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We demonstrate a self-started, long-term stable polarization-maintaining mode-locked fiber laser based on the non-
linear polarization evolution technique. A polarized beam splitter is inserted into the cavity of the linear polarization-
maintaining fiber laser to facilitate self-started mode-locking. Pulses with single pulse energy of 26.9 nJ and average output
power of 73.9 mW are obtained at the pump power of 600 mW. The transmission characteristics of artificial saturable ab-
sorber used in this laser are analyzed theoretically, the influence of the half-wave plate state on mode-locking is discussed,
and the mode-locking range is obtained, which is well consistent with the experimental results.

Keywords: polarization-maintaining, mode-locking, nonlinear polarization evolution

PACS: 42.55.Wd, 42.60.Fc, 42.81.Gs

1. Introduction

Mode locked all-normal-dispersion fiber lasers have been
widely used in many fields due to their compactness and
high pulse energy. Polarization-maintaining (PM) fiber lasers
are a practicable solution to eliminating the environment-
induced instabilities caused by thermal and mechanical per-
turbations. However, the mode locking of a PM fiber laser
is difficult, which is in contrast with the mode locking of the
laser without PM fiber. Typically there are three techniques
to implement mode-locking in polarization-maintaining lasers.
First one is the implementation of nonlinear optical loop
mirror (NOLM)[!?! or nonlinear amplifying loop mirror
(NALM).23! Second one is based on material saturable ab-
sorbers such as semiconductor saturable absorber mirror,!
graphene,®~’! or carbon nanotubes.!®'!] The third one is the
application of nonlinear polarization evolution (NPE) tech-
nique to the PM fiber laser.[!?]

For NPE-based PM mode locked fiber lasers, there are
still three methods to realize mode-locking. The first one is
to splice different PM fiber segments together with precise
lengths and angles to compensate for group velocity mismatch
(GVM) introduced by the strong linear birefringence.!!3]
Wang et al. proposed a cross-splicing method to compen-
sate for all the birefringences of PM fibers, and obtained a
pulse width of 11.7 ps, repetition frequency of 48.3 MHz and
pulse energy of 2.1 nJ, respectively.l'*] Zhou et al. inserted an
NPE section based on three PM fiber segments into the laser

to compensate for GVM and obtained pulses with a repetition
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frequency of 90.5 MHz, pulse width of 90 ps and pulse energy
of 77 pJ, respectively.!'3] However, the length of the PM fiber
should be carefully controlled below one-eighth of the beat
length of the PM fiber, which is difficult to realize.['®] The
second method is to use Faraday rotator and Faraday mirror
to automatically compensate for the GVM of the PM fibers.
Zhou et al. demonstrated such a kind of laser to produce dis-
sipative soliton (DS) pulses with pulse energy of 2.9 nJ and
pulse width of 5.9 ps.[!7] Peng et al. constructed a laser based
on Faraday mirror to deliver the average power of 388 uW at
15.4-MHz repetition rate. The spectral width and pulse dura-
tion were 5.1 nm and 700 fs, respectively.[!® The third method
is to combine the above two methods. Szczepanek et al. pre-
sented a PM NPE section based on three PM fiber segments
and a Faraday mirror.!'%! Based on this structure, mode lock-
ing was obtained in 2019.[!"]

The aforementioned methods require at least one special
angle splicing fiber, which is not easy to control in experiment.
In this paper, a polarized beam splitter (PBS), instead of angle
splicing or precisely matching the length of each fiber, is in-
serted into a linear PM fiber laser cavity to facilitate self-start
mode-locking. Furthermore, the transmission characteristics
of the artificial saturable absorber (ASA) can be tuned by ro-
tating the PBS, and mode-locking is obtained easily. This is
a simple and flexible design in contrast with common meth-
ods. A half-wave plate (HWP) is also used to facilitate mode-
locking. To investigate the characteristics of the output pulses,
different cavity lengths of 23 m, 38 m, and 99 m are used alter-
natively in this laser. The pulse energy of 26.9 nJ and average
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power of 73.9 mW are obtained at the pump power of 600 mW.
Finally, the numerical simulation is carried out to justify the
mechanism of the mode locking.

2. Experimental setup and theoretical model

Figure 1 shows the experimental setup of the linear cav-
ity PM mode-locked fiber laser based on NPE technology.
The cavity is composed of a 35-cm PM Yb-doped fiber
(PM-YSF-HI), a PM 980 fiber (group velocity dispersion of
26.7 ps-(nm-km)~'@1030 nm), a PM wavelength division
multiplexer (PM WDM), a Faraday rotator, an HWP, two col-
limators, two mirrors, and all of them operate at a center wave-
length of 1030 nm. The type of the pigtail fibers of WDM and
collimators are PM 980. The pump light from a 975-nm laser
diode is coupled into a PM Yb-doped fiber through the PM
WDM. The HWP is tilted at Brewster angle with respect to
the beam direction. Three cavity lengths of 23 m, 38 m, and
99 m are used in experiment, respectively.

output

PM 980
1 PM WDM O HWP
N a——— -0 \ |
Col PM YDF  Col pR

Fig. 1. Experimental setup of PM mode-locked fiber laser. PBS: olarization
beam splitter; PM WDM: PM wavelength-division multiplexer; PM 980:
PM 980 fiber; PM YDF: PM ytterbium-doped fiber; Col: PM collimator;
HWP: half-wave plate; FR: Faraday rotator; M1: mirror; M2: end mirror.

Each element of the NPE laser will influence the saturable
absorption of the laser, therefore, we consider the whole NPE
structure as an ASA and establish a model to analyze the trans-
mission characteristics of the ASA. Figure 2 shows the model
of the ASA. The ASA can be equivalently simplified into five
parts: end mirror, polarizer, PM fiber, Faraday rotator, and
HWP. Here the polarizer represents the PBS in the linear cav-
ity (in Fig. 1), 0 is the angle of the transmission axis of the
polarizer with respect to the x axis, ¢ is the azimuth angle in-
cluded between the plane of incidence and the main plane of

HWP.[20]

Faraday ]
rotator HWP mirror

1\
¥ ¥

Fig. 2. Simplified theoretical model of ASA with x axis (horizontal) and y
axis (vertical) being two main polarization axes of PM fiber, o being vari-
able, and 6 = 25°.

polarizer PM fiber

When 6 is 25°, the pulse can be decomposed into two or-
thogonal polarization components which transmit in the fast

axis and slow axis in a PM fiber. Two orthogonal compo-
nents are mainly affected by GVM, self-phase modulation, and
cross-phase modulation (XPM) in PM fiber. After propagat-
ing an enough distance the two orthogonal components walk
off during pulse transmission due to the large difference in re-
fractive index between fast and slow axes of PM fiber, which
will weaken the XPM effect. To solve the problem, a Faraday
rotator and an end mirror are used to rotate polarization state
of the pulses by 90° for automatically compensating for the
GVM introduced by the fiber birefringence. Therefore, PBS,
PM fiber, Faraday rotator, HWP, and end mirror jointly act as
ASA.

3. Experimental results

Mode locking can be obtained with different cavity
lengths and the characteristics of the laser from PBS are easily
detected. Figure 3(a) shows the plots of output power versus
pump power at different cavity lengths. Because the fiber is
relatively long and the dispersion is relatively large, the mode-
locked pulse generates typically nanosecond pulses.>!! Fig-
ure 3(b) shows the spectra measured with an optical spec-
trum analyzer (YOKOGAWA AQ6370 C with a resolution
of 0.2 nm) with different cavity lengths at pump power of
600 mW. The central wavelength of the laser with 23-m-long
cavity and 38-m-long cavity are both 1034.8 nm, and the cor-
responding full width at half maximum (FWHM) of spectrum
is 5.66 nm and 5.32 nm, respectively. The spectrum of the 99-
m cavity is split into two parts, whose central wavelength is
1030.2 nm and 1039.8 nm with a separation of 9.6 nm.
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Fig. 3. Characteristics of lasers with three cavity lengths: (a) plots of output
power versus pump power, and (b) spectra of lasers.

Figures 4(a)—4(c) show temporal pulse shapes sampled
by a 4-GHz sampling oscilloscope (Tektronix, DPO 70604C)
equipped with a high-speed 15-GHz photodetector (Newport,
818-BB-35F) with different cavity lengths. When the cav-
ity length is shorter than 23 m, the mode locking cannot be
started; while the mode-locking is unstable when the cavity
length is longer than 99 m. The pulse will split when the
pump power exceeds 300 mW at a cavity length of 99 m.
The maximum output power is 83.7 mW at the pump power
of 600 mW when the cavity length is 99 m, but the pulse
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will split into three sub-pulses, which is primarily attributed
to the increased nonlinear effect of the fiber with the increase
of the pulse energy.!?>?3] Therefore, the maximum pulse en-
ergy obtained is calculated to be 26.9 nJ with the cavity length
of 38 m and the pump power of 600 mW, and the correspond-
ing output power and the repetition frequency are 73.9 mW
and 2.75 MHz, respectively. By comparing the performances

the pulse width, pulse energy, and output power increase with
the cavity length and pump power increasing. Further increas-
ing the cavity length or pump power would lead the pulse to
split in temporal profile or spectrum, which is similar to the
results reported in Ref. [23]. Thus we speculate that the pulse
splitting can be avoided by appropriately changing the trans-
mission characteristics of ASA,>*! or by inserting a filter into

of the lasers with different cavity lengths, it is noticeable that  the cavity.
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Fig. 4. Pulse’s temporal profiles at cavity lengths of (a) 23 m, (b) 38 m, and (c) 99 m.

To investigate the long-term performance of the laser, the
average output power is recorded over 12 h and the result is
shown in Fig. 5. At the pump power of 600 mW and cavity
length of 38 m, the average output power is 73.9 mW, and the
standard deviation is 0.29 mW, with relative fluctuation being
0.39%. The mode locking will keep almost unaffected even
we knock on the experimental table or touch the fiber, which
demonstrates the good environmental stability of this laser.

80
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Fig. 5. Fluctuation of output power within 12 h with cavity length of 38 m
at pump power of 600 mW.

Figures 6(a)-6(c) demonstrate the pulse trains of the
mode locked pulses, and figures 6(d)-6(f) show the corre-
sponding radio frequency (RF) spectra measured with a ra-
dio frequency spectrum analyzer (Agilent, Model: E4447A)
at cavity length of 23 m, 38 m, and 99 m, respectively. It
should be noted that there are two side lobes near the spike
in Figs. 6(d)-6(f), but it is not obvious in Fig. 6(d). The fre-
quency differences between the side lobes and the spikes are
0.013 MHz, 0.013 MHz, and 0.037 MHz, respectively. It is
speculated that the synchronized jitter of each pulse gives rise
to the side lobes.
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Fig. 6. Characteristics of mode-locking pulses: (a)—(c) pulse trains with cav-
ity lengths of 23 m, 38 m, and 99 m respectively, and (d)—(f) corresponding
RF spectra.

4. Theoretical analysis

The model of the ASA is shown in Fig. 2. The method
we used is similar to those in Refs. [22,23]. Assume that the
x axis (horizontal) and y axis (vertical) are two main polariza-
tion axes of the fiber, then the electric field of incident light
can be decomposed into two components when it propagates
alone the optical fiber. The matrix of amplitude envelope of

the input light field can be expressed as!*’]

Aw=no(nlg) ). 1)

074206-3



Chin. Phys. B Vol. 29, No. 7 (2020) 074206

where Ay is the amplitude envelope of the light field. The
Jones transformation matrix for polarizer, HWP, and fiber
(Kerr medium) can be expressed respectively as

1 (1+4cos(20) sin(20)
Jpor =3 ( sin(20)  1—cos(26) ) v 2)
[ —icos(2a) —isin(20)
Juwp = ( —isin(2a)  icos(2a) ) ) 3)
‘ iA
Jierr = elw(eow (1)) ’ @

where ¥ and Ay are the common phase shift and the differen-
tial phase shift, Ay is expressed as

Ay = Ay + Ay, (5)
L

Ay =Ap+21—, (6)
Ly

Ay = )/%A(Z)(cos(e)2 —sin(6)?). @)

Here, Ayj is the linear part of Ay, Ay, is the nonlinear part of
Ay, A¢ is the cavity linear phase delay bias (CLPDB),*! and
L and Ly, represent the length of the fiber and the beat length
of the fiber, respectively. When the light is reflected back, the
Jones transformation matrix of each device should be trans-
formed into the transpose matrix of the original matrix.

Considering the half-wave loss, the Jones transformation
matrix of the end mirror can be written as

-1 0

Assuming that Faraday rotator makes the incident light
polarization rotate an angle of €2, the Jones transformation

matrix can be written as

[ cos() sin(R)

Jrr = (—sin(Q) cos(Q) /- ©)
When the light propagates in the opposite direction throuth
FR, Faraday rotator’s Jones transformation matrix can be writ-

ten as /20!

Jig = R IR R, (10)

where R is the inverse coordinate transformation matrix and
R~! represents the coordinate transformation in the opposite
direction to the laboratory frame. Therefore, the amplitude en-
velope of the light field passing through ASA can be expressed
as

T T / T
Aout == JpOl X Jkerr X JFR X JHWP X JM X JHWP

0
% Jer X Jierr X Jpol X Ao (Z?j((e)) > ‘ (11

The transmission of the ASA can be expressed as

Aou> 1. 5 { [
= = —sin“(26)< 1 —cos | 2A¢
|Ain‘2 2

+2n2L—}/2LPcos(9)} } (12)
Ly 3

Figure 7(a) shows the plots of the simulated transmission
versus input peak power at different cavity lengths. The cavity
length has no influence on the maximum transmission of the
ASA, but does affect the period of transmission. Increasing
the cavity length can reduce the peak power corresponding to
a maximum transmission, which means that the mode-locking
threshold of the laser can be reduced. Figure 7(b) displays the
plots the simulation of transmission versus input peak power
at different values of 8. When the value of 0 varies, the maxi-
mum transmission of the laser and the period of the transmis-
sion curve will significantly change correspondingly. At the
same time, it is noteworthy in two aspects: (i) when the peak
power is quite low, the transmissivity is close to zero, which is
beneficial to improving the signal-to-noise ratio of the pulses
after mode-locking, but the low-power transmission also in-

[271 (i}) No item relative to

hibits the initial formation of pulse.
HWP is seen in the above equation, i.e., the simulation results
do not seem to show that the HWP affect the transmission of

the model.
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Fig. 7. (a) Plots of transmission versus peak power at different cavity lengths
when 6 = 30°, and (b) plots of transmission versus peak power at different
values of 6 when cavity length is 23 m.

However, we find that when the HWP is not inserted be-
tween the Faraday rotator and the end mirror, or the surface
of the HWP is perpendicular to the light path, the laser will
not oscillate in experiment. However, when the HWP is in-
serted between the end mirror and the Faraday rotator in such
a manner that the angle included between HWP and the axial
line that connects the center of the end mirror and the center of
the Faraday rotator is a Brewster angle, then the mode-locked
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laser and continuous wave (CW) laser can be realized periodi-
cally. In order to explain the modulation of the laser output by
the HWP in our experiment, it is necessary to rewrite the Jones
transformation matrix of the HWP. When incident light passes
through the HWP at a Brewster angle, the transmission of the
component whose polarization state is parallel to the incident

surface is 7, = 1, and the vertical component is!??!
2}10
Th=——, 13
h n3+1 (13)

where ng is the refraction index of the ordinary wave. The
Jones transformation matrix of the modified HWP is

—iT, sin(20r)
iT2cos(2a) )

—icos(2a)

—iT, sin(2ex) (14)

Juwp = (
Therefore, the HWP brings about polarization-dependent
loss. Figure 8 shows the characteristics of transmission with
the loss of different polarization states taken into considera-
tion. The maximum transmissivity can be affected by «. In
the case of low input peak power (as shown by the red curve
and the black curve in Fig. 8(b)), & has a periodic effect on the
transmission at low peak power with a period of 7. When « is
an optimal value, the transmission will be improved, which is
of benefit to the mode locking.

We theoretically discuss the effect of o on the transmis-
sion of ASA, and observe the output power and output state
with respect to ¢ in our experiment. Figure 9 shows the re-
sults. Figure 9(a) shows the plot of the simulated transmis-
sion of ASA, and figure 9(b) shows the experimental results
of the average output power versus ¢. The red region rep-
resents the mode-locking state of the laser, while the green
region represents the continuous wave state of the laser. As
can be seen from Fig. 9(c), when the transmission of the ASA

is near the maximum, the mode locking can be realized; when
the transmission of the ASA is far from the maximum, the CW
laser can be realized. The wave plate exerts influence within
a period of 7 /2, which is well consistent with the experimen-
tal results. Therefore, we think, the polarization-dependent
loss caused by the HWP affects the startup of the laser mode-
locking state.
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Fig. 8. Transmission characteristics of ASA: (a) plots of transmission versus
input peak power at different values of «, and (b) plots of transmission
versus o with different input peak power values with cavity length being
23 m.
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Fig. 9. The influence of o on output power: (a) simulated transmission of ASA; (b) experimental output power (the black line) with red region denoting
laser operation in mode-locking and green region in CW state; (c) comparison between results in panels (a) and (b).

5. Conclusions

In this work, we demonstrate a linear cavity fiber laser
based on PM NPE structure. A PBS is inserted into the cav-
ity of a PM fiber laser to facilitate self-started mode-locking.
By tuning the PBS to optimize the performance, self-started
and long-term stable mode locking is achieved at different cav-
ity lengths. The output power of 73.9 mW and pulse energy

of 26.9 nJ are obtained at pump power of 600 mW. The out-
put power is recorded for 12-h continuous operation and its
standard deviation is 0.29 mW and the relative fluctuation is
0.39%, which demonstrates the good stability of the laser. If
the power keeps increasing, the high-energy pulse may accu-
mulate a large nonlinear phase shift. This distorts the pulse

profile, and eventually the pulse will split. The influence of
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the state of HWP arrangement on mode-locking of laser is dis-

cussed theoretically, obtaining a mode-locking range, which

is in good agreement with the experimental result. Compared

with the common PM fiber lasers, our design is simple and

convenient, which does not require PM fiber angle-splicing

nor precisely fiber length matching.
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