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An all-fiber femtosecond vortex laser based on common fiber components is constructed. It can produce femto-
second orbital angular momentum modes whose time pulse width is 398 fs. The topological charge of output
orbital angular momentum (OAM) modes from this laser can be adjusted among 0, 41, and —1 easily while it is
also easy to convert between continuous OAM modes and pulse OAM modes.
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Vortex beams having a helical phase front carry orbital
angular momentum (OAM). Their analytic expression
contains a phase term of exp(ilf)), where [ is the topologi-
cal charge and @ is the angular coordinate. Every photon
in this beam has an OAM that equals lh, where 7 is the
reduced Planck constant?. Vortex beams can be applied
in various areas such as optical tweezers?, optical
trapping?, material processing?, and optical vortex
knots? for their donut-shape intensity and helical phase.
They also provide an opportunity for applications in mode
division multiplexing systems (MDMSs) because optical
OAM can be another freedom that can carry informa-
tion, which is promising in improving the capacity of
optical fiber communication systems.

Several methods producing vortex beams have been
demonstrated: spatial light modulation, spiral phase
platel, @-plate, fiber gratings’, cylindrical lens,
and optical coupler. These methods have different short-
comings such as complex configuration, low efficiency
of conversion, being not easy to control, or only out-
putting continuous light. Wang et al. made femtosecond
OAM laser beams based on an all fiber mode-locked
laser™. However, the coupler in their experimental setup
cannot be changed, which means that conversion between
the fundamental mode and OAM mode is impossible.
Zhao et al. made an all fiber vortex laser that cannot out-
put pulse vortex beam™@. In this Letter, an all fiber mode-
locked laser with a converter producing OAM modes is
constructed. It can generate femtosecond vortex beams
and the topological charge of output beam is easy to ad-
just among 0, +1, and —1. Meanwhile, it is convenient for
the transversion between continuous light and femtosec-
ond light.

The true modes in conventional step index fiber include
the fundamental mode (HE;;), transverse electric mode
(TE), transverse magnetic mode (TM) and mixing mode
(HE(S9/e7") " A vortex beam will be generated when two
orthogonal mixing modes are superposed coherently with
a 7 /2 phase difference, as shown by
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where +[ is the topological charge and m is the radial
index™2.

In conventional step-index fiber, the effective index
differences among many adjacent modes are less than
107*, and these modes are superposed coherently to
produce the linear polarization mode. For example,
TEq;, TMyy, HES®", and HEg‘fd can compose the LPy,
mode. Similarly, the OAM mode can be generated when
two orthogonal and degenerate linear polarization modes
are superposed with a z/2 phase difference, as described by
+ i x LP?

I,m

LP¢

lm

= OAM:EZJVH (2)

where +[ is the topological charge and m is the radial
index2.

In order to produce the OAM mode in conventional
step-index fiber, we need to transfer the energy from
the fundamental mode in single-mode fiber (SMF) to a
high-order mode in few-mode fiber. There are two
methods to achieve this purpose. One method is using a
coupler under the condition that phase matching is
satisfied 2. The other one is applying a long-period gra-
ting (LPG) when phase matching (fy; — f11 = 27/A) is
satisfied 2% where A is the period of grating, and g,
and f;; are propagating constants of LP(; and LP, re-
spectively. In this research, the two-mode fiber (TMF)
has a core diameter of 19 pm, a core refractive index of
1.449, a cladding diameter of 62.5 pm, and a cladding re-
fractive index of 1.444. This fiber can support six true
modes that can be divided into two mode groups of
LPy; and LPy;. As shown in Fig. 1, dispersion curves cal-
culated by the finite element method show the change of
the effective refractive index with wavelength. According
to the function p = kj - n.g, where kj is wave number in
free space and nyy is the effective index, the relation-
ship of the grating period and the resonance wavelength
can be obtained as a dotted line, as shown in Fig. 1.
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Fig. 1. Dispersion curves of LPj; and LP,;; the relationship of
the LPG period and the resonance wavelength.

Fig. 2. Converter producing and controlling the OAM modes.

If the wavelength is 1564 nm, the grating period should be
1.15 mm to get the max efficiency of mode transversion.

The principle of mode conversion is shown in Fig. 289,
The SMF and the TMF are spliced. An input LPy; mode
from the SMF excites the LPy; mode in the TMF with a

980nm

Single mode fiber

low insertion loss and its wavefront is flat. Then LPy; is
converted to LP;; by the LPG, which is made by stressing
the TMF between mechanical gratings. LP;; can be de-
composed into two orthogonal LP% and LP? at 45° rel-
ative to itself, as shown in Fig. 2. A z/2 phase difference
between LP¢ and LP?, can be induced by pressing TMF
because the pressure changes the effective index of TMF,
resulting in different phase velocities of the two modes.
When the pressure applied is appropriate, the OAM mode
will be created and its wavefront is helical.

First, we construct a ring nonlinear polarization
rotation (NPR)® mode-locked fiber laser to produce a
femtosecond pulse laser. Then the laser passes through
a converter of OAM to generate a femtosecond vortex
beam. Concretely, as shown in Fig. 3, a 980 nm laser diode
(LD) as a pump that has a maximum power of 390 mW
inputs into the ring cavity through a wavelength division
multiplexing coupler (WDM) and a highly-doped erbium
fiber of 0.6 m acts as the gain medium. The polarization-
dependent isolator (PD-ISO) forces unidirectional laser
propagation and acts as a polarizer for NPR mode locking.
Two polarization controllers (PC1 and PC2) are inserted
on two sides of PD-ISO to optimize NPR mode locking.
PC1, PC2, and PD-ISO act as a similar saturable
absorber?. A 1:9 optical coupler splits 10% of the optical
power as output. The whole cavity is joined by SMF. Sev-
eral optical couplers split output light to measure the
power, optical spectrum, pulse trains, and so on. One path
of outputs is joined to the TMF by splicing. In this path,
the LPG induced by period pressure on the TMF transfers
the energy from the fundamental mode to the LP;; mode.
The grating period is adjusted to 1.15 mm and the number
of periods is 30. Then the squeezer-type polarization
controller is used to induce an extra z/2 phase difference
between LP¢, and LP!; to finally create the OAM mode.
Meanwhile, in order to measure the topological charge
of the OAM modes, the fundamental mode in another
reference optical path is used to superpose with them
coherently.

Oscilloscope

Autocorrelation

Fig. 3. Experimental setup. WDM: wavelength division multiplexing coupler; EDF: erbium-doped fiber; OC: optical coupler;
PC: polarization controller; PD-ISO: polarization-dependent isolator; LPG: long period grating; CCD: charge coupled device, infrared

camera; OSA: optical spectrum analyzer.
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Fig. 4. (a) Relationship between the pump power and output power of the laser in the continuous state (pentagon) or mode-locked
state (circle). (b) The output spectrum of the laser running in the continuous state. (¢) The output spectrum of the laser running in the
mode-locked state. (d) The mode-locked pulse trains recorded by the oscilloscope. (e) The pulse recorded by autocorrelation and its
fitting. (f) The infrared CCD image of the near-field intensity distribution: al—f1 are when the laser is excited in the continuous state,
a2—f2 are when the laser is running in the mode-locked state. al and a2 are LP(y; modes, bl and b2 are LP;; modes, c1, c2, el, and e2 are
in OAM modes with topological charges of +1 and —1, respectively; d1, d2, f1, and {2 are interference patterns of the corresponding

OAM modes and reference beam.

Figure 4 shows the experimental results. As the nonlin-
ear phase shift caused by self phase modulation and cross
phase modulation is related to the intensity of light and
nonlinear phase shift results in a change of polarization,
adjusting PC1 and PC2 can select strong light to pass
the PD-ISO to realize a similar function of a saturable
absorber?. Therefore, pulse light can be formed inside
the cavity. It is convenient to convert the output light be-
tween the continuous and pulse states by adjusting PC1
and PC2. As shown in Fig. 4(a), the relationship of the
average output power and pump power, where the penta-
gon line and circle line represent continuous wave (CW)
output and mode-locked (ML) output, respectively,

the output power increases linearly with the pump power.
The laser can work in the ML state if the pump power
reaches at least 40 mW, as shown in the circle line. We
define the ratio of output power to input power of the
mode converter as the mode conversion efficiency. The
mode conversion efficiency is measured to be about 94%
in the CW state and 67% in the ML state. Because its
spectrum is wider and its energy is not totally distributed
on the resonance wavelength related to the period of the
LPG, the conversion efficiency in the ML state is lower
than in the CW state. Figure 4(b) shows optical spectrum
of the continuous wave measured by OSA (YOKOGAWA
AQ6370), the 3 dB bandwidth is 1 nm, and the central
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wavelength is 1562 nm; Fig. 4(c) shows the optical spec-
trum of the pulsed light when the laser works in the mode-
locked state, the 3 dB bandwidth is 8 nm, and
the central wavelength is 1564 nm. The side bands feature
typical soliton mode locking?!. We measured time
pulse trains with a 200 MHz optical-electrical detector
(CONQUER) and a 2.5 GHz oscilloscope (YOKOGAWA
DL9140). The result shows that the laser can work in the
mode-locked state stably, as shown in Fig. 4(d), the time
interval of adjacent pulses is 37 ns, and the repetition rate
is 27 MHz. We also measured the pulse width using an au-
tocorrelation trace (Femtochrome Research, FR-103XL).
The fitting curve according to sech? shows that the pulse
width is 398 fs, as shown in Fig. 4(e). Finally, we recorded
the intensity distribution of outputs from the TMF and
their interference patterns to confirm that the setup
could produce OAM modes and that the topological charge
could be adjusted easily among 0, +1, and —1. As shown in
Fig. 4(f), the top two rows are output patterns when the
laser outputs a continuous wave while the bottom two
rows are output patterns when the laser works in the
mode-locked state. Only the fundamental mode in the
TMF can be excited when there is no pressure on LPG
and PC3, and the topological charge equals 0 as al and
a2 shown in Fig. 4(f); then LP;; mode can be obtained
when a suitable pressure is applied on LPG as bl and
b2, shown in Fig. 4(f); then +1 order OAM modes as
cl, ¢2, el, and e2, shown in Fig. 4(f) can be obtained when
PC3 is rotated and pressured suitably. We confirmed the
topological charge of the OAM mode by the direction and
the number of forks in its interference pattern. As d1 and
f1, shown in Fig. 4(f), the left and right forks represent that
topological charges equal +1, and —1, respectively.

In this Letter, we construct an all-fiber laser that can
produce femtosecond OAM modes based on common fiber
components. The topological charge of the output OAM
modes from this laser can be adjusted among 0, +1, and
—1 easily. Meanwhile, it can convert flexibly between con-
tinuous OAM modes and pulse OAM modes. The pulse
width of the OAM modes in the time domain is 398 fs
and the shorter pulse may be obtained by optimizing
the dispersion in a ring cavity. After calculation, the maxi-
mum power of the single pulse is 0.74 nW and the peak
power has reached 1861 W. Increasing the pump power
can further increase the power of the single pulse and peak
power for better application in material processing. Up to
now, we have only studied one order of OAM model. If
using the fiber that can support more modes to generate
higher-order OAM modes, it will be of great significance
for optical communication.
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