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Abstract: 

Transient Al plasma produced by excimer laser ablation in vacuum was investigated through 
laser absorption spectroscopy to probe the space-time evolution of neutral species. Spectrally 
integrating the absorbance, the ground state Al atoms column density was calculated. Typical 
decreasing trends in time (over a plasma lifetime of about 10 µs) and space (for distances in the range 
0.5 – 8.5 mm from the target surface) were observed. The kinetic temperature of Al ground state species 
was also estimated from the recorded linewidths, in the assumption of a Doppler broadening 
mechanism. The resulted values displayed only weak time-fluctuations, while the time-averaged ones 
showed. a significant drop in few millimeters from the target, similarly to the column density behavior. 
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1. Introduction 
Thorough investigation of Laser Induced Plasma (LIP) dynamics is of paramount importance 

for providing better understanding of the complex physical processes occurring in the plasma plume, 
and also for optimizing various practical applications of laser ablation such as pulsed laser deposition 
[1], nanoparticle synthesis [2], higher harmonic[3] or extreme ultraviolet radiation  generation [4]. 
Among various experimental methods available, the optical emission spectroscopy (OES) [5] is one of 
the most used, due to its implementation easiness and non-invasiveness. However, OES cannot give 
(direct) access to ground state populations, and it is generally limited to the early stages of the plume 
expansion, because of the relatively short plasma emission lifetime. Alternatively, the investigation of 
LIP parameters by laser absorption spectroscopy (LAS) provides detailed information on the basic 
plasma processes and it has become a versatile tool for its diagnosis [6–11]. Combining OES and LAS, 
a more comprehensive characterization of the plasma over its entire lifetime is possible, leading to a 
better understanding of its behavior [12–14]. Dual-laser photo-absorption [15] and Fraunhofer-type 
absorption [16] methods were also proposed for detailed time- and space-investigation of LIP. 

LAS offers the opportunity to precisely measure a significant number of plasma parameters, 
such as the number density of a given species, which makes it useful for, e.g., controlling the deposition 
process of thin films [6]. By using tunable lasers with narrow linewidths, the method is not affected by 
the instrumental broadening (as in the case of optical emission spectroscopy), and therefore provides 
high spectral resolution. When assuming a prevalent Doppler broadening mechanism, the kinetic 
temperature and path-integrated density of given species can be deduced from the profiles of the 
recorded spectral lines. Beside the fundamental scope, such plasma diagnostics may lead to great 
practical applications, e.g. isotopic ratio measurements from spectral shifting [17]: several elements 
were analyzed in this manner, such as uranium [18,19], plutonium [20], rubidium [21], strontium [22], 
gadolinium [23]. 
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A “universal” application of the LAS method requires narrow-band widely tunable UV-VIS 
lasers, which are still quite expensive and cumbersome systems. Some studies even developed extreme-
ultraviolet absorption spectroscopy in dual plasma schemes [24], which proved to be powerful tools for 
the study of photo-absorption in refractory atoms and along isonuclear/isoelectronic sequences, but the 
experimental implementation of these laser-plasma continua is yet cumbersome. The development of 
tunable diode lasers (TDL), with improved stability and considerably lower cost compared to broadband 
tunable lasers, fostered the wide-scale application of the absorption spectroscopy for LIP 
characterization. A large variety of laser diodes is now available, with multi-nm tunable range and sub-
pm typical emission linewidth, e.g., AlGaInP  (630 nm, 670 nm, 680 nm, 690 nm), AlGaAs (780nm, 
830 nm), InGaAs (980 nm), etc [7–9]. Although the “universal” character is lost (i.e. all species in an 
LIP cannot be probed with a single laser source), the combined use of several TDLs, tuned on the main 
absorption features of the plume constituents, can still be an appealing, lower cost and easier 
implementation solution for LAS in laser-produced transient plasmas. 

Continuing a series of systematic investigations on LIP dynamics, by optical (OES, ICCD 
imaging) [25,26] and electrical (Langmuir, electrostatic energy analyzer, target current measurement, 
etc.)[27–29] methods, we report here our first LAS study on the thoroughly characterized Aluminum 
LIP. These measurements are complementary of OES and can contribute to getting the full picture of 
the complex plasma dynamics [11]. Transient plasma is generated in vacuum by excimer laser ablation 
of Al and a blue TDL is used to probe the space-time evolution of neutral species. By tuning the laser 
diode wavelength in the range 394.393−394.407 nm, the spectral absorption profile of the Al I 3s2 3p 
(2S1/2) – 3s2 4s (2P1/2) line is recorded, and subsequent estimations of plasma temperature and ground 
state Al atom density are derived. 

 
2. Experimental Method and Setup 
The experimental setup is shown in Figure 1. A laser diode emitting at ~394.4 nm (Toptica 

DL100, spectral width ~ 1 MHz, tunable between 394.393 nm and 394.407 nm) is used to study the 
plasma produced by excimer laser ablation (XeCl 308 nm, 45° incidence angle, 20 ns pulse width, 45 
mJ pulse energy) of an aluminum target (99.9% purity) placed in a vacuum chamber (10-6 Torr), for a 
laser irradiance of about 130 MW/cm2. The LAS set-up includes a Fabry-Perot interferometer (FPI 100, 
1 GHz free spectral range), a 0.001 nm resolution wavemeter (WaveMaster, Coherent), a 2 GHz 
oscilloscope (LeCroy WaveRunner 6200A). The interferometer was preliminary used for the 
measurement and the monitoring of the radiation emitted by the laser diode. It was ensured that the 
wavelength variation is continuous, in a spectral range of ~14 pm.  

 
Figure 1: LAS experimental setup used for the Al LIP investigation (TDL - tunable diode laser, BS1, BS2 – 

beam splitters, M – mirror, D1, D2 – diaphragms, PD1, PD2 - photodiodes). 
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Two fast photodiodes are connected to the oscilloscope (Figure 1): PD1 (Thorlabs DET210, 1 
ns rise time) records the plasma optical emission to use it as a triggering signal, while PD2 (Thorlabs 
DET210, 1 ns rise time) receives the TDL beam after passing through the LIP. A circular spot of 0.5 
mm diameter was selected from the elliptic cross section shape of the diode laser beam (whose main 
axes were 3 mm and 1 mm, respectively) by using the D1 diaphragm. To minimize the contribution of 
the plasma emission (𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) to the recorded signal, the PD2 photodiode was placed ~1 m away from 
the vacuum chamber, with an additional 3 mm diaphragms (D2) placed along the laser path. When the 
TDL is switched off, only plasmaI  is recorded; when the TDL beam is switched on, the optical intensity 
signal recorded by PD2 is: 

𝐼𝐼𝑃𝑃𝑃𝑃2 = 𝐼𝐼𝑡𝑡 + 𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝       (1) 

where tI  is the intensity of the TDL beam after crossing the plasma plume, which follows the Beer – 
Lambert law: 

𝐼𝐼𝑃𝑃𝑃𝑃2 − 𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝐼𝐼0𝑒𝑒−𝑘𝑘𝜆𝜆𝐿𝐿     (2) 

where 𝐼𝐼0 is the intensity of the TDL beam in absence of plasma plume, kλ  is the linear absorption 
coefficient at the λ  wavelength, and L  is the absorption length which is time- and space-dependent. 
In fact, in the case of transient plasmas it is necessary to see the product kλL as an integral 

( , ) ( , ) A t k x t dxλλ = ∫  along the laser absorption path in plasma, where ( , )A tλ  is the spectral 
absorbance which is also time dependent. 

Two micrometric precision positioning systems are used to translate the M mirror (together 
with the D1 diaphragm) and the PD2 photodiode (together with the D2 diaphragm) along the Z axis 
(which is the plasma plume axis of symmetry). This allows scanning the TDL beam through the LIP at 
various Z distances (in the range 0.5 – 8.5 mm) from the Al target surface, and thus performing space-
resolved measurements of the plasma parameters. 

The present study is focused on the determination of the absorption profile of the neutral 
aluminum atoms corresponding to the optical transition Al I 3s2 3p (2S1/2) – 3s2 4s (2P1/2) at 394.401 nm. 
The nuclear spin – electron angular momentum interaction causes a hyperfine splitting, consisting in 
four components of relative intensities 32: 27: 9: 32 and frequency shifts with respect to the 
unperturbed transition frequency: −1506 MHz: 0 MHz: 0 MHz: +1506 MHz (Figure 2).  

 

 
Figure 2: Al I 394.401 nm spectral line energy level diagram: hyperfine shifts and transitions (1-4). 

 
 
3. Experimental results 
 
3.1. Space-time resolved spectral absorption profile 
Figure 3 displays the typical time-evolution of the transmitted light intensity and the 

corresponding absorbance, for the resonance wavelength of Al I line at 394.401 nm. This result 
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emphasizes the presence of ground state Al atoms in two plasma structures (coined as “fast” and 
“slow”), which confirms previous results obtained by our group using OES and Langmuir probe 
measurements [28,30] and by other groups using various techniques [31–33]. The fast structure 
population is recorded in the first microsecond after the initiation of the ablation plume, whereas the 
slow one is delayed, with a maximum at 2.5 µs and a tail that lasts beyond 10 µs. Such plasma structures, 
often reported in literature [31,34–36], usually consist in a fast (hot) part dominated by highly charged 
particles ejected at early moments, accelerated through the electric field generated by the charge 
separation, and a tail of slow (cold) particles (of lower average charge state) ejected through subsequent 
thermal mechanisms[29,30,37]. Although the optical emission spectroscopy studies show a prevalence 
of excited neutral atoms in the second (slow) structure (whereas the fast structure is characterized by 
the presence of ions), these two observations are not contradictory, as the ground state neutral atoms in 
the first (fast) structure could come from (radiative) recombination processes. 

 
Figure 3: Typical time-evolution of the TDL transmitted intensity (It) and the corresponding absorbance (A), 

for the Al I spectral line at 394.401 nm (at 0.5 mm from the target surface). 
 

To reconstruct the absorption spectral profile, we further tuned the laser diode emission 
wavelength over the range 394.393 ÷ 394.407 nm in 1 pm steps. Following the procedure described in 
Section 2, the spectral absorbance temporal evolution was recorded for each wavelength at various Z 
distances from the target, resulting in a (time, wavelength) matrix for each Z. Using the temporal 
variation along a matrix line and the wavelength variation along a column, one can derive contour plots 
as the ones displayed in Figure 4. We note that each plot was scaled to its maximum absorbance value 
for a better observation of the plasma evolution, whilst the total plasma absorbance is obviously 
decreasing in time. In the upper and lateral graphs associated with each contour plot, typical time-
evolution at various wavelengths and spectral profiles at specific times are also traced (in 
correspondence with the dotted horizontal and vertical lines from the contour plot). 

Let us notice that the spectral absorption profiles are well defined around the resonant peak 
center (394.401 nm) only at later times, after ~1.5 µs from the ablation laser pulse, i.e. for the second 
plasma structure. Since the experiments were performed in vacuum, for early times the Doppler splitting 
is seen as central dip in the absorption profiles, at 0.35 µs (Figure 4a), 0.45 µs (Figure 4b), 0.6 µs (Figure 
4c), 0.75 µs (Figure 4d) and 0.9 µs (Figure 4e), because of the counter-propagating velocity distributions 
of atoms along the probe laser line of sight. Also, for short delays we do not observe a typical absorption 
profile (in the form of a classical Gaussian or Voigt function), the recorded broadening being most 
probably due to the addition of various processes: Stark and Doppler [18,22,38] broadening (see below), 
continuum emission (Bremsstrahlung) or absorption (inverse Bremsstrahlung) by free electrons in the 
plasma, and even possible probe beam deflection due to the modified refractive index [39]. The key 
point is finally the reduction of lower state population at higher temperature conditions according to 
Boltzmann distribution (see Figure 10 of  [40]). Considering this complexity at very early times of the 
plasma plume propagation, the present study will be mainly focused on the later stages (> 2 µs) of the 
plasma evolution. 
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Figure 4: Time evolution of the path-integrated spectral absorption coefficient at various distances from the 

target: z = 0.5 mm (a), z = 2.5 mm (b), z = 4.5 mm (c), z = 6.5 mm (d), z = 8.5 mm (e); the profiles 
corresponding to horizontal and vertical cross-sections of each determined contour map denote the temporal 
variation of the absorption coefficient determined within the laser diode spectral range and the obtained laser 

absorption profile at various delays from the laser ablation pulse, respectively. 
  
 Let us further focus on the space-time evolution of the maximum absorption at 394.401 nm. 
When moving away from the target surface, i.e. increasing the Z distance, the two local maxima 
(associated with the fast and slow plasma structures, Figure 5a) shift towards longer time delays, 
showing a linear space-time evolution (Figure 5b) One can thus derive the expansion velocities of the 
two structures, which are 𝑣𝑣𝑓𝑓𝑝𝑝𝑝𝑝𝑡𝑡 =  1.57×104 m/s and 𝑣𝑣𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠 =  1.63×103m/s, in excellent agreement 
with values previously measured by various methods, such as plasma imaging [25,28,30], optical 
emission spectroscopy[41] or electrical plasma diagnostics [27,42]. 
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Figure 5: Temporal evolution of the 394.401 nm absorbance at various distances from the target surface (a), and 
space-time evolution of the maximum absorbance (b), used to calculate the fast and slow structures velocities. 

 
3.2. Density and temperature evolution 
In order to determine the space-time evolution of the ground state Al atoms density and kinetic 

temperature, we further focus on the well-defined absorption spectral profiles recorded at delays higher 
than 2 µs from the laser pulse (i.e. not affected by the continuum absorption at early expansion times, 
see above). By spectrally integrating the absorbance over the recorded line profiles, the path-integrated 
number density of the neutrals in the lower state (column density) 𝑛𝑛0𝐿𝐿 can be calculated using [43–
45]: 

∫𝐴𝐴(𝜈𝜈, 𝑡𝑡) 𝑑𝑑𝜈𝜈 = 2.654 × 10−6[𝑚𝑚2/𝑠𝑠] ∙ 𝑓𝑓12𝑛𝑛0𝐿𝐿,    (3) 

where 𝑓𝑓12 = 0.116 is the oscillator strength of the considered transition [46], 𝑛𝑛0 is the number density 
of the lower (ground) state, and 𝐿𝐿 is the path length. 

The resulting time evolution of the column density is given in Figure 6, for several distances 
from the target. As expected, a decrease is observed (after an initial fast transient increase) over a plasma 
lifetime of about 10 µs. When moving away from the target surface, the maximum value decreases from 
~2.5·1011 cm-2 at z=0.5 mm to 0.5·1011 cm-2 at z=8.5 mm. Thus, by considering typical values of 
millimetres for the absorption path, it results an order of magnitude of 1012 cm-3 for the neutral density 
in the ground state. This is in agreement with values obtained by other authors when using LAS to 
characterize low-temperature and low-density plasma plumes [45,47], as particularly obtained for LIP 
at longer expansion times. We also note that measurements performed by various (electrical, OES) 
methods on the second (slow) plasma structure (at few microseconds from the laser pulse) led to same 
order of magnitude densities for the charged particles (see, e.g.,[48,49]). This is the typical case of a 
few eV temperature plasma, where fractional populations of species can be estimated from well-known 
models as collisional radiative or local thermodynamic equilibrium [50,51]. 
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Figure 6: The time evolution of the neutral Al (in the ground state) column density for the second 
plasma structure at various distances from the target surface. The error bars are calculated with Eq. (3) from 

standard deviations of integrated peak areas, returned by the numerical fitting of the absorption profiles using a 
Gaussian function. 

 
The Stark and the Doppler mechanisms have the major roles in LIP spectral line broadening 

[52–55]. The Stark effect is dominant at early expansion times, when the electron number density and 
the local electric field are high. At later times (microseconds) of plasma evolution, the Doppler 
broadening through thermal motion of the absorbing species will become dominant. In a previous paper 
[56] we used OES and the Stark-broadening and shifting of the 833.5 nm neutral carbon line for electron 
density evaluations. Values in the range of 1018 cm-3 were derived for early stages, followed by an 
exponential decay with a time constant of about 60 ns. Then, by plotting the line width vs. central 
wavelength, a linear dependence resulted, confirming the negligible ion collisions contribution to the 
broadening/shifting mechanism. In the present case of Al plasma and 394.401 nm line, according with 
[53,57], for Ne=1.42×1017 cm-3, it was theoretically estimated ∆𝜆𝜆1/2 =0.462 Å and 𝜆𝜆𝑝𝑝ℎ𝑖𝑖𝑓𝑓𝑡𝑡 = 0.14 Å at 
T=9670 K, while for T=13200 K, it resulted ∆𝜆𝜆1/2 = 0.54 Å, and 𝜆𝜆𝑝𝑝ℎ𝑖𝑖𝑓𝑓𝑡𝑡 = 0.31 Å. For the results of our 
measurements given in Figure 3, we are focused on the later stages of plasma expansion, when the line 
profile of neutral Al centered at 394.401 nm is clearly defined. According to the data given in Figure 6, 
for delays longer than 2 µs the local density (and consequently the local electric field) is lower with few 
orders of magnitude, allowing to neglect the Stark effect, similarly as in [12]. Thus, in the framework 
of the Doppler broadening mechanism, the kinetic temperature 𝑇𝑇 of the neutral Al atoms can be 
estimated by measuring the full width at half maximum (FWHM) of the recorded spectral profiles ∆𝜈𝜈 
through the relationship [58,59]: 

𝑇𝑇 = 𝜆𝜆02𝑝𝑝𝑎𝑎
8𝑘𝑘𝑝𝑝𝑘𝑘2

∆𝜈𝜈2,     (4) 
where 𝜆𝜆0 is the line center wavelength, 𝑚𝑚𝑝𝑝 the mass of an Al atom, and k the Boltzmann constant. This 
assumes a Maxwell velocity distribution function which gives a Gaussian spectral profile. 

To account for the hyperfine splitting (see Figure 2), the transmitted photodiode signal is often 
numerically fitted with a sum of four Doppler line profiles [60–62]. Such procedure was also applied 
in our analysis, by considering the relative intensities and frequency shifts given above, while the same 
width of the line profiles was assumed. Our estimations for the line widths indicate only weak time-
fluctuations (in the determination error limits), for all the analyzed distances. In such circumstances, 
the experimentally-recorded line profiles were averaged for the relevant time-ranges (Figures 7a), in 
correspondence with Figures 4a)-e), when the absorption in the slow plasma structure manifests, as 
follows: [1.5 - 5.0] µs – at 0.5 mm, [2.0 - 6.0] µs – at 2.5 mm, [3.0 - 8.0] µs – at 4.5 mm, [4.0 - 10.0] 
µs – at 6.5 mm, and [4.5 - 12.0] µs – at 8.5 mm from the target surface. Figure 7a displays the 
comparison of the time-averaged experimental data points and the fitting spectral profile as a weighted 
sum of the four hyperfine components of relative intensities 32: 27: 9: 32. 

The time-averaged kinetic temperatures were further numerically estimated using Eq. (4), and 
they are plotted in Figure 7b in comparison with the density space-evolution. Similar behavior can be 
observed, with a significant decrease within millimeters from the target surface. The values are in good 
agreement with prior measurements on the Al I 394.4 nm transition [45]. We finally notice that in the 
frame of the local thermodynamic equilibrium model (collision-dominated plasma) [50], the 
temperatures deduced from emission/absorption/vibrational/rotational spectra should be the same at a 
given point in space/time. However, even if the McWhirter criterion [63] is usually fulfilled [12,64] at 
short distances/delays from the target/laser pulse, the validity of LTE is questionable particularly at 
farther distances from the target or at later times of plasma evolution (not collision dominated) and 
hence further research efforts are necessary for a proper comparison. 
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Figure 7: The averaged absorption profiles in the relevant time-ranges for to the slow plasma structure (a) and 
the evolution of the average kinetic plasma temperature and of the column density with the distance from the 

target (b). The error bars are standard deviations of the time-averaging (a) or of the parameters calculated 
with Eqs. (3) and (4) after numerical fitting of the absorption profiles (b). 

 
 4. Conclusion 
 A transient Al plasma produced by excimer laser ablation in vacuum was investigated through 
laser absorption spectroscopy. Using a tunable blue laser diode (in the range 394.393 nm – 394.407 nm) 
the space-time evolution of the neutral species was monitored from the spectral absorption profiles of 
the resonant transition 2S1/2 ↔ 2P1/2 at 394.401 nm. The temporal evolution of the maximum absorption 
at 394.401 nm displays two local maxima, regardless of the distance from the target surface, assigned 
to two distinct plasma structures (fast and slow). From the linear position vs. time evolution of these 
two maxima, the expansion velocities of the two structures (𝑣𝑣𝑓𝑓𝑝𝑝𝑝𝑝𝑡𝑡 =  1.57×104 m/s and 𝑣𝑣𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠 =
 1.63×103m/s) were derived. 
 The space-time evolution of the ground state Al atoms column density was studied by spectrally 
integrating the absorbance, showing typical decreasing trends in time (over a plasma lifetime of about 
10 µs) and space (for distances in the range 0.5 – 8.5 mm from the target surface). A 1012 cm-3 order of 
magnitude was estimated for the number density, in agreement with previous literature results.  

In the assumption of a Doppler broadening mechanism, the kinetic temperature of Al ground 
state species was estimated from the width of the spectral profiles. Since only weak time-fluctuations 
(in the determination error limits) were obtained for all the analyzed distances, the time-averaged kinetic 
temperatures were computed. Similar space-dependence with column density was observed, with a 
significant decrease over few millimeters from the target surface. 
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