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Abstract: The redistribution of elements in a multicomponent oxyfluoride
glass is induced by a 250 kHz femtosecond laser. Elemental distribution in
the cross section of the modified region along the laser propagation axis is
analyzed by an electron microprobe analyzer. The results indicate that the
relative concentrations of network formers of the glass are higher in the
central area of the modified region and lower in the periphery of the
modified region compared with the unirradiated areas. However, the relative
concentrations of network modifiers are as opposed to that of network
formers. Fluorescence spectra confirm that the distribution of fluorescence
intensity of Yb3+ in the modified region is consistent with that of its
concentration. The effects of spherical aberration of the incident beam on
the elemental redistribution are also discussed.
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1.Introduction
Femtosecond laser micromachining of transparent materials has unique advantages over the
continuous wave and long-pulse laser micromachining because of the nonlinear nature of the
absorption independent of the material [1]. When a single intense ultrashort laser pulse is
tightly focused inside glass samples, it will induce nonlinear processes including multiphoton
ionization, tunneling ionization or avalanche ionization [2], and result in complicated
dynamics (melting, evaporation, phase explosion, thermal plasma generation etc.) [3].
Therefore, various three dimensional microstructures inside transparent materials have been
fabricated by femtosecond lasers, such as periodic nanosized voids [4], waveguides [5,6],
couplers [7], photonic crystals [8] and so on.
Recently, high-repetition-rate femtosecond (HRRFS) lasers have attracted considerable
attentions for their heat accumulation effect as well as the relatively low energy of single laser
pulse. These properties of HRRFS lasers make it possible to form low-loss optical waveguides
with higher writing speed [9–11] and fabricate nonlinear optical devices inside glasses
[12,13]. At the same time, a novel laser-matter interaction induced by HRRFS laser is
reported [14–17]. When an intense HRRFS laser is tightly focused inside a glass sample, the
distribution of elements is proved to be modified in a range of a few tens of micrometers
around the focal point, perpendicular to the laser propagation axis. Accordingly, the refractive
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index around the focal point is modified. This result is helpful for the fabrication of photonic
devices or waveguides. However, we found that all the work is focused on the redistribution
of elements in the cross section perpendicular to the laser propagation axis. The information
of elemental distribution in the cross section along the laser propagation axis lacks and needs
investigation. As a matter of fact, when a laser with low- or high-repetition-rate is focused
inside a transparent material, the spherical aberration (SA) due to an index mismatch between
air and material exists, which has an effect on the longitudinal stretch (parallel to the laser
propagation axis) of the focal volume along with a modulation in the longitudinal intensity
profile [18–22]. So, it is essential to investigate element redistribution affected by SA when
glasses are irradiated by HRRFS lasers.
In this article, we investigate the distribution of elements in the cross section of focal
region along the laser propagation axis for a multicomponent oxyfluoride glass irradiated by a
250 kHz femtosecond laser. We found that the relative concentrations of network formers
Si4+, O2- and Al3+ ions of the glass sample are higher in the central area of the focal region and
lower in the periphery of the focal region compared with the unirradiated areas. However, the
relative concentrations of network modifiers Ca2+, Yb3+ and F- ions are as opposed to that of
network formers. The effects of SA on the elemental redistribution are also discussed.

Fig. 1. Schematic of the laser writing.

2. Experimental
A glass sample with composition of 60SiO2-20Al2O3-20CaF2-10YbF3 (mol %) is used in this
study, which is prepared by the conventional melt-quenching method. Detailed fabrication of
the glass was described elsewhere [23]. The sample is cut and polished into blocks 10 × 3 × 2
mm3 in size. Then it is mounted on a xyz stage with a resolution of 1 µm, which is precisely
controlled by a computer for laser micromachining. The schematic of the micromachining
process is shown in Fig. 1. A regeneratively amplified 800 nm Ti: sapphire laser emitting a
train of 150 fs, 250 kHz mode-locked pulses is used for laser direct writing. The direction of
polarization of the laser is parallel to the x-axis. The laser pulse with energy of 2 µJ is focused
via a microscope objective (50 × , NA = 0.8) into the sample. The transmission ratio of the
used objective is around 70%, by considering its truncation ratio of ~15%, the pulse energy is
1.19 µJ after the objective. The laser focus is located at about 50 µm beneath the surface of the
sample. Consider the refractive index of the glass sample (n is around 1.5), the real depth
should be 75 µm. The sample is translated at a speed of 10 µm/s along the x-axis,
perpendicular to the laser propagation axis (z axis). After laser irradiation, the sample is side
polished until the surface is at the level of the internal modified structures, which are imaged
under an optical microscope in transmission mode. An electron microprobe analyzer (EPMA:
JEOL, JXA-8100) is used to determine the relative concentrations of the elemental
composition in these structures. A Raman spectrometer (Renishaw inVia) with a 785 nm laser
excitation is employed to measure the confocal fluorescence spectra.
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3. Results and discussion
Figure 2(a) shows the optical microscope image of the cross section of the laser-modified
zone along y-z plane. There is a bright gray zone in the periphery of the photo-modified area,
which is attributed to strains resulted from thermal expansion [24]. Within the periphery, we
can see that the whole modified area is black. The variable acts of melting and solidifying
across the innear region result in local densification, the formation of color centers and defect
generation [9,10,25,26]. The results lead to the non-uniformity of the light absorption and the
refractive index, which is the possible reason for color contrast in the optical image. By
inserting the sample to the middle of two cross polarizers, we also check whether birefringent
effect occurs in the laser modified area. We found that the birefringent effect cannot be
observed in the black area but can be observed in the surrounding areas. In the following
sections, only the black area is discussed as the modified area. The maximum longitudinal and
transversal lengths of this zone are 44.1 and 29.6 µm, respectively. There are two possible
effects for the longitudinal stretch being longer than the laser focal volume. One is the selffocusing effect, the other one is the SA effect. Sudrie et al. reported that it can be attributed to
a filamentary propagation [27]. However, the aspect ratio in their results is ~6.8, which is
bigger than that in ours, ~1.5, and no narrow track appears in ours. It means that the selffocusing of the laser beam induced by the optical Kerr effect is not the main reason to produce
our results. Additionally, a high numerical aperture microscope objective we used is in favor
of reducing the optical Kerr effect and enhancing SA. The influence of SA on the longitudinal
extent will be discussed in the latter part.

Fig. 2. (a) Optical microscope image of yz-plane of the modified structure in glass. (b) The
normalized on-axis fluence distribution with consideration of the spherical aberration effect at
the focal depth of 50 µm through an objective with NA = 0.8. This simulation is based on the
model of Ref [28].

By employing the geometrical considerations in Refs. 18-22 and our experimental
parameters, we can quantificationally determine the longitudinal spherical aberration l = PM
= 30.7 µm, where the position of point P is 25 µm away from the focal point O (Point O is the
focus point in the absence of the refractive index mismatch, point P is the paraxial focus and
point M is the marginal focus, given by Refs [18–22].). The points O, P and M are labeled in
Fig. 2. Apparently, the longitudinal length of the modified structure in Fig. 2 is longer than
PM, and the transverse width is larger than the size of beam waist diameter, estimated to be
~1.2 µm. The discrepancy can be explained by the heat accumulation effect [10,25]. By using
the way of static exposure of high-repetition-rate laser, Schaffer et al. [24] and Eaton et al.
[10] present photo-modified zone larger than the focal volume in glass, and simulate the
cumulative heating to explain it. So, we can conclude that the heat accumulation effect is the
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main reason for longitudinal axial length of the modified area large than PM as well as radical
expansion.

Fig. 3. (a) Mapping of elemental distribution of the modified area in yz-plane measured by
EPMA. (b) and (c) Relative concentration profiles of each ion along line AA´ and line BB´ in
the backscattering image, respectively.

Figure 3(a) shows the backscattering electron image and the profiles of the relative
concentrations of different elements of the modified area in glass on the polished y-z plane,
analyzed by the EPMA. It is obvious that the profiles of the relative concentrations of
different elements correspond to the modified zone in the microscopic image (Fig. 2). One can
see that the relative concentrations of network formers Si4+, O2-, and Al3+ ions of the glass are
higher in the central area of the modified structure and lower in the periphery of the modified
structure compared with the unirradiated areas. However, the concentration distribution of
network modifiers Ca2+, Yb3+ and F- ions is opposite to that of network formers. Figures 3(b)
and 3(c) show the results of line-scan analysis of the relative atomic concentration along line
AA´ and line BB´ drawn in the backscattering electron image. The changing tendency of the
relative concentrations of all ions is symmetric along line AA´. However, it is asymmetric
along line BB´. For example, the maximum concentration of the modifier Ca2+ ions on the top
is higher than that on the bottom. The distance from the maximum concentration on the top to
the minimum concentration in the central area is 27.5 µm, while it is 16.6 µm from the
maximum concentration on the bottom to the minimum concentration in the central area.
Therefore, the distribution of all ions’ concentration possesses axis symmetry in y-z plane.
These results indicate that redistribution of elements is realized in the modified region.
We further investigate the confocal fluorescence spectra of the modified area as shown in
Fig. 4. Figure 4(a) shows the confocal fluorescence spectra from the marked positions of the
modified area. When the excitation wavelength is 785 nm, we can find an emission peak at
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975 nm which can be attributed to the transition 2F5/2 - 2F7/2 of Yb3+ ions. The intensity of
point A at the top edge is higher than points B and C in the central zone which coincides with
distribution of concentration of Yb3+ ions. Figures 4(b) and 4(c) present the distribution of the
fluorescence intensity at 975 nm along the transversal and longitudinal scanning lines in the
insets. We can clearly see that the changing tendency of the fluorescence intensity in Figs.
4(b) and 4(c) is consistent with that of relative concentrations of Yb3+ ions in Figs. 3(b) and
3(c). Therefore, we can conclude that the relative concentration change, i.e., redistribution of
elements, is the main reason for the fluorescence intensity change.

Fig. 4. (a) Fluorescence spectra of the marked areas in the modified structure (excitation
wavelength 785 nm). (b) and (c) Fluorescence intensity at 975 nm along the transversal and
longitudinal scanning lines in the insets, respectively.

The migrating tendency of the network formers and the network modifiers in our results
agrees with those of previous observations [15,16]. The network formers gather in the central
area of the modified structure, while the network modifiers assemble at the margin. We think
that it is attributed to the different diffusion coefficients between the network formers and the
modifiers [16]. When HRRFS laser pulses are focused inside a glass sample, the exposed
region transforms into a liquid state followed by some bonds among ions broken. Meanwhile,
the laser-induced temperature difference will result in the pressure difference from the central
area to the margin, driving ions away from the focal point. Under the above-mentioned
conditions, glass network modifiers will diffuse more intensively away from the central area
of the modified structure than network formers, because of higher diffusion coefficient. As a
result, the relative concentrations of network modifiers of the glass are relatively higher at the
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margin of the modified zone and lower in the central area. The distribution of the relative
concentrations of network formers is opposite to that of network formers.
To demonstrate the influence of the SA on the longitudinal extent of the laser affected
zone, the laser beam with the pulse energies of 1.19 and 1.38 µJ (after objective) is focused
inside the glass sample at five different focusing depths (120, 195, 270, 345, and 450 µm) by
the same irradiation conditions. The affected zones along y-z plane are presented in Fig. 5. As
can be seen, although the affected zone has similar distorted shape, the longitudinal and
transversal sizes of the affected zone decreased with the increasing of focusing depth at fixed
incident energy. Our results coincide with that reported in Ref. 18. Although the level of the
refractive index mismatch in Ref. 18 is less than that in our case, the changing tendency of the
axial intensity induced by SA is similar. The decreased size of the affected zones with the
focusing depth in our result is due to the decreased axial intensity. Therefore, we can conclude
that the SA effect is the main point of the stretch of the laser-modified zone.

µm

µJ

270

345

450

1.19

1.38

Fig. 5. Effect of focusing depth beneath the glass surface on the laser modified area with the
presence of spherical aberration.

In order to clarify the effect of SA on the distribution of elements, we simulate the on-axis
laser fluence distribution by adopting the theory of P. Török et al. [28], as shown in Fig. 2 (b).
Considering the beam truncation value in our case, we used a near uniform illumination,
which will favor the appropriateness of their simulation [28]. The fluence distribution from
the focal point O to the paraxial focal point P experiences a weak growth in a long distance
and then a sharp increase around point P up to the maximum value at point Q (PQ = 5.7 µm).
A quasi-periodic oscillation between maximum and minimum accompanied by a dramatic
drop in the maximum value also can be observed. According to the heat accumulation effect,
higher laser fluence will result in a zone of higher temperature [10,24]. As a result, when a
laser is focused into a glass sample, there is a large temperature difference between the top
edge of the modified structure and point Q, as well as the bottom edge and point Q.
Apparently, the increasing tendency of temperature based on the intensity z-distribution
between the top edge and point Q is faster than the decreasing tendency of temperature
between point Q and the bottom edge. So the pressure difference of the former is bigger than
that of the latter. The larger the pressure difference is, the stronger the driving force of the ion
diffusivity is. Therefore, the maximum value of the element distribution of the network
modifiers and minimum value of the element distribution of the network formers are at the top
edges of the modified structures [Fig. 3(c)]. Meanwhile, the second extremum is at the bottom
edges of the structures [Fig. 3(c)]. It is noteworthy that the minimum value of network
formers appears at the zone 12.3 µm away from point Q instead of that near point Q, which is
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against the influence of the temperature gradient. This difference indicates some other effects
should be considered.
4. Conclusion
The redistribution of elements is realized by using a 250 kHz femtosecond laser irradiation of
a multicomponent oxyfluoride glass. Experimental results determined by EPMA indicate that
the relative concentrations of all ions in the glass sample are cylindrically symmetric along the
laser propagation direction, and the relative concentrations of network formers are higher in
the central area of the modified regions and lower in the periphery of the modified regions
compared with the unirradiated areas. However, the concentration distribution of network
modifiers is opposite to that of network formers. The fluorescence intensity change of Yb3+
ions in the modified structure confirms the relative concentration change. We consider that
SA effect and the heat accumulation effect are responsible for the redistribution of elements.
Our results are helpful for the fabrication of three dimensional waveguide-type photonic
devices inside glasses.
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