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We experimentally demonstrate for the first time, to the best of our knowledge, an all-fiber passively mode-locked
laser operation based on the nonlinear multimode interference of step-index multimode fiber. Such a structure
couples the light in and out of the multimode fiber via single-mode fibers, and its physical mechanisms for satu-
rable absorption have been analyzed theoretically based on the third-order nonlinear Kerr effect of multimode
fiber. Using the nonlinear multimode interference structure with 48.8 mm length step-index multimode fiber, the
modulation depth has been measured to be ~5%. The passively mode-locked laser output pulses have a central
wavelength of 1596.66 nm, bandwidth of 2.18 nm, pulsewidth of ~625 fs, and fundamental repetition rate of
8.726 MHz. Furthermore, the influence of total cavity dispersion on the optical spectrum, pulse width, and
output power is investigated systematically by adding different lengths of single-mode fiber and dispersion
compensation fiber in the laser cavity. © 2018 Chinese Laser Press

https://doi.org/10.1364/PRJ.6.001033

1. INTRODUCTION

Passively mode-locked fiber lasers exhibit the advantages of
compact and simple all-fiber structure, low-cost, and good
compatibility with optical fiber systems. Various saturable
absorption materials have been developed to actuate mode-
locking based on a semiconductor saturable absorption mirror
[1], single-walled carbon nanotube [2—4], and the 2D nanoma-
terials such as graphene [5-8], transition metal chalcogenides
[9-11], topological insulators [12,13], and black phosphorus
[14,15]. These materials often suffer from optical-power-
induced thermal damage and oxidation, thus restricting the
damage threshold and long-term stability of the fiber laser
[16,17]. The alternative techniques to address the issues are
the use of nonlinear polarization evolution [18,19], nonlinear
amplifying loop mirror [20,21], and nonlinear mode-coupling
[22]. Different from the precise control of the polarization state
in nonlinear polarization evolution and the accurate selection
of the coupler split ratio in a nonlinear amplifying loop mirror,
the nonlinear mode-coupling can simply achieve stable and
robust passive mode-locking through four structures. The first
structure implementing nonlinear mode-coupling is the wave-
guide array coupling [22,23]. An AlGaAs waveguide array was
used as a saturable absorber to experimentally achieve passive
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mode-locking in an Er-doped fiber laser (EDFL). Using the
multicore fiber coupling is the second structure to mode-lock
a fiber laser based on nonlinear mode-coupling [24-27]. The
dual-core fiber couplers for a passively mode-locked fiber laser
were numerically simulated, and a tapered seven-core telecom-
munication fiber for saturable absorption was experimentally
measured. The third nonlinear mode-coupling structure is the
long-period fiber grating coupling [28]. Although the long-
period fiber grating is theoretically capable of supporting
mode-locked fiber laser operation, the length required to
achieve complete coupling is on the order of meters and limits
its usefulness for mode-locked experiments. Nonlinear multi-
mode interference (MMI) is the fourth structure to realize non-
linear mode-coupling [29-37]. The MMI structures usually
consist of a multimode fiber (MMF) used as an intermediate
coupler between two other fibers [e.g., single-mode fiber (SMF)
or photonic crystal fiber]. They have been adopted for all-fiber
bandpass filters with tens of centimeters of MMF and are also
widely applied in the mode-field transformation between differ-
ent types of fiber.

MME is the key component of an MMI structure. Recently,
graded-index multimode fibers (GIMFs) have attracted exten-
sive investigation of nonlinear optical interactions [38,39],
as the group velocities of all modes of the GIMF are nearly
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identical at special wavelengths. Based on the GIMF in MMI
structures, the mode-field adapters have been studied between
the SMF and the photonic crystal fibers (NKT Photonics:
LMA12, LMA15, and LMA20) [40,41]. Moreover, employing
the nonlinear mode-coupling of SMF-GIMF-SMF structures,
the stable mode-locked fiber lasers have been demonstrated
in the all-normal-dispersion Tm-doped fiber laser [42],
net-anomalous-dispersion  EDFL [43—45], and all-normal-
dispersion Yb-doped fiber laser [46]. For achieving mode-
locking, the lengths of MMF should be precisely controlled
on the order of the self-imaging distance. Self-imaging is the
reproduction of the input field after coupling into the MMF
and then propagating certain periodic lengths, and the length
with one period is the self-imaging distance. The self-imaging
distance of 50/125 GIMF is 1.15 mm [29]; it is too short to
precisely process with a fiber cleaver, so the SMF-GIME-SMF
structures must be bent or stretched for adjusting the lengths of
GIMF. Compared with GIMF, the self-imaging distances of
50/125 and 105/125 step-index multimode fibers (SIMFs)
are 10.3 and 42.877 mm, respectively [47,48], and the lengths
of SIMF are conveniently controlled under the self-imaging
distance with the precision of a fiber cleaver. The passive
Q-switching fiber laser has been reported by the use of
MMI with 50/125 SIMF [49]. However, the features of the
mode-locked fiber laser with the SIMF-based MMI are still
unknown. In order to investigate the mode-locked features,
here we employ the nonlinear MMI with 50/125 SIMF.

In this paper, the theory of nonlinear MMI with MMF is
analyzed to realize saturable absorption. The theoretical lengths
of SIMF for mode-locking are experimentally verified. The
MMI is fabricated through splicing the SMF-SIMF-SMF
structure with a fiber fusion splicer. Choosing 48.8 mm long
SIMEF, we present the passively mode-locked EDFL pulses of
~625 fs with a central wavelength of 1596.66 nm. Then, the
influence of net cavity dispersion on the optical spectrum, pulse
width, and output power is also investigated. Such an SMF-
SIMF-SMF structure is promising for a simple and robust
all-fiber mode-locked ultrafast laser.

2. NONLINEAR MULTIMODE INTERFERENCE

The MMI structure, as shown in Fig. 1, consists of an MMF
between two SMFs, where L is the length of MMF. The
SMFs are spliced onto the MMF to ensure that the mode field
is launched in and out of the MMF segment. Ignoring the re-
flected loss, the propagating light field inside the SMF is coupled
into many guided modes of the MMF at the splicing point
(z = 0) between the input SMF and the MMF,, as follows [29]:

N
Eqp(rz=0)=> Coe,(rnz=0), (1)
n=1

SMF MMF SMF
L
Splicing Point Splicing Point

Fig. 1. Diagram of MMI structure.

where Eqyp(7, ¢, z = 0) is the fundamental mode of the SMF,
e,(r, ¢,z = 0) is the nth guided mode of the MMF, IV is the
number of excited modes inside the MMF, and C, is the mode
expansion coefficient.

After coupling, the light field propagates along the MMF
with all excited modes and can be expressed as

N
Ev(ro,2) =) Coe, (., 0)e P
n=1

N
= ¢h= Z Ce,(r, @, 0)e PPz (2)
n=1
where f; and f, are the propagation constants of the
fundamental mode and the nth guided mode of the MMF,
respectively. At some periodic positions inside the MMF, the
reproduction of the input field (self-imaging) occurs. The all-
excited modes of the MMF are in phase and satisfy the

following condition:

Bils + g2z = p,Ls, (3)

where ¢ is an integer, and Lg is the self-imaging distance
with one period. Lg can be calculated through the fully vec-
torial mode expansion approach [50], and Lg = 10.3 mm for
50/125 SIMF [47].

In the intracavity of the fiber laser, the optical power is high
enough to consider the self-phase modulation (SPM) and the
cross-phase modulation (XPM) effects. We ignore the loss, the
walk-off, and the four-wave mixing (FWM) effects in the MMF
due to its short length. Similar to the derivation of third-order
nonlinear couple-mode equations in a photonic crystal wave-
guide [51], the coupled-mode equations for the propagation
of all excited modes can be expressed as
B (AP 25l )4 @

m#n

oz
where A, and A4,, are the normalized complex amplitudes of the
nth and mth guided mode, respectively. 7, is the nonlinear Kerr
coefficient, and @ is the angular frequencies of all modes. f,,

and f,,, are the overlap of fields for SPM and XPM, respec-
tively. f,,, is calculated by

f — ff|fm(xx)’)|2|fn(x,}/)|2dxdy
7 [ e (e ) Pdxdy [ e, (e, ) *dxdy”

where ¢,,(x, y) and ¢, (x, y) are the field distributions. The well-

(6)

known effective interaction area is defined by A = fl . We

consider y, = % and P, =14, +2),., {;”” |4,,1%

then Eq. (4) can be expressed as

% it ©)
0z
where 7, is the nonlinear coefficient, and P, is the equivalent
optical power for the #th mode. y; and P; for the fundamental
mode are the maximum values, respectively. From Eq. (6), we
can obtain

A,(2) = A,(0)e7 ", 7

where A,,(0) is the initial amplitude of the #th mode. Thus, the
SPM and XPM bring about an additional phase shift 7,7,z in
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the MMF [52]. Equation (3) for the self-imaging condition can
be rewritten as follows:

PiLs + 927 + 1\ PiLg = p,Ls + v, L, @

where Lg is the amendatory self-imaging distance. Combining

Egs. (3) and (8), we can have

_ [31 _'lgn I
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Based on Eq. (9), there are two mechanisms for realizing MMI

mode-locking with different lengths of MMF. One is with L

slightly smaller than 7Lg, where 7 is an integer. For a high
power signal, L ~ nLg and MMI experience the higher trans-

Lg ©)

mission than for a low power signal. The other is with Z around
(n+ 1/2)Ls. For a low power signal, MMI sustains the lower
transmission than for the high power signal.

In order to prove the mechanisms in the experiments of a
passively mode-locked fiber laser, we fabricate the MMI struc-
tures for degressive L from 75 mm (~7Ls) to 32 mm (~3Ly)
with 1 mm step size. The L is short enough to avoid the band-
pass filtering of MMI and can be easily controlled by using a
fiber fusion splicer (Fujikura FSM-60S) and a fiber cleaver
(SUMITOMO EC-6S) together with a Vernier caliper.

3. EXPERIMENTAL SETUP

The experimental setup of the passively mode-locked EDFL
with a ring cavity configuration is presented in Fig. 2. A 1.5 m
high concentration EDF (OFS EDE-80) is used as the gain
medium and is pumped by a 980 nm high power laser diode
(Connet Venus-980) via a 980/1550 nm wavelength division
multdiplexer (WDM) coupler. An intracavity polarization con-
troller (PC) is used to adjust the linear cavity birefringence,
while a polarization-independent isolator maintains the unidi-
rectional laser pulse propagation. The SMF or DCF is added
in the cavity to change the total cavity dispersions. The MMI
is inserted into the cavity between the PC and the coupler.
The polarization-dependent losses of couplers, WDM, and
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Fig. 2. Experimental setup of the nonlinear MMI mode-locked
fiber laser. WDM, wavelength division multiplexer; PC, polarization
controller; DCEF, dispersion compensation fiber; OSA, optical
spectrum analyzer.
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optical isolator are less than 0.1 dB. The generated mode-
locked pulses are directed out by use of a 90:10 coupler and
then pass through another 90:10 coupler. The pulses are simul-
taneously monitored by an optical spectrum analyzer (OSA,
YOKOGAWA AQG6370B) with 0.02 nm resolution and a
high-speed photodetector (New Focus 1611, 1 GHz) con-
nected to an oscilloscope (Tektronix MDO 3102, Mixed
Domain Oscilloscope).

The group velocity dispersion (GVD) plays an important role
in maintaining stability of the mode-locked fiber laser. The
GVD of the EDF used in the system is -46.25 ps/(nm-km)
and that of the SMF is 18 ps/(nm-km), at the wavelength of
1560 nm. For our fiber laser, the central wavelength is around
1597 nm, and the negligible difference of GVD can be ignored.
The initial length of the laser cavity is ~11.1 m; thus, the
round-trip dispersion of the whole cavity is ~ - 0.139 ps’.

4. RESULTS AND DISCUSSION

A. Optical Property of MMI

It is well known that the soliton pulses are the result of a
balance between cavity dispersion and third-order nonlinear
effects (SPM, XPM, and FWM). The mode-locked fiber lasers
are casy to adjust for large net anomalous GVD. We add
10 m SMF in the confirmatory experiments for MMI mode-
locked mechanisms, and the total dispersion is ~ - 0.383 psz.
To experimentally prove the mechanisms, the MMI structures
with different lengths of SIMF are connected in the cavity. It is
found that the mode-locked operation can be realized under
many different lengths, and the selective optical spectra are
shown in Fig. 3. L = 59 mm and 49 mm are slightly smaller
than 6L and 5Lg when L = 55 mm and 43 mm are, respec-
tively, around (5 + 1/2)Lg and (4 + 1/2)Lg. The laser oper-
ates in Q-switched mode-locking state for the L = 59 mm
case, while the left peak is not completely suppressed, and
there is a continuous wave (CW) component in the optical
spectrum for the L = 55 mm case. For the L = 49 mm and
L = 43 mm cases, the optical spectra show the typical feature
of solitons and also contain CW components. These optical
spectra can be optimized by further controlling the lengths
of SIMF.

10 : :
——L=59mm
0r ——L=55mm
——L=49mm
—10 } ——L=43mm |

Intensity (dBm)

_80 ‘ ) ‘ ‘ ‘ ‘ )
1570 1575 1580 1585 1590 1595 1600 1605 1610 1615
Wavelength (nm)

Fig. 3. Optical spectra of mode-locked fiber lasers with different
lengths of MMF in MMI structures.
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In the following, we choose the MMI with L ~ 49 mm for
the all-fiber passively mode-locked laser. After some optimi-
zation experiments eliminating the CW component of the
optical spectrum and reducing the mode-locking threshold,
the final length of the SIMF is L = 48.8 mm. The optical
property of saturable absorption of the 48.8 mm long MMI is
measured by a homemade fs fiber laser with another MMI, as
shown in Fig. 4(a). The fs fiber laser (central wavelength of
1598.8 nm, pulse width of ~834 fs, and repetition rate of
11.18 MHz) is amplified by a homemade Er-doped fiber am-
plifier. After passing through a PC, the fs pulses are injected
into the MMI via an attenuator and a coupler, and then the
powers are measured by a power meter (Thorlabs 100D,
S155C). Within the output power range of the pulsed fiber
laser, the absorption of the MMI is measured, and the obtained
results are shown in Fig. 4(b). The experimental errors come
from the connecting the fiber pigtail with the power meter. At a
low input power level, the transmission of MMI is around
~57.0% and the corresponding linear loss is around ~43.0%.
When the average input power of the pulses is raised to 6 mW,
the transmission increased by ~5% due to the absorption
saturation. The modulation depth is comparable with those of
the 2D materials, and the linear loss and the saturable power
are relatively lower [5-15]; thus, the mode-locking threshold
based on the gain of the EDF can be very low. These indicate
that the MMI can be used to generate stable and low-noise laser
pulses in the fiber lasers.

B. MMI-Based Mode-Locked Fiber Laser
The pump threshold of the CW operation laser is ~26 mW.
Increasing the pump power to 56 mW and slightly tuning

Fiber laser
MMI

(b)

64
B2 — = S e e e e e e e e e e mmmm - = = o
60 ° .

® o
58} .
oo 57.0%

56

Transmission (%)

541

521

%% 2 4 6 8 10
Input average power (mW)

Fig. 4. (a) Experimental setup for the absorption measurement of

the MMI structure. ATT, attenuator. (b) Measured nonlinear absorp-

tion of MMI structure with L = 48.8 mm.

the PC, the fiber laser can operate in the steadily mode-
locked state. The stability of the mode-locked fiber laser is
important [16,17] and can be enhanced through cooling the
saturable absorber [53]. Being superior to the saturable absorp-
tion materials, the SiO, of the MMI can support the high
threshold of optical-power-induced thermal damage at room
temperature and lead to long-term reliability of a mode-locked
fiber laser. We test our system over 24 h, and the mode-locked
operation guarantees a stable optical spectrum, pulse width,
output power, and repetition rate. During the operation, the
pump power may be increased to 97 mW with little change of
the pulse width. Under 90 mW pump power, the optical spec-
trum is shown in Fig. 5(a). The full width at half-maximum
(FWHM) bandwidth is 2.18 nm, and the central wavelength
is 1596.66 nm. As shown in Fig. 5(a), the wavelength range
of mode-locked operation with MMI is consistent with the
CW operation without MMI. The Kelly sidebands, resulting
from the intracavity periodical perturbation, clearly appear
with discrete and well-defined peaks in the optical spectrum.
The mth order of Kelly sideband position relative to the
central wavelength for a chirp-free soliton can be obtained

from [54,55]

(a) -10 ‘ ‘
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Fig. 5. (a) Output optical spectra of fiber laser for CW without

MMI and mode-locked with MMI for underlying values. (b) Mode-

locked pulse shape (experimental data) with sech? fit.
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where 4 is the central wavelength, 7 is the temporal width of the
pulses, L is the cavity length, f3, is the cavity dispersion, and
the total cavity dispersion |Lf,] is ~0.383 ps?. The AA for
first-order Kelly sideband is 6.6 nm, as shown in Fig. 5(a),
and the transform-limited 7 is calculated to be ~587 fs by
using Eq. (10). The actual pulse width is monitored by a
second-harmonic-generation autocorrelator (APE pulseCheck).
Figure 5(b) demonstrates the recorded autocorrelator trace of
the laser pulses with a 5 ps scan range. Assuming a sech? profile,
the trace width of ~965 fs can be obtained. Considering its
decorrelation factor of 0.648, the actual pulse width is
~625 fs. The measured pulse width is larger than the theoreti-
cal value (r = ~587 fs), indicating that the soliton pulses are
small-chirped.

The pulse train of the laser output shown in Fig. 6(a) has a
period of 114.6 ns, which matches well with the cavity’s round-
trip time and verifies that the laser is mode-locked. To study
the operation stability, we have measured the radio frequency

_2 In(1 4+ v/2)2? \/4m7r [ T

(a) ‘ ‘
114.6 ns
1r —» —

0.8
0.6f

0.4

Intensity (a.u.)

0.2f

oy

-600 -400  -200 0 200 400 600
Time (ns)

20

)
|

L
o

-50r 65 dB

Intensity (dBm)

6 7 é 9 16 11 12 13
Frequency (MHz)

Fig. 6. (a) Typical laser output pulse train. (b) Radio frequency
spectrum measured around the fundamental repetition rate. Inset is
the radio frequency spectrum with high-order harmonic of the
repetition rate.
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spectrum of the passively mode-locked fiber laser by the same
high-speed photodetector (New Focus 1611, 1 GHz) con-
nected to the mixed oscilloscope (Tektronix MDO 3102,
Mixed Domain Oscilloscope). The fundamental peak is located
at the repetition rate of 8.726 MHz, as shown in Fig. 6(b), with
a signal-to-noise ratio of 65 dB. The inset of Fig. 6(b) shows the
higher order of the harmonic radio frequency spectrum up to
200 MHz, and the achieved signal-to-noise ratio is degressive
and also high, indicating good mode-locked stability. The
average output power is ~1.75 mW, with the pulse energy
of ~0.201 n].

Increasing the pump power to 101 mW, the pulse
width suddenly increases to ~1.054 ps with almost invariable
optical spectrum, and this phenomenon may arise from the
nonlinearity of the fiber-induced chirp. The pump power
can be increased to 227 mW, until the multipulse generation
is observed. The maximal average output power can reach
~7.07 mW, with a pulse energy of ~0.810 nJ.

Total dispersion of the laser cavity is important for the
formation of pulses. In the net anomalous dispersion regime,
the soliton is formed due to the natural balance between the
anomalous cavity dispersion and fiber third-order nonlinear
optical effects, while in the net normal dispersion regime, the
dissipative soliton is generated as a result of mutual nonlinear
interaction among the normal cavity dispersion, fiber third-
order nonlinearity, and the effective laser gain bandwidth filter-
ing. With small net anomalous dispersion and net normal
dispersion, the PC needs to be fine-tuned to start the mode-
locking. In order to investigate the relationship between the
pulses and the net cavity dispersion, the different lengths of
SMF and DCEF are added into the laser cavity, while other
equipment remains unchanged. The GVD of the DCF is
-30.5 ps/(nm-km) at the wavelength of 1560 nm. Figure 7
shows the optical spectra of output pulses with different
lengths of SMF and DCF. For the net anomalous dispersion
cases, the soliton optical spectra exhibit clear appearance of
Kelly sidebands, while for the net normal dispersion case, the
dissipative soliton optical spectrum exists, which is the charac-
teristic of steep spectral edges, and the central wavelength is
different from the solitons.

0 T
—— Om SMF
-10 — 5m SMF ||
—— 10m SMF
—20} —— 4m DCF

Intensity (dBm)
5

1580 1590 1600 1610 1620

Wavelength (nm)

1560 1570

Fig. 7. Optical spectra of mode-locked fiber lasers for adding
different lengths of SMF or DCF.
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Table 1. Optical Parameters of Mode-Locked Fiber Laser for Adding Different Lengths of SMF and DCF

Total Repetition Pulse Pump Power Output Power
Added Fiber Dispersion (ps?) Rate (MHz) FWHM (nm) Width (ps) Range (mW) Range (mW)
0 m SMF -0.139 16.05 4.64 0.973 92-140 1.6-3.07
5 m SMF -0.261 10.98 4.24 0.958 52-70 0.67-1.09
10 m SMF -0.383 8.726 2.18 0.625/1.054 56-97/101-227 0.84-1.78/1.85-7.07
4 m DCF 0.025 11.8 — 10,000 258-488 2.66—4.84

Table 1 summarizes the relationship between the total cavity
dispersions and the laser characteristics. For the pump power
range, the minimum is the mode-locking threshold when the
maximum is the pulse-splitting threshold. While the total dis-
persions vary from -0.383 ps* to -0.139 ps?, the increasing
pulse widths hint that the pulses are with increasing chirps,
and the FWHM of optical spectra increases from 2.18 to
4.64 nm at the repetition rates of 8.726-16.05 MHz. That
is, the larger FWHMs are obtained with smaller net anomalous
dispersion. In particular, the stable pulse width is 10 ns for
0.025-ps? total dispersion. The pump powers for this mode-
locked state are from 258 to 488 mW, and the corresponding
output powers are from 2.66 to 4.84 mW. Its mode-locking
threshold is much larger than the ones for net anomalous
dispersion cases. In addition, an unsteady mode-locked oper-
ation is also found in the experiment for net normal dispersion,
the pulses may be the dissipative solitons, and the pulse width is
to the subpicosecond. While all-normal dispersion fiber lasers
have been studied extensively for exploiting dissipative soliton
pulse dynamics, we will investigate the all-normal dispersion
Yb-doped passively mode-locked fiber laser with nonlinear
SIME-based MMI in other work.

5. CONCLUSION

In conclusion, we have experimentally investigated the pas-
sively mode-locked fiber laser with nonlinear multimode inter-
ference of a step-index multimode fiber. The saturable
absorption theory of nonlinear multimode interference with
a multimode fiber is analyzed in detail. Using the nonlinear
multimode interference structure with a 48.8 mm step-index
multimode fiber, the all-fiber mode-locked fiber laser for differ-
ent total cavity dispersion is studied systematically. The easy
fabrication, good stability, and robust structure of the system
will facilitate potential applications of nonlinear multimode
interference structures with step-index multimode fiber in
ultrafast photonics.
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