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ABSTRACT

Using two infrared pulsed lasers systems: a picosecond solid-state Nd:YAG laser with tunable repetition rate (400 kHz - 1

MHz) working in a burst mode of multi-pulse train and a femtosecond Ti:Sapphire laser amplifier with tunable pulse duration in

the range of tens of femtoseconds up to tens of picoseconds, working in single-shot mode (TEWALASS facility from CETAL-

NILPRP), we have investigated the optimal laser parameters for kinetic energy transfer to a titanium target for laser-thrust

applications. In the single-pulse regime, we controlled the power density by changing both duration and pulse energy. In

the multi-pulse regime, the train’s number of pulses (burst length), and the pulse energy variation were investigated. Heat

propagation and photon reflection-based models were used to simulate obtained experimental results. In the single-pulse

regime, optimal kinetic energy transfer was obtained for power densities of about 500 times the ablation threshold corresponding

to the specific laser pulse duration. In multi-pulse regimes, the optimal number of pulses per train increases with the train

frequency and decreases with the pulse power density. An ideal energy transfer efficiency resulting from our experiments and

simulations is close to around 0.02%.

Introduction

Laser-matter interaction is a rather complex process representing a broad research domain with numerous scientific and

technology applications in various domains of activities: from engineering and nanotechnology to medicine or astronomy1–3.

Photon is known as a mass-less particle in the quantum physics approach, but still able to transfer impulse and respectively

kinetic energy to macroscopic targets (Ep = hPlanck ∗ν). Because the Planck constant hPlanck has a very small value of about

10−34 m2kg/s, transferred energy has usually a neglectable value at the macroscopic scale, but, since the total transferred energy

depends on the total number of photons and photon associated frequency, there are cases, and consequently, applications,

where this energy is no longer neglectable. Transferred impulse and respectively kinetic energy while irradiating, started to be

experimentally measured from the beginning of the 20th century based on the Maxwell theoretical model and later studied for

laser-thrust possible applications4–7. More recent applications based on ultra-intense laser pulse light radiation pressure were

developed in the field of particle acceleration such as ions8 to relativistic energies, using ultra-intense laser pulses. According

to the theory, if the laser peak power density (intensity) exceeds values of 1024 W/cm2 on a target thicker than several atomic

layers, after being fully ionized it will act as a plasma mirror that will reflect the incident pulse, taking a significant amount of

its impulse9. It is known that kinetic energy transfer efficiency depends on several parameters like laser wavelength, target

material, but, for a given target material and a particular laser beam it mostly depends on the beam power density on the target10.

However, in a pulsed laser system, the power density can be changed by controlling three main parameters, pulse energy, beam

size, or pulse duration. Since for real applications changing the beam size (respectively changing the focus position while

following a moving target) is not always a practical solution, studies usually address the other two ways: controlling pulse

energy and respectively pulse duration. While the existing experimental studies on light pulse kinetic energy transfer to targets

are performed on rather limited power range intervals – usually obtained by varying only the pulse energy – corroborated

studies on wider ranges mostly rely on combined individual studies performed with rather different lasers wavelengths, pulse

duration, and target material7. In terms of pulse duration, previous studies have shown that for long laser pulses ( e.g. ns

or longer), the dissipation of the absorbed energy in the bulk material and possibly material removal takes place during the

laser pulse duration11. For pulses shorter than the characteristic relaxation times (e.g. below few ps) during the laser-matter



interaction process, the photon energy will be transferred to the electrons and they will further transfer it to the target atoms as

electron-to-ion energy transfer. All of these processes typically occur on the order of several picoseconds after laser absorption.

Hence, for short laser pulses, heat diffusion is confined during the interaction of the laser beam with material and the shock-like

energy transfer leads to ablation. Thus, there should be significant differences between controlling the power density by energy

or by pulse duration. In the present work, we start with a systematic study in single-shot mode on the correlation between

the laser pulse power density and the efficiency of kinetic energy transfer for a given target (titanium in our case) with fixed

geometry using an infrared pulsed laser beam (Ti:Sapphire CPA laser amplifier at TEWALAS facility part of CETAL INFLPR).

For this purpose, we have varied the pulse duration while maintaining the pulse energy and vice versa. Because in a propulsion

application, more pulses (train of pulses) should be more likely needed, we have further investigated the influence of the number

of pulses, repetition rate, and energy per pulse over the kinetic energy transfer within the range of our experimental tools of 1

MHz repetition rate. For a deeper understanding of the obtained data and processes, the experimental results were compared

with computer simulations of photo-thermal induced effect models11–15 with similar (or comparable) laser-target interaction

parameters.

Results and discussions

Impulse transfer experimental measurements were initially performed on the titanium target for pulses with 7 ps duration and

train energies Wtrain = 426 mJ and 652 mJ, and variable repetition rate fp between 400 kHz and 1000 kHz. By changing the

number of pulses N within a train while keeping the train energy Wtrain and duration constant we have also changed ’effective’

laser-target interaction duration and respectively pulse power density and the result was a change in the kinetic energy efficiency

transfer as presented in Figure 1a. These results could be considered ’predictable’ as long as the laser-thrust efficiency is known

to increase with the laser power density10. Power density variation in the domain of 1011 W/cm2 - 1013 W/cm2 was further

investigated also by adjusting the laser-mater interaction duration at 30 mJ and 70 mJ single pulse constant energies but the

resulting trend is an opposite one in this case as presented in Figure 1b. Considering the different trends over kinetic energy

transfer efficiency for power variations obtained with similar methods (reducing the laser-matter interaction time at constant

energies), there is obvious evidence that it should be an ’optimal’ power density in between the two power ranges, corresponding

to specific pulse duration and energy for a maximal kinetic energy transfer efficiency as also previously mentioned in other

publications5, 6.

(a) (b)

Figure 1. Kinetic energy transfer efficiency at different beam energies for (a) multi-pulse ps laser (tuned train frequency) and

(b) single pulse fs laser (with tuned duration)

Single-pulse regime: Optimal pulse duration
For understanding the above-presented results we started by modeling single-pulse laser-matter interaction experimental results

and numerical results on the dependence of transfer efficiency on the pulse duration and pulse power density, at several constant

pulse energies, are presented in Figure 2. The laser power density was varied by setting the pulse energy constant (Wp = 10,

30, 50, 70, 90, 110 mJ) and changing the pulse duration in the range of 1 µs - 1 ps. Thus, simulations suggest that for fixed

pulse energy, the transfer efficiency is very small and constant at a long pulse duration of the order of 1 - 10 µs or even more

depending on pulse energy. Further decrease of the pulse duration sets in the ablation process and the strong recoil pressure of

the ablation plume are leading to about 6 to 8 orders of magnitude increase of the transfer efficiency. It should be noticed that

the transfer efficiency and the optimal pulse duration are both dependent on the pulse power density, as shown by simulation

results presented in Figure 2b which are in good agreement with the experimental data. The results presented in Figure 2a

indicate that the optimal pulse duration is of the order of a few ps for Wp = 10 mJ, and an increase of pulse energy above Wp =
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100 mJ leads to an optimal pulse duration of a few hundreds of ps. Figure 2b indicates a limit value for the transfer efficiency

of about 10- 3% for laser power density of about ≈ 5 GW/cm2. It should be also noticed from Figure 2b that the ratio of the

optimal laser power density to the ablation threshold power density is approximately 500:1 for the pulse energies considered

here. This correlation relies on the competition between enhancement of the recoil pressure with laser power density, and the

enhancement of the plume absorptivity with laser power density since both processes dominate over the radiation pressure

mechanism above the ablation threshold.

(a)
(b)

Figure 2. Kinetic energy efficiency transfer, dependence on (a) pulse duration and (b) power density. Experimental data are

represented as blue (Wp = 30 mJ) and red (Wp = 70 mJ) crosses.

Single-pulse regime: Optimal pulse energy

In most of the real experimental cases, the laser pulse duration is actually the system’s constant value rather than the pulse

energy. We started from the fact that even if at power densities of the order 1012 W/cm2 where the increase is based on the pulse

duration reduction, the efficiency of the kinetic energy transfer is decreasing, an increase of the power density based on the

increase of the pulse energy in a certain range (up to few times in our case) is giving an opposite trend as shown in Figure 3a for

a single laser pulse with duration estimated at 35 fs and pulse energy up to about 120 mJ in our particular case. It is evident that

with the increase of the pulse energy for fixed pulse duration, transfer efficiency increases less and less, and after a value which

in our experimental case (for a 35 fs duration and titanium target material) is about 4 × 1013 W/cm2, kinetic energy transfer

efficiency starts to decrease. In other words, the increase of the pulse energy should increase the transfer efficiency just within a

limited interval. Further experiments performed at different pulse durations within the picoseconds scale range have confirmed

the efficiency transfer increasing trend, but, with a power density (and respectively pulse duration) slope dependence on power

density. Thus, Figure 3b presents the influence of pulse energy increase from 30 mJ to 70 mJ for different laser pulse durations.

In all cases, we are having an increase in the transfer efficiency, but the slope is gradually decreasing with the decrease of the

pulse duration and respectively with the increase of the power density, as represented in the inset of Figure 3b.

Numerical simulations of transfer efficiency dependence on the pulse energy at constant pulse duration were represented in

Figure 4a. They suggest that, in fact, the kinetic energy transfer efficiency does not significantly depend on pulse duration

at small pulse energies, corresponding to power densities below the ablation threshold. At higher power densities above the

ablation threshold (and respectively shorter pulse duration), the efficiency could reach one-two orders of magnitude higher

values for longer pulses (i.e. 5.1 ps duration) as compared to short pulse duration (3 ps and 1.2 ps respectively) supporting the

experimental efficiency variation trend previously presented. In terms of power density variation (controlled by pulse energy

variation at constant pulse duration), Figure 4b shows a very small transfer efficiency value, increasing linearly with pulse

power density when the laser power density is below the ablation threshold. For further increase of power density, above the

ablation threshold, strong recoil pressure of the ablation plume leads to a magnitude increase up to 8 orders of the transfer

efficiency, in good agreement with the (bold circles from Figure 4b) experimental results. Even if the optimal pulse energy

depends on the pulse duration for our experimental conditions, with the increase of the pulse energy there is still an about 500:1

ratio between the optimal power density and the ablation threshold. For our investigated experimental case, simulations suggest
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(a) (b)

Figure 3. Kinetic energy transfer efficiency variation on pulse energy for (a) 35 fs pulse duration and (b) different pulse

duration within ps range. (Inset: efficiency transfer slope variation at different laser power densities for same pulse energy

variations)

an optimal transfer efficiency trend close to 0.001% for I0 ≈ 500 GW/cm2 power densities, corresponding to a pulse energy

Wp ≈ 200 mJ pulse energy and several ps pulse duration.

(a) (b)

Figure 4. Transfer efficiency variation on (a) pulse energy Wp = 200 mJ and (b) pulse power density I0 represented for

different pulse durations τ = 1.2 ps, 3 ps and 5.1 ps; the experimental data from Figure 3b were included as red (τ = 1.2 ps),

yellow ( τ = 3 ps), and green ( τ = 5.1 ps) crosses.

Multi-pulse regime

While single-pulse energy transfer efficiency is fundamentally important, for real (macroscopic) applications, it is very unlikely

to be effective since the transferred energy is still relatively low from the macroscopic object’s point of view, so, it is realistic to

consider that trains of pulses should rather be used. In the following experiments, we have studied the influence of certain train

parameters on transfer efficiency, such as number of pulses, repetition frequency, and train energy.

Multi-pulse regime: influence of the number of pulses and frequency

Considering the single-pulse kinetic energy transfer optimization, there is a tendency for intuitive extrapolation of the results

for a multi-pulse regime. Measurements of transfer efficiency dependence of the number of train pulses using constant beam

parameters (in other words by simply increasing train duration) are presented in Figure 5. From the energetic point of view, the

result of pulse number increase will be an increase of the train energy (at constant pulse energy) and the experimental trend

looks similar to the single-pulse in terms of energy grow influence. Thus, there will be an increase of the efficiency with the
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number of pulses (and consequently with the train energy), but this increase will tend to reach a maximal value, after which,

further increase of the number of pulses will start to decrease the global transfer efficiency. In Figure 5 are presented curves of

transfer efficiency dependence on the number of pulses, for several train frequencies at comparable pulse power densities (2 - 3

MW/cm2). From Figure 5 it should be noticed that even if all the curves have a similar trend of variation with the number

Figure 5. Experimental data on kinetic energy transfer efficiency variation with the number of pulses at different laser

frequencies, for comparable power densities.

of pulses, their global amplitude variation is significantly influenced by the train frequency, rather than beam (instantaneous)

power density. Thus, while further irradiating a titanium target with a 7 ps train pulses at 1064 nm we used constant average

laser power (and respectively average power density). The influence of the train filling factor (respectively repetition rate) is

effectively affecting the transferred impulse and respectively transfer efficiency (Figure 6) as expected. This could be easily

understood by considering the decrease of the number of pulses in a given train duration and respectively the decrease of the

effective laser-matter interaction time. Such reduction of the duration means an increase in the instantaneous power density of

the pulses. For pulse duration of 7 ps and trains energies of hundreds of mJ, (instantaneous) power density should still be below

the ablation threshold of the titanium, and an increase of the power density should correspond to a quasi-linear increase of the

transfer efficiency as previously presented.

(a) (b) (c)

Figure 6. Frequency influence on impulse transfer for different average powers Ptrain: (a) 8.15 W, (b) 20.2 W and (c) 14.55 W

average powers

By simulating transfer efficiency vs pulse number N for the multi-pulse regime, at different pulse energies and frequencies,

obtained numerical results indicate that maintaining a constant pulse energy Wp =Wtrain/N, the peak temperature increases

with the number of pulses during multi-pulse irradiation. However, we should mention that, because of the computer resource

limitations, we opted for simulating trains with higher energy per pulse (for limiting the number of pulses per train), so further

presented simulations will have just a qualitative relevance for our experiments. Thus, Figure 7a presents the increase of

surface peak temperature with pulse number, considering a 4 mJ pulse energy and a succession period between two consecutive

pulses τint = 100 τ . In these conditions, the boiling temperature at the surface is reached after just 10 pulses. For comparison,

simulations were also carried with the same pulse energy and pulse number conditions, considering that the target is cooled

down to the original temperature (300 K) before each pulse. The blue curve (straight line) in Figure 7a indicates that the peak

temperature is constant when increasing the pulse number and does not reach the melting or boiling points during multi-pulse

irradiation. In Figure 7b a strong increase of the kinetic energy transfer efficiency of 4 mJ pulses is obtained after just 10 pulses.
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Numerical results indicate that, even if the first pulses do not produce ablation of the target, after a certain number of laser

pulses, the peak temperature of the surface increases above the material boiling values and initiates ablation processes, further

leading to a significant increase of the transfer efficiency. For comparison, the blue curve (flat curve) was calculated considering

that the target is cooled down to the original temperature before each pulse. The inset plot in Figure 7b demonstrates a linear

increase of the efficiency with pulse number when cumulative heating of the target is not accounted for. For simulating a train

of pulses with twice repetition frequency (2 fp) of the same laser average power, we set twice more pulses in the irradiation

time train at half pulse energy Wp and half the integration time. Numerical simulations from Figure 7c are representing the

transfer efficiency dependence on the number of pulses at three frequencies: fp, 2 fp and 3 fp.

(a) (b) (c)

Figure 7. (a) Surface peak temperature vs pulse number. (b) Transfer efficiency vs pulse number. The blue curve and the inset

plot correspond to ’cooled’ targets down to (300 K) before each consecutive pulse. (c) Transfer efficiency vs pulse number at

three working frequencies.

To clarify the origin of the efficiency dependence on frequency, we carried out calculations to determine the dependence

of transfer efficiency on pulse number and train duration. For that, we considered that during the fixed train duration τtrain,

there are generated N = 30, 60, and 90 pulses at a succession period between two consecutive pulses τint of 200τ , 100τ , and

70τ , respectively, corresponding to three different repetition frequencies fp = 1/τint = N/τtrain: fp, 2 fp and 3 fp respectively.

First, we neglected the heat accumulation between consecutive pulses (Figure 8a ), and secondly, we accounted for the heat

accumulation between consecutive pulses (Figure 8b). The results presented in Figure 8a indicate that the time interval between

the pulses does not influence the transfer efficiency if we neglect the thermal energy accumulation from pulse to pulse. Figure

8b demonstrates that, when considering thermal energy accumulation at the same laser energy and pulse number, the efficiency

increases up to 8 orders of magnitude when ablation initiates. Figure 8b also demonstrates that, when considering thermal

energy accumulation, low repetition frequency pulses are several times more efficient in transferring their energy to the target

as compared to the high repetition frequency pulses.

Multi-pulse regime: train energy influence

Power density increase by increasing the pulse energy Wp =Wtrain/N in a train was investigated at different laser frequencies.

Figure 9 indicates that for a given pulse-train duration and number of pulses N, the increase of the train energy Wtrain is inducing

an increase of the global transfer efficiency. However, the increase of the energy is producing a smaller and smaller increase

particularly with the decrease of the laser-matter interaction duration (which is pulse duration multiplied by the ’number of

pulses’) and respectively the increase of the power density. As can be seen in Figure 9a, for a 20 ms train duration, the increase

of the power density , is producing a smaller and smaller transfer efficiency increase, regardless if it was obtained by shortening

the laser-matter interaction time (decrease of the number of pulses) or by further increasing pulse energy. In the inset of Figure

7 is presented the slope variation trend on the power density, for different frequencies ( number of pulses) in the train with

20 ms duration. From an application point of view, if for a single pulse this corresponds in our case to an about 500:1 power

density ratio with the ablation threshold, in the case of the multi-pulse regime, it should correspond to an optimal amount of

ablated particles, generated by the train pulses in the given experimental conditions. The numerical results obtained in the

multi-pulse regime on the dependence of transfer efficiency on the laser peak power density are presented in Figure 9b. We

simulated two different repetition frequencies, fp and 2 fp, considering that the total energy of the pulse train is divided to N =

10 and N = 20 pulses, respectively. Here, the total energy of the pulse train Wtrain is varied in the range 0.15-2 J, resulting in a

pulse energy Wp = 15-200 mJ/pulse when N = 10, and 7.5-100 mJ/pulse when N = 20.

Similar experimental results were obtained for other different train durations as well, and comparative results for train

durations of train 20 ms, 40 ms, 80 ms, and 120 ms, train energies Wtrain of several hundreds of mJ and different pulse
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(a) (b)

Figure 8. The transfer efficiency vs train duration. (a) by neglecting the heat accumulation between pulses and (b) by

accounting for the heat accumulation between two consecutive pulses

(a) (b)

Figure 9. (a) Power density influence on kinetic energy transfer efficiency for 20 ms trains of 7 ps pulses (1064 nm), inset:

power density influence on slope variation. (b) Numerical results on the dependence of transfer efficiency on the pulse power

density.

frequencies fp are presented in Figure 10. It could be observed that an increase in train energy is producing in all cases an

increase of the kinetic energy transfer efficiency. However, at shorter train duration, the saturation of the transfer efficiency

increase occurs at smaller energies, while for power densities around 5 MW/cm2 further increase of train energy is already

inducing a decreasing trend in the transfer efficiency variation after several tens of ms train duration, corresponding in our

experimental cases to tens of thousands of pulses. Considering the hypothesis of the simulations and their correspondence

with the experimental results we could draw some conclusions on the optimal number of pulses per train. That specific

number should correspond to optimal ablation conditions which in our approximations rely on reaching a specific target surface

temperature dependent on the heat accumulation process, a comparable amount of heat in the same time interval would be

obtained by a double number of pulses of half energy. In other words, for a double operating frequency, the optimal energy

transfer should correspond to a double number of pulses with a half-power density. Thus, considering the heat accumulation

into the target as the dominant factor in initiating the ablation process, and consequently, as kinetic energy transfer buster
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(a) (b)

(c) (d)

Figure 10. Kinetic energy transfer efficiency variation on power density for different train energy at (a) 20 ms, (b) 40 ms, (c)

80 ms and (d) 120 ms train duration

process, a generic variation formula of the optimal number of pulses per train dependence on train frequency and train energy

should be given by:

Noptimum = kp

fp

Wtrain

(1)

where fp is the train repetition frequency, Wtrain is the train energy and kp is a proportionality constant depending on the

ablation process parameters, such as laser wavelength, pulse duration, material absorption coefficient at the laser wavelength

and respectively ablation threshold for the specific wavelength and pulse duration, heat conductivity of the target material.

From an application point of view, this limitation of the transfer efficiency has clear importance. Thus, for a given (laser)

pulse duration there is an optimal pulse energy and respectively an optimal number of pulses (in correlation with laser frequency)

for an optimal transfer efficiency, after which the efficiency of the injected energy will start decreasing. In other words, transfer

efficiency will increase with the total number of pulses and their energy, but, after a certain point, supplementary injected

energy influence becomes neglectable or even start diminishing transferred kinetic energy global efficiency.

Methods

Experimental setup

An inertial pendulum can be considered one of the most reliable methods with sufficient sensitivity to characterize the impulse

transferred from a light pulse to a macroscopic target. Following this approach, we built a pendulum with the length lpen = 120

mm and a metallic foil target with 10 mm2 area.

To minimize the errors generated from the air-target friction, the system was placed inside a low vacuum chamber as

presented in Figure 11a where the pressure was set to (≈ 0.1 mbar) during experiments that were all performed at room

temperature. During experiments, the target was irradiated with two types of lasers: a high repetition rate "Lumera" Nd-YAG

laser, tunable in the range (400 kHz - 1 MHz), delivering laser pulses with fixed pulse duration τ ≈ 7 ps at 1064 nm central

wavelength with a high repetition rate fp and a high power laser system (TEWALAS) delivering ultrashort pulses with a tunable

duration from tens of picoseconds (ps) down to 25 femtoseconds (fs) at λ0 = 800 nm central wavelength and 10 Hz maximum

repetition rate. The laser beam spot area on target from both lasers was Aspot ≈ 7 mm2. In this experimental configuration, the

laser pulses hit the target inducing oscillation along a direction parallel with the laser beam. The target position was recorded

using a CCD camera (Basler GigE) placed perpendicular to the pendulum’s oscillation direction with a fixed frame rate.
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(a)

(b)

Figure 11. (a) Experimental setup of gravitational pendulum and (b) schematic forces diagram

Within our experimental approach, by knowing the laser pulse energy Wp, experimentally measured using a standard

pyroelectric energy meter, and by measuring the pendulum kinetic energy Ekin we could evaluate energy transfer efficiency. By

knowing the target mass m ≈ 25 mg and pendulum length lpen, from pendulum deviation dp formula:

θ = tan−1

(

dp

lpen

)

(2)

and the target maximal height h as represented in Figure 11b:

h = lpen(1− cos(θ)) (3)

and by further considering energy conservation between potential Ep and kinetic Ekin, maximal energies:

Ep,max = Ekin,max => h ·m ·g =
1

2
m · v2 (4)

where v is the target velocity and g gravitational acceleration constant, we could evaluate the transferred kinetic energy and

respectively kinetic energy transfer efficiency Te f as follows:

Te f (%) =
Ekin,max

Wp

×100. (5)

Theoretical modeling and preliminary calculations
We have considered that above a specific threshold of laser power density, the laser-target interaction leads to ablation as a

thermally activated process. The ablation is initiated by the absorption of the laser energy by the free electrons via inverse

Bremsstrahlung16, followed by rapid picosecond scale relaxation of the energy via electron-electron and electron-phonon

collisions. The thermal penetration depth is lT =
√

2Dτ , where D is the thermal diffusivity of the target and τ is the laser pulse

duration. Accounting for the pulse duration involved in this study (mostly ps regimes), the thermal penetration depth is of the

order of 5µm ÷ 5 nm, which is very small as compared to the laser beam diameter d = 3 mm on the target surface. Thus, the

temperature distribution in the axial z-direction can be determined from the 1D heat equation11–14, 17:

ρcp

∂T

∂ t
− k

∂ 2T

∂ z2
= S. (6)

Here, ρ , cp, and k denote the mass density, the specific heat, and the thermal conductivity of Titanium, respectively, taken

as constant parameters. The source term of the heat equation describes the volumetric laser energy input near the irradiated

surface:

S(z, t) = (1−R)αI(t)e−αze−αplp (7)

where, the surface reflectivity R = 0.61 and the optical absorption coefficient of the target, α = 2.36 ·107 cm-1 were calculated

from complex refractive index database18.
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For a Gaussian laser beam, the power density profile is described by:

I(t) = I0 exp

[

−4ln2
(t − t0)

2

τ2

]

(8)

where τ is the pulse duration at FWHM. The peak power density I0 was calculated so that by time integration of the power

density I(t) function and multiplication to the laser spot area (≈ 7 mm2) to obtain the experimentally measured pulse energy.

Depending on the laser power density, the vapor plume ionizes. Here we account for a power density dependent ionization

degree of the plasma η , with a maximum ionization of 6% at the highest power density. The length of the plasma plume lp is

considered directly related to the pulse duration, the minimum length accounted here being 50 nm, which is approximately the

distance of propagation of the plasma plume during 1 ps. The absorption coefficient of the plasma αp (cm-1) through inverse

Bremsstrahlung is given by11, 13–15:

αp = 1.37 ·10−35λ 3n2T
−1/2
p

(

1− e
−

hPlanckc

λkBTp

)

(9)

where, kB is the Boltzmann constant, n is the plasma density and Tp is the plasma temperature. An exponential decay (Beer-law

like) function describes the attenuation of the laser beam within the absorbing plasma plume that expands away from the target,

as indicated in Equation 7. The expanding plasma plume exerts a recoil pressure,

Prec ≈ 0.56Psat (10)

(which is a fraction of the saturated vapor pressure Psat ), on the target surface. The saturated vapor pressure, plasma temperature

and plasma density are considered dependent on the temperature of the target surface11, 14, 15.

The boundary and initial conditions of the heat equation are as follows: the initial condition at the beginning of the laser

pulse is

Tz,t=0 = 300K (11)

A constant-temperature boundary condition is set at rear surface located at z = 100lT :

Tz=100lT ,t = 300K. (12)

The boundary condition giving the energy balance at the irradiated surface (z = 0), writes

−k
∂T

∂ z
(z = 0, t) = ρvev(λvap +λboil) (13)

where vev is surface receding velocity due to evaporation, λvap and λboil represent the latent heats, of melting and vaporization,

respectively. The heat equation 6 was solved numerically in MATLAB. For every laser pulse, the integration time for the heat

equation was set to about 100 τ , with a minimum time step of 20 fs. The spatial computational domain was set to a total

thickness h = 100lT , with much denser mesh near the front surface (i.e. smaller than 0.1 nm) to accommodate the volumetric

laser absorption at this surface.

We calculated numerically the temperature of the target surface see Figure 12a for example, and the corresponding recoil

pressure Prec given by equation 10 of the expanding vapor, as a function of time. The recoil pressure Prec and the laser pressure:

Prad = (1+R)I/c (14)

were added to determine the total pressure exerted on the Titanium target: Ptot = Prad +Prec. Figure 12b presents the dependence

of total pressure Ptot exerted on the target surface on laser power density, which is varied by changing the pulse energy at

constant pulse duration τ = 5.1 ps. One can note that, above the ablation threshold power density Ith ≈ 20 GW/cm2, the recoil

pressure due to ablation Prec has the main contribution on the total pressure, being up to 4 orders of magnitude higher than the

radiation pressure Prad , as also other studies predicted4.

By multiplying the total pressure Ptot to the laser beam spot area on the target surface (Aspot ≈ 7 mm2), we determined the

time-dependent total force exerted on the target surface. By time integration of the force, the momentum transferred to the

target by one pulse was determined:

p = Aspot

∫ 100τ

0
Ptot(t)dt. (15)
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(a) (b)

Figure 12. Simulation results of (a) target-surface temperature time dependence for 800 nm, τ = 7 ps and 10 mJ pulse and b)

peak pressure dependence on laser pulse peak power density I0 at λ= 800 nm and τ = 5.1 ps pulses

(a) (b)

Figure 13. Kinetic energy Ekin dependence on power density, controlled by: (a) pulse energy Wp between 1-300 mJ, λ =1064

nm, τ = 5.1 ps; (b) pulse duration τ between 1 µs ÷ 1 ps for constant pulse energy Wp = 30 mJ

Then, the kinetic energy of the target was derived as Ekin = p2/2mtarget and, by dividing the kinetic energy by the total energy

of the laser pulses, we determined the efficiency of the energy transfer. In Figure 13a the peak power density is varied by

changing the pulse energy in the range 1 - 300 mJ while pulse duration is kept constant at 5.1 ps. In Figure 13b the peak power

density is varied by changing the pulse duration in the range 1 µs - 1 ps while pulse energy is kept constant at 30 mJ.

In the multi-pulse regime, the simulations were carried considering the spatial distribution of the temperature from the

end of the integration time corresponding to a certain laser pulse as the initial condition for the next pulse. Additionally, we

considered that the length of the vapor plume corresponding to a laser pulse is directly related to the pulse number N: as was

also experimentally observed in previous work19.

Conclusions

In conclusion, we could summarize that our experimental studies on an inertial pendulum with Ti targets combined with the

theoretical simulations based on heat and photon energy transfer and respectively photon reflection have shown a kinetic

energy transfer efficiency optimal value for beam power densities about 500 times bigger than the ablation threshold values,
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corresponding in our case to an optimal pulse duration of tens to hundreds of ps. Consequently, the optimal pulse energy for

given pulse duration and beam diameter is the energy providing a power density on the target that is 500 times higher than the

ablation threshold. For the case of multi-pulse regimes, as a more effective approach from laser-thrust applications, there is

a more efficient transfer from lower repetition rate train pulses, then higher rates. Increasing the train energy is in principle

increasing transfer efficiency but within a limited variation range while the optimal number of pulses per train is depending

proportionally on repetition rate and inverse proportionally on the beam power density (and respectively pulse energy). The

proportionality constant is depending on the target material and other beam parameters. In our experimental case of the Ti

target, 7 ps infrared laser pulse duration and µJ energies per pulse and repetition rates of hundreds of MHz, the optimal number

of pulses is in the range of tens to few hundreds of thousands of pulses per train while the maximal transfer efficiency could

reach values of 0.02%.
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