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Abstract

In this paper the plasmon enhanced ablation for elemental analysis is investigated with several experiments
in order to point out the crucial questions concerning the laser matter interaction under the effect of
plasmonic coupling between the nanoparticle (NP) system and the laser ablation pulse. The correlation
between the electromagnetic field enhancement and the signal enhancement during NP enhanced laser
induced breakdown spectroscopy (NELIBS), as well as the laser matter interaction at the nanoscale, is
discussed in the case of noble metal NPs deposited on metal samples. The results suggest that, while laser
pulse energy is concentrated in the space between the NPs, the NP system is shielded by the field
enhancement distribution after the laser pulse interacts with the plasmons of the NP system. Finally the
comparison of the laser energy transfer to the sample between NELIBS and conventional LIBS is discussed.
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1. Introduction

Recently the use of nanoparticles (NPs) for improving laser ablation techniques in elemental analysis is
getting a growing interest in analytical spectroscopy [1, 2]. Several applications have already been reported
in literature and the number of papers on nanoparticle enhanced ablation for atomic spectrometry is still
growing [1, 3-5]. In spite of the interest in taking advantage of the increased sensitivity with the use of NPs,
few works are devoted to the understanding of the mechanisms by which the sensitivity enhancement is
obtained. So far two main reasons have been discussed in literature about the emission enhancement
during nanoparticle enhanced laser induced breakdown spectroscopy (NELIBS). One ascribes the emission
enhancement to the lowering of the breakdown threshold obtained as a consequence of the different
thermal properties between bulk samples and nanostructured materials [6]. This approach, although it may
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be reasonable for sintered nanomaterial or for under-threshold ablation, cannot explain quantitatively the
NELIBS enhancement obtained by many authors [1,7 and references therein]. A more reliable explanation
of the NELIBS enhancement may be related to the plasmonic properties of NPs [1,8-9]. The effect of the
coupling of the plasmonic system of NPs deposited on a flat surface with laser has been already discussed
in several applications concerning surface enhanced raman scattering (SERS) or the electron emission with
fs irradiation [10-11]. The case of NP enhanced photo ablation is different than the above mentioned
examples, because the employed energy is in the regime of material breakdown and different questions
need to be discussed. For example, how can the plasmonic system couple with the incident laser if the
incoming energy is higher than the breakdown threshold of the metal constituting the nanostructures?
Why is there no correlation between the ablated mass and the observed intensity enhancement? What is
the relationship between the field enhancement and the observed NELIBS enhancement?

In this paper, although a lot of work still need to be done to fully understand the phenomena related to
plasmon enhanced ablation, a set of dedicated experiments have been performed in order to try to answer
the questions posed above in the easiest case of nanoparticle enhanced ablation of metallic targets. In this
view, the following discussion is aimed to clarify and, at least, to indicate the crucial issues that need to be
investigated for the understanding of the mechanisms allowing the plasmon enhanced ablation.

2. Experimental Set-up

The experiments were performed by using a Nd:YAG laser, Quantel Q-smart 850, with a pulse duration of 6
ns operating at 1064 nm with energies up to 850 mJ. In the case of the measurements of the breakdown
threshold, the initial energy of the laser was reduced by reflecting a part of the beam with mirror in a range
from 0.011 to 0.110 J. The spectrometer was a Czerny-Turner spectrograph (JY Triax 550) coupled with an
ICCD (JY 3000) which was synchronized with the laser source by a pulse generator (Stanford DG 535) for
doing emission spectroscopy of the plasma. The imaging system and a fast ICCD (New iStar, Andor) for the
temporal and spatial resolved plasma imaging were used. To acquire simultaneously the plasma images at
two different wavelengths on the ICCD, a set of optics consisting of two 50/50 beam splitters, two mirrors
and two band pass filters were employed as described in detail in Ref. [12].

The target was placed perpendicularly to the laser beam using a 100 mm focal length lens placed on a
micrometric stage in order to change the spot size on the sample in a range from 500 um up to 2 mm. The
employed NPs are AuNPs and Ag NPs produced by pulsed laser ablation in liquid (PLAL) with concentration
of the mother solution equal to 0.2 g L-! and diameter around 10 nm. For investigating the effect of
plasmonic NPs on the laser ablation, the colloidal solution was dropped on the target and gently dried with
airflow as described previously [1]. Briefly, 1-2 pl of the AuUNP or AgNP solution was deposited on the target
surfaces, after 5 cleaning laser shots. After drying, the deposited AuNP spot had a diameter of 2 mm and
the laser was focused in the center of the spot. Specific experimental conditions are reported in the figure
captions and in the text.

3. Results and discussion
3.1. Plasmon enhanced electromagnetic field and NELIBS enhancement.

According to the NP plasmon theory, the enhancement of the electromagnetic field is obtained in the
portion of space between the NPs, acting as extremely efficient dipoles, when an incident electromagnetic
field, is in resonance with the surface plasmonic band [13, 14]. This electromagnetic field enhancement is



localized among the induced coherent dipoles in a small volume between the NPs (i.e., a “hot spot”). The
magnitude of the enhancement depends on the inverse of the cube of the interparticle distance [15, 16].

A previous paper [17] shows, that, when noble metal NPs are deposited on a metallic substrate, the
resonance band of the plasmonic system broadens by several hundred nanometers and its peak is located
in near infrared (Fig.1). This allows a good matching between the electromagnetic field of the Nd:YAG laser
pulse at 1064 nm and the one induced on the NP system. Moreover the same paper reports that the
coupling of the plasmons of the NP system with the surface plasmon of the metal substrate introduces
additional hot spots close to the sample surface. The latter result is related to the different NELIBS
efficiency observed between metallic samples and dielectric ones [1, 18]. As already reported [1], the
enhancement of the emission signal due to plasmon enhanced ablation-based techniques strongly depends
on the surface concentration of NPs because it is directly correlated to the average distance between the
NPs deposited on the sample surface. In Fig.2 the experimental enhancement during a NELIBS experiment
on metallic titanium with gold NPs is reported as function of the average distance between NPs, as
calculated from the experimental surface concentration. The emission enhancement (EN) is due to the
following equation [18]:
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Where | is the intensity, Z(T) the partition function, T the temperature, E, the energy of the upper level and
No the total number density of emitters, as indicated in the subscript, respectively for LIBS and NELIBS.

If we neglect the small difference in temperature [18] between LIBS and NELIBS, the NELIBS enhancement
is mainly given by the different amount of emitters in the plasma when plasmon enhanced ablation is
enabled. Here we should anticipate that the higher number of emitters does not necessarily imply a higher
ablation mass. Indeed the number of emitters reported in Eq. 1 refers to the number of atoms that take
part in the excited state distribution function of the species. The latter depends on the extent of
atomization and excitation of the ejected mass.

On the other hand, we can calculate the enhancement of the electromagnetic field (ENem), after the
coupling of the laser pulse with the plasmonic system, with respect to the incident laser pulse
electromagnetic field with the following equation:
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Where Eo is the incident electromagnetic field, Ep is the is the electromagnetic field induced on the NPs
system, €q&o the permittivity of the air, D is the interparticle distance and p’ is the dipole of the NP system
calculated with the following equation [16, 19]:

W= geqa’Ey Eq. 3

o’ is the polarizability given by:
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Where &n, is the metal permittivity and rye is the radius of the NP.

Fig.2 shows the electromagnetic field enhancement according to the Eqg.2 as function of the averaged
interparticle distance, assuming em is -1.9. By the inspection of Fig.2, it can be noted that there is a direct
proportionality between the NELIBS enhancement and the electromagnetic field enhancement as both of
these physical quantities depend on D3. Clearly in Eq.2, being purely theoretical, the field enhancement
asymptotically tends to infinity for null distance (dashed line). As a matter of fact strong losses occur when
the electromagnetic field in between the NPs is too high, and this is observed experimentally (solid circles)
as a leveling off of the curve. As an example in Fig.2 we included a correction to the electromagnetic field
for the tunnel effect (open squares). The correction is based on the dependence of the probability of the
tunnel effect as function of the electromagnetic field (see Eq. S1-3 in the supporting information) and
assumes that when the tunneling between the NPs occurs the plasmonic system is partially compromised
as a consequence of the unbalancing of the plasmon oscillation forces. In Fig.2 it can be noted that, adding
this correction, a levelling off of the electromagnetic field enhancement is obtained, similar to the
experimental results. This explains the fact that below a certain interparticle distance, although the
electromagnetic field should still increase, the NELIBS enhancement does not.

In any case, when considering the relationship between the NELIBS enhancement and the plasmon
enhanced electromagnetic field, we should take into consideration that the laser pulse energy is the only
energy furnished to the sample system. This means that, although under the effect of the NP plasmon
resonance the energy is enhanced in the hot spots, the total energy delivered to the sample is the same
during NELIBS and LIBS. That means, that in the case of metals, where hot spots are located close to the
sample, an extremely efficient transfer of energy from the laser to the sample is obtained in the
surrounding zone of the NPs. As the laser energy is converted into electronic excitation inside the sample,
the effect of the energy concentration in between the NPs is localized in the hot spot on the sample surface
only at the very beginning of the laser pulse irradiation. Then it immediately spreads throughout the
irradiated portion of sample. This simple observation implies two important considerations:

1) If the energy of the laser is concentrated in some specific part of the irradiated sample (i.e., in the
space between the NPs), the energy deposited on the NPs themselves must be strongly reduced in
order to hold the total energy deposited on the sample constant and equal to the energy of the
laser pulse.

2) As the ablation mass mainly depends on the effective energy deposited on the sample, if the same
laser pulse characteristics are employed during a NELIBS and a LIBS experiment and the difference
of the average optical properties along the laser spot area with and without NPs deposition is
negligible, no important differences should be expected in the ablation mass as reported in
Ref.[20].

3.2 Distribution of laser energy during plasmon enhanced laser ablation

The laser energy at certain fluence, F, with laser spot of radius R is given by:

Elaser =F - mR* Eq.5



According to the consideration of the previous section this energy will be distributed in the hot spots and
on the NPs surrounding the hot spots. The energy concentrated in the hot spot can be estimated with the
following equation:

Ehot = (IENZFFTT'}ZthNP Eq. 6

In the following equation o is a proportionality factor that takes into account the NP coupling efficiency, rnot
is the radius of the hot spot and Nyp is the number of irradiated NPs. In Eq. 6 it is used EN?, as the
enhancement is proportional to the electromagnetic field induced on the NP system (see Fig.2) rather than
its energy. As will be discussed later, this observation suggests that the effect of the NPs deposited on the
sample does not affect the energy of the emitted radiation from the plasma, but it affects the number of
emitters as a consequence of a more efficient atomization and excitation of the ablated sample during the
laser-matter interaction stage.

The residual energy that is not focused in the hot spot and that interacts directly with the NPs can be
estimated as the difference between the total laser energy and the Enot

Eresidual = Elaser — Enot = HF(RZ - aENzr%thNP) Eq.7

so the residual energy on a single NP of radius ryp is given by:
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If the residual energy is higher than the breakdown threshold of the metallic NP, then the NP is vaporized
and the plasmonic enhanced ablation effect decreases. The breakdown threshold of the NP system is
different than the one corresponding to the bulk metal. Although the boiling and vaporization
temperatures of a single NP are lower than the corresponding bulk ones, the breakdown threshold is higher
for the NP system with respect to the bulk one. To prove this, we have measured the breakdown threshold
at 1064 nm of a bulk gold sample and of a gold NP system deposited on Teflon. The breakdown threshold
was estimated by the method proposed in Ref. [21], reporting the signal to noise ratio of the emission line
at 312.27 nm as function of the laser fluence (see supporting information). The resulting breakdown
thresholds were 0.8 and 2.3 J cm™ for Au bulk and 10 nm Au NPs, respectively that corresponds to an
energy for each single NP of about 7 101%). According to Eq.7, if an efficient plasmon coupling between the
NPs occurs, the laser energy is mainly concentrated in the hot spots and, in turn, the density of energy on
the NP surface is lower than that of the incident laser pulse. In other words the plasmonic effect is at the
same time concentrating the laser energy in between the NPs and shielding the NPs themselves. As
mentioned above, this is a crucial issue for having the ns plasmonic enhanced ablation, because the
efficiency of the plasmons depends on the presence of the NPs during the pulse irradiation.



Fig. 3 reports, as an example, the residual energy per NP (dashed line) at the same experimental conditions
of the experimental enhancement reported in Ref. [7] as listed in the caption, assuming rhet=1nm. By the
inspection of Fig. 3 it is possible to note, that at these experimental conditions, for fluence beyond 20 J cm~
2, the residual energy reaches the breakdown threshold of the NP and, according to the present discussion,
the experimental NELIBS enhancement starts to decrease because the plasmonic system is losing dipoles
components and consequently the efficiency of the plasmon enhanced ablation decreases.

According to Eq.7, the higher the enhancement the lower the residual energy on the NPs and this strongly
depends on the quality of the NPs deposition on the sample surface, which, indeed, is the crucial issue in
determining the efficiency of plasmon enhanced laser ablation [1, 7]. This also implies that the higher the
enhancement that can be reached with NELIBS, the higher the laser fluence that can be employed.

3.3 Comparison of the mass ablated during conventional laser ablation and NP enhanced laser ablation

Previous work shows that, although the morphology of the laser induced craters during NP enhanced
ablation and conventional ablation are very different [9,18,20, 22], the volume of the craters does not
differ significantly [20]. To confirm this effect Fig.4a and b show the crater profiles during NELIBS and LIBS,
and their corresponding spectra. The measurements were done with 50 laser shots with the delay of 1
minute between each other. In the case of NELIBS, after every shot the crater was cleaned and a new NP
deposition was done. Then the reproducibility of the NELIBS signal was controlled with the emission
spectrum and is around 75%. The obtained craters for a laser spot 2 mm in diameter were then observed
with a profilometer. By the inspection of Fig.4a, although it is not possible to quantitatively compare the
ablated volume from the profilometer measurements, the profile does not show any substantial difference,
although the LIBS crater seems slightly bigger than the NELIBS one [20]. Despite similar crater depth, the
emission signal of the NELIBS experiment is notably more intense than the LIBS one as reported in Fig.4b. It
is interesting to note that with an enhancement of the net emission intensity (i.e., peak area with
background subtraction) of NELIBS with respect to LIBS, the background continuum radiation is also
increased in the NELIBS spectrum. This is because the continuum radiation at a delay time of 1 us is due to
radiative recombination, the intensity of which is proportional to the number of atoms produced by direct
electron ion recombination that in the case of NELIBS is higher than in LIBS [7]. These results show that the
NELIBS enhancement is not due to any difference in the ablation mass.

3.4 NPs in the plasma phase

The scanning electron microscope (SEM) image in Fig. 5 shows the surface of the Al based alloy target
covered with AuNPs and includes (A) the crater after the laser ablation and (B) an adjacent zone where no
interaction with the laser occurred. It is possible to note that after the laser pulse some of the NPs are still
on the sample, holding the same size and shape, which suggests that they did not experience any
transformation upon laser irradiation. Of course, the number is notably reduced as some of them have
been covered by the melted and re-solidified sample, some of them have been pushed away by the
shockwave and most of them have been processed in the plasma phase. To investigate this latter aspect
the temporal emission of the NP atomic signal was investigated and compared with the emission of the
atoms coming from the sample substrate. As an example, in Fig. 6 the emission lines of Ag | at 328.07 nm
and of Ti | at 327.7 nm are reported as function of time during NELIBS of a titanium with AgNPs. It is clear
that, while the emission signal of Ti | has the typical decreasing trend after the laser pulse, the silver



emission appears later and it reaches a maximum after 285 ns. This probably corresponds to the time of
evaporation of the NPs is the plasma phase [23]. In Fig.7 the spectrally resolved emission images show
again a different trend between the emission of Ag at 328.07 nm and of Al at 396.15 nm during NELIBS on
an aluminum based alloy with silver NPs. In this case, it is interesting to note that the emission of silver in
the time interval of 200-400 ns after the laser pulse is shifted forward in distance with respect to the
emission of the Al |, denoting that initially the particles are on the front-head of the plasma. Assuming the
same velocity for all the species in the plasma, the spatial shift of the silver implies a temporal delay in the
silver emission with respect to aluminum, confirming the observation reported above.

The presence of the NPs during the laser-matter interaction for the whole laser pulse duration and the
subsequent evaporation in the plasma phase suggests important issues concerning the NELIBS
enhancement mechanisms. Assuming an initial expansion rate of the ablated matter between of 108- 10’
cm st (in agreement with ref. [24]) and an expansion shape that initially resembles an oblate spheroid (as
shown in Fig.8) during the 6 ns laser pulse, the distance between NPs is still small enough to allow plasmon
coupling between the NPs. Table 1 reports the calculated values of the interparticle distances at different
initial expansion rates, considering an initial two-dimensional circular surface of 1 mm diameter (the laser
spot), containing 10'° NPs of 20 nm diameter, that turns into an oblate spheroid surface with a major semi-
axis equal to the spot radius and a minor semi-axis (a) equal to the distances covered by the ablated matter
after the 6 ns laser pulse. Because efficient plasmon interaction occurs at interparticle distances on the
same order or less than the particle diameter, by the inspection of Table 1 it is clear that at conventional
expansion rates the plasmonic effect holds for the entire laser pulse duration. Now, assuming that the
difference in the ablated mass between NELIBS and LIBS is negligible, this phenomenon can play a crucial
role in the NELIBS effect and may be the way further energy is delivered to the ejected mass, improving the
atomization and the excitation of the sample.

3.5 The emission intensity and the ablated mass

As it is well known, during laser ablation increasing the laser fluence, keeping constant the laser spot size,
the ablated mass increases until a critical ejection of matter is reached [25]. After this stage, further energy
does not reach the sample because the ablated matter, and especially the electrons, completely shield the
target surface. This excess of energy is spent in exciting the ablated mass, inducing further atomization,
ionization and excitation. In order to increase the flux of ejected matter for obtaining a higher quantity of
ablated mass, it is necessary to hold the same fluence but enlarge the laser spot. In the latter case,
although a larger portion of laser pulse energy reaches the target surface, as a consequence of the larger
amount of ejected matter, the pulse energy per ablated mass can be not so efficient in exciting the ejected
material as in the case of smaller spot size. This issue is shown in Fig. 9a and b, where the ablation mass
measured by the crater profile (see supporting information) and the emission intensity of Ti | at 462.3nm
are reported as function of laser energy, respectively. In Fig. 9a-b the data are reported keeping constant
the spot size and varying the laser fluence (circles) and keeping constant the laser fluence but varying the
spot size (squares). We can observe that keeping constant the laser spot to 500 um, after some tens of mJ,
the increase of the laser fluence does not have any noticeable effect, within experimental error, on the
ablated mass However, in Fig.9b it can be observed that the intensity increases as a consequence of a
better excitation of the ablated matter. Fig.9a also shows the effect on the ablation mass that is obtained
increasing the laser spot size and keeping constant the laser fluence that leads also to a higher intensity in
Fig. 9b, as a larger number of emitters is produced. To better clarify this point we introduce the relative
emission efficiency, which is the ratio between the relative intensity and the ablated mass. The effect of the
larger amount of ablated mass, as well as the effect of the energy spent for excitation, can be monitored



simultaneously, as reported in Fig.9c. By the inspection of Fig 9c we can see that, keeping constant the laser
fluence and increasing the spot size, the LIBS emission efficiency decreases in spite of the higher ablated
mass. On the contrary, the emission efficiency of NELIBS increases for increasing the spot size and, in turn,
the ablated mass. These results suggest that NELIBS, although it does not increase the ablation mass, it
allows a better atomization and excitation of the ejected material. In this view the plasmonic effect during
the entire duration of the laser irradiation allows to deposit the energy on that part of the material that in
conventional LIBS would not take part in the emission of radiation as it cannot interact efficiently with the
laser pulse. As shown in Fig.9d the NELIBS enhancement increases with the amount of ablated material, but
is negligible for low amounts of ejected material because in this case conventional LIBS is efficient enough
to excite all of the ablated matter and no further energy is required to support the laser pulse.

Conclusion

In this paper some basic aspects of the nanoparticle enhanced ablation have been investigated in order to
extend the knowledge on the fundamental mechanisms leading to the signal enhancement. The plasmonic
nature of the signal enhancement during NELIBS has been proven experimentally by the correlation
between the NELIBS enhancement and the electromagnetic field enhancement, as well as by the negligible
difference in the ablated mass (as measured with profilometry) with respect to differences in emission
intensity with and without plasmon enhanced ablation. On the basis of the conservation of energy and on
the spectral features of the NP atomic emission lines during plasma evolution, the shielding of the NPs due
to the plasmonic effect has been discussed. Finally the comparison of the laser pulse partition in NELIBS
and LIBS has been discussed in terms of ablation mass and emission efficiency. The results reported in the
present paper, although do not elucidate completely all the processes occurring during plasmon enhanced
ablation, give a new insight on the reasons leading to NELIBS enhancement.
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Fig.1 Diagram of plasmonic interactions between NPs and the metallic target surface. The red points
indicate the generated hot spots and the purple balls are plasmons [17].
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Fig.2. NELIBS signal enhancement (see Eq.1) of Ti | at 365.45 nm as a function of interparticle distance with
20 nm AgNPs deposited on a titanium sample, laser fluence: 13 J cm™, acquisition time:, delay: 200 ns, gate
width: 1.2 ps. Experimentally observed NELIBS enhancement (full circles); theoretical field enhancement as
calculated from Eq. 2 with (empty squares) and without (dashed lines) correction for tunnel effect.
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Fig.3. Dependence on fluence of a) calculated residual energy from Eq.7 (dashed line) as function of the
laser fluence assuming o=1, Nyp= 3 10% EN=22.7, rhe=1 nm, R=10 nm and b) experimental enhancement
(Full circles) with standard deviation from Ref.[7] under the following experimental conditions: Ag NPs were
deposited on a Ti sample (NP diameter: 20 nm and number of irradiated NPs: 3 10°).
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Fig.4. a) Crater analysis was performed with a stylus profilometer, Alpha-step D-120 (KLA-Tencor, Milpitas, CA)
after 50 shots of NELIBS and LIBS on titanium. b) Corresponding emission spectra under the following experimental
conditions: fluence: 5 J cm?, delay: 1 ps, gate width: 5 ps, 1pl of AuNPs (0.126 mgl; 7 nm diameter) produced by
PLAL with a surface concentration of 4.0 102 mg cm™ on the target surface. In the case of NELIBS after each shot a
new NPs deposition was done.



Fig.5. Scanning electron microscope (SEM) images of an aluminum based alloy surface covered with 10 nm
Au-NPs. MIRA3 (Tescan, Czech Republic). The sample was measured using secondary emission mode (in-
beam detector) at 15 kV, depth regime and working distance of 7 mm. Zone A is in a region inside the
ablated area, while zone B is in an area outside the ablated area. Elemental analysis was provided by
Energy-dispersive X-ray spectroscopy (EDX), working distance 15 mm, visualized with a BSE detector and a
50 mm SDD detector (Oxford Instruments, UK) was used. Data were evaluated using Aztec software ver. 3.1
(Oxford Instruments, UK) and the Au abundance in mass was 1.7 % and 7.9 % respectively for the zones A
and B.
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Fig.6. a) Temporal evolution of the atomic emission intensity of Ag 1 328.07 nm and Ti | 327.7 nm,
normalized to the maximum emission signal, during NELIBS on titanium with 20 nm AgNPs at a laser
irradiance of 13 J cm™. b) and c) show sections of two emission spectra acquired at delay 100 ns and 2 ps,
respectively, where the Ag | and Ti | emission lines are in evidence.
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Fig.7. Spectrally resolved images of NELIBS with 20 nm AgNPs on an Al target. The green color represents
the emission of Ag 1328.07 nm and the red color represents Al 1 396.15.



Fig.8. The material expansion of a target (blue) during the laser pulse (green) and its effect on the NP
interparticle distance: a) The moment the laser reaches the target surface the interaction area is a flat circle
(pink); b) During the laser irradiation the material expands to an oblate spheroid volume; c) The
interparticle distance (D) between two adjacent NPs (yellow); d) The effect on the distance between the
NPs with the expansion of the laser interaction surface from a flat circular (dashed line) to oblate spheroid
(blue ovoid) shape with minor semi-axis a.
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Fig.9. Effect of laser fluence and spot size on intensity and ablated mass a) Dependence of the ablation
mass and relative error as function of laser energy keeping constant the spot size and varying the laser
fluence (circles) and keeping constant the laser fluence but varying the spot size (squares); b) Dependence
of the intensity of Ti | 462.3 nm as function of laser energy keeping constant the spot size and varying the
laser fluence and keeping constant the laser fluence but varying the spot size; c) Dependence of relative
emission efficiency (Intensity/ablated mass) as function of the ablated mass in LIBS and NELIBS; d) Intensity
and NELIBS enhancement as function of the ablation mass. For NELIBS 1pl of AuNPs (0.126 mgl™?; 7 nm
diameter) produced by PLAL with a surface concentration of 4.0 102 mg cm™ on the target surface have
been used.



Expansion velocity (m s) Expansion distance NP interparticle

after 6 ns (m) distance (m)
Before the laser shot 7.910°
110* 610° 8.310°
510* 310* 1.210%
110° 6 10* 1.7 10
1108 1103 2.4 107

Tab.1. Calculated interparticle distance of 20 nm NPs as function of the plasma expansion velocity

considering the expanded matter resembling an oblate spheroid during the 6 nm laser irradiation pulse as
illustrated in Fig.8.



