 2A
ne ls

, F(0, t) =
∫ t

0 I(0, τ)dτ. Threshold for Ag ϵe(0) = ϵb + we = 7.5 eV at 342

wavelength λ = 1 µm, has fluence Fth = 0.4 J/cm2. 343

Appendix E Electrostatic Ablation of Ag 344

Ablation depth, number of ablated atoms, cooling time for the skin layer for Ag target. 345

For, F = 7.39 × Fth = 2.96 J/cm2 at laser pulse energy ∼ 3 µJ, ϵe(0) = 55.8 eV, ve = 346

4.43 × 108 cm/s, ablation depth xabl = ls
2 ln

[
ϵe

ϵb+we

]
equals to ls. The ablation volume 347

assuming S f oc = 10−6 cm2 is Vabl = 4.3 × 10−12 cm3, Nabl = 2.5 × 1011 ions νmom
ei ≈ 348
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0.3ωei ∼ 3 × 1015 s−1. Heat diffusion coefficient for Ag Dheat = v2/3
e νmom

ei = 21.8 cm2/s, 349

cooling time tcool = l2
s /Dheat = 0.85 ps. The ions removal from these layers occurs under 350

the electrostatic force of hot electrons acting as a gradient of the electronic energy. 351

Electrostatic ablated Ag ions’ acceleration. ∂vi
∂t = 2ϵe

Mi ls
= 2.3× 1017 cm/s2 (for ϵe = 55.8 eV, 352

ls = 43 nm, Mi = 107.86). The average electrons’ velocity is around 108 cm/s and the 353

motion of electrons is chaotic after a few electron-electron collisions. The ions motion is 354

directional (along the electron pressure gradient when exciting beam is at the normal to the 355

target surface). Thus, for the Gauss intensity distribution across the focal spot, the main 356

current is directed at the normal at ions’ velocity more than two orders of magnitude lower 357

than that of electrons. 358

Appendix F Radiation from the ablated plasma 359

Unit vector along the current is r, direction to the detector located at the distance R0, 360

is n. The size of the emitter, r, is much smaller than the distance to observation, r ≪ R0. 361

The emitted wave arrives at detector as a plane wave. The vector potential of the emitted 362

field reads: 363

A =
1

cR0

∫
j × dV. (A8)

The polarisation of the emitted field depends on the mutual directions of the current and 364

the direction to the observation point: 365

H =

(
dA
dt

× n
)

/c, E =

[(
dA
dt

× n
)
× n

]
/c, (A9)

where × is the sign of the vector product. Power of the emitted radiation at the observation 366

point located at the distance, R0, into the unit of the solid angle Ω is dI =
(

cE2

4π

)
R2

0dΩ. 367

Distance from the source to the measurement point is larger than the wavelength of emitted 368

radiation and much larger than the size of the source. 369

Radiation of the ablated ion current. Estimate of the vector potential for the ablation case: 370

A ≈ 1
cR0

eZNablvi, (A10)

here Nabl =
∫

nidV is the full number of ablated ions, Vabl = labl · S f oc is the total ablated 371

volume, Nabl = 2.5× 1011 ions of an ionisation number of an atom Z = 1 (for the conditions 372

introduced above in Sec. E for Ag). Estimate for the electric field: 373

E ≈ 1
cR0

eZNabl
dvi
dt

. (A11)

Ions’ acceleration ∂vi
∂t = 2ϵe

Mi ls
= 1.45 × 1017 cm/s2. Taking for the estimate the distance to 374

observation point R0 = 1 cm one gets the field E = 580 V/m (1.93 × 10−2 CGSE). 375

Appendix G Absence of the Debye screening 376

During the interaction time shorter the ion period (StL) the space and time dependence 377

of the electron temperature is strong while the electron density remains practically unper- 378

turbed, eneE ≈ −ne∇Te. Therefore, assumptions of the static limit and space independence 379

of the electron temperature (isothermal equation of state [7]; see Kruer, p.14 [7]), essential 380

for deriving the Debye screening, are both inapplicable, eneE ̸= −Te∇ne. The absence of 381

screening is due to lack of collective interaction of multiple charges. 382

Appendix H Nanomachining: removal of a few mono-atomic layers 383

To remove few atomic layers with a thickness equal to the mean free path of electron, 384

energy of electrons should be slightly above the work function (lm f p ≈ nanometre) the laser 385
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shall deliver to the Ag surface the energy density (see Sec. D): F = we
C0

× exp
[ 2lm f p

ls

]
J/cm2. 386

For Ag hit by 1000 nm light only 5% of the surface energy density of 0.247 J/cm2 is spent for 387

a few atomic layers’ removal. The number of the atomic layers removed by explosion, i.e., 388

the electron’s mean free path, is controlled by the absorbed surface energy density delivered 389

by laser. Indeed, mean free path of electron in the Coulomb collisions is, lm f p ∝ ϵ2
e , while 390

ϵe ∝ F. 391

Volume and speed of ablation demonstrated with bursts of tp ≥ 300 fs pulses [23] can 392

potentially be improved using ablation by StL pulses, which are an order of magnitude 393

shorter and cause energetic ion explosion from the laser-affected surface. Ablation by 394

high repetition rate (bursts) of StL pulses harness the Coulomb explosion of the surface 395

occurring at higher speed and can potentially improve throughput of material processing. 396
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