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Abstract.  We report the results of experimental investigation of 
thermophysical and gas-dynamic characteristics of the gas-plasma 
flows induced by ultrashort (45 – 60 fs) laser pulse irradiation (the 
radiation wavelength l = 400, 800 nm) of a titanium target in vac-
uum (~5 ́  10–4 mbar). The use of combined interferometric tech-
nique and complex experimental data processing allowed us to esti-
mate the momentum coupling coefficient (Cm ~ 10–4 N W–1), the 
efficiency of laser energy conversion to the kinetic energy of the 
gas-plasma flow (65 % – 85 %), the spatiotemporal distributions of 
the particle density (ne = 1018 – 1020 cm–3) and velocity (GuH = 
4 – 9 km s–1), the static (106 – 108 Pa) and total (107 – 1011 Pa) pres-
sure and temperature (T = 7 – 50 kK) in the flow. Our data are 
compared with published data obtained by other methods. 

Keywords: laser ablation, combined interferometry, gas-plasma 
flows, electron density, temperature, pressure, conversion effi-
ciency, vacuum, titanium. 

1. Introduction

The interest in investigating the femtosecond laser ablation of 
technologically significant materials is steadily growing due 
to several advantages offered by ultrashort pulse irradiation, 
which arise primarily from the fact that the duration of opti-
cal irradiation is shorter than the electron-phonon relaxation 
time [1]. This leads to a significant lowering of the fraction of 
dissipated heat and therefore to a shortening of the zone of 
thermal action [2], i.e., to an increase in volume energy den-
sity in the target substance. This is especially important for 
refractory metals and metals with a high thermal conductiv-
ity, because it substantially improves the efficiency of micro-
machining [3] and gas-plasma flow production [4] as well as 
the resolving power of analytical methods [5], etc. In this con-
nection the study of thermophysical and gas-dynamic pro-
cesses in the femtosecond laser ablation is topical both from 
the general-physical and applied standpoints. 

The experimental investigation of gas-plasma flows driven 
by ultrashort laser pulse irradiation of condensed media has 
several special features arising mainly from the low energies 
of irradiation pulses and therefore from the small characteris-
tic linear dimensions of the gas-plasma flow and its emission 
intensity [6]. When use is made of diagnostic equipment and 

techniques with insufficient sensitivity or spatiotemporal res-
olution, the quantitative processing of measurement data is 
limited or impossible [7]. For instance, photorecording meth-
ods [8, 9] can most often yield only qualitative data or spa-
tially 0 – 1-dimensional (and most often time-integrated, i.e. 
with exposure times much longer than the duration of charac-
teristic processes) emission spectra [10]. Interferometric tech-
niques, which provide the required spatiotemporal resolu-
tion, are infrequently employed owing to their complexity. 
Processing the experimental data obtained with their aid is 
also rather difficult and therefore is sometimes incomplete 
[8, 11]. 

More often the mathematical models of femtosecond laser 
ablation of metals are employed to consider the processes at 
the surface or in the bulk of the target [12 – 18] and more 
rarely in the near-surface region [19], but in all cases the time 
intervals under investigation amount to several picoseconds. 
The more elaborate gas-plasma models constructed to 
describe the action of nanosecond pulses (see, for instance, 
Refs [20 – 23]) are of limited usefulness in this case, because 
the metal vaporisation takes place not in the course of laser 
irradiation, but immediately after it and prior to the develop-
ment of a macroscopic gas-plasma flow. 

The high specific cost of the pulse and the arduousness of 
the maintenance of high-power femtosecond laser facilities 
limit the investigation of substances with high spectral-energy 
thresholds of laser ablation. Among refractory metals, one of 
the lowest thresholds of laser ablation under ultrashort-pulse 
irradiation is inherent in titanium [24], and the scope of its 
technological applications is quite broad. Our resultant data 
are of significance in developing laser-plasma thrusters [25], 
gas-plasma flow injectors [26], laser-induced forward transfer 
technologies [27], microelectromechanical systems [28] and 
thin-film coating deposition methods [29]. 

The objective of our work is to investigate the thermo-
physical and gas-dynamic processes in the gas-plasma flows 
produced by ultrashort-pulse laser irradiation of titanium tar-
gets in vacuum; in this case, use is made of combined pulsed 
laser interferometry [30] together with the bundled software 
for automated experimental data processing [31]. 

2. Experimental facility and method 
of investigation

Our experimental facility involving a terawatt femtosecond 
laser complex (radiation wavelength l = 266, 400 and 800 nm; 
half-height pulse duration t0.5 = 70, 60 and 45 fs; irradiation 
intensity I0 up to 2.1 ́  1013, 2.5 ́  1014 and 9.4 ́  1015 W cm–2, 
respectively) as well as the methods of research and its data 
processing are described at length in Refs [30 – 32]; the results 
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of a similar experiment on the irradiation of polymer materi-
als are presented in Ref. [33]. The use of the method for the 
complex processing of surface (Michelson scheme) and near-
surface (Mach – Zehnder scheme) target region interferome-
try proposed in Refs [31, 32] permitted determining the mate-
rial mass flow from the target surface and the electron density 
distribution in the laser-induced gas-plasma flow. Proceeding 
from these data, an estimate was made of the particle velocity 
distribution for the ionised component (ne = 1018 – 1020 cm–3), 
which makes the main contribution to the formation of recoil 
momentum*.

Using these primary data as the base, we estimated the 
spatiotemporal distributions of the thermophysical and gas-
dynamic parameters (the electron density, the static and total 
pressure, the temperature) of the near-surface gas-plasma 
flow and several integral parameters characterising the effi-
ciency of laser energy conversion to the kinetic energy and 
mechanical momentum, and also estimated the average 
degree of ionisation (a ~ 0.4 – 1.9). 

For targets we used thin films (with thicknesses of 
200 – 400 nm and a reflectivity R800 ~ 0.39) deposited by mag-
netron sputtering on glass substrates, and massive samples of 
BT1-0 (State Standard 19807 – 91, with Ti content of 
99.24 % – 99.7 %) titanium alloy polished mechanically to a 
surface roughness of ~0.2 mm. 

In the processing of combined interferometry data, use 
was made of several basic relations. The electron density [35] 
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where c is the speed of light in vacuum; e0 is the dielectric 
constant; me is the electron mass; n0 is the refractive index of 
the buffer gas; l is the probe radiation wavelength; e is the 
electron charge; and Dn is the change of the refractive index in 
the medium. 

As is well known [36], the change in the refractive index of 
a gas-plasma flow is determined by the densities of positively 
and negatively charged particles as well as of neutral ones; 
when the flow is dominated by one sort of particles, the con-
tribution of the other is neglected. In accordance with 
Ref. [37], we assumed that the electron contribution prevails, 
because ne/na > 0.3, where na is the atomic density; however, 
the local degree of ionisation may significantly vary with dis-
tance from the target surface, which may affect the correct-
ness of analysis. 

One of the characteristic parameters in the production of 
gas-plasma flows is their lifetime. The axial dimension of the 
laser ablation plume exceeded the radiation focal spot size d0 
= 40 ± 2.4 mm (at a 1/e2 level and an incidence angle of 45°) in 
Dt ~ 10–8 s after target irradiation. The gas-plasma flow life-
time is determined by the processes occurring in it or by the 
threshold level of some of its characteristics. In our case, the 
characteristic in point was the electron density (ne ~ 
1017  cm–3), which gave rise to a change in refractive index 
detectable by interferometric techniques; the thus determined 
gas-plasma flow lifetime Dt was equal to ~10–7 s. 

The temperature was estimated by the integral formula 
for the linear absorption coefficient k [38]: 
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where w0 is the absorbed photon frequency; zi is the ion 
charge; and T is the electron temperature (under local ther-
modynamic equilibrium T ~ Те ~ Тi). 

The mass averaged longitudinal particle velocity 
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where V i
long = L/t is the particle velocity averaged over a time 

t; L is the particle – target distance at the point in time t; and 
nk
e is the electron density in an elementary volume. The simi-
larity of electron and ion velocity distributions in a gas-
plasma flow produced by femtosecond laser irradiation was 
experimentally demonstrated in Ref. [39], and the local elec-
tron density was therefore taken as a weight function in the 
estimation of particle velocity distribution. The static and 
total pressures were defined as pe = nekTe and pe* = pe + 
meneVe

2/2, respectively. 
The momentum coupling coefficient [25] 
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where E is the energy of a laser pulse; F is the tractive force; 
and GuH is the velocity. It is noteworthy that the majority of 
measurement techniques (using acceleration [40], force [41], 
and pressure [42, 43] sensors, pulsed pendulums [44]) tradi-
tionally employed in this case cannot be employed to directly 
measure the tractive characteristics under femtosecond laser 
ablation due to their insufficient sensitivity: produced under 
single microjoule irradiation are superlow (below 10–8 N s) 
recoil momenta, whose recording is restrictedly possible only 
using torsion pendulums [45] (for a more comprehensive anal-
ysis of the capabilities of these methods, see Refs [32, 46]). In 
view of this, the employment of an indirect, but more infor-
mative method  –  the combined interferometry of the target 
surface and the near-surface region  –  is justified. 

The efficiency of laser ablation may be determined by tak-
ing into account different forms of energy in which the laser 
radiation is converted and the energy stored in the target sub-
stance. Used most often is the ratio between the kinetic energy 
of directional particle motion in the gas-plasma flow and the 
energy of the laser pulse – the tractive efficiency of laser abla-
tion [25]:
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where Isp = /m mgu/ /  » GuH/g is the specific impulse and g 
= 9.81 m s–2 is the free fall acceleration. 

The efficiency of kinetic energy conversion to the useful 
work of recoil momentum production is determined by par-
ticle velocity dispersion and is characterised by the degree of 
monochromaticity (collimation) of the gas-plasma flow, or 
the tractive-to-energy efficiency ratio [47]: 

*  For similar regimes of titanium target irradiation in vacuum in 
Ref. [34], nanoclusters were not recorded in the nanosecond delay range 
and the gas-plasma flow was well collimated; however, in the 5 – 50 ms 
delay range it possessed a wide divergence and consisted primarily of 
clusters. Therefore, the effect of nanoparticles may be neglected for the 
12 – 75 ns delay range under our investigation.
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where uz is the particle velocity projection on the gas-plasma 
flow axis (in the case of axial symmetry, GuzH = GuH). 

The spatial resolution of interferometers was equal to 
± 0.8 mm, the limiting time resolution of the optical setup was 
about 10–13 s and the resolution in determining the mass flow 
was ~10–11 g [30]. The automated data processing impairs the 
spatial resolution by an order of magnitude in comparison 
with the data recorded experimentally. The uncertainty in 
determining mass averaged velocity Du was equal to 
~350 m s–1. 

3. Experimental results and their discussion

The specific mass flow under laser ablation is the key charac-
teristic in determining its efficiency. Under second harmonic 
irradiation the m/E values are significantly higher than under 
irradiation by the fundamental frequency [24]; in the latter 
case, observed for W » 6 J cm–2 was a transition from a low-
energy irradiation regime to a high-energy regime (Fig. 1) [48] 
(under normal atmospheric conditions, a shock wave in the 
air becomes detectable at this radiation energy density). A 
similar transition was observed in the picosecond laser abla-
tion of refractory metals in Ref. [49] and of a titanium alloy in 
Ref. [50]. Under ultrashort laser pulse irradiation in vacuum, 
the absolute values of the specific mass flow (10–5 – 10–4 g J–1) 
are significantly high than under nanosecond pulse irradia-
tion (~10–6 g J–1 [51]), although the laser ablation thresholds 
are little different in these regimes [24]. Unlike nanosecond 
pulse irradiation, the specific mass flow for metals approaches 
that for polymers [52]. 

As shown below, a higher mass flow under femtosecond 
irradiation gives rise to higher values of electron density, 
mechanical recoil momentum and efficiency of laser energy 
conversion to the kinetic energy of the gas-plasma flow. 
Furthermore, the high efficiency of laser energy conversion is 
attested by the fact that the specific mass flow approaches the 
reciprocal of the sublimation energy, which is calculated as 
the sum of the latent heat of melting, heat of vaporisation, 
and the heat required to heat the substance from the melting 

temperature to the boiling temperature. The specific mass 
flow in our work is somewhat higher that the published data 
for similar irradiation regimes; the most probable explana-
tion for this fact is the use of thin film targets in our work, 
which further limits the heat dissipation under femtosecond 
irradiation. This assumption is partly borne out by the data 
of Ref. [53], where the ablation crater depth was shown to be 
inversely proportional to the film target thickness in the case 
of steel. 

The velocity characteristics of laser-induced gas-plasma 
flows have been studied in many works, but the data most 
often pertain only to charged particles [45, 54], a fraction 
(undetermined, as a rule) of which possesses high velocities 
(aver 104 – 105 m s–1 [55]). More often the particle velocity dis-
tribution is satisfactorily described by the summation of two 
or three Maxwellian functions corresponding to neutral par-
ticles and ions of different charge state. Proceeding from the 
Maxwellian particle velocity distribution, for particles with 
energies corresponding to ionisation energies Ei (these are 
6.83, 13.57, and 27.52 eV [56] for the three first Ti ions, MTi = 
47.88 g mole–1) the most probable velocity up = (2NaEi/M)1/2 
(Fig. 2) and the mass averaged velocity GuH = (8NaEi/pM)1/2 
(Fig. 3). 

In the emission spectra (Fig. 4) of the gas-plasma flow 
there are lines of doubly ionised titanium ions and the mass 
averaged particle velocities (Fig. 3) for W ~ 20 J cm–2 are 
lower than those of Ti+ (GuHTi+ = 10.48 km s–1). No ions of 
charge 2+ were observed under irradiation by nanosecond 
pulses with a similar energy density in Ref. [6] (it is hypothe-
sised that the reason may also lie with the masking of their 
weak lines by the continuum). 

Titanium is one of the lightest metals, and relatively high 
particle expansion velocities would therefore be expected to 
occur in the gas-plasma flow. Figure 2 shows the particle 
velocity distributions, in which two peaks stand out; they cor-
respond to the most probable velocities of atoms and singly 
charged ions [57] in accordance with the Maxwellian particle 
velocity distribution at temperatures of 1 – 3 eV. Similar 
results were obtained under similar experimental conditions 
by photometry of the gas-plasma flow images in Ref. [7]; in 
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that work the mass averaged particle velocities measured with 
a time-of-flight probe are in agreement with our measurement 
data. Evidently the fraction of high-velocity particles increases 
with irradiation energy, resulting in an increase in mass aver-
aged particle velocity (see Fig. 3). In this case, the particle 
velocity somewhat lowers with time for the same irradiation 
intensity (see Fig. 2). This result is most likely due to the fact 
that the particle density in the distal (high-velocity) part of the 
flow falls below the sensitivity threshold with time and thereby 
drops out of the calculation. 

Proceeding from the qualitative analysis of holographic 
interferograms of laser-ablation plumes, in Ref. [9] a conclu-
sion was drawn about the presence of particles with a high 
momentum and a velocity direction close to the target surface 
normal (which corresponds to a high degree m of flow mono-
chromaticity [47]). The data in Fig. 3 qualitatively confirm 
this assumption. In this case, the dependence shows an opti-
mum near the low-to-high energy ablation transition point 
[58, 59]. The efficiency of conversion of gas-plasma flow 
kinetic energy to the mechanical recoil momentum is charac-

terised by the degree of monochromaticity, which, as a rule, is 
not presented as an integral coefficient in publications con-
cerned with the particle angular velocity distribution [60 – 62]. 
In the mentioned papers, to estimate these characteristics use 
is made of the exponent n in the approximative dependence 
u(q) = u0cosnq (although it would be more correct to assume 
u(q) = a + bcosnq [63] or a more complex function). A qualita-
tive analysis of the results of these works suggests that an 
ultrashort pulse irradiation produces a better collimated laser 
ablation flux than under nanosecond pulse irradiation. As 
shown in Ref. [61], the degree of monochromaticity in the 
case of nanosecond pulse irradiation is proportional to the 
thermophysical metal characteristics like the sublimation 
energy as well as the melting and boiling temperatures. 
However, our data do not exhibit such dependences, proba-
bly due to the change of ablation mechanism [64] and a nar-
rower range of these temperatures in our case. 

Figure 5a shows the characteristic electron density distri-
bution in the gas-plasma flow and Fig. 5b illustrates the 
dependence of this parameter distribution along the flow axis 
on the laser energy density and the time delay of exposure 
relative to the instant of irradiation. These results are in good 
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agreement with the data obtained by emission spectroscopy 
methods under similar conditions [10] (the fundamental 
equivalence of the data obtained by both methods under the 
same condition was experimentally borne out in Ref. [65]) 
and are somewhat higher than the values obtained under irra-
diation by nanosecond pulses [66] owing to a higher specific 
mass flow and a higher temperature. Although the local val-
ues of the electron density depend only slightly on the radia-
tion energy density in the range investigated, they decrease 
with time due to gas-plasma flow expansion, especially in its 
distal part (the volume integrals of the electron density taken 
27 and 42 ns after laser irradiation are hardly different, i.e. 
recombination may be neglected during this time interval). 
Under the assumptions made, the density distribution is qual-
itatively similar to the electron density distribution with a 
scale factor of ~7 ́  10–23 g, which gives higher values than the 
air density at normal conditions, and the density gradient 
amounts to ~1 g cm–4. The product of the local values of elec-
tron density and particle velocity gives an estimate of poten-
tial current density of 106 – 107 A cm–2 – higher than in an arc 
discharge; in the deceleration of this flow in the electric field it 
is possible to obtain a high-brightness light source with an 
emission peak in the short-wavelength part of the spectrum 
[67, 68]. 

The characteristic spatial distribution of the temperature 
in the gas-plasma flow is shown in Fig. 6a, and Fig. 6b shows 
the dependence of its distribution along the flow axis on the 
laser energy density and the time delay of exposure relative to 
the instant of irradiation. One can see that the temperature in 
the flow axis 27 ns after irradiation and in the proximal (clos-
est to the target) part of the flow 42 ns after irradiation 
depends only slightly on the energy of radiation pulses. The 
emergence of appreciable differences in electron density and 
temperature in the distal part of the flow 42 ns after irradia-
tion for different irradiation intensities is attributable to a dif-
ference in particle expansion velocities (for a shorter exposure 
delay this difference is less pronounced). The range of tem-
perature values corresponds to the data of Refs [10, 69] 
obtained by emission spectroscopy techniques under similar 
experimental conditions. The temperatures recorded in the in-
vacuum irradiation are significantly higher than in atmo-
spheric conditions [70]. 

The acquisition of the spatiotemporal distributions of 
static and total pressures in a gas-plasma flow is a unique 
result for the experimental investigations of laser – matter 
interactions. As a rule, measurements in such experiments are 
made of the pressure produced within the target thickness (p 
= 1011 – 1012 Pa) [71, 72]. The data presented in Fig. 7 corre-
spond to theoretical estimates for the case of femtosecond 
pulse irradiation [73]. The static pressure ranges up to 108 Pa, 
which is comparable to the pressure at the front of a shock 
wave produced in the nanosecond irradiation in normal 
atmospheric conditions [74] and in water [75] and exceeds this 
parameter in the femtosecond irradiation of polymers [33]. 

Experimental data on the momentum coupling coefficient 
produced by the femtosecond laser pulse irradiation of tita-
nium targets are missing in the literature. Among refractory 
metals, Mo and W (Fig. 8) are available for comparison, and 
Ti turns out to be appreciably more efficient for tractive force 
generation under the same conditions. Owing to a high spe-
cific mass flow, for a clearly pronounced dependence of the 
mass averaged velocity on the radiation energy density the 
dependence of Cm shows an inflection point when the low-
energy regime passes into the high-energy one. The character 

of this dependence implies the existence of two maxima – in 
each of these regimes. As far as we know, similar inflection 
points in the dependence of Cm on the intensity of laser irra-
diation have been recorded for the first time, whatever the 
material and laser irradiation parameters. 

Data on the momentum coupling coefficient for Ti and its 
alloys are available in a broad irradiation parameter range 
(Fig. 8). Unlike polymers [76, 77] and aluminium alloys, 
under micro- or nanosecond pulse irradiation [78] Cm is 
directly proportional to the complex irradiation parameter 
I0lt0.5 in a broad range of laser pulse durations. This depen-
dence may be explained as follows: for a higher-intensity irra-
diation, less heat dissipates and more heat is transferred to the 
ablated particles. Furthermore, the laser ablation thresholds 
Wa decrease proportionally to t–1/2 until the radiation pulse 
duration t reaches the electron-phonon relaxation time 
[24, 45], i.e. the maxima of parameters that are proportional 
to the ratio W/Wa shift to the side of lower-energy irradiation. 

Data on the efficiency of laser energy conversion to the 
kinetic energy of a gas-plasma flow generated by ultrashort-
pulse irradiation of metallic targets are scarce in the litera-
ture. For a nanosecond IR pulse irradiation in Ref. [4] it was 
determined that h varies in the 7.5 ́  10–3 – 1 range for gold in 
vacuum; for titanium in atmospheric conditions h ranges 
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from 0.055 to 0.15 [79]. Similarly to Cm, the h(W) dependence 
has an inflection point and two maxima are expected to exist; 

in this case, in absolute figures the maxima of Cm and h are 
closer to each other in the low-energy irradiation regime than 
in the high-energy one. The existence of inflection signifi-
cantly broadens the range of laser irradiation regimes accept-
able from the standpoint of efficiency. 

4. Conclusions

We have experimentally determined several thermophysical 
and gas-dynamic characteristics of the gas-plasma flows pro-
duced by irradiating a plane target in vacuum with ultrashort 
laser pulses. Unlike the majority of similar works, we have 
obtained the spatiotemporal distributions of the electron den-
sity (1018 – 1020 cm–3), temperature (7 – 50 kK), static (106 – 108 
Pa) and total (107 – 1011 Pa) pressures. For the first time it has 
been possible to determine the following optomechanical 
characteristics in the case of ultrashort pulse irradiation of 
titanium: the momentum coupling coefficient (Cm ~ 
2.5 ́  10–4 N W–1) and the efficiency of laser energy conversion 
to the kinetic energy of a gas-plasma flow (h = 0.65 – 0.85). 
Quantitative data on the degree of gas-plasma flow mono-
chromaticity (m = 0.75 – 0.92) testify to a high efficiency of 
radiation energy conversion to the energy of directional par-

400

200 300 400 500 600 x/mm

a

450

500

550

600

650
y/mm

pe/105Pa pe
*/108Pa

1.0

2.5

6.69

17

44

116

299

773
2000

400

200 300 400 500 600 x/mm

b

450

500

550

600

650
y/mm

0.01

0.04

0.17

0.75

3.16

13.3

56.2

237

1000

dc

200 300 400 500 600 700 800
106

107

108

pe/Pa

 27 ns, W = 3.48 J cm–2

 27 ns, W = 8.17 J cm–2

 42 ns, W = 3.22 J cm–2

 42 ns, W = 7.31 J cm–2

 27 ns, W = 3.48 J cm–2

 27 ns, W = 8.17 J cm–2

 42 ns, W = 3.22 J cm–2

 42 ns, W = 7.31 J cm–2

x/mm
200 300 400 500 600 700 800

107

108

109

1010

1011
pe

*/Pa

x/mm

Figure 7.  Spatial distributions of the static (a, c) and total (b, d) pressures at the middle section of the gas-plasma flow (a, b) and along its axis (c, 
d) in relation to the spectral-energy irradiation parameters.
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ticle motion. Estimates of static and total pressure distribu-
tions in the gas-plasma flow produced by ultrashort laser 
pulses have been experimentally obtained for the first time. 
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