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Abstract

We present high-reflectivity point-by-point (PbP) fiber Bragg gratings (FBGs) inscribed in free-standing
optical fibers using a spatial light modulator (SLM)-assisted approach. Unlike methods that rely on oil-
immersion or glass ferrules to prevent astigmatic focusing, our SLM-based approach keeps the fiber free-
standing, simplifying fiber handling. We fabricated gratings from 3 to 10 mm and controlled access to
different refractive index modification regimes, achieving more than 99% reflectivity in standard SMF-28
and SMF-28 Ultra fibers. These results show that our SLM-assisted point-by-point method for free-standing
fibers is practical for producing robust, high-performance FBGs for applications from structural health
monitoring to astrophotonics.

I. INTRODUCTION

Optical fiber sensing (OFS) technology has advanced rapidly over the last decade, and it is now regarded
as a strong alternative in many application domains that have been traditionally dominated by electrical
sensors. This is largely owing to it being lightweight, immune to electromagnetic interference, reliable
operation in harsh environments, and the ability to multiplex tens of sensors in a single fiber. Structural
health monitoring (SHM) of aircraft and wind-turbine blades deploying (quasi-)distributed fiber sensors is
an example application where OFS are being actively used for monitoring temperature, strain, pressure,
and transverse loads [1]. Among different OFS technologies, fiber Bragg gratings (FBGs) stand out as the
most promising and have proven highly effective in practical applications. Using femtosecond laser for
point-by-point (PbP) machining of the FBGs gained particular attention, as the technique eliminates the
need for having photosensitive fibers and expensive phase masks to control FBG period and resonance
wavelength [2, 3]. It has been praised for its ability to freely choose grating period by controlling the fiber
translation speed, compatibility with any transparent fiber materials, possibility to write through coating
and thermal resilience in harsh settings [4]. However, challenges remain in advancing technology to a stage
where high-quality, high-reflective FBGs can be reliably and repeatedly fabricated for applications in OFS
and beyond. Due to highly nonlinear index modification mechanism, PbP writing often produces only weak
gratings because of the limited overlap of the laser-modified index region with the guided mode. This is
particularly the case when inscription in a free-standing configuration is attempted, as distortions caused
by fiber curvature can significantly affect the process. In order to mitigate effects from the fiber curvature,
often fiber is inserted in a glass ferrule with index matching liquid [5] or oil immersion [6, 7] setup is
implemented, which further complicates fiber preparation and inscription. We believe that mitigating
astigmatic focusing happening in fiber the fiber is unnecessary once its effect is understood and leveraged
by means beam shaping. We have implemented the latter by means of spatial light modulator (SLM) to
create a beneficial refractive index modification profile for efficient FBG inscription. In this work, we
present our latest results showcasing the possibilities that such SLM-assisted PbP inscription method can
offer. We also demonstrate the possibility to operate in two distinct refractive index modification regimes
by controlling laser pulse energy to produce up to 100% reflectivity gratings in standard telecom grade
SMF-28 and SMF-28Ultra fibers.
II. EXPERIMENTAL SETUP.

Figure 1 illustrates our inscription setup, where we used the second harmonic green (515nm) beam from
the Light Conversion PHAROS laser and HIRO module for FBG writing. The output beam from the laser
was first expanded by the beam expander L1/L2 to match the active area of the SLM. A 4f imaging system



consisting of lenses L3 and L4 projects the SLM image plane onto the back focal plane of a 50x Mitutoyo
infinity-corrected objective lens with a numerical aperture of 0.42. The 4f system also reduces the beam
size to match the 3.4 mm input aperture of the objective. The fiber is translated using the Physik Instrumente
(PI) A-311 stage for X and Y axis motion, and the objective is placed on the PI A-123 stage for Z-axis
motion.
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Figure 1: Schematic illustration of the point-by-point grating inscription setup. L - lens, SLM - spatial light
modulator, I - spatial filter, OL - objective lens. PHAROS is the femtosecond laser source from Light Conversion and
HIRO is 2" harmonic generation module.

III. RESULTS

A. Dependence of Reflection Peak from Pulse Energy

After opimizing laser beam focusing conditions for efficient FBG writing, we inscribed a series of 3 mm
long FBGs by changing the laser pulse energy and measured the relative amplitude of the reflection peak.
Such experiments enable the identification of thresholds and relative strengths of FBGs, as well as suitable
writing regimes, without the need for more time consuming transmission-based absolute reflectivity
characterization. The results are shown in Figure 2, where we identified a modification threshold near 50 nJ.
Afterwards, we observed a constant growth of the peak reflectivity as we inscreased pulse energy. However,
starting from around 100 nJ grating growth saturated and we observed to dips at around 130 nJ and 200 nJ.
We attribute these dips to transitions between three silica modification regimes: homogeneous (Type 1),
anisotropic, and void formation (Type II) [2, 8]. Although the exact nature of the modification can only be
confirmed through proper characterization (such as annealing), we have strong indications of such behavior
based on literature reports and the varying insertion loss levels of gratings inscribed in different regions as
it will be detailed below.
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Figure 2: Relative reflection intensity of 3mm long FBGs as a function of pulse energy. Spectra illustrate relative
reflection due to mismatched output power between the characterization source and the Optical Spectrum Analyzer
calibration source used in this experiment.

To confirm inscriptions in different regimes, we inscribed two 10 mm long gratings at 100 nJ (FBG1) and
217 nJ (FBG2). Figure 3 shows clear differences between them: the grating inscribed with higher pulse
energy and assumed Type Il modification exhibits higher reflectivity, stronger cladding mode resonances,



and higher insertion loss. This is likely due to high negative index contrast void formations occurring in
this inscription regime and scattering of light at all wavelength used for the measruement. Meanwhle the
FBG inscribed with lower energy has negligible instertion losses (lower than 0.015 dB) and less pronounced
cladding mode resonances.
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Figure 3: Spectra comparison between 10 mm long gratings inscribed with a) 100 nJ and b) 217 nJ pulse energies.
Spectral characteristics give a strong indication of different glass modification regimes.

B. Highly Reflective Gratings in SMF-28 and SMF-28 Ultra

Next, our objective was to demonstrate the potential of the SLM-assisted point-by-point method by
inscribing FBGs with high reflectivity, as well as to investigate the method’s reliability and repeatability.
Accordingly, we inscribed eight 10 mm long gratings with a pulse energy of 217 nJ: four in SMF-28
(FBG2-FBGS) and four in SMF-28 Ultra (FBG6 - FBG9). The setup consistently produced high-quality
gratings, indicating robust process control and repeatability. For SMF-28, the average reflectivity was
99.3 £ 0.18%; for SMF-28 Ultra, it was 99.7 + 0.3%. Compared to the standard step-index SMF-28, the
SMF-28 Ultra fiber, with its depressed cladding design, exhibited stronger cladding-mode resonances in
the spectra (see Figure 4). The separation between the nearest cladding-mode resonance and the
fundamental resonance was also larger in SMF-28 Ultra, and this cladding-mode resonance was
significantly stronger.
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Figure 4: 10 mm long gratings inscribed with 217nJ pulse energy in a) SMF-28 and b) SMF-28 Ultra. The grating in
SMF-28 Ultra exhibits much stronger cladding mode resonances.



Because gratings inscribed in SMF-28 Ultra were typically stronger, we achieved an instrument-limited
reflectivity grating for one of the samples, as shown in Figure 5. The resulting transmission dip reached the
noise floor of the optical spectrum analyzer, causing artifacts. Overall, these results demonstrate that the
method reliably produces highly reflective FBGs in both fiber types.
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Figure 5: 10mm long grating inscribed with 217nJ pulse energy in SMF-28 Ultra demonstrating instrument limited
reflectivity. Strong transmission dip reached the noise floor of the characterization device.

Conclusions

We demonstrated series of high-reflectivity fiber Bragg gratings inscribed with SLM-assisted point-by-
point fiber Bragg grating inscription method in free-standing optical fibers, eliminating the need for oil-
immersion or glass ferrules and thus reducing equipment complexity and preparation time. This method
enables fabrication of FBGs with controlled access to Type I and Type II regimes, achieving up to 100%
(instrument-limited) reflectivity in SMF-28 and SMF-28 Ultra fibers. The current limitation is that
inscription is restricted to standard single-mode fibers. Future work will focus on making the setup more
robust for inscription in specialty fibers and creating dense arrays for large-area monitoring. Planned
annealing studies will clarify inscription regimes, and we intend to expand the method to support
apodization, chirp, and engineered birefringence. The resulting highly reflective FBGs could enable new
applications in filtering and astrophotonics.
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