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Inscription of Bragg gratings in few-mode optical fibers
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Few-mode fiber Bragg grating (FM-FBG) has wide applications in the field of multi-wavelength fiber lasers
and fiber-optic sensing. In this letter, FBG is successfully written in a novel type of FM fiber (FMF) based
on 248-nm excimer laser and a uniform phase mask. A low-loss coupling between the FMF to a single-
mode fiber is realized by a graded-index multi-mode fiber with a length of about a quarter pitch. The
sensing properties of the FMF grating are further investigated. The experimental results indicate that the
novel FM-FBG has sensitivities of temperature, strain, and bending of 11.2 pm/◦C, 1.3 pm/µε, and 636.9
pm/m−1, respectively.
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Since Hill et al. fabricated the fiber Bragg grating (FBG)
in the fiber[1] for the first time using the phase mask
method, the FBG has been widely used in optical fiber
communication and sensing[2−6]. The fiber gratings
are usually written in single-mode fiber (SMF) by in-
terference method or a phase mask technique, and its
characteristics have been extensively investigated. Given
that FBGs in the multi-mode fiber (MMF) or few-mode
fiber (FMF) have special spectral characteristics[7,8],
they have found novel applications in the field fiber

laser
[9,10] and fiber-optic interferometer. The character-

istics and applications of FBGs in the MMF or FMF have
been investigated in previous works[11−13]. However, in
these FBGs, the low loss coupling between optical fibers
with different mode field diameters must be carefully
considered[14].

In this letter, FBGs are inscribed in a novel FMF by
employing the standard inscription method. The re-
fractive index distribution of the novel FMF has been
described in Ref. [15]. The 3D light intensity distribution
from the optical fiber end, with a length of 72 mm FMF
fusion spliced to the lead-in SMF (Fig. 1). A novel fiber
structure based on a short section of graded-index MMF
(GI-MMF) is developed in order to obtain the low loss
coupling between the FMF and SMF. The core diameters
of SMF, FMF, and GI-MMF are 8.9, 15.0, and 62.5 µm,
respectively. The experiments show that this structure
can greatly reduce the coupling loss of the reflection peak
of the higher-order modes of few-mode FBG (FM-FBG).
The temperature, strain, and bending responses of the
FM-FBG are also experimentally investigated.

Light is periodically focused and diverged along the GI-
MMF due to the parabolic refractive index distributions
of GI-MMF in the radial direction. In this experiment,
a section of GI-MMF with a length of a quarter pitch
was selected in order to converge the light transmitted
or reflected from the FMF into the SMF, which led into
the optical spectrum analyzer (OSA).

An OSA (MS9710C, Anritsu, Japan) integrated with a
broadband light source (86142A, Hewlett-Packard, USA)

for calibration was used to investigate the coupling loss
of three fiber structures (Fig. 2). In the first one, the
light was transmitted directly through a standard SMF
(Fig. 2(a)). The average transmitted intensity was set as
reference to about –49.12 dBm (Fig. 3). In the second, a
section of FMF with length of 200 cm was fusion spliced
between SMFs (Fig. 2(b)). The average transmitted in-
tensity was about –54.29 dBm, corresponding to a total

Fig. 1. Light intensity distribution from the FMF end.

Fig. 2. Three fiber-optic structures in the coupling experi-
ments.
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loss of 5.17 dBm. The total loss included the coupling
loss at the FMF-SMF joint and the transmission loss of
the FMF. In the third, a short section of GI-MMF with
a length of about a quarter pitch(0.52 mm) was fusion
spliced between the FMF and the SMF at the output
end of the FMF (Fig. 2(c)). The coupling loss was 0.79
dBm, and was reduced by 4.38 dBm compared with the
second structure.

The FMF fiber was exposed to high-pressure hydrogen
at 12 MPa and 70 ◦C for 2 days to increase its photo-
sensitivity. Then, the FMF was exposed to the ultravi-
olet (UV) laser pulses behind the uniform phase mask,
as shown in the experimental setup in Fig. 4. The UV
pulses were provided by a KrFexcimer laser (BraggStar
Industrial-1 000-248 nm-FT, Coherent, Inc.). Laser out-
put energy of 6.30 mJ and a repetition rate of 100 Hz
were chosen. A total of 300 laser pulses were used for the
FM-FBG inscription. We roughly optimized the laser
energy and the exposure time by manufacturing 10 FM-
FBGs under different parameters, after which we chose
the best one for use in the sensing experiments.

The period of phase mask was set to 1 070.5 nm, and
the corresponding period of FBG was set to half of
the phase mask period (535.25 nm). The center wave-
length of the FMF fundamental mode reflection peak was
1 554.336 nm in the experiment. The Bragg condition is
given as

λ = 2nΛ, (1)

where λ is the center wavelength of the FBG, n is the
refractive index of the fiber core, and Λ is the period of
FBG. Thus, the effective index of the FMF calculated
from the Bragg wavelength is 1.452.

The reflective spectrum of the FM-FBG, coupled di-
rectly back to the lead-in SMF is shown in Fig. 5(a). In
the reflective spectrum of FM-FBG, there are 3 Bragg

Fig. 3. Transmission spectra of the three fiber-optic struc-
tures.

Fig. 4. Schematic diagram of the experimental setup for the
inscription of the FBG in the FMF.

Fig. 5. Reflective spectra of the FM-FBG (a) coupled directly
back to the lead-in SMF and (b) coupled to the SMF via a
short section of GI-MMF.

Fig. 6. Temperature responses of the FM-FBG.

peaks of around 1 550 nm. The number of modes excited
in FMF determines the multi-peak structure in the re-
flective spectrum. From left to right, the Bragg peaks
respectively correspond to the LP11, LP21, and LP01

modes. Using the GI-MMF coupling device, the reflec-
tions of the Bragg peaks for the LP11 and LP21 modes
increase by 6.7 and 4.9 dB, respectively (Fig. 5(b)). The
maximum reflectivity of the FM-FBG is greater than
92%.

In order to improve the sensing performance, an optical
sensing interrogator (Model Si425, Micron Optics Inc.,
USA) was employed in this letter instead of the OSA.
The wavelength repeatability is found to be better than
0.2 pm, and the typical wavelength stability is about
2 pm. The FM-FBG sample was tested for tempera-
ture response in the temperature cycling bins (LP150A,
Hongzhan, China), with initial temperature of 20 ◦C.
This initial temperature increases up to 120 ◦C with a
step of 10 ◦C. The experimental result is shown in Fig. 6.
The temperature sensitivity of the 3 peaks are 11.0, 10.9
and 11.2 pm/◦C, respectively. The linearity is better
than 99.9%.

The strain response of the FM-FBG was tested. Both
the fiber ends were fixed using home-made fiber clamps
on two adjustable stages with a spatial resolution of 10
µm; the ends were separated at a distance of 100 cm.
The experimental results are shown in Fig. 7. The strain
sensitivities of the 3 wavelength peaks are almost the
same at 1.3 pm/µε; in addition, the linearities of all
three curves are higher than 99.9%.

The experimental setup used for testing the bending
responses is similar to that used in Ref. [16]. The FM-
FBG under the metal beam was set in the center of two
clamps, and the distance between the edges of the two
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Fig. 7. Strain responses of the FM-FBG.

Fig. 8. Bending responses of the FM-FBG.

clamps was represented by L. The bending displace-
ment d was adjusted by pressing the center of the metal
beam with a vertically-adjustable stage. In this way, the
fiber structure bent freely and synchronously with the
metal beam. The curvature of the FM-FBG could be
determined by ρ = 2d/(d2+L2)[16]. The result is shown
in Fig. 8. Variations of the center wavelengths of the 3
peaks of the curvature are –654.1, –638.2, and –636.9
pm/m−1, respectively. The linearities of all three curves
are higher than 99.5%.

In conclusion, FBGs are inscribed in a novel FMF
based on the 248-nm excimer laser and a uniform phase
mask. The coupling losses between the FMF and a
standard SMF are greatly reduced by inserting a short
section of the GI-MMF. The sensing properties of the
FM-FBG are fully explored, and we hope this kind of
novel FBG can find applications in the field of sensing
or multi-wavelength lasers.
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