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1. Introduction

Pulsed fiber lasers at a low repetition rate on the order of a few
megahertz or kilohertz are powerful tools for many research and
industrial applications such as material processing, remote
sensing, bioscience, and lidar' . Up to now, Yb, Er, Ho, and
Tm-doped fiber lasers with low repetition rate have been widely
investigated and have achieved impressive results'>~"). However,
as an indispensable gain ion, Nd-doped lasers are still mainly
concentrated in bulk solid-state lasers, and Nd-doped crystals
have been extensively employed, such as Nd:Y;Al;0,, (Nd:
YAG), Nd:YVO,, and Nd:LiYF, (Nd:YLF)®!. Pulsed lasers
based on Nd-doped fibers have also been reported, but the struc-
ture or doped substrates of Nd-doped fibers have been specially
designed, such as W-type fibers™, double-clad fibers'*”), micro-
structured fibers!"!), glass fibers!'?), and fluorophosphate or
phosphate fibers"*!. Moreover, the architectures of the above-
mentioned lasers were based on spatial optical paths, and reports
of Nd-doped all-fiber mode-locked lasers were relatively
scarce! '],

Pulsed lasers operating at 0.9 pm have important applications
in many fields. Firstly, 0.9 pm mode-locked fiber lasers can be
used as the sources for two-photon microscopy (TPM)!®),
For TPM, the best imaging results are obtained in the
~900 nm band because it corresponds exactly to the excitation
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Based on the Nd-doped single-mode fiber as the gain medium, an all-fiber 12th harmonic mode-locked (HML) laser operating
at the 0.9 um waveband was obtained for the first time, to the best of our knowledge. A mandrel with a diameter of 10 mm
was employed to introduce bending losses to suppress mode competition at 1.06 pum, which resulted in a suppression ratio
of up to 54 dB. The 1st-12th order HML pulses with the tunable repetition rate of 494.62 kHz-5.94 MHz were obtained in the
mode-locked laser with a center wavelength of ~904 nm. In addition, the laser has an extremely low threshold pump power
of 88 mW. To the best of our knowledge, this is the first time that an HML pulse has been achieved in a 0.9 pm Nd-doped
single-mode all-fiber mode-locked laser with the advantages of low cost, simple structure, and compactness, which could
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wavelength of green fluorescent protein (GFP), which can attach
to almost any protein of interest!”). Secondly, a frequency-
doubling 0.9 pm laser can generate a pure blue laser of ~460 nm,
which has great application value in the fields of material
processing, optical information storage, and display technol-
ogy'"®). Further, 0.9 ym mode-locked fiber lasers can be used
to generate deep ultraviolet (DUV) at 226 nm after frequency
quadrupling"”. DUV high-energy pulsed lasers with wave-
lengths less than 250 nm have important values in dermatology,
material processing, and laser-induced spectroscopy. Despite its
great application potential, research on 0.9 pm Nd-doped fiber
lasers has not received much attention. Using the three-level
transition of Yb ions, the Yb-doped fiber laser can achieve laser
emission in the 980 nm waveband, but it can only generate blue-
green light at 490 nm after frequency doubling, which affects the
application effect'?”). At present, the tunable Ti:sapphire mode-
locked laser can achieve laser emission in the 890-940 nm wave-
band. However, the disadvantages of high cost, large size, high
maintenance cost, and low conversion efficiency greatly limit the
application of Ti:sapphire lasers®!]. Fortunately, the Nd ion can
achieve laser emission in the 890-940 nm waveband corre-
sponding to the three-level transition of *F; 5= 4, /2- However,
the Nd-doped all-fiber mode-locked lasers operating at 0.9 pm
are rarely reported, and further research is very necessary!'*.
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In recent years, harmonic mode-locked (HML) lasers have
attracted much attention because they can generate pulses with
tunable repetition rates'*>**!. A series of HML fiber lasers have
been obtained by means of active mode-locking, passive mode-
locking, and sub-loops?***”)., Among them, the passive HML
lasers stand out due to their simple structure, low cost, and
self-stabilization of repetition frequency. The experimental
and theoretical analysis results proved that a necessary condition
for obtaining HML operation is that there must be strong non-
linear effects in the cavity, which leads to the generation of
multiple pulses?®**), Among these multiple pulses, the attrac-
tive force between adjacent pulses makes the pulses attract each
other to form pulse groups, such as bound-state solitons, pulse
bursts, or even soliton rain***", Conversely, repulsive forces
between adjacent pulses will push the pulses away from each
other, resulting in uniform or non-uniform pulse distribution
throughout the cavity. The generation of HML is closely related
to the long-range interaction of multiple pulses in the cavity,
including the acoustic-wave effect, dispersive wave, and the gain
depletion and recovery mechanisms®****!, The establishment
process of passive HML has to go through the steps of the birth
of a giant pulse, instability caused by self-phase modulation,
pulse splitting, repulsion and separation of multiple pulses,
etc., and finally a stable HML pulse is formed'**). It can be seen
that pulse splitting is an essential part of the whole process.
However, without pulse splitting, the dissipative soliton energies
obtainable in the all-normal dispersion cavity are much higher
than the self-similar pulse energy obtainable in the dispersion
management cavity and the traditional soliton energy obtainable
in the all-negative dispersion cavity'*!. Therefore, it is more dif-
ficult to obtain HML operations in an all-normal dispersion cav-
ity. At the 0.9 pm waveband, the optical fiber devices are all in
the positive dispersion region. So far, to our knowledge, there
has been no report of an HML laser operating at the 0.9 pm
waveband.

In this paper, based on the Nd-doped single-mode fiber
(SMF) as the gain medium and nonlinear polarization rotation
(NPR) as the saturable absorber (SA), an all-fiber 12th order
HML laser operating at the 0.9 pm waveband was realized for
the first time, to the best of our knowledge. Bending losses were
introduced through a mandrel with a diameter of 10 mm to sup-
press stimulated emission at 1.06 pm, resulting in a suppression
ratio of 0.9 versus 1.06 pm up to 54 dB. Fundamental frequencies
of ~12th order HML pulses with the tunable repetition rate of
494.62 kHz-5.94 MHz were obtained in the mode-locked laser
with a center wavelength of ~904 nm. In addition, the laser has
an extremely low threshold pump power of 88 mW. To the best
of our knowledge, a 0.9 pm Nd-doped all-fiber HML laser has
been obtained for the first time, which can enable a portable
0.9 pm HML laser with tunable repetition rate. The 0.9 pm
HML laser can be used in TPM to improve imaging quality.

2. Experimental Setup

The experimental configuration of NPR mode-locking Nd-
doped single-mode all-fiber HML laser is shown in Fig. 1.
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Fig. 1. Experimental setup of the NPR mode-locking Nd-doped single-mode
all-fiber HML laser based on bending loss.

To obtain sufficiently strong nonlinear effects in the cavity,
two 808 nm wavelength-locked single-mode laser diodes
(LDs, Lumics) with a maximum pump power of 200 mW were
used as the pump source. Two WDMs were used to direct the
pump light of the two LDs into the ring cavity to form a
double-ended pump. The gain medium in the cavity adopted
a2.75 m Nd-doped SMF (CorActive, Nd-103) with a numerical
aperture of 0.14, core diameter of 4.5 pm, peak absorption of
37 dB/m around 805 nm, and group velocity dispersion
(GVD) at 910 nm of 39.21 ps?/km. The SMF behind the Nd-
doped fiber was wound around a mandrel with a diameter of
10 mm for one turn to introduce bending losses. Two polariza-
tion controllers (PCs) were employed to regulate the polariza-
tion state of the cavity, and a polarization-dependent isolator
(PD-ISO) with a center wavelength of 910 nm was used for
ensuring the unidirectional transmission of light in the cavity
and acting as a polarizer. Mode-locked pulses were extracted
from the 10% port of a 10:90 fiber coupler (OC) with a center
wavelength of 910 nm. In order to obtain HML operation, an
indispensable condition is that there must be strong nonlinear
effects in the cavity, which can be achieved by increasing the
pump power or lengthening the fiber. However, when the pump
power is limited to 400 mW, the intracavity nonlinear effect can
be enhanced by lengthening the fiber. For this purpose, a piece of
~410m SMF (Nufern, 780-HP) with GVD of 32.97 ps* /km at
910 nm was inserted into the cavity. The total length of the ring
cavity was approximately 417.83 m, corresponding to net all-
normal dispersion of 13.79 ps?.

3. Results and Discussion

There are some challenges in obtaining a Nd-doped all-fiber
mode-locked laser operating at 0.9 pm. On the one hand, the
emission cross section of the Nd-doped fiber is an order of mag-
nitude higher at 1.06 pm than at 0.9 um. On the other hand, the
emission at 0.9 pm of the Nd-doped fiber corresponds to a quasi-
three-level *F; , — I, transition, while the 1.06 pm Nd-doped
fiber laser belongs to a four-level laser system. As we all know,
the three-level laser system naturally has a higher threshold than
the four-level laser system. Therefore, in order to realize the
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Nd-doped fiber mode-locked laser operating at 0.9 pm, a
method to suppress the emission of Nd-doped fiber at
1.06 pm should be implemented. For this purpose, a series of
measures have been proposed. Cook et al. pointed out that the
operating efficiency of the three-level system can be improved by
doping the Nd-doped fiber with special ions, such as aluminum
ions or germanium ions””. In addition, the suppression of the
four-level laser system can also be realized by special design of
the structure of the Nd-doped fiber, such as photonic crystal
bandgap fiber or W-type double-clad Nd-doped fiber®~""), In
2021, Corre et al. demonstrated for the first time, to the best
of our knowledge, an all-polarization-maintaining (PM) Nd-
doped fiber mode-locked laser near 910 nm based on a semicon-
ductor SA mirror (SESAM) as an SAP®), Recently, using the
Nd-doped PM fiber as the gain medium, a 0.9 pm Nd-doped
all-fiber mode-locked laser based on the nonlinear amplifying
loop mirror (NALM) has been demonstrated for the first time,
to the best of our knowledge, by Mkrtchyan et al."*!. To sup-
press dominant emission at 1064 nm, a 920/1064 nm wavelength
division multiplexer (WDM) was inserted into the cavity as a
filter. However, both the W-type double-clad and the PM
Nd-doped fiber have some disadvantages compared with Nd-
doped SMF, such as difficulty in drawing and high cost.
Moreover, the cost of the laser was bound to be further increased
by adding components such as WDM and filters into the cavity.
Therefore, other schemes to suppress the emission at 1.06 pm
should be considered in order to obtain a low-cost 0.9 pm
Nd-doped all-fiber mode-locked laser.

The bending loss of SMF increases with a decreasing radius of
curvature. At the same time, the bending loss also increases as
the operating wavelength increases, that is, for the same bending
radius, the light with longer wavelength will experience greater
losses®®. Therefore, compared with 0.9 pm, the light of 1.06 pm
has a larger bending loss, which can be used to suppress the
stimulated emission of Nd-doped fibers at 1.06 pm. Firstly, an
optimal bend radius should be found that does not affect the per-
formance of the laser operating at 0.9 pm, but completely sup-
presses the emission of the Nd-doped fiber at 1.06 pm. For this
purpose, as shown in Fig. 2(a), after splicing a section of SMF to
the Nd-doped fiber and bending the SMF to different diameters,
the emission spectrum of the Nd-doped fiber was measured with
an optical spectrum analyzer (Anritsu, MS9740B). As shown in
the results in Fig. 2(b), without bending loss, the emission spec-
trum of the Nd-doped fiber was strongest at 1.06 pm, an order of
magnitude smaller at 0.9 pm than 1.06 pm, and weakest at
1.34 pm. This was the reason why a Nd-doped fiber laser oper-
ating at 0.9 pm was difficult to achieve. As for the SMF with a
bending diameter of 25 mm, the emission of the Nd-doped fiber
at 1.34 pm was completely suppressed, while the other two wave-
bands were hardly affected. When the bending diameter of the
SMF was reduced to 12 mm, the emission intensity of the Nd-
doped fiber decreased at 1.06 pm, but was still 12 dB higher than
that at 0.9 um, and it is difficult to obtain the ideal suppression
effect at this time. The best results were obtained when the SMF
has a bending diameter of 10 mm, which can effectively suppress
the emission at 1.06 pm without affecting the emission spectrum
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Fig. 2. (a) Simple experimental setup for measuring the emission spectrum of

Nd-doped fiber after bending the SMF. (b) Emission spectra of the Nd-doped
SMF after bending the SMF with different diameters.

at 0.9 pm. At this time, combined with the filtering effect of other
devices with the working wavelength of 0.9 pm in the cavity, the
performance of the Nd-doped fiber laser operating at 0.9 pm will
be optimized. If the bending diameter of the SMF was further
reduced, the emission of the Nd-doped fiber at 0.9 pm will be
decreased, which will be detrimental to the performance of
the laser. Therefore, in this paper, the optimal bending diameter
was chosen to be 10 mm, which can completely suppress the
mode competition at 1.06 pm without affecting the performance
of the 0.9 pm Nd-doped fiber mode-locked laser.

Then, according to the experimental setup shown in Fig. 1,
we built a Nd-doped all-fiber HML laser operating at 0.9 pm.
In the experiments, increasing the pump power of LDs to
391 mW and carefully tuning the PC state, a stable 12th HML
laser could be recorded. Figure 3(a) presents the emission spec-
trum of the 12th HML laser over a wide range (860-1150 nm).
The central wavelength of laser was 904.31 nm with a 3 dB band-
width of 2.06 nm. We can see that the emission of the Nd-doped
fiber at 1.06 pm has been completely suppressed, and a suppres-
sion ratio of 0.9 um versus 1.06 pm as high as 54 dB has been
recorded.

Then, by fixing the state of the PCs and gradually reducing the
pump power, the order of the HML decreases gradually. When
the pump power was reduced to 136 mW, a mode-locked
laser operating at the fundamental frequency was obtained.
Figure 3(b) depicts the spectrogram of the laser in a narrow
range (860-1000 nm) at this time. Due to the addition of
~410 m SMF in the cavity, this inevitably causes the stimulated
Raman scattering (SRS) effect. It can be seen that in addition to
the fundamental wave with a central wavelength of 909.84 nm,
due to the existence of the SRS effect, the Stokes wave with a
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Fig. 3. (a) Emission spectrum of the 12th HML laser over a wide range (860-
1150 nm) with a resolution of 0.07 nm. The output characteristics of 0.9 pm Nd-
doped all-fiber mode-locked laser operating at the fundamental frequency
under the pump power of 136 mW. (b) Emission spectrum. (c) Pulse train.
(d) Single-pulse shape. (e) The autocorrelation trace of the coherence spike
and its sech? fitting within a narrower scan range. Inset: measured autocor-
relation trace of the mode-locked pulse within a wider scan range.

central wavelength of 948.34 nm was also recorded. The separa-
tion between the two wavelengths was about 436.20 cm™!, which
is consistent with the Raman frequency shift of the silica
fiber*”). The pulse characteristics of the mode-locked laser were
measured by an ultra-high-speed InGaAs PIN photodetector
(EOT, ET-3500 F) with risetime/falltime of < 25 ps combined
with a digital oscilloscope (Tektronix, MSO64) with a band-
width of 4 GHz and sample rate of 25 GS/s. The pulse train
and single-pulse shape are shown in Figs. 3(c) and 3(d), respec-
tively. The pulse intensities in the pulse train were nearly con-
stant with a pulse interval of 2.02 ps, corresponding to the cavity
round-trip time. Figure 3(d) demonstrates the single-pulse
shape with the fine structure of the mode-locked laser. It can
be seen that the single-pulse shape contained two peaks with
a time interval of about 1040 ps, which is in good agreement with
the theoretical time interval of 1079.55 ps calculated from the
intracavity dispersion value and the cavity length. The Raman
pulse noise is ascribed to the fact that it starts from spontaneous
emission reaching high energy after only one round trip of the
pump*>*?1, That is, the evolution result of Raman pulse in the
cavity without feedback proves that the Raman pulse is only
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generated in the current cycle and does not participate in the
next cycle. Because of the difference in group velocities, after-
ward, the Raman pulse runs away from the pump pulse!*1 =31,
It is well known that light with a longer wavelength has a slower
transmission speed in an all-normal dispersion environment.
The difference in transmission speed will cause the fundamental
and Stokes waves to gradually separate in the time domain'**),
Finally, the pulse peak corresponding to the Stokes wave was
located at the leading edge of the single-pulse shape, and the
pulse peak corresponding to the fundamental wave was located
at the back edge of the single-pulse shape, as marked in Fig. 3(d).
In terms of intensity, the intensity of the pulse peak correspond-
ing to the first Stokes wave was smaller than the intensity of the
pulse peak corresponding to the fundamental wave, which also
corresponded to the difference in intensities of the two wave-
lengths in the spectrum. Then, the autocorrelation trace of
the Nd-doped all-fiber mode-locked laser operating at the fun-
damental frequency was measured with an autocorrelator
(Femtochrome, FR-103XL), and the results are presented in
Fig. 3(e). The autocorrelation trace within a wider scan range
displayed in the inset of Fig. 3(e) showed that a narrower coher-
ence peak was located on a wide and smooth pedestal, which
means that a typical noise-like pulse (NLP) autocorrelation trace
has been obtained in the experiment. The width of the base of the
autocorrelation curve was ~200 ps, corresponding to the mea-
surement range of the autocorrelator. The autocorrelation curve
of the coherence spike and its sech? fitting within a narrower
span range of +6 ps are plotted in Fig. 3(e). The full width at
half-maximum (FWHM) was about 47830 fs, meaning
that the actual pulse duration was about 478.30 fs X 0.648 =
309.94 fs. The reason why the pulses are NLP was mainly due
to the existence of the SRS effect, and there have been many pre-
vious reports that NLPs were obtained in the Raman mode-
locked lasers'****].

As the pump power decreased from 391 mW to 88 mW, the
order of the HML laser also gradually reduced. Figure 4 depicts
the changes in the emission spectra and pulse trains of the HML
laser throughout the process. As shown in the change of the
spectra in Fig. 4(a), the intensities of both the first Stokes and
the fundamental waves decreased with decreasing pump power.
The central wavelength of fundamental and first Stokes waves
showed a trend of “blue-shift” as the pump power increases.
When the pump power was increased to maximum pump power
of 391 mW, the central wavelengths of the fundamental and first
Stokes waves were 904.38 and 941.55 nm, respectively. Since the
emission of the Nd-doped fiber at 0.9 pm corresponds to a quasi-
three-level transition, the reabsorption effect of rare-earth (RE)
ions can be used to explain the blue-shift of the wave with
increasing pump power *>*), Since the reabsorption effect of
RE ions at long wavelengths was stronger, when the pump power
increased, the gain at the long wavelength decreased more dras-
tically. As a result, the center wavelength of the laser was shifted
to the short wavelength!*®!,

With the pump power change, the variation of the pulse trains
measured with the high-speed detector is plotted in Fig. 4(b).
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The dependence of average output power and single-pulse
energy on the pump power is presented in Fig. 4(c), and the
threshold power of the mode-locked laser was as low as
88 mW. To our knowledge, the threshold of our laser is the low-
est among Nd-doped fiber mode-locked lasers operating at
0.9 pm reported so far. The maximum average output power
of 5.39 mW was obtained under pumped powers of 391 mW,
corresponding to the optical-to-optical conversion efficiency
of 1.37%. The trend of the single-pulse energy of the HML
laser as a function of the pump power is shown by the red star
in Fig. 4(c). It can be seen that under a certain order of HML, the
single-pulse energy increased with the increase of the average
output power. If the pump power increases, the harmonic
mode-locking order increases by one order, the single-pulse
energy will drop sharply and then increase with the increase
of the output power, and so on. However, the variation of sin-
gle-pulse energy was within a small range (0.84-0.97 nJ), which
can be considered to remain almost unchanged at 0.91 n]J.

In order to analyze the stability of the mode-locked laser, we
measured the RF spectra of the 1st, 4th, 8th, and 12th HML
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Fig. 4. Evolutions of 0.9 um Nd-doped all-fiber HML laser when the pump
power changed from 88 to 391 mW. (a) Emission spectra. (b) Pulse trains.
(c) Average output power and single-pulse energy.

Firstly, in the time domain, as the pump power increases, the
number of pulses in a fixed time range gradually increases,
and the interval between the adjacent pulses gradually decreases.
That is, the pulses are uniformly distributed, and the repetition
frequency of the pulses is gradually increased. Meanwhile,
although the number of pulses increases with increasing pump
power, the peak intensity of the pulses remains almost constant
throughout the process. At a certain pump power, the pulse
intensities in the pulse train are almost the same, proving that
the laser works in a stable state. These phenomena are typical
for HML lasers, and it is demonstrated that a stable HML oper-
ation has been obtained in our experiments. The order of HML
increased with the increase of pump power, and the pulse
sequence diagram under each order is shown in Fig. 4(b). Up
to 12th HML operation has been obtained under a maximum
pump power of 391 mW.

An optical power meter (OPHIR, PD300-IR) was utilized
to record the average output power of the HML laser.
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pulses with a spectrum analyzer (R&S, FPC1000), and the results
are shown in Fig. 5. First, at the pump power of 111 mW, the
laser operates at the fundamental frequency, and the RF spec-
trum within a narrow bandwidth of 500 kHz with a resolution
of 300 Hz is recorded in Fig. 5(a). It can be seen that the central
frequency was located at the fundamental repetition rate of
495 kHz with a signal-to-noise ratio (SNR) higher than 48 dB.

Figure 5(b) illustrates the broadband RF spectrum of the
mode-locked laser operating at a fundamental frequency with
a bandwidth of 25 MHz and a resolution of 3 kHz, which also
exhibits high SNR. As the pump power increases, the mode-
locked laser will enter an HML state. Figures 5(c) and 5(d) depict
the RF spectra of the fourth HML laser within a narrow band-
width range of 500 kHz and a bandwidth of 50 MHz, respec-
tively. At this time, the repetition rate of the pulses was
1.98 MHz, the SNR was greater than 49 dB, and the supermode
suppression ratio (SMSR) was greater than 34 dB, indicating a
stable and low-noise operating status. Additionally, Figs. 5(e)
and 5(f) illustrate RF spectra of the eighth HML laser. The
repetition rate was measured to be 3.96 MHz, and the SNR
and SMSR were suppressed better than 49 dB and 40 dB, respec-
tively. Finally, when the pump power was 391 mW, the highest
12th order HML was obtained, and its RF spectra are shown in
Figs. 5(g) and 5(h). The repetition rate of the pulses was located
at 5.94 MHz, and the SNR and SMSR were greater than 48 dB
and 33 dB, respectively. In general, the narrowband RF spectra
of the HML laser under any pump power have an SNR greater
than 48 dB, indicating that the laser has been working in a stable
state and has strong robustness.

4. Conclusions

In conclusion, we reported for the first time, to the best of our
knowledge, a Nd-doped single-mode all-fiber 12th order HML
laser operating at the 0.9 pm waveband. We innovatively pro-
pose that the emission of the Nd-doped fiber at 1.06 pm can
be effectively suppressed by the bending loss of the SMF. To find
the optimal bend diameter, we measured the emission spectra of
a Nd-doped fiber after splicing a piece of SMF with different
bend diameters. A mandrel with a diameter of 10 mm was
employed, and a suppression ratio of 0.9 pm versus 1.06 pm
of up to 54 dB was achieved. To enhance the nonlinear effect
in the cavity, a piece of ~410 m SMF was inserted into the ring
cavity. Under the pump power of 391 mW, we obtained the
highest 12th order HML pulse in the Nd-doped all-fiber laser
with the fundamental wavelength of 904.38 nm. Then, we inves-
tigated the evolutions of emission spectra and pulse trains
as a function of pump power. Fundamental frequencies of the
~12th order HML pulses with the tunable repetition rate of
494.62 kHz-5.94 MHz were obtained in the mode-locked laser.
In addition, the laser has an extremely low threshold pump
power of 88 mW. It is necessary to point out that, limited by
the pump power, only the 12th order HML was obtained in
the experiment. But, to the best of our knowledge, our experi-
mental results demonstrated for the first time that the HML
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can be achieved in a 0.9 pm Nd-doped all-fiber mode-locked
laser. We believed that the order of the HML laser will be further
improved if higher pump powers are available in the future,
which could be an effective source for TPM to improve the im-
aging effect.
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