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A tunable mode convertor is experimentally demonstrated
based on a fiber Bragg grating (FBG), which is fabricated
in a graded-index nine-mode fiber by using a femtosec-
ond laser. Nine linearly polarized (LP) modes were excited
and the coupling efficiency of them can reach 90%. By
adjusting the polarization controller, the *+1st-, +2nd-,
+3rd-, and *4th-order orbital angular momentum (OAM)
modes were excited, which means the OAM tuning of
0—=1h, 0—+2Ah, 0-+37, and 0-+47 were achieved. LP,,/LPy,,
LP;,/LPy,, LP4/LP,,/LPy; modes were successfully tuned
at 1556.00 nm, 1555.10 nm, and 1554.25 nm by twisting the
FBG, respectively. Moreover, combined with polarization
and torsion control, the tuning between Oth- and —2nd-order
OAM has been realized, which is converted from the tuning
between LPy, and LP,,. By using this method, the OAM
tuning of +1-+3/ and +4-0-+2/ may be further realized
theoretically. © 2023 Optica Publishing Group

https://doi.org/10.1364/0L.487336

In 1992, Allen et al. presented the orbital angular momentum
(OAM) in vortex beams [ 1], which have been extensively investi-
gated and applied in the fields of complex optical manipulation
[2], super-resolution microscopy [3], high-sensitivity sensing
[4], and large-capacity communication [5]. These beams are
characterized by the Hilbert factor exp(ilp) and carry OAM
equivalent to [h per photon, where [ is the topological charge
and ¢ is the azimuth angle. With the rapid development of
OAM, the tunability of the topological charge becomes increas-
ingly critical. In the fields of sensing, optical manipulation, and
optical communication, different / means different sensing sensi-
tivities [6], different optical torques [7], and signal transmission
and coding in different channels [8], respectively. Numerous
methods and technologies have been proposed. Spatial light
modulators [9] are mature in technology, excellent in flexibility,
but are not compatible with the optical fiber communication sys-
tem and are unstable due to their large volume and high insertion
loss. To avoid these problems, the generation methods based on
all-fiber have been proposed and developed.
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In 2016, Zhang et al. presented a tunable fiber laser with
an acousto-optic fiber grating and realized an OAM tuning
of 0—+1A [10]. In the following year, Zhao et al. proposed a
mode convertor based on two cascaded long period fiber grat-
ings (LPFGs) reaching the OAM tuning of 0—+2Ah [11]. Gao
et al. obtained the OAM tuning of 0-+2h based on a strong
modulated LPFG [12]. In 2020, our group proposed an OAM
generator based on an FBG, and by controlling the offset dis-
tance, obtained an OAM tuning of 0—+2% [13]. In the same
year, Yang et al. reported 0—=3h OAM tuning based on a tilted
FBG [14]. However, the acousto-optic fiber grating can tune the
grating pitch flexibly but requires complex systems. The fiber
coupler and the LPFG reduce the complexity but can only real-
ize transmission-type OAM conversion. Controlling the offset
distance also requires precise alignment. An FBG-based con-
vertor is simple and can realize the reflected OAM mode, with
wide applications in fiber lasers [14,15]. To our knowledge, the
highest order OAM tuning based on an FBG is 0-+3#, and the
mode tuning between linearly polarized (LP) modes and OAM
tuning between non-zero orders has not been implemented.

In this Letter, we report a tunable mode converter based on the
FBG inscribed in a graded-index nine-mode fiber. By adjusting
the polarization controller, we achieve an OAM tuning of 0-+14,
0-+2h, 0-+3Ah, and 0—=4h. Additionally, we obtain the mode
tuning of LP,,;/LPy,, LP;3;/LP,, LP4/LP,,/LPy; at 1556.00 nm,
1555.10nm, and 1554.25 nm, respectively, by twisting the FBG.
Moreover, combining the OAM mode conversion, we success-
fully obtained the OAM tuning of 0 to -2/ converted from the
mode tuning between LPy, and LP;;.

The graded-index nine-mode fiber (YOFC) used in our exper-
iment has core and cladding diameters of 33 ym and 125 um,
respectively, and can theoretically support LP,;, LP;;, LP,,
LPy,,LP;,,LPy,, LP,;, LP,,, and LPy; modes long-distance trans-
mission. A femtosecond laser with a wavelength of 513 nm, a
pulse width of 290fs, and a repetition rate of 200kHz was
focused by a 100x Leica oil-immersion objective with a numer-
ical aperture (N.A.) of 1.25, and a refractive index matching oil
(n=1.4587) was used to eliminate aberration induced by the
cylindrical geometry of the fiber. As shown in Fig. 1, the FBG
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Fig. 1. Schematic of the FBG fabricated by femtosecond laser on
a graded-index nine-mode fiber. (a) Cross section and (b) top view
microscopy image of an FBG with off-axis displacement D =4 pm.

is fabricated by femtosecond laser direct writing, and the pro-
cess is as follows: first, the nine-mode fiber was clamped by a
pair of fiber holders mounted on a three-dimensional air-bearing
translation stage, and the femtosecond laser was focused into the
center of the fiber core. The axial direction of the fiber and the
incident direction of laser are parallel to the x axis and the z
axis of the translation stage, respectively. Second, the fiber was
moved along the y axis so that the focus of the laser has an oft-
axis displacement D from the center of the fiber core, and the
position is the starting point of the FBG. Finally, the translation
stage was moved along the x axis at a speed matched to the
repetition rate of the femtosecond laser to periodically modulate
the fiber core with a single pulse energy of 24 nJ. The cross sec-
tion and the top view microscopy images of the fabricated FBG
are shown in Figs. 1(a) and 1(b), respectively. According to the
phase-matching condition, the FBG with a pitch of 1.072 um is
coupled in the conventional band of optical communication.

To determine the effect of D on mode coupling, four FBGs
S1-S4 with the same grating pitch A =1.072 pm, length L=3
mm were fabricated with the same single pulse energy 24 nJ. As
shown by the top-view microscopy images in Figs. 2(al)-2(a4),
D of S1-S4 was increased from O pm to 6 um with a step of
2 um. The corresponding transmission spectra of S1-S4 were
measured by using a broadband light source and a spectrometer
in real time during the preparation of the FBGs, and the spectra
are shown in Figs. 2(b1)-2(b4). From the long wavelength to
the short wavelength direction, as shown in Fig. 2(b), the odd
resonant dips are marked as oy, 05, 0;. . ., and the even resonant
dips are marked as e, e,, €;. . . In the case of FBG S1 with D=0
um, almost only the odd resonant dips were excited. Among the
0,—0; and the e;—e;, the e; with minimum coupling efficiency is
only —1.465dB. When D =2 pm, the even resonant dips were
excited, with e, having the minimum coupling efficiency of
—5.689dB. As D is increased to 4 um, the coupling efficiency
of each resonant dip is relatively close and the minimum one
e; can reach —9.265 dB. However, when D = 6 um, the coupling
efficiency of each resonant dip decreased and the minimum one
e, is only —2.738 dB. Based on our analysis, we chose the FBG
with D=4 pm for subsequent experimental tests because its
coupling efficiency of each dip is closer and each of them is up
to —9.265dB.

We designed and setup a system to detect the mode intensity
distribution, interference patterns, and reflection spectrum of
the FBG. To ensure normal incidence of the beam, we have
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Fig. 2. Microscopy images and transmission spectra of FBGs
S1-S4 located at different positions with off-axis displacement D
of 0 um, 2 um, 4 ym, and 6 pm: (a) top view microscopy images
and (b) corresponding transmission spectra of S1-S4.

calibrated the detecting system by applying the principle of
optical path reversibility before testing. As shown in Fig. 3(a),
the light beam from the tunable laser source was collimated by
a 40x objective lens (Obj;), then divided into two paths by a
beam splitter 1 (BS;) shown by the red line in the figure. One
path was used as the reference beam and the other path was
normally incident into the FBG to excite the reflected mode.
The polarization controller (PC) located before the FBG is used
to generate the OAM mode by changing the relative amplitudes
and phases of the coupled modes. In addition, the beam reflected
by the FBG, as shown by the blue line in the figure, was divided
into two paths by BS;. One of them was collimated by Obj; and
incident onto the power meter. The other one was combined and
coaxially interfered with the reference beam at BS,, as shown
by the green line in the figure. In addition, the neutral density
filter (NDF) located between BS, and BS, was used to match
the intensity of the two beams to improve the contrast of the
interference fringes. The tunable laser performed wavelength
scanning of the FBG, and then the power of each wavelength was
recorded by the power meter to obtain the reflection spectrum.
A CCD was used to detect the mode intensity distribution and
the interference pattern.

The reflection spectrum of the FBG is shown in Fig. 3(b).
Transmission loss and coupling loss caused the reflection spec-
trum to lack some high-order modes relative to the transmission
spectrum. The resonant peaks o,, e,, 0,, €,, 0; were located
at the wavelengths of 1557.75nm, 1556.87 nm, 1555.97 nm,
1555.09nm, and 1554.24 nm, respectively. According to the
reflection spectrum, we adjusted the output wavelength of the
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Fig. 3. (a) Experimental setup for detecting (b) reflection
spectrum and (c) mode intensity distribution of the FBG.

tunable laser to the wavelength of each resonant peak in turn.
As shown in Fig. 3(c), the LP,; mode was found at the o;, the
LP,, modes was found at the e,, the LP,; and LP,, were found
around the o,, the LP;; and LP;, modes were found around the
e,, and the LP,;, LPy and LPy; modes were found around the
0;. Because the resonant wavelengths of some modes were close
to each other, the mode fields with smaller wavelength intervals
were investigated. Figures 4(al)—4(a5) and 4(b1)—4(b5) show the
spectra of the above five peaks with the wavelength resolution of
0.02 nm and the mode intensity distribution at each wavelength
within the spectra, respectively. Figure 4(al) shows the spec-
trum in the range of 1557.6—1557.9 nm, and the corresponding
mode belongs to LPy,, as shown in Fig. 4(bl). Figure 4(a2)
shows the spectrum in the range of 1557.6-1557.9 nm, and the
corresponding mode belongs to LPy;, as shown in Fig. 4(b2).
In Fig. 4(a3), in the range of 1555.8—-1556.1 nm, there are two
peaks in the spectrum, and the corresponding modes belong to
LP,, and LPy, at 1555.94 nm and 1556.0 nm, respectively. As
for the Figs. 4(a4) and 4(b4), 4(a5) and 4(b5), there are two
and three unobtrusive peaks, respectively, and the LP;,, LP,,
LP,,, LPy, and LPy; were located at 1555.10 nm, 1555.06 nm,
1554.25 nm, 1554.21 nm, and 1554.15 nm, respectively. The dif-
ference between the mode field distributions in Fig. 3(c) and
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Fig. 5. Mode intensity distribution and the interference pattern
of +1st-, +2nd-, +3rd-, and +4th-order OAM modes.
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Fig. 4 is caused by the different polarization states of the two
tests. As aresult, we have successfully excited nine LP modes for
long distance transmission in a graded-index nine-mode fiber,
and studied the evolution law between adjacent modes.

To generate the OAM mode, we add a PC in front of the
FBG. By adjusting the PC, the LP mode can be turned to the
OAM mode. As the mode intensity distribution and interference
pattern shown in Fig. 5, (+1,1) represents the +1st-OAM mode
converted from the LP;; mode, (+2,1) represents the +2nd-order
OAM mode converted from the LP,; mode, (+3,1) represents the
+3rd-order OAM mode converted by the LP3;; mode, (+1,2) rep-
resents the +1st-order OAM mode converted by the LP,, mode,
and (+4,1) represents the +4th-order OAM mode converted by
the LP,; mode. In other words, it means the FBG we fabricated
realized an OAM tuning of 0—=1h, 0-+2A, 0-+3A, and 0—=4h.

Since the resonant wavelength of some modes like LP,, and
LPy, are close to each other, mode tuning can be achieved by
adjusting external parameters like torsion. We twisted a 10-cm
optical fiber region with the grating in the middle. As shown
in the first line of Fig. 6, the reflection mode of LP,, can
be clearly observed when the wavelength of incident light is
1556.00 nm and the torsion angle is 0° and 10°. When the torsion
angle reached 20°—40°, the four-lobes mode intensity distribu-
tion within the LP,; mode began to be connected. When the
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Fig. 6. Mode tuning with torsion angle from 0° to 90° at the
wavelengths 1556.00 nm, 1555.10 nm, and 1554.20 nm.

torsion angle continued to increase to 50°, bright spots began
to appear in the center of the mode intensity distribution. Until
the torsion angle reached 90°, the reflection mode completely
changed to LPy,. As shown in the fourth line of Fig. 6, when the
wavelength of the incident light was 1555.10 nm, and the torsion
angle was 0°, the reflection mode was LPs;. As the torsion angle
increased gradually, the reflection mode gradually changed to
LP,, when the torsion angle reached 90°. As shown in the fifth
line in Fig. 6, the phenomenon was similar, when the wavelength
of the incident light was 1554.25 nm, LP,;, LP»,, and LPy; modes
appeared with the torsion angle of 0°, 60°, and 90°, respectively.
Thus, it is proved that we realized LP mode tuning by twisting
the FBG. By combining this tuning method with the genera-
tion of the OAM mode, the OAM tuning was realized in a new
way. As shown in the second and the third lines in Fig. 6, with
the torsion angle increasing, the mode intensity distribution was
converted from the —2nd-order OAM mode (-2,1) to the LPy,
mode, which is also called Oth-order OAM mode (0,2). Addi-
tionally, corresponding to the mode intensity distribution, the
coaxial interference patterns also proved that the OAM tuning
of 0 to —2A was achieved. It means precise OAM mode tunings
were realized by calibrating the angles of the three-paddle fiber
polarization controller and fiber rotator. Furthermore, because
the modes LPs,, LP,,, LP,,, LPy;, and LP,, can convert to the
+3rd-, £1st-, +4th-, Oth-, and +2nd-order OAM mode, respec-
tively, the OAM tuning of +1-+3h, +4-0—+2/ can be achieved
theoretically. However, due to the interference of the outer ring
number of the mode field, it was difficult to observe whether
+1—+3h and +4-0-+2h OAM tuning was realized.

In this work, a tunable OAM mode convertor has been demon-
strated. The LP,,, LP,,, LP,,, LPy,, LP5,, LP,,, LP,;, LP5,, and
LPy; modes were excited and the coupling efficiency of them can
reach 90%. By controlling the polarization of the LP modes,
the +1st-, +2nd-, +3rd-, and +4th-order OAM modes were
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excited experimentally. Due to the similar resonant wavelengths,
LP2|/LP02, LPg 1 /LP]2, LP4]/LP22/LP03 were tuned at 1556.00 nm,
1555.10 nm, and 1554.25 nm by twisting the FBG, respectively.
Furthermore, we achieved the important OAM tuning of O to -2/
by a new method, which can realize the OAM tuning between
non-zero orders. Additionally, the OAM tuning of +1~+3h and
+4~0~+2h can be further realized theoretically. This convertor
is capable of easy extension to other graded index fibers to gen-
erate the high order OAM mode and achieve tuning of OAM.
Because of its easy design and fabrication process, it has a wide
application in optical communication systems, as well as mode
and wavelength division multiplexing.
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