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Abstract: From the perspective of the differential phase delay experienced by the two counterpropa-
gating optical fields, the self-starting of the mode-locked fiber laser with a non-linear amplifying loop
mirror (NALM) is theoretically studied. Although it is generally believed that NALM shows a sat-
urable absorption effect on both continuous wave (CW) light and pulses, we find a counter-intuitive
fact that cross-phase modulation (XPM) leads to opposite signs of differential non-linear phase shifts
(NPSs) in these two cases, resulting in inverse saturable absorption (ISA) during the pulse formation
process. The ISA is not helpful for the self-starting of laser mode-locking and can be alleviated by
introducing a non-reciprocal phase shifter into the fiber loop. These results are helpful for optimizing
the design of NALM and lowering the self-starting threshold of the high-repetition-rate mode-locked
fiber laser.

Keywords: saturable absorption; non-linear phase shift; mode-locked fiber laser

1. Introduction

Due to their low cost, high stability, and compactness, mode-locked fiber lasers have
been widely studied and enabled various applications in recent years. The NALM [1], as
a combination of an optical switch non-linear optical loop mirror (NOLM) [2] and a fiber
amplifier, is often used as the artificial saturable absorber to achieve mode-locking in fiber
lasers [3-5]. In addition, a loss is introduced into the NOLM to make a new asymmetric
fiber loop referred to as non-linear absorbing loop mirror (NAbLM) [6-8]. The NOLM
and NALM are originally proposed as optical switches, and many optimization methods
have been proposed to improve the asymmetry of the fiber loops to facilitate the optical
switching function, such as adding absorption loss [7,9,10] or output loss [6,11], making
loop dispersion imbalance [12-15], using unbalance splitter [16-19], incorporation of a
non-linear element [20-23], introducing a non-reciprocal phase bias [22-24], and using fiber
birefringence [2,25-28]. In the last 10 years, these methods have also been used to improve
the performance of mode-locked fiber lasers with optical loop mirror.

As far as we know, the state of the art mode-locked erbium-doped fiber lasers with
a NALM still have a low repetition rate. For the non-polarization-maintaining scheme,
the highest is 257 MHz [29]. For the polarization-maintaining scheme, the highest is
250 MHz [30]. The main limiting factors are the low erbium-doping concentration of
the gain fiber, the limited fiber loop length, and the resulting low gain. In addition, the
optimization methods mentioned above are not always helpful for the self-starting of high
repetition rate mode-locked lasers. It is necessary to find a more effective method from the
saturable absorption mechanism of optical loop mirror.

The self-starting of the mode-locking is closely related to the differential NPS accumula-
tion of the two counterpropagating beams in the NALM. There have been many theoretical
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and experimental studies on self-starting, and their research methods can be roughly di-
vided into three categories. The first is to understand the self-starting through discussing
the transmissivity of continuous light and pulsed light separately [13,31,32]. The second
is based on the self-starting dynamic model with the assumption that the laser operates
instantly in the pulse regime with an equivalent saturable absorber when the modulation
for continuous wave is unstable [33,34]. The last is to discuss phenomenologically [35].
For the optical-switch NALM and NOLM, many researchers have found that the XPM
effect related to the energy distribution and encounter of lights in fiber loop affects the
performance of these two switches [9,10,36,37] and even inverts the switch function [26].
While for the mode-locked fiber laser with a NALM or NOLM, the self-starting of mode-
locking is closely related to the differential NPS. Thus, the XPM effect definitely makes a
contribution to pulse formation and self-starting in the mode-locked fiber lasers, which has
not been thoroughly studied yet.

In order to overcome the difficulties of increasing the repetition rate and analyze the
influence of XPM on self-starting of mode-locking, we calculate the power distributions
of two counterpropagating beams in the NALM and the differential NPS accumulations.
Unlike the three research methods mentioned above, our analysis is carried out from the
perspective of NPS accumulation. We find a difference between the differential NPSs for
the CW light and the pulses in the fiber loop, which makes the NOLM or NALM show
an ISA mechanism during the pulse formation. The ISA has been extensively studied in
the real saturable absorber [38—42], but not in the artificial saturable absorber. The ISA
in the NOLM or NALM could be used to explain the experimental phenomena that the
mode-locking of laser can be actively started by tapping fiber, fine-tuning light polarization,
or other disturbances.

2. Theoretical Calculation of EDFA and NPS

Because we only consider the steady states at the beginning and end of laser, the
beam propagation in the erbium doped fiber amplifier (EDFA) of a NALM is obtained by
employing the Giles model [43]. The Giles model describes an active fiber as a two-level
system using four spectroscopic parameters, including the absorption spectrum &, the gain
spectrum g*, the saturation parameter ¢, and the linear loss I. The optical power of the k-th
beam Py (z) at position z and the ratio of ions in the excited state N,/ Nj are described as

% = ug(ay + gZ)%Pk(Z) + 2ngltNﬁithAVk — k(@ + Ii) Py, @
B Pr(z)a
Ny St )
Nt 1 +Zk%kk€+gk*)

where hvy is the photon energy, Av is the frequency bandwidth of the beam, u; = +1
denotes the propagation direction of the beam.

The non-linear effects considered in our model include self-phase modulation (SPM)
and XPM. SPM refers to the self-induced phase shift experienced by an optical field E
during its propagation in optical fibers, whose magnitude is

L L
Pspnt = Tizko /0 E(2)[2dz = /0 P(2)dz, @)

where 7i; is the non-linear-index coefficient, and v = 27tny/(AAeg) is the non-linear
coefficient of fiber. In our system, 7, of the passive fiber is 1.367 W~!/km, and 7, of the
erbium-doped fiber is 2.134 W~ /km. XPM refers to the differential NPS of an optical field
induced by another field with a different wavelength, propagation direction, or polarization.
Since the beams in NALM have the same polarization and counter propagate, the XPM
coefficient is equal to 2. Other non-linear effects except for SPM and XPM are not considered
in the following calculations.
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The configuration of NALM is shown in Figure 1. Since the gain fiber takes up a large
portion of the loop, the influence of optical power distribution in the gain fiber on the
differential NPS accumulation needs to be considered. Before pulse formation, the light
in the cavity is a continuous wave with low power. Thus, we regard the initial light as
CW light with amplitude Ag. As such an optical signal enters the input port of the NALM,
amplitudes of the forward and backward propagating fields are given by

Af(O) = \/I)A(), Ab(O) =iy/1— PAO (4)

After one round trip, both fields acquire a linear phase shift and differential NPSs induced
by SPM and XPM [44], and can be written as

A% = \/o\/3rAvexp (igo +ids), Ay =i/1—py/gAgexp (i + iy), ®)

where ¢y is the linear phase shift, g¢¢ and g;, are the gain factors of the forward and backward
fields, respectively. Since the fiber is short, the fiber loss is neglected in the calculation.
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~

Er-doped fiber
Y meter

Passive fiber,

Z meter

/Passive fiber
X meter

Port M
Coupler

Input

Figure 1. The configuration of NALM. The length of passive fiber from port N to splicing point Q is
X meter. The length of Er-doped fiber is Y meter. The length of passive fiber from port M to splicing
point P is Z meter. The counterclockwise beam and the clockwise beam are named forward beam
and backward beam, respectively. Their optical intensity ratiois p : (1 — p).

As the two beams are output from the M and N ports, respectively, and counter
propagate in fiber, the SPM phase shifts start to be generated. Then they meet in the gain
fiber and indirectly interact with each other through the medium to generate the XPM
phase shifts. Thus, the NPSs of the forward and the backward beams can be divided into
four parts and expressed by SPM and XPM terms as
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and the differential NPS is

X+§+Z 2 )
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3X+Y+Z (8)
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where we assume X < (X+Y + Z)/2 < X+, z is the distance from the light wavefront
to port M, A¢(z) and A (z) are the amplitudes of forward and backward electric field of
the light beam at z, respectively. Before self-starting of the mode-locked laser, the light in
the cavity is CW, whose differential NPS can be obtained with Equation (8). Since only two
counterpropagating pulses exhibit in the cavity when the laser modes are locked, the XPM
phase shift that contributes to differential NPS is only generated where the pulses meet and
can be neglected. Therefore, the differential NPS of the pulsed light is only related to SPM
and can be expressed as

¢ — o =71|Ao|2[pgf tp-1 +X(1 — 8 08 _ng)}
3X4Y+Z 9)

[T AR - A

3. Results and Discussion
3.1. Inverse Saturable Absorption Mechanism in NALM

We assume that the peak power of the pulsed light is equal to the power of the CW
light. Based on Equations (8) and (9), we can obtain the NPSs of the two beams in the
NALM, which are shown in Figure 2a,b, respectively. It is evident that the difference
between phase delay ¢ and phase delay ¢, of CW light decreases to zero and becomes
positive as a result of XPM after the two beams meet, whereas the differential NPS of pulsed
light increases further. In the NALM mode-locked fiber laser, as the power of the light in
the cavity increases, the light evolves from CW to pulses, and the differential-NPS-sign
transition can occur during the self-starting of mode-locking.

15| —— ¢, (Passive fiber) 10
| (a) —— ¢, (Er-doped fiber)
=== ¢, (Er-doped fiber)

10 [ - 2
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8 . 0.8
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Figure 2. (a) NPS of the CW light in NALM. (b) NPS of the pulsed light in NALM. (¢) The NOLM
transmittance as functions of the differential NPS. For the NALM, the splitting ratio is 0.5, the passive
fiber length X = 1m, Z = 0 and the Er-doped fiber length Y = 3 m. Point B is at ¢ — ¢, = 0, Point
B'is at ¢ ¢ — ¢p = 71/2. Points A and A/ are differential NPS inflection points, and point A’ is not on
the left side of point B. Points C and C’ are any points of the uphill curve, to the right of points B and
B’, respectively.
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We discuss the influence of this differential-NPS-sign transition on the saturable
absorption effect of the NALM and self-starting of mode locking based on the transmittance
curve of NOLM given in Figure 2c. Here, we choose to discuss NOLM instead of NALM
for convenience. In the process of optical signal changing from CW to pulses, point B at
¢¢ — ¢ = 0 has two roles. One is the point where the pump is turned on, and the other is
the point where the sign of the differential NPS changes. When the pump is turned on, the
optical signal is continuous, and the round-trip differential NPS increases along the trace
B — A, which is manifested as positive feedback with less loss for the stronger light and
more loss for the weaker light. Therefore, it is the saturable absorption effect that favors the
formation of pulses. When the light gradually evolves from CW to pulses, the differential
NPS moves along A — B — C, as depicted in Figure 2c. As the peak-to-average power ratio
of the pulse gradually increases, the SPM effect dominates over the XPM effect, resulting
in a change in the sign of the differential NPS. In the A — B process, the fiber loop shows
negative feedback, i.e., the stronger the light, the greater the loss. Therefore, the so-called
ISA effect merges, which is not helpful to the formation of the pulses. If the differential NPS
of two optical beams cannot exceed this negative feedback range, the mode-locking can not
be achieved. In the B — C process, the fiber loop shows positive feedback. Although the
B — A and B — C processes are in opposite traces on the horizontal axis, they both show
saturable absorption.

Since the slope at point B is zero, the transmittance differences for low-intensity lights
around point B are close to zero and do not offer any intensity-dependent transmittance.
In order to weaken the negative impacts of the process A — B and point B on differential
NPS accumulation, a simple method is adding a 71/2 phase shifter to the fiber loop, so
as to move points A, B, and C to points A, B’, and C/, respectively. As a result, both the
initial transmittance of the light and the slope of the initial point will increase. When the
phase shifter is inserted, the trace of the differential NPS is still B — A’ — B’ — C/, but
the feedback type has changed. In the B’ — A’ process, the fiber loop shows negative
feedback. In the A’ — B’ — C’ process, the fiber loop shows positive feedback. The phase
shifter prevents the light in the fiber loop from forming pulses in the opposite traces, such
as B — A and B — C. It reduces the difficulty of turning around at point A and helps to
accumulate the differential NPS in the correct trace when the sign change of differential
NPS occurs.

After self-starting of mode locking, the pump power can be gradually reduced to a
low level, while mode-locking still keeps. The mode-locking stability should be related
to the fact that the pulsed light in the NALM does not experience the A — B negative
feedback region. When the pump power is too low to support mode locking, the light will
change from pulsed light to continuous light, and the output optical power will suddenly
increase [45]. This can be attributed to the sign change of differential NPS mentioned above.

In addition to increasing the power pump and introducing a phase shifter, the mode
locking can also be achieved by adding a polarization controller on the fiber loop, tapping
the fiber, slightly rotating the wave plate in the phase shifter, using an intra-cavity amplitude
modulator to initiate the pulses [46,47], or putting a moving mirror at the output port [48].
In addition, it has been verified in our experiment that mode locking of a figure-9 fiber
laser with the configuration in Ref. [30] can be achieved by placing a moving aluminum
alloy plate or a piece of paper at one of the two PBS output ports after the pump light is
injected. While these methods can reduce the mode-locking threshold, one disadvantage
is that after actively starting the mode-locking, the mode-locking cannot self-start after
restarting the laser. Another disadvantage is that the same characteristics of the output
pulse are also difficult to reproduce. For example, the pulse width may vary widely. The
main principle of actively start mode-locking is that these methods suddenly change the
phase of the laser beam, which is equivalent to directly inputting high-power optical signal
to skip the negative feedback region of NALM or NOLM, rather than gradually cyclically
amplifying the small optical signal in the cavity to evolve a stable phase shift. Moreover,
in the experiment, we found that placing a static aluminum alloy plate or a piece of static
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paper at one of the two PBS output ports before the pump light is injected can make the
self-starting threshold of the laser’s mode-locking higher or prevent self-starting.

3.2. Different Effects of Splitting Ratio and Optical Attenuator on NOLM

Considering the phase shift 71/2 brought by the coupler, the round-trip transmittance
of NOLM is )
|Ad

| Aol
Here, the differential NPS is

T = = 1-20(1—p) [1+cos(gs— ) | (10)

o — ¢y = (1—2p)7|Ao|*L. (11)

When loss 1 — & is added to the coupler’s forward light output port N, the transmittance
becomes

A
a| Aol

N = = 1—Zp(l—p){l—i—cos{(l—p—ocp)'y|A0|2L}}, (12)

where the differential NPS is (1 — p — ap)y|Ao|>L, and « is the optical transmittance of
the loss. If the light intensity of the forward light is greater than that of the backward
light (0 > 0.5), the absolute value of the differential NPS in Equation (12) is always
smaller than that in Equation (11), that is, the loss is not helpful to the differential NPS
accumulation. If p < 0.5, the loss is helpful, and it can increase the differential NPS and
help lower self-starting threshold of the mode-locked laser with this NOLM. When the loss
1 — a is added at the intermediate position of the fiber between port M and port N, the
transmittance becomes
P L 2

;=120 - p){1+cos| @+ 1) (3-p Jrlale| ), a3

| At
] A

mid =

where the differential NPS is (a +1)(1/2 — p)7|Ag|*L, which is always smaller than that
of Equation (11).

Although both the splitting ratio and the optical attenuator in the fiber loop can change
the intensity ratio of the two counterpropagating beams, they have different effects on
the round-trip transmittance of the NOLM. Figure 3 shows the influence of splitting ratio
and optical attenuator on the transmittance of NOLM. By comparing the NPS parameters
corresponding to the first maximum value of the three curves T, Tj,, and T, it can be seen
that the closer the splitting ratio p is to 0.5, the larger the NPS parameter is required to
achieve the maximum transmittance. In addition, the minimum transmittance of the curve
T¢ is smaller than that of the curves T, and T, that is, the modulation depth of the NOLM
corresponding to curve T is the largest.

Under the same splitting ratio as curve T, the curves Ty and T4 in Figure 3 are
obtained after introducing a 10% loss into the fiber loop. It can be seen that their highest
points are located on either side of the highest point of curve T.. Unlike the case with
different splitting ratios, the minimum transmissivities of curves Ty and Ty, are the same
as that of curve T, and the loss only changes the position of the maximum transmittance.
To compare the different effects of splitting ratio and optical attenuator on NOLM more
intuitively, we can consider the curves Ty and Tj,. The splitting ratio of curve Tj, is set
according to
I Pc(l_“) (14)

1—pc
where p. is the beam splitting ratio of the curve T, 1 — « is the loss, and the « = 0.9. Thus,
the light intensities of two beams with a ratio of p’ are close to that of the two beams with a
ratio of p. and a loss of 1 — « are added at the point N. It is clear that the curve Ty is only

P
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slightly shifted to the right relative to the curve Tj,, while the minimum transmittance is
smaller than that of the curve Ty,.

1.0

0.8 1

0.6 1

0.4 1

Transmittance

0.2 1

0.0~

NPS parameter jLJA

Figure 3. Variation of NOLM transmittance with NPS parameter -yL| Ag|?. The L is the length of the
fiber loop. The five transmittance curves are plotted at different splitting ratios (o) and losses (1 — «),
where Ty: p = 0.3, T: p = 0.375, Te: p = 0.4, Tt p = 0.4, = 0.9 and loss is added at port N, Tji4:
0 = 04,0 = 0.9 and loss is added at the midpoint of the fiber between port N and port M.

We know that the closer p is to 0.5, the greater the modulation depth of the NOLM.
However, when p = 0.5, NOLM does not show a saturation absorption effect. If the
optical attenuator is added in NOLM, this problem can be avoided and the maximum
modulation depth can be obtained. The optical attenuator here acts similarly to the gain
fiber in NALM [8], but has no drawbacks: the gain of fiber is distributed along a line rather
than at a point and the differential NPS between the two counterpropagating beams is not
obvious when the gain fiber accounts for a large proportion of the fiber loop. In addition,
before the two counterpropagating beams meet and interfere in the coupler, this loss can
also effectively reduce the optical power difference introduced by the gain fiber and the
coupler to make the NALM have a higher modulation depth.

A figure-9 fiber laser is one of the most popular mode-locked lasers at present. It has
some characteristics different from those mentioned above. For the figure-9 fiber laser with
a coupler, according to Equation (10), its transmittance is

T'=1-T. (15)

Therefore, the transmittance curves are the reversal of the curves in Figure 3, and a phase
shifter must be injected in the fiber loop so that the figure-9 configuration can show
saturable absorption effect at the initial stage. The maximum transmittance is not equal to
1, and the minimum transmittance is zero. It can be seen that when the beam splitting ratio
is far away from 0.5, the maximum transmittance will be reduced, and the large difference
between the two interfering beams may raise the noise level intracavity [35,49], while
controlling the energy ratio of the two beams through optical attenuator will avoid this
situation. However, for the figure-9 fiber laser with a PBS, the maximum and minimum
transmittance will not change [50].

In practice, once the laser is built, it is often difficult to adjust the coupler’s splitting
ratio, while the loss can be continuously adjusted and compensated by increasing the gain
in the cavity. The loss can also be induced via the output loss, where a suitable beam splitter
can be freely introduced in the loop to improve loop asymmetry. The output loss of the
fiber loop can be used for other applications, such as signal monitor and amplifier seed.
Additionally, it is found in an experiment that the quality of the pulse at different output
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ports is different [51,52], and the quality of the pulse output inside the loop is higher than
that outside the loop.

4. Conclusions

We study the self-starting of the mode-locked fiber laser with a NALM by calculating
the phase shift evolution in the fiber loop. We review the experiments of others in this
paper to avoid repeating them to increase space. By comparing the round-trip differential
NPS signs of the CW light and the pulses, we find that the NALM can behave as an
inverse saturable absorber during the pulse formation process, which is not helpful for
pulse formation and mode-locking self-starting. The impact of ISA can be alleviated by
introducing a non-reciprocal phase shifter into the fiber loop and shifting the ISA region on
the transmittance curve. In addition, we analyze the different effects of splitting ratio and
optical attenuator on NOLM. It is found that although both the splitting ratio and the optical
attenuator can change the intensity ratio of the two interfering beams, they have different
effects on the round-trip transmittance curve of the optical loop mirror. The increase in
beam splitting ratio can reduce the amplitude of transmittance curve and increase the slope
of curve, while the optical attenuator does not change the amplitude of curve. At present,
for the mode-locked fiber laser with a NALM, how to reduce the difficulty of manufacturing
the high-repetition-rate fiber laser and how to lower the self-starting threshold are urgent
problems to be solved. The discussions about the ISA mechanism and the different effects
of splitting ratio and optical attenuator are of potential help in these areas.
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Abbreviations

The following abbreviations are used in this manuscript:

CW continuous wave

NALM  non-linear amplifying loop mirror
XPM cross-phase modulation

NPS non-linear phase shift

ISA inverse saturable absorption

NOLM  non-linear optical loop mirror
NADbLM  non-linear absorbing loop mirror
EDFA erbium doped fiber amplifier
SPM self-phase modulation
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