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Abstract: In this article, we have focused our attention on the femtosecond 
laser irradiation of fused silica to study the mechanisms of micro-cavities 
and nanofibers formation. The nanofibers formed have small diameters and 
are extremely long, with a typical aspect ratio of 1000. Structural 
rearrangements and density variation have been studied by micro-Raman 
spectroscopy as a function of the irradiation parameters. 3D spatial 
characterizations of structural reorganizations and molecular oxygen 
production have given insights on high-temperature and high-pressure silica 
transformations by high repetition rate femtosecond laser irradiation. 
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1. Introduction 

Tightly focused femtosecond pulses with energies of a few hundreds of nanojoules have 
become a key tool to modify the physical and chemical properties of materials in three 
dimensions at a sub-micrometer scale [1]. These physico-chemical modifications depend on 
the laser parameters, the material composition and the focusing conditions, that are at the 
surface or within the bulk. Among many glasses, fused silica has certainly been the most 
studied due to its relatively simple composition and excellent optical quality. When exposed 
to femtosecond pulses focused at the surface, fused silica undergoes breakdown, which is 
surface damage and/or material removal, so-called ablation [2, 3]. When exposed to 
femtosecond pulses focused deeply inside the bulk (typically more than tens of micrometers 
below the surface, depending on the focusing conditions), fused silica exhibits three different 
response regimes. At low irradiance (type 1), local densification and color centers are created 
leading to an isotropic refractive index change ∆n [4]. At intermediate irradiances (type 2), 
nanogratings are formed, giving rise to an anisotropic ∆n and form birefringence [5]. At high 
irradiance (type 3), voids with a low refractive index core and a high refractive index shell are 
formed [6]. 

Moreover the group of A. Vailionis et al. had demonstrated conditions relevant to warm 
dense matter within strongly focused femtosecond laser pulses with energy of hundreds of nJ 
at low repetition rate [7]. Under such extreme conditions of temperature and pressure A. 
Vailionis et al. had also demonstrated a new phase of ultra-dense aluminum issued from 
sapphire [7]. 

At high repetition rate, K. Venkatakrishnan et al. [9] demonstrated formation of extremely 
high aspect ratio fused silica nanofibers. When multiple femtosecond pulses are focused 
inside fused silica at a distance comprised between 10 and 40 µm below the surface 
(depending on the focusing conditions), nanofibers are formed, emerging from the shell of a 
micro-cavity [9]. These nanofibers have diameters that can be as low as 20 nm and as long as 
a few hundreds of microns. The formation mechanisms of these nanofibers are currently 
unclear. It seems however obvious that extreme temperature and pressure conditions relevant 
to warm dense matter are involved in the process of nano-jet formation, resulting in their 
formation. The formation of nanofibers in explosion regimes had been also shown by S. 
Juodkazis et al. in chalcogenide glass [8]. 

To get more insights in the formation of nanofibers, Sivakumar et al. [10] had already 
performed an averaged Raman spectroscopy on the irradiated zone containing such 
nanofibers. He observed structural modifications after femtosecond laser irradiation. 
Nevertheless, this study is lacking spatial resolution and systematic mapping of the irradiated 
zone. 

In this article, we describe Raman mapping of femtosecond laser-induced micro-cavities 
performed in sub-surface micro-explosion regime. Examination of three-dimensional Raman 
spectra mapping of the micro-cavities, enables to observe the material density change and 
structural reorganization as a function of the writing incident irradiance and number of pulses. 
It allows a description of this particular irradiation mechanisms taking into account glass 
structure transformation, high pressure effects, viscosity changes and focus dynamic due to 
pulse after pulse accumulation effects. 

2. Sample description, experimental details and methodology 

2.1. Direct laser writing setup and methodology 

The experimental test-bench for bulk micro-structuring consists of a laser system (Yb:KGW 
commercial laser Amplitude Systemes, t-pulse 200, 10 MHz) with a pulse duration of 390 fs 
at an operating wavelength of 1030 nm. The collimated laser beam having a diameter of 4 mm 
is focused below the sample surface at a depth of 20 µm, using a microscope objective 
(Mitutoyo Plan Apo NIR HR, NA = 0.7, 100 × ). A CCD camera coupled to a white light 
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source is installed for laser beam positioning and diagnostics. The sample is displaced in three 
(x, y, z) dimensions by motorized translation stages (XMS-50 stages in xy and VP-25-XL in 
z, Micro-Contrôle). An acousto-optic modulator ensures the precise adjustment of the incident 
energy and number of pulses. All the experiments have been performed at ambient 
temperature and atmospheric pressure. 

The sample is a high purity synthetic fused silica glass (SUPRASIL by Heraeus, 
impurities are < 0.065 ppm, total bubble cross section within the volume is ≤ 0.015 mm2/100 
cm3). The number of pulses in a given spot area is varied from 104 to 108 pulses, and the 
irradiance is changed from 0.08 to 5.9 TW.cm−2. The threshold of the material modification is 
2.6 TW.cm−2 per pulse in the accumulative regime. In this study, the threshold of a laser 
induced material modification is defined by its observation with an optical microscope. 

Figure 1(a) shows the optical microscopy image of the femtosecond direct laser writing 20 
microns beneath the surface where the irradiance and number of pulses have been varied. 

 

Fig. 1. (a) Optical microscopy image of the experiment zone. The dashed-line rectangle shows 
the zone where surface nanofibers are formed. (b, c) SEM image of a laser-induced dome-
shaped structure at the glass surface, due to sub-surface irradiation, resulting from the elastic-
plastic deformation, respectively without and with the dome piercing (with no nanofiber 
formation, here). (d) SEM image of nanofibers at the surface of the crater corresponding to the 
bold-line rectangle in (a). Experimental conditions: 10 MHz laser @ 1030 nm, NA = 0.7, 
incident energy per pulse 5.7 TW.cm−2, 107 pulses. (e) Zoom showing winded nanofibers. 

Within the investigated irradiation parameter range, micro-cavities can be formed. The 
optical microscopy image in Fig. 1(a) demonstrates the zone, where the micro-cavities are 
systematically formed (the region without any modifications is not shown in this figure). We 
can distinguish three different zones in Fig. 1(a). The first, for an incident irradince of 4.1 to 
4.5 TW.cm−2 per pulse, a small zone corresponding to the cavity in the center and a large 
affected zone surrounding the cavity. The second, for the incident irradince range 4.8 - 5.2 
TW.cm−2 per pulse, where a bigger cavity is formed and the affected zone is smaller than in 
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the first case. The third, for irradiances higher than 5.2 TW.cm−2 cavities and nanofibers are 
formed. 

In our irradiation conditions, systematic observation of the irradiated spots by scanning 
electron microscopy (SEM) show the elastic-plastic deformation of the surface for such high 
repetition rate sub-surface irradiation, with the formation of dome-shaped structures, as seen 
in Fig. 1(b). For some cases, these domes can get partially opened (see Fig. 1(c)). 

Moreover, SEM images show that nanofibers are only generated for irradiance above 5.0 
TW.cm−2 per pulse and in the range of 104 to 108 pulses. Figure 1(d) presents an example of 
SEM images with nanofibers exiting a micro-cavity formed with 5.7 TW.cm−2 and 107 pulses, 
while Fig. 1(e) shows a zoom of winded nanofibers. 

The surface of the crater shown in Fig. 1(d) is smooth with the exception of some debris. 
The length of the nanofibers can be as long as hundreds of microns, while their diameter can 
be as small as 20 nm, leading to aspect ratios of several thousands. 

2.2. Micro-Raman spectroscopy setup and methodology 

Raman non-polarized spectroscopic measurements have been performed using a confocal 
micro-Raman spectrometer (LabRAM HR from HORIBA Jobin Yvon), with a typical spectral 
resolution of 1 cm−1. The incoming Ar-laser excitation (514 nm) is focused via a 100 × (NA = 
0.9) microscope objective. The mapping have been performed with a spatial increment of 1.5 
µm in the x and y directions and of 3 µm in the z direction. 

Raman spectroscopy is a powerful tool for the methodical and detailed examination of 
material modifications. In particular, Raman spectroscopy in fused silica has been shown to 
be useful to investigate density changes [11–13], as well as phase transitions [14] and 
chemical changes [15, 16]. To study the Raman signature of the irradiated volume, a 
normalization procedure taking into account the beam propagation in depth of the sample has 
been employed. It simply consists in the normalization of each spectrum with respect to the 
full spectrum integrated area of the pristine material measured at the same depth. Note, that 
the z scale in this publication is not corrected for the refractive index. All z-scale presented in 
this study corresponds to the displacement of the translation stage. In the 3D Raman mapping, 
the Ar laser beam was going along the positive z-direction (from top to bottom) of the sample 
for all figures of the paper. We have also performed imaging along the opposite direction (not 
shown here), to be sure if the Raman signal is not perturbed while the laser beam is passing 
through highly constrained zones and oxygen dioxide especially close to the sample surface. 
We have not seen any difference when imaging in 3D the cavities along the negative z-
direction (from bottom to top). We can thus conclude that there are no significant artifacts 
appearing when beam goes through some modified regions. 

As an example, Fig. 2(a) shows the Raman spectra of a pristine fused silica as well as two 
typical spectra measured within the laser-exposed area. 
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Fig. 2. (a) Raman spectra for three different cases: pristine fused silica, the shell and the cavity 
of a laser-exposed area (irradiance of 4.5 TW.cm−2, 108 pulses). (b) Mapping of the Global 
Integrated Raman Intensity (GIRI) retrieved by integrating the spectral region from 220 to 700 
cm−1. (c) Mapping of the D2 peak retrieved by integrating the spectral region from 575 to 700 
cm−1. (d) Molecular oxygen distribution (peak at 1550 cm−1) inside the cavity. The surface 
corresponds to the position z = 0. 

The spectral assignments of fused silica Raman bands can be summarized as follow: the 
broadband centered at around 440 cm−1 has been attributed to coupled stretching-bending 
vibration of Si–O–Si bridges [17, 18]. The two sharp contributions at 490 cm−1 and 606 cm−1 
have been attributed to the symmetric stretching vibrations (“breathing mode”) in four- and 
three- member rings of SiO4 tetrahedra (called respectively D1 and D2) [17–19]. At 805 cm−1, 
the peak is attributed to the local bending and stretching of Si–O–Si bridges [13, 17]. The two 
smaller contributions at 1064 and 1200 cm−1 are attributed to Si–O asymmetric stretching [20, 
21]. 

The spectral variations observed in Fig. 2(a) concern, first, the global Raman intensity 
which can show within the irradiated volume either 60% increase or 80% decrease. One can 
also notice an increase of D1 and D2 peaks relatively to the main broadband at 440 cm−1, 
independently of the Raman signal intensity. The third appearing feature is the spectral line 
centered close to 1550 cm−1, which corresponds to the symmetric stretching of molecular 
dioxygen [22]. 

An example of three Raman images of a micro-cavity is shown in Fig. 2(b)-2(d). The first 
map is the integration of the spectral region from 220 to 700 cm−1 normalized to the Raman 
response of a pristine glass measured at the same depth. We further call it the Global 
Integrated Raman Intensity (GIRI) (see Fig. 2(b)). In Fig. 2(c), the second map depicts the 
proportion of three member rings in the silica network, by mapping the integration of the D2 
peak (575 to 700 cm−1) normalized to the integration of the Global Integrated Raman Intensity 
(220 to 700 cm−1). The last image (Fig. 2(d)) presents molecular oxygen distribution within 
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the irradiated volume. Indeed, we have chosen three different types of Raman mapping 
according to the following reasons: GIRI variation reflects density changes but also the 
Raman scattering cross section variations upon structural modification. It gives direct 
information of the density of states in material and allows drawing a trend for the material 
density changes. In our case GIRI is normalized, thus, when the value of GIRI is lower than 
the material density has decreased. On the contrary, when the value of GIRI has increased the 
density of the material should increase. Thus the global Raman intensity allows localization of 
the expected cavity. We can further locate molecular oxygen within the cavity [15]. In 
addition, an increase of the number of small rings within the silica glass structure (D1 and D2 
Raman peaks) has been correlated to both pressure effects and changes in fictive temperature 
[23–34]. Such spectral changes could inform us about the laser induced constrains and the 
thermal history of the glass after femtosecond laser irradiation in conditions relevant to warm 
dense matter. 

3. Results 

Hereafter we concentrate on the description of the fused silica modification with the emphasis 
on the conditions of the nanofiber formation in the multishot cumulative regime. The 
methodology proposed in section 2.2 is further applied to study the subsequent steps of the 
material modification. Figure 3 presents the Raman mapping of modifications for the same 
incident irradiance (4.5 TW.cm−2 per pulse) and different number of pulses (from 104 to 108). 
The modifications in GIRI are shown in Fig. 3(a), 3(d), 3(g). 

 

Fig. 3. Raman mapping of the modifications for irradiance of 4.5 TW.cm−2 and different 
number of pulses. Columns 2, 3, and 4 are the Global Integrated Raman Intensity (GIRI), the 
D2 peak and the molecular oxygen peak (1550 cm−1), respectively, and lines 2, 3, and 4 
correspond to 104, 106, and 108 pulses, respectively. All images are in µm. Zero in the left axis 
corresponds to the surface. Femtosecond laser beam profile is present by red dotted curves. 
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One can see that there exist two different areas: the first, where GIRI increases and, the 
second, where GIRI decreases. For 104 pulses we distinguish the cavity with GIRI of 0.6 and 
two lobes at the sides of the cavity where GIRI has increased up to 1.2. For higher number of 
incident pulses (106 and 108), the sub-surface cavity increase in volume; and GIRI decreases 
and reaches 0.4 from the initial value and even 0.2 in the central part. The increase of GIRI is 
now situated on the top of the cavity and reaches the value of 1.6. The volume of the cavity 
and of GIRI modifications increases with number of pulses. 

Figure 3(b), 3(e), 3(h) depicts the locations where modifications of the D2 peak relative 
intensity have been observed. For 104 pulses, the highest changes are observed in the center of 
the irradiated volume. When the number of incident pulses increase, the glass volume 
showing changes of the D2 peak relative intensity increases. For 106 and 108 pulses, the 
highest value of the D2 peak is situated just above the cavity. The relative increase of small 
rings within the glass network is finally distributed in a much bigger volume for the highest 
number of pulses (108). If we further compare GIRI and “D2 peak” images in Fig. 3, the 
relative increase of the D2 peak intensity is observed over all the volume where the GIRI has 
been modified. For 106 and 108 laser pulses, the highest increase of the D2 peak relative 
intensity is correlated with the augmentation of the GIRI up to 1.6 in the upper part of the 
irradiated volume. 

The molecular oxygen spectral line (1550 cm−1) is identified in the irradiated zone (see 
Fig. 3(c), 3(f), 3(i)). The highest oxygen concentration is observed for 104 pulses and 
irradiance of 4.5 TW.cm−2. When the pulse number increases, the concentration of molecular 
oxygen is decreased by a factor 10. It is worth to note, that dioxygen is situated in the upper 
part of the cavity and its position does not change from 104 to 108 pulses (see Fig. 3(c), 3(f), 
3(i)). In this case there is no surface nanofibers but the formation of a subsurface cavity. 

Figure 4 presents the Raman mapping of the modifications for different incident irradiance 
(from 3.0 to 5.9 TW.cm−2 per pulse) and 104 pulses per site. For irradiance just slightly above 
the material modification threshold (e.g. 3.0 TW.cm−2 per pulse), only a small decrease of the 
GIRI signal (0.9) can be distinguished (see Fig. 4(a)) which is correlated in space with an 
increase of the D2 peak relative intensity (see Fig. 4(b)). When the incident irradiance 
increases, we can identify both a GIRI decrease in the center and appearance of two higher 
density lobes with GIRI increasing up to 1.2 (see Fig. 4(d)). The “D2 peak” map is similar as 
in the 3.0 TW.cm−2 per pulse case (see Fig. 4(e)). One can distinguish the molecular oxygen 
appearing for the irradiance of 4.5 TW.cm−2 per pulse. Once we increase the incident 
irradiance the nanofibers are formed (see Fig. 1 and Fig. 4(g), 4(h), 4(i)). Raman micro-
spectroscopy does not provide spatial resolution to investigate the nanofibers more in detail. 
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Fig. 4. Raman mapping of the modifications for 104 pulses and different pulse irradiances. 
Columns 2, 3, and 4 are the GIRI, the D2 peak and the molecular oxygen peak (1550 cm−1), 
respectively, and lines 2, 3, and 4 correspond to 3.0 TW.cm−2, 4.5 TW.cm−2, 5.9 TW.cm−2 pulse 
irradiances, respectively. All images are in µm. Zero in the left axis corresponds to the surface. 
Femtosecond laser beam profile is present by red dotted curves. 

The zone showing a GIRI decrease is much larger than for 4.5 TW.cm−2 per pulse. The 
high value of GIRI is composed of two lobes forming the glass surface above the irradiated 
volume. This has not been observed for other irradiances and number of pulses. The local 
piercing of the cavity can be observed as a minimum of GIRI between these two red regions 
(highly increased GIRI). However, it appears less dense than the cavity in the volume 
certainly because of the pierced zone size which is below the micrometer and thus at the limit 
of our Raman microscope spatial resolution. In this case, we observe the highest increase of 
the D2 peak relative intensity; at least three times higher than for the other irradiation 
conditions. Molecular oxygen is no more present in the cavity (see Fig. 4(i)). 

4. Discussion 

When exposed to femtosecond pulses with a high energy density fused silica undergoes an 
optical breakdown. In the material bulk, voids with a low index core and a high index shell 
are formed [7, 35]. The formation of such voids is due to a sequence of processes occurring at 
different time scales. Within the first picosecond, photo-ionization via electron tunneling or 
multiphoton ionization and electron avalanche followed by electron-lattice energy transfer 
takes place. This result in a typical heating up to thousands of Kelvin for nano-joule energy 
focused down to several microns. After one hundred of picosecond, thermodynamic and 
hydrodynamic processes gradually start [6, 7, 35–38]. Moreover, for high repetition laser 
systems (> 1MHz), the time between two subsequent pulses is low as compared to duration of 
heat diffusion in the material. This leads to a local heat accumulation. We have estimated a 
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temperature in a range 3500 to 6000 K from in situ black-body like emission measurement of 
plasma during femtosecond irradiation (not shown here). For such condition SiO2 is expected 
to be above melting and vaporization point, which imposes consequently high-pressure (in the 
order of GPa) conditions due to the confinement [39]. 

In the configuration where the laser beam is focused just beneath the surface, the material 
is considered as semi-infinite, since a low amount of matter is present above the focusing 
voxel. The heat diffusion leads to a decrease of the rigidity (viscosity) of the surrounding 
material, but in a stronger way between the voxel and the surface. As the temperature 
increases during the laser exposure, the pressure exerted by the melted material on the edges 
of the cavity leads to the breaking at different places of the matter between the melted 
material and the surface. These preferential sites where the material breaks present certainly a 
higher amount of defects such as color centers. As a consequence, on these sites, the 
temperature and the pressure are higher. Similarly as a fluid under pressure, the ejected 
melted material forms a jet, which undergoes a quenching more or less rapid, depending on 
the jet diameter. Because of the high repetition rate of the laser, the material is kept heated, 
enabling the weaving of a high length fiber. 

Figure 5 sketches the evolution of silica modification under sub-surface laser irradiation in 
cumulative regime. 

 

Fig. 5. Caption description: illustration of the evolution of silica under laser irradiation for an 
increasing number of pulses, including normal-density (grey color), high-density (orange shell) 
and low-density (white core) areas. (a) Pristine material with the initial focused beam. (b) 
Creation of a low-density volume at the focusing position (depth z = 0), surrounded by an over-
densed shell, embedding laser-induced strains (grid). (c) Translation of the focusing position z 
in the forward direction, leading to a translation of the low-density area. Note that the 
previously induced low-density area at the initial focus point has typically retrieved its initial 
density, while it highly keeps the memory of the laser modification and accumulated strain. 
Such specific silica with expansion and recompression history seems to be where most of the 
molecular O2 appears. (d) On-going process of moving focus in the forward direction, and the 
associated effects of both local densities and local strains, with additional elastic-plastic 
deformations that lead to the formation of a dome at the surface. (e) On-going process of 
moving focus in the forward direction, with partial destruction of the dome at the surface 
leading to the complete release of the produced molecular oxygen. 

Laser beam waist position and homogeneous pristine fused silica is drawn in Fig. 5(a). 
The first step is the creation of a low-density volume at the focusing position. As observed for 
104 pulses and irradiances of 3.0 and 4.5 TW.cm−2, laser modifications are strongly localized 
and, similarly to bulk interaction, there is a small influence of surface effects (Fig. 4(a) and 
sketched in Fig. 5(b)). An excess of material has been pulled off from the center to the 
periphery, thus creating a densified zone surrounding the central low-density one. In these 
conditions, i.e. at the early stage of the cavity formation, the maximum of molecular O2 has 
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been observed. As reported by Lancry et al., the presence of molecular oxygen in the low-
density part of the cavity denotes the occurrence of soft Coulomb explosions as part of the 
photoionization processes. Coulomb nano-explosion is believed to generate nanoporous silica 
under femtosecond irradiation [15]. In the early phase of the thermodynamic process, oxygen 
dissociation from the silica network takes place due to the spatial charge separation [7, 16, 
40]. Juodkazis et al. [41] via synchrotron X-ray diffraction demonstrated the separation 
between O–O and Si–Si pairs in a single shot experiment. Indeed, according to Lancry et al. 
[15], there exist two types of molecular oxygen. The first is free and is detected at 1556 cm−1. 
The second is dissolved within the glassy network and is peaked at 1549 cm−1, which is the 
case in our experiments. Such an effect of charge separation and of the detection of molecular 
oxygen may be a very general behavior during the modification of oxide glass networks, but 
also during the sub-sequent physico-chemical relaxations, since it has also been demonstrated 
in germanium glass [16]. 

From pulse to pulse, the laser focus is starting to move forward due to optical defocusing 
of the void thus causing the translation of the low-density zone in the same direction (Fig. 
5(c)). It is worth to mention, that the previously laser-induced low-density area at the initial 
focus point has retrieved its initial density. Nevertheless, as observed on the Raman mapping 
showing the increase of D2 rings in the glass network, it still conserves the expansion and 
recompression history of the laser modification and further induced constrains and 
accumulated strain. Molecular O2 remains in this particular zone, its location does not move 
from the low-density volume but its concentration decrease. 

Further translation of the focus position in the forward direction leads to a translation of 
the low-density area in the same direction. This effect associated with local densities and local 
strains and amplified with additional elastic-plastic deformations conducts to the formation of 
a dome at the surface (Fig. 5(d)). The lifting up of the surface is certainly caused by a sub-
surface softening or melting and the effect of pressure induced by the cavity expansion, which 
creates a surface dome, formed of densified silica [42]. The high densification of the surface 
is confirmed by the 60% increase of Raman signal observed in this dome. As mentioned 
above such an increase should be linked to a combined effect of a density and Raman cross 
section augmentations. It is then difficult to determine accurately the real density changes. 
Nevertheless, the increase of Raman signal observed is sufficiently important to certify that 
the augmentation of density at the surface is significant. 

If the incident irradiance increases above 5.0 TW.cm−2, the dome is finally pierced. 
Indeed, high energy density per femtosecond laser pulse allows reaching critical temperature 
and pressure condition for which the micro-explosion cannot be confined. The cavity 
expansion almost reaches the surface. The densified silica surface shell is pierced, this 
situation coincide with the observations of nanofibers. 

One should note that for all irradiated spots with irradiance lower than 5.0 TW.cm−2, the 
increase of D2 Raman peak relative intensity remain almost constant independently to the 
irradiation parameters, only the affected volume change. However, for irradiation conditions 
for which nanofibers are formed, Raman data shows that the quantity of three and four 
member rings in the glass network is three times more important than for the other irradiation 
condition. In our set of experiment, only the final state of the material is characterized. 
Indeed, accumulated transient changes during laser exposure result in a final permanent state 
of the material, when the laser exposure is stopped. The study of the final state of the material 
modified by multiple laser pulses (104 – 107) can be seen an instant picture (stroboscopic 
images) of the transitional material state for the total irradiation by 108 pulses at the same 
irradiance. Thus, structural modifications observed can be interpreted as plastic deformations 
in SiO2 induced under temperature and pressure constraints. The gap observed in the 
structural changes when comparing irradiance below and above 5.0 TW.cm−2 (in our 
focalization conditions) tends to prove that a threshold may exist which affects considerably 
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the laser induced pressure. This could correspond to the first order transition to warm dense 
matter. 

5. Conclusion 

The present study showed that femtosecond laser-induced sub-surface modifications in fused 
silica could lead to the generation of nanofibers in the sub-surface micro-explosion regime. 
Such fibers were formed thanks to the cumulative behavior of the high repetition rate regime, 
since the resulting extreme local pressure of the shock wave led to the local piercing of the 
low-viscosity modified material and to the ejection of nanofibers with small diameters very 
high aspect ratios. Furthermore, structural modifications and cumulative effects were 
investigated by means of confocal Raman spectroscopy. In this framework, we evidenced the 
formation of molecular oxygen in low-density areas of the cavity, which could be attributed to 
the formation of highly-constrained nanoporous silica glass. Such behavior resulted from the 
spatial charge separation of oxygen and the glass network cations (namely the silicon atoms, 
here in Silica) in the laser-induced out-of-equilibrium plasma. This may be a general sequence 
of phenomena in oxide glasses, being at the origin of the physic-chemical modifications and 
relaxations of the matrix network. Additionally, we have observed a moving focus effect by 
increasing the number of cumulated pulses, which contributes to the formation of a dome at 
the surface and the potential piercing of the surface. It mostly lead to the local inscription of 
the history of glass modifications, with an initially high-constrained and low-density focus 
voxel being followed by a subsequent modification with a highly-constrained but re-densified 
volume (close to the initial glass density). 

The detailed analysis of correlation between the Raman measurements and the structural 
modifications led to a better understanding of the glass modification history, to achieve better 
conditions for the formation of nanofibers in a high repetition rate cumulative regime of high-
pressure elastic-plastic sub-surface micro-explosions. 

Finally, such observations should be extended to impurity-doped silica as with rare-earth 
ions or transition elements as noble metal [43]. This opens interesting perspectives from both 
fundamental and applicative point of views, with the understanding of the physic-chemical 
influence of the introduced defects and with the potential optimization of the creation of 
nanofibers. Indeed, addressing tailored glass matrices may give access to nanofibers with 
additional fluorescence optical properties for augmented sensing applications. 
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