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We propose an innovative femtosecond laser writing
approach, based on a reel-to-reel configuration, allowing the
fabrication of arbitrary long optical waveguides in coreless
optical fibers directly through the coating. We report few
meters long waveguides operating in the near-infrared (near-
IR) with propagation losses as low as 0.055± 0.004 dB/cm
at 700 nm. The refractive index distribution is shown to be
homogeneous with a quasi-circular cross section, its contrast
being controllable via the writing velocity. Our work paves
the way for the direct fabrication of complex arrangements
of cores in standard and exotic optical fibers. © 2022 Optica
Publishing Group

https://doi.org/10.1364/OL.478386

Direct laser writing (DLW) is a mature technology that allows
the fabrication of complex three-dimensional (3D) low-loss pho-
tonic circuits integrated in glass chips [1–3]. During the last
decade, many applications of DLW have emerged such as quan-
tum calculation and sources [4–6], analog simulators [7–9], and
sensing devices [10–12], to cite a few. This method consists of
tightly focusing an ultrashort intense infrared (IR) laser beam
inside a transparent glass sample. Consequently, a nonlinear pro-
cess induces, at the focal point, a slight microscale modification
of the refractive index. By moving the sample, various advanced
photonic components such as directional couplers, wavelength
division multiplexers, interferometers, gratings, or resonators
can be directly integrated in the bulk. Nowadays, advanced
beam shaping techniques are commonly used to optimize the
energy deposition during the laser–matter interaction allowing
the improvement of device performances [13,14]. Beyond its 3D
capabilities, the DLW technique also offers a great versatility in
terms of materials that can be processed. Glasses can be specifi-
cally designed to make the photonic circuits operating at specific
wavelengths ranging from the visible to the mid-IR [15].

Although most of the attention has focused on bulk samples,
DLW has been recently employed for optical fibers structuring
(see, e.g., a recent review [16]). The most common laser-written
components are fiber Bragg gratings (FBG) that are now rou-
tinely fabricated, directly through the coating, via different
methods (e.g., phase mask [17,18], point-by-point [19,20]) for

sensing and lasing applications. Beyond FBGs, optical fibers
can also be functionalized with laser-inscribed waveguides and
microfluidic circuits [16,21–24], giving rise to the so-called lab-
in-fibers (LIF) [25]. The current DLW technology restricts the
size of the fabricated structures to a few 10s of centimeters due to
the limited translation stage range. Moreover, without any addi-
tional beam shaping technique [26,27], the waveguide shapes are
generally inhomogeneous and highly elongated [22,24], mainly
due to spherical aberrations and filamentation effects. To go
one step further in the LIF development and bridge the gap
between centimeter-long complex structures and kilometer-long
ones limited to basic architectures, on-demand complex arrange-
ments of high-quality waveguides at the intermediate meter scale
are nowadays a crucial need.

To overcome these limitations, here we exploit a very promis-
ing approach, based on a reel-to-reel (R2R) configuration,
recently proposed to enhance the scattering properties of opti-
cal fibers for distributed sensing applications [28–31]. Using a
phase mask technique, we report, for the first time to our knowl-
edge, the fabrication in coreless silica fibers, directly through
the polymer coating, of low-loss single mode waveguides of few
meter-long operating in the near-IR range. We observe a homo-
geneous refractive index distribution with a quasi-circular cross
section. The index contrast can be tuned by changing the writing
velocity. We characterize the modal properties and propagation
losses of the waveguides and point out the mechanical limits of
our system. Our work paves the way to the direct fabrication
of complex arrangements of cores in standard and exotic opti-
cal fibers, ultimately integrated in a fiber draw tower [32,33].
Figure 1(a) shows a sketch of the proposed R2R-DLW tech-
nique. Via a set of rotating spools and pulleys, a coreless silica
fiber (home drawn from a homogeneous high purity fused silica
preform Hereaus F300, ncore = 1.46, and surrounding by a poly-
acrylate coating, ncoat = 1.54) is translated at constant velocity
v, along the z axis, in the path of a tightly focused femtosec-
ond laser beam emitting high-energy 35 fs pulses at 800 nm,
and 1 kHz repetition rate (Coherent, Astrella). The details of
the focusing stage, which consists of an acylindrical lens (Thor-
labs, AYL108-B, 8 mm focal length) and a phase mask (1060.3
nm pitch) positioned 80µm in front of the fiber coating, are
presented in Figs. 1(b) and 1(c). The incoming Gaussian beam
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Fig. 1. (a) Simplified sketch of the reel-to-reel direct-laser-
writing experimental setup. (b),(c) Details of the focusing system.
An IR femtosecond laser is focused in the center of the coreless
optical fiber via a cylindrical lens, directly through the coating. A
phase mask allows to generate an interference pattern in the (x, y)
plane. The translation of the fiber along z creates a smooth wave-
guide. The lens can be scanned in the x and y directions to finely
adjust the waveguide cross section.

diameter is 11 mm at 1/e2. The focal zone consists of a Gaussian-
apodized sinusoidal pattern along z with 530 nm period [dotted
black pattern in Fig. 1(c)] and a ∼ 2µm × 1µm cross section in
the (x, y) plane [black spot in Fig. 1(b)]. The lens can be scanned
in the x and y directions, via a piezo motor (PI, P-611XZ) to
optimize the waveguide cross section. To obtain a quasi-circular
refractive index distribution, the lens is moved along the x axis
at 4 Hz over ±1.5µm. When used with a fixed optical fiber, this
configuration is typically employed to write efficient FBGs (see
our previous works for more experimental details [17]). With
this specific phase mask, the Bragg wavelength is expected to
be near 1537 nm. Here, while the acylindrical lens reduces the
spherical aberrations in the (x, y) plane [34], the phase mask
essentially stabilizes the multi-filamentation process that might
occur in the (y, z) plane [35]. The writing beam is thus distrib-
uted over 1000s of periodically arranged spots which allows us
to parallelize and speed up significantly the waveguide process-
ing up to millimeters per second, while usually limited to a few
micrometers per second in fused silica with such low repetition
rate laser system [36], although some progress has been reported
recently [37]. The longitudinal translation of the fiber, at con-
stant v of the order of few millimeters per second, is ensured by a
dedicated mechanical setup which includes a tension controller.
In the present experiments, the longitudinal tension applied to
the fiber is tuned to 4 N. The continuous motion of the fiber
smooths the grating pattern out and ensures a homogeneous,
arbitrary long, refractive index modification [see the black line
in Fig. 1(c)]. The optical fiber is imaged with a CMOS camera
(IDS, UI-2230SE) mounted with a microscope objective (Mitu-
toyo, 10×, NA = 0.28). The whole setup is initially aligned by
visualizing the luminescence induced when the writing laser
interact with the core of a standard Ge-doped SMF-28 fiber [38].
After swapping it with the fiber of interest, the same imaging
setup is used to monitor the plasma visible emission occurring
during the laser–matter interaction [2].

Fig. 2. (a) Transverse refractive index distribution of a DLW
waveguide (250µJ, 1 mm/s). The scale bar is 10µm. (b) Longi-
tudinal distribution of the optical path difference. Same scale as
panel (a). (c),(d) Maximum refractive index values versus (c) writ-
ing velocities at E = 250µJ and (d) energy at v = 0.5 mm/s. (e)
Intensity of the mode at 1100 nm imaged at the output of a 17 cm
long sample. The scale bar is 5µm.

The refractive index transverse distribution of a 10 cm-long
waveguide inscribed in a F300 coreless optical fiber at 250µJ
and v = 1 mm/s is depicted in Fig. 2(a). The intensity of
each spot of the beam is estimated to ∼ 2 × 1014 W/cm2. The
measurement is performed by an interferometric fiber analyzer
(Interfiber Analysis, IFA-100). In contrast with results reported
for a standard focusing setup [22,24], we observe a rather sym-
metric and homogeneous Gaussian distribution with horizontal
(respectively, vertical) full width at half maximum (FWHM) of
2.5 ± 0.1µm (respectively, 2.1 ± 0.1µm), i.e., with an aspect
ratio of 0.84. The maximum refractive index value for this con-
dition is ∆n = 3.8 ± 0.2 × 10−3. Note that the distribution has
been averaged over different positions along the laser-written
core and for different inscription runs. Figure 2(b) depicts the
longitudinal distribution of the optical path difference (OPD)
measured with a wavefront sensor (Phasics, SID4) attached
to an optical microscope. At this scale, the OPD is also very
homogeneous. From the maximum value of the OPD and e
the thickness of the waveguide estimated from Fig. 2(a), we
obtain ∆n = OPD/e ∼ 4 × 10−3 [39]. The writing velocity has
then been varied from 0.1 to 2 mm/s. As shown in Fig. 2(c), ∆n
decreases with the writing velocity, from 4.9 to 3.2 × 10−3, as
expected. At fixed velocity, the refractive index also increases
with the pulse energy as shown in Fig. 2(d). Note that the damage
threshold is very close to 260µJ, the nominal value is thus tuned
to 250µJ. Figure 2(e) shows the mode intensity, excited at 1100
nm and imaged at the exit face of a 17 cm-long sample written
under the same conditions. We clearly observe a single mode
operation. Note that the cutoff wavelength is estimated numeri-
cally (Lumerical, Ansys), from the refractive index distribution
in Fig. 2(a), to 385 nm. Note that we did not manage to inscribe
any waveguides without the phase mask, thus confirming its
decisive role.

Before describing the propagation losses of the inscribed
structures, it is worth investigating the mechanical stability and
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Fig. 3. Integrated intensity of the laser-induced plasma recorded
during the fabrication of a 600 mm-long waveguide at 1 mm/s
(blue). Same signal when the writing laser is off (gray).

the limitations of the proposed R2R-DLW system. We first mea-
sure the central transverse coordinates of various waveguides
fabricated in similar conditions. We obtain a scattered distribu-
tion around the fiber center with a standard deviation of 3.5µm.
To get more insight on the mechanical stability of the system, we
monitor the transverse position of the fiber during the writing
process. At a large longitudinal scale, the typical fluctuations
are ±2µm in accordance with the standard deviation of the
waveguide centers. These random instabilities likely come from
the fiber slippage in the V-groove of the pulleys and from the
mechanical noise of the motor managing the fiber tension. In
order to improve the precision of our system, a method for accu-
rate auto-positioning of the fiber, via an image processing similar
to Ref. [40], is envisaged as a short-term solution.

In addition, Fig. 3 presents the signal emitted from the laser-
induced plasma generated during the writing process (blue
curve) in the same conditions. Each point of the signal is col-
lected by integrating, for each frame, the intensity of the (y, z)
image over a region of interest (ROI) which corresponds to
the plasma emission. The ROI is a large enough box (i.e.,
0.8 mm × 20µm) centered along the x-axis of the fiber. The
background noise level (gray signal) is obtained by repeating
the experiment and the subsequent image processing (same ROI)
without the writing laser. Since the plasma signal is supposed to
be maximum when the laser is perfectly focused at the center of
the fiber, the instabilities likely originate from the fiber displace-
ments discussed previously. In addition, some sharp dips can be
observed (see black arrow) indicating that the laser beam was
not optimally delivered to the optical fiber and, consequently,
that the quality of the waveguide might be degraded locally
thus inducing additional losses. This might come from dust at
the fiber surface or defects in the (homemade) polymer coating.
However, this is mitigated by the elongated shape of the writ-
ing beam that tends to smooth the refractive index modification.
Indeed, only a few of them showed a slight longitudinal variation
of the OPD within 10µm of the length.

Finally, to measure the propagation losses, a cutback method
is implemented on a 3.7 m long waveguide, fabricated at 250µJ
and 1 mm/s. The spectral transmission is measured from 700 to
1100 nm for various waveguide lengths by coupling a supercon-
tinuum source (Koheras, SuperK Power) to the waveguide input
with an aspheric lens (New Focus, 5726-B) and by recording
the transmitted signal with an optical spectrum analyzer (OSA)
(Yokogawa, AQ6373B). Three spectra are depicted in Fig. 4(a)
for short, intermediate, and long samples. The signal is quite
sensitive to the microbends present in the bare fiber adaptor
connected to the OSA, so each measurement was averaged over

(a)

(b)

(c)

Fig. 4. (a) Transmission spectra for different waveguide lengths.
(b) Normalized transmission versus waveguide length at 700 nm
(circle), 900 nm (square), and 1100 nm (triangle). Error bars are in
the markers. Solid lines are linear fits that give losses of 0.055 ±

0.004, 0.137 ± 0.002, and 0.25 ± 0.01 dB/cm, at 700, 900, and 1100
nm, respectively. (c) Propagation losses versus input wavelength
obtained from linear fits. Error bars are contained in the markers if
not visible.

multiple configurations (i.e., removing the fiber from the adap-
tor and plugging it back to the OSA). During the measurements,
the power fluctuations of the source were negligible. The typical
error is ±1 dB. Note that the black arrow indicates a slight dip
at 768 nm which corresponds to the second order of the FBG
whose reminiscent response is expected at 1537 nm.

Figure 4(b) shows the transmission, normalized to the maxi-
mum value, versus the waveguide length at 700, 900, and 1100
nm. Via a linear fitting procedure (solid lines), we extract prop-
agation losses of 0.055 ± 0.004, 0.137 ± 0.002, and 0.25 ± 0.01
dB/cm, respectively. Note that we exclude from the fits the sam-
ples shorter than 50 cm. Indeed, they present larger losses likely
coming from mode filtering mechanism occurring early in the
propagation. This is currently under investigation. We repeat the
procedure for intermediate wavelengths [see Fig. 4(c)] and see
that the propagation losses monotonically decreases with the
wavelength. As expected, the mode is better confined as one
approaches the cutoff and is thus less affected by possible irreg-
ularities at the core-cladding interface. This would clearly be
pointing to the main source of losses in such photo-inscribed
waveguides. It is worth noting that despite the limited mechan-
ical stability of the setup and the fact that fused silica glasses
(and especially F300) are known to be hardly laser-processable,
the waveguiding properties presented here are rather good with
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record low losses at 700 nm. By optimizing the R2R-DLW setup
and choosing more appropriate glass composition (such as BGG
glasses [15]), there is room to improve further the waveguide
quality, increase the cutoff wavelength, and make it operate
efficiently in the telecom range.

In conclusion, an innovative reel-to-reel direct-laser-writing
setup has been successfully implemented to inscribe arbitrary
long and low-loss waveguides in a coreless fused silica optical
fiber, directly through the coating. Up to 3.7 m low-loss single-
mode waveguide operating in the near-IR have been reported for
the first time. The refractive index is homogeneous and its value
can be adjusted by varying the writing velocity. The propagation
losses have been measured in a repeatable way. In the near future,
we aim at optimizing the writing setup and glass composition
to further improve the waveguide properties in the telecom and
mid-IR range. Our results pave the way toward the realization
of more complex photonic cores arrangements in exotic optical
fibers (in which core/cladding structures are hard to fabricate)
with a potential implementation directly in a fiber draw tower
[32,33]. Another promising perspective is related to the inherent
weak continuous distribution of FBGs that could be useful for
the implementation of random fiber lasers or distributed sensors
[29,41–43].
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