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Frequency detuning of mode-locked fiber lasers displays many remarkable nonlinear dynamical behaviors. Here
we report for the first time the evolution of pulses from mode-locking through period pulsation to Q-switched
mode-locking for three fundamental cases. Our experiments are performed in a hybrid actively and passively
amplitude-modulated all-fiber polarization-maintaining mode-locked fiber laser, where the amplitude modula-
tion frequency artificially deviates from the fundamental frequency of the cavity. We design and numerically
simulate the laser with coupled Ginzburg-Landau equations. The experimentally observed dynamics of the mode
detuning process is discussed with the assistance of the fitted model and numerical simulations, showing the
generalizability of the optical mode detuning variation process. Our work provides fundamental insights for
understanding perturbations in nonlinear optical resonant cavities and expands the ideas for studying chaotic

path theory in hybrid mode-locked fiber lasers.
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1. INTRODUCTION

Mode-locked fiber lasers are desirable for many new
applications, including ultrahigh-bit-rate coherent optical
transmission, high-performance optical sensing, and laser bio-
medicine [1-3]. Due to the performance advantages of higher
repetition rate, easy synchronization with a master clock, and
small output chirp, actively mode-locked fiber lasers have
become an important research direction [4-6]. Active mode-
locking typically forces the laser to produce high-repetition-rate
pulses by introducing intracavity amplitude modulation (AM)
or frequency modulation (FM) [7,8]. Theoretically, the driving
frequency of the modulation needs to be exactly equal to the
fundamental cavity frequency multiplied by an integer to main-
tain synchronization between the modulation and the pulse se-
quence circulating within the cavity. However, cavity length
changes due to external environmental disturbances lead to un-
damped relaxation oscillation and super-mode beating, which
may significantly degrade the output performance in experi-
ments and applications. In particular, frequency detuning oc-
curs naturally in the case of high-repetition-rate harmonic
mode-locked fiber lasers [9]. Although frequency detuning is
unneeded from a stability standpoint, its significance becomes
profound when frequency detuned actively mode-locked fiber
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lasers display many interesting nonlinear dynamics, including
chaos. Therefore, frequency detuning has always been a re-
search hotspot in actively mode-locked fiber lasers [10-18].
For frequency-modulation mode-locked lasers, the laser
parameter variations in the presence of small modulation fre-
quency detuning were analyzed based on the calculus of varia-
tions to solve the perturbation mode-locked master equation
[19], and the modulation detuning of the actively mode-locked
laser was also analyzed from the frequency domain using an
equation for the complex field amplitudes based on the self-
consistent equations [20]. Experimentally, the FM oscillatory
operating state is observed when the modulation frequency de-
tuning is sufficiently large [21], and asynchronous mode-
lockeding occurs when a saturable absorber is added [22]. In
fact, in a frequency detuned FM mode-locked laser with the
addition of a saturable absorber, the mode-locking shifts from
synchronous to asynchronous mode-locking as the frequency
shift increases [23]. For amplitude modulation mode-locked
lasers, experimentally, the laser mode-locking state is strongly
related to the magnitude of frequency detuning. When the fre-
quency detuning amount is small, it has a significant effect on
the output pulse shape of the actively mode-locked fiber laser.
Depending on the degree of frequency detuning, there are three
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different operating modes: (i) harmonic mode-locking,
(i) Q-switched mode-locking, and (iii) sinusoidal wave modu-
lation mode [18]. When the amount of frequency detuning is
large enough, the laser will tend to a chaotic state via the period-
doubling path, mainly due to the large transient gain generated
by the noise perturbations [24,25]. Theoretically, Kuizenga and
Siegman gave a simple prediction model initially [26]. After
that, many studies have investigated the frequency detuning
characteristics of amplitude modulation mode-locked lasers
from both analytical theory and numerical simulations, among
which theories such as the rate equation approximation [27]
and the perturbation master equation [12] are representative.
However, the research on the evolution and transition process
of amplitude modulation actively mode-locked fiber lasers to
various specific mode-locked states at different frequency de-
tuning is still insufficient. It is the objective of the present work
to describe in detail the involved mode-locked states and the
transition dynamics and to further elaborate on the role of fre-
quency detuning in actively mode-locked fiber lasers.

In this study, we investigated the dynamical process of
modulation frequency detuning in a hybrid amplitude modu-
lated actively and passively mode-locked fiber laser. We ob-
served the pulse evolution from mode-locking to periodic
modulation to Q-switched mode-locking in three cases: doubly
periodic mode-locking, fundamental mode-locking, and
second-harmonic mode-locking. We explain the reason for
the double-layer pulse envelope in the doubly periodic
mode-locking and second-harmonic mode-locking with
Q-switched states. The universality of pulse evolution due
to frequency detuning and the robust correlation between
the degree of pulse evolution and the ratio of the amount of
frequency detuning to the corresponding steady-state frequency
is demonstrated. For the first time, a modulation term is added
to the single slow axis in the set of coupled Ginzburg-Landau
equations and the numerical simulation results are in fairly
good agreement with the experiments.

2. EXPERIMENTAL SETUP AND LASER OUTPUT

The dynamics of frequency detuning in a hybrid actively and
passively amplitude-modulated all-polarization-maintaining
erbium-doped mode-locked fiber laser was experimentally stud-
ied in the setup illustrated in Fig. 1. A segment of 2 m erbium-
doped fiber (EDF, PM-ESF-7/125) provided the gain medium
and was pumped by a 980 nm laser diode through a 980/
1550 nm wavelength-division multiplexer. The passive
mode-locking effect is achieved by a nonlinear polarization ro-
tation (NPR), while the active mode-locking effect is achieved
by an electro-optical modulator (iXblue, MXAN-LN-10). The
NPR effect consists of three spliced polarization-maintaining
fibers (PMFs, PM1550-XP) with a fiber length ratio of
1:2:1, a splicing angle of 90°, an input angle of 30°, and an
output angle of 45° [28], which is equivalent to a saturable
absorber. As for AM, the signal generator (SG) generates an
electrically driven periodic signal to drive the modulator.
Since the modulator is a polarization-sensitive device, a polari-
zation controller (PC) is applied to the input port to control the
polarization state of the laser. A polarization-maintaining out-
put coupler with a coupling ratio of 1:9 is used in the cavity,
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Fig. 1. Schematic of hybrid amplitude modulation actively and pas-
sively all-polarization-maintaining erbium-doped mode-locked fiber
laser. (PM, polarization-maintaining; LD, laser diode; WDM, wave-
length-division multiplexer; EDF, erbium-doped fiber; OC, optical
coupler; PC, polarization controller; ISO, isolator.)

where 90% of the energy continues to be transmitted in the
cavity and 10% of the energy is output. The optical fibers used
to connect each device in the cavity are all PMFs with a total
length of ~14.67 m. The group-velocity dispersions of the
PMF and EDF are estimated to be ~-22 ps’/km and
~ =20 ps?/km at 1550 nm, respectively, with net cavity
dispersion calculated to be ~-0.3627 ps®>. A high-speed
real-time oscilloscope (Agilent, DSO9104A), a spectrum ana-
lyzer (Yokogawa, AQ6370C), and a radio frequency analyzer
(Keysight, N9000A CXA Signal Analyzer) are used to record
pulse real-time temporal, time-averaged spectral, and radio fre-
quency (RF) spectrum, respectively.

By setting the appropriate output frequency from the SG
and connecting it to the modulator, so that the additional
AM frequency is close to one-half or an integer multiple of
the free spectral range of the laser cavity, doubly periodic
mode-locking/fundamental ~ mode-locking/second-harmonic
mode-locking can be easily achieved. For the cavity described
in Fig. 1, the laser output is fundamental mode-locking when
the modulation frequency is set near 12.24 MHz, correspond-
ing to a cavity length of ~16.67 m. In addition, doubly peri-
odic mode-locking is obtained when the modulation frequency
is set at 6.12 MHz, and second-harmonic mode-locking is ob-
tained when the modulation frequency is set at 24.48 MHz. In
this paper, the output pulse dynamics of a frequency detuned
mode-locked fiber laser in three different mode-locking states is
experimentally investigated by attaching small deviations to the
modulation frequency. The frequency detuning amounts given
in the experiment are 25.0 kHz, 27.5 kHz, 30.0 kHz, and
70.0 kHz for the doubly periodic mode-locking; 43.0 kHz,
50.0 kHz, 60.0 kHz, and 76.0 kHz for the fundamental
mode-locking; and 100.0 kHz, 120.0 kHz, 138.0 kHz, and
144.0 kHz for the second-harmonic mode-locking. Based on
the oscilloscope resolution and the actual conditions of the fiber
laser, the lowest power we measured that could be observed for
mode-locking and Q-switched mode-locking was 80 mW.
However, based on the consideration of the accuracy of the ob-
servation of the experimental results, the experimental results at
200 mW are selected for discussion. The experimental results
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are all observed under the pump power of 200 mW, and cor-

responding measurements are given in Fig. 2.

Figures 2(a)-2(c) show the doubly periodic mode-
locking, fundamental mode-locking, and second-harmonic
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mode-locking laser output trajectory for different frequency de-
tuning amounts, respectively. Taking fundamental mode-
locking as an example, when the modulation frequency
detuning amount is relatively small, the mode-locked sequence
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Fig. 2.

(@)—(c) Output oscilloscope traces, (d)—(f) time-averaged spectra, and (g)—(i) RF spectra of the mode-locked fiber laser as frequency

detuning increases. (a), (d), (g) Doubly periodic mode-locking; (b), (e), (h) fundamental mode-locking; (c), (f), (i) second-harmonic mode-locking.
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maintains stability. Gradually increasing the detuning amount,
a standard short-period pulsation with a frequency of 61.0 kHz
appears on the mode-locked pulse, and the modulation depth
of the envelope increases with increasing detuning amount.
Increasing the modulation frequency detuning to 50 kHz,
the envelope gradually evolves from a short-period pulsation
to a long-period pulsation [29-32] with a frequency of
55.0 kHz. Further adding the modulation frequency detuning
to 60.0 kHz, the envelope mode-locked pulse gradually evolves
into a Q-switched mode-locked pulse [33] with a repetition
frequency of 43.0 kHz. In a subsequent period of frequency
detuning range (60.0-75.0 kHz), the repetition frequency
and envelope pulse width of Q-switched mode-locking both
decrease. When detuning increases to 76.0 kHz, the laser will
re-mutate to a new stable mode-locked state.

From the analysis of the above experimental phenomena,
with the increase of the frequency detuning amount, the intra-
cavity soliton realizes the transition process from stable soliton
to pulsating soliton and then to Q-switched mode-locking.
This is a dynamic process of continuous soliton evolution.
This conclusion is also illustrated by the RF spectrum variation
trace in Fig. 2(h). As the frequency detuning increases to
43.0 kHz, the fundamental frequency soliton with a signal-
to-noise ratio as high as 70 dB gradually evolves to a typical
short-period pulsating soliton spectrum. Increasing the detun-
ing amount to 50.0 kHz, the spectrum corresponds to the long-
period pulsating soliton. When the detuning amount reaches
60.0 kHz, the laser outputs a Q-switched mode-locked pulse.
We speculate that the shift of Q-switched mode-locked mode
frequency and detuning frequency is related to the conformity
effect of cavity dispersion, nonlinearity, and birefringence ef-
fects. The complex effect of the composition of these cavity
effects results in a change in the effective total refractive index
of the cavity. The change in the effective refractive index causes
a change in the cavity’s fundamental resonant frequency. As a
result, the effective frequency detuning that produces the
Q-switched mode-locking is not exactly equal to the difference
between the resonant cavity modulation frequency and the
original cavity fundamental frequency.

As for the abrupt new mode-locking state when the modu-
lation frequency is detuned at 76 kHz, it needs to be analyzed
in combination with the spectral changes in Fig. 2(e). We
speculate the reason for the sudden change of the mode-locking
state is that the longitudinal modes constituting the mode-lock-
ing have changed. The laser system selectively discards part of
the excessive loss longitudinal modes of the original mode-
locked state in the new mode-locked state at large detuning
amounts, thus keeping the system in the mode-locked state
with the lowest total energy consumption, ie., the new
mode-locked steady state. Figures 2(d)-2(i) show the evolu-
tions of the time-averaged spectrum and the RF spectrum with
the increase of frequency detuning when the laser outputs dou-
bly periodic mode-locking, fundamental mode-locking, and
second-harmonic mode-locking. By calculating the RF spec-
trum, we obtain that the frequency detuning of doubly periodic
mode-locking to produce Q-switched mode-locking is
about 0.49% of the fundamental frequency; the frequency de-
tuning of fundamental mode-locking to produce Q-switched

mode-locking is about 0.49% of the fundamental frequency;
and the frequency detuning of second-harmonic mode-locking
to produce Q-switched mode-locking is about 0.59% of the fun-
damental frequency. That means, the pulse evolution corre-
sponding to frequency detuning is a common phenomenon
in the hybrid mode-locked lasers discussed in this paper. In
the actively and passively hybrid mode-locked fiber lasers covered
in the paper, it is the amplitude modulation that dominates the
mode-locked state between amplitude modulation and NPR.
The deviation from this mode-locking dominant condition re-
acts to the frequency detuning and manifests itself as a pulsed
evolution of the frequency detuning. In other words, the degree
of pulse variation can be estimated from the ratio of the amount
of frequency detuning to the corresponding steady-state fre-
quency. We can venture to speculate that in another laser experi-
ment where the mode-locking dominant condition is set to
NPR, the above excursions then manifest as deviations from
the polarization state or loss, leading to pulse state evolution.
To summarize the above, we believe that the evolution
of mode-locking pulses from stable mode-locking states to other
mode-locking states caused by deviations of the dominant mode-
locking conditions may be “universal” in lasers.

Figure 3 shows an enlarged view of a mode-locked pulse
under a single Q-switched envelope detuning at different pulse
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Fig. 3. Mode-locked pulses under a single Q-switched envelope:
(a) doubly periodic Q-switched mode-locked pulse; (b) fundamental
Q-switched mode-locked pulse; (c) second-harmonic Q-switched
mode-locked pulse.
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frequencies and the corresponding Q-switched envelope pulse
widths. The pulse widths of the period-doubling mode-locking,
fundamental mode-locking, and second-harmonic mode-
locking Q-switched envelopes are ~5.8 ps, ~3.9 ps, and
~4.3 ps, respectively.

There are two clear hierarchy coexistence states of mode-
locked pulses in both the doubly periodic Q-switched
mode-locking and second-harmonic Q-switched mode-lock-
ing, as shown in Figs. 3(a) and 3(c). For this approximately
nested double Q-switched envelope, it is conjectured that
the super-mode noise is not completely suppressed in the cav-
ity. The presence of incompletely matched low-order harmonic
modulation terms in the laser has an impact on the intensity
distribution of the pulse sequence, while the large modulation
frequency detuning increases the impact of noise. There are
low-order harmonic modulation terms in the laser, which seri-
ously affect the intensity distribution of the pulse sequence,
and the large modulation frequency detuning increases the
influence of noise. The super-mode noise leads to an uneven
amplitude distribution in the pulse pair of doubly periodic
mode-locked and second-harmonic mode-locked pulses,
i.e., high intensity of one pulse and low intensity of the other
pulse in a pulse pair, which results in a significant stratification
of the Q-switched envelope composed of multiple pulse pairs.

3. THEORETICAL MODEL

Based on the hybrid amplitude modulation actively and pas-
sively all-polarization-maintaining erbium-doped mode-locked
fiber laser shown in Fig. 1, we established theoretical equations
and performed numerical simulations. Pulse propagation in fi-
bers is described by the coupled Ginzburg-Landau equations
(CGLEs) [34], the parameters of which are related to the laser
system fiber parameters. To have a more stabilized laser output,
certain optical components (isolator, optical coupler, and am-
plitude modulators) in the cavity generally operate in the fast
axis blocking state, that is, the optical pulse takes the slow axis
as the main axis. Considering that the amplitude modulator
works for the slow axis, the amplitude adjustment term is only
added to the slow axis equation when building the CGLEs with
a frequency detuning amplitude modulator as follows [23,35]:

0A, Aﬁ ﬁza A,
oz aT "2 o012
. iy . -1
+ zy(|Ax|2 + 3 |Ay|2)Ax + gAxAj +gTAx
&8 04
2Q2 9T’
04, 04, AP S0 2y 5
0z 5ﬁ_ PR 6T2+ r\ 1417+ |Ax| 4
/ aZA
T ge g2 g—A LD
+3 3 hA T + 292 aT2
- A1 = cos(w,,t + NR)]A,, (1)

where A, and A, are the amplitude envelopes of the optical
waves along the orthogonal polarization axes of the fiber; A
and Ay are their complex conjugate; z is the number of trans-
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missions; 7" is the time describing the pulse width; § = 1/27¢
is the inverse of group velocity, where ¢ is the light speed;
Ap = mAn/A is the wavenumber difference of the two
orthogonal polarization modes, where A7 is the effective refrac-
tive index difference of the two modes; f3, is the second-order
dispersion of the fiber; y is the nonlinear coefficient of the
medium; / is the loss coefficient of the fiber; Q, is the gain
bandwidth; Axy = Vam/V, is the modulation depth of
the amplitude modulators, where V), is the modulator voltage
and V, is the half-wave voltage; ®,, = 27 f 'y, is the angular
modulation frequency, where f'); is the frequency of the am-
plitude modulator; NV is the number of cavity round trips;
R = f,/fr is the detuning of the linear time of each cavity
round trip of the amplitude modulator, where f, is the
deviation frequency and f, is the cavity fundamental fre-
quency; and N - R is used to accurately calculate the amount
of detuning per round-trip cycle. For single-mode fiber g = 0;
the gain coefficient in an EDF gain fiber can be described by
the following equation:

JUALP + 1417)ds
P bl

sat

g=Gex (2)

where G is the linear gain and P is the saturation output
power of the gain fiber, i.e., the output power when the input
power changes and no longer changes the output power.

The Jones matrix of the device is applied to the pulse as it
passes through a separate intracavity device via the fiber.
Assuming that the input angle of the optical pulse of the splic-
ing structure is a, and the output angle is f; the angle between
the polarization controller and slow axis of the PMF is ; the
phase shift of the two orthogonal polarization axes is ¢;
(j = x,); the input and output electric fields are respectively
represented by A, and A,,; and the matrix is uniformly de-
noted as 4; (j = a, B, 0, ¢). The transmittance and Jones ma-
trix of the NPR structure consisting of three fiber splicing
structures can be derived as follows:

I:Aoutx

cos(f}) -sin(p)
:| = A/}A(/JZA(JA(/)lAaAin = |: :|
Ou[}/

sin(f)  cos(f)
[ 0 ] { cos(0) -sin(6) }
0 2] [sin(@) cos(d)

) |:€zfﬂyl .0 ] [c.os(a) —sin(a)] [ 0 } 3)
0 ¢ | [sin(a) cos(a) || A

where Ay and A, are the output electric field components
of the fast and slow axes; Ay, is the input electric field along the
slow axis of the laser; and @, )1, @2, and ¢, are the phase
shifts of the two orthogonal polarization axes of the two fiber
segments before and after the PC, respectively. The transmit-
tance of the orthogonal polarization axis of the orthogonal NPR
structure was calculated using 7'; = A9"/A;, as follows:
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Tnpge = [~ T%2) sin(a) cos(B) cos(0) - e@112) cos(a) sin(B) cos(0)
+e#a122) sin(a) sin(B) sin(0) - ¢ P27 cos(a) cos(B) sin(0)]?,
T'npgy = [ @nt2) sin(a) sin(f) cos(0) + ¢ P179:2) cos(a) cos(f) cos(0)
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As for the output coupler, let the coupling ratio of the out-
put coupler be R. The change of the optical field after passing
through  the output  coupler c=AAN1-R,
A, =AT-R.

is

4. NUMERICAL SIMULATION AND DISCUSSION

The CGLEs of the hybrid amplitude modulation actively
and passively all polarization-maintaining erbium-doped

mode-locked fiber laser were solved numerically using the
split-step Fourier method [34], and the set of parameters used
in the simulation is shown in Table 1. As shown in Fig. 4 (only
gives negative detuning cases as an example), when the laser is
operated under zero detuning conditions, the pulses are
synchronized with the modulation frequency, and no oscilla-
tion shift occurs after a stable mode-locked state is reached.
At slight detuning of £, = £0.5 MHz, as shown in Fig. 4(a),
the pulse frequency follows the modulation frequency slowly

Table 1. Parameters in the Numerical Simulation of Hybrid Amplitude Modulation Actively and Passively Erbium-Doped
Mode-Locked Fiber Laser
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Fig. 4. Numerical simulation plots of fundamental mode-locking (a) time domain, (b) frequency domain, and (c) peak values under different
detuning conditions with f, = 0.0, -0.5, -1.5, and -2.5 MHz.
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Fig. 5. Numerical simulation plots of doubly periodic mode-locking (a) time domain, (b) frequency domain, and (c) peak values under different

detuning conditions with f, = 0.0, -0.25, -0.75, and -1.25 MHz.

relative to the simulated window. Physically, as shown in
Fig. 4(b), this is achieved by shifting the center wavelength
of the pulse. As the detuning increases to f, = £1.5 MHg,
the mode-locking appears to be periodically modulated, with
significant intensity and spectral oscillations in the evolution
diagram. By carefully examining the time evolution diagram,
it is found that this periodic oscillation behavior can be attrib-
uted to the growth of the adjacent perturbation caused by the
transient gain in the case of detuning. When the detuning is
large enough, i.e., f, = £2.5 MHz, the adjacent mode per-
turbation continues to grow and the intracavity periodic
modulation depth increases until it evolves into a Q-switched
mode-locked pulse. Figure 4(c) shows the peak value of the
corresponding time domain pulse. As the frequency detuning
increases, the peak oscillation changes significantly.

Figure 5 shows the results of the numerical simulation when
the fundamental steady state is doubly periodic mode-locking.
As shown in Fig. 5(a), the pulse is shown to be stable doubly
periodic mode-locking under zero detuning conditions, and the
wavelength does not oscillate shifted after reaching a stable
state. With increasing detuning, a resemblance to the funda-
mental impulse dynamics is exhibited. First, the pulse fre-
quency slowly follows the modulation frequency relative to
the simulation window, the mode-locking is periodically modu-
lated, and the intensity and spectrum oscillate significantly.
When the detuning amount continues to increase, the pulse
evolves into a Q-switched mode-locked state. The correspond-
ing spectral changes are shown in Fig. 5(b). By observing the

peak power evolution diagram in Fig. 5(c), it is found that
when the detuning reaches 1.25 MHz, the doubly periodic
pulse reaches the Q-switched mode-locking state and clearly
appears as two sets of pulse envelopes. This is caused by the
inconsistent intensity between the doubled-period set of pulses,
which coincides with the situaton in the experimental
Fig. 3(a).

Comparing the magnitude of frequency detuning in funda-
mental mode-locking with that in doubly periodic mode-
locking, it can be realized that the shape of pulse evolution
is determined by the ratio of detuning to the fundamental rep-
etition frequency of the pulse. This is consistent with the ex-
perimental results; the only drawback is that in the simulation,
we need a much larger detuning than in the experiment to ob-
tain the corresponding state. We speculate that the fundamen-
tal reason for such a large difference between the simulated and
experimental detuned frequency ranges is the stability of the
cavity. Although the simulations and experiments undoubtedly
reflect the same trend of mode-locked transitions, the fitted
model reflects the detuned model under perfect conditions
without external disturbances. In real experiments, we cannot
avoid the influence of the environment, temperature, and even
the stability of the pumping source. In the model, it is obvious
that we use the stable structure in the perfect case for simula-
tion. In the subsequent experiments, we found that the NPR
structure is not well represented due to the intracavity losses
and other reasons. In the model, apparently, we used the
NPR structure in the perfect case for simulation. This perfect
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NPR structure apparently greatly enhances the stability of the
cavity in the simulation. We believe that this is one of the rea-
sons for the difference.

5. CONCLUSION

We have theoretically analyzed and experimentally investigated
the dynamical process of modulation frequency detuning af-
fecting pulse generation in a hybrid amplitude-modulated ac-
tively and passively mode-locked fiber laser. Experimentally, the
pulse evolution from mode-locking to periodic modulation to
Q-switched mode-locking is observed in three mode-locking
cases: doubly periodic mode-locking, fundamental mode-
locking, and second-harmonic mode-locking. The universality
of frequency detuning corresponding to pulse evolution is dem-
onstrated, as well as the strong correlation between the degree
of pulse evolution and the ratio of the amount of frequency
detuning to the frequency of the corresponding steady state.
Theoretically, a set of CGLEs based on the corresponding
cavities is established and solved numerically using the split-
step Fourier method to obtain the dynamics of the evolution
with the frequency detuning amount. It is shown that the effect
of frequency detuning on the pulse is dynamically continuous
and can be reasonably predicted and that the effect of such de-
tuning is universal for any stable pulse state. Our results deepen
the understanding of pulse perturbations in hybrid mode-
locked fiber lasers and the consideration of laser perturbations
leading to chaos.
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