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Self-Q-switching with interferometers
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Self-Q-switching facilitates the generation of pulsed lasers without resorting to conventional Q-switched
techniques, while there has been limited research and theoretical development in this area. In this paper, we
introduce an interference-based self-Q-switching phenomenon and conduct a comprehensive numerical analysis.
Our findings reveal distinct properties when compared to traditional Q-switching, underscoring the role of
interferometers. Through a combination of experimental measurements and waveguide simulations, we propose a
self-Q-switching mechanism based on jitter-induced filtering. This mechanism aligns well with our experimental
observations and provides an explanation from the perspective of the frequency domain. This research contributes
to the understanding of self-Q-switching theory and its excitation.
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I. INTRODUCTION

The quality factor Q of a laser resonator is used to
quantify its quality, defined as 2π∗ (energy stored in the
resonator/energy lost per cycle) [1]. By varying the quality
factor within a laser cavity, it is possible to instantaneously
release the stored energy within the active medium, result-
ing in Q-switched pulses with peak powers several orders
of magnitude higher than continuous-wave lasers [2]. Q-
switched pulses find applications in modern technology, such
as laser therapy [3,4], sensing [5], and laser-induced break-
down spectroscopy [6]. Depending on the need for external
input signals, Q-switching techniques can be categorized as
active or passive [7]. Active Q-switching requires external
components such as acousto-optic modulators [8] or electro-
optic modulators [9] to change the quality factor, while
passive Q-switching, though not requiring complex external
input devices, necessitates the preparation of specific sat-
urable absorbers [10].

Self-Q-switching (SQS) is an intriguing phenomenon
observed in laser resonators, where Q-switching occurs
spontaneously without the need for a dedicated saturable ab-
sorber [11–23]. However, the underlying principles of SQS
have been relatively understudied, with multiple hypotheses
proposed, primarily relying on time-domain explanations in-
volving gain properties. Some suggest it is due to particle
interactions within energy levels [19,24], some attribute it
to thermal-induced lensing [13,17,25], and others propose
that unsaturated gain regions within the fiber contribute to
saturable absorption [11,12,17]. While exploring answers
within gain fibers seems intuitive and plausible, a curi-
ous observation in SQS reports involves the presence of
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interferometers [11,17], which has also been substantiated as
critical in our experiment. This raises questions about the role
of interferometers in SQS phenomena.

In this paper, we introduce and validate an interferometer-
based mechanism for achieving SQS. We report SQS phe-
nomena through experiments, analyze the characteristics to
deduce the underlying principles, and validate them theoret-
ically through simulations. Initially, we achieve SQS in an
erbium-doped fiber laser and demonstrate that SQS cannot be
realized in the absence of an interferometer, highlighting the
crucial role of interferometers in SQS. Subsequently, we mea-
sure and simulate the behavior of the interferometer, capturing
variations in the temporal and spectral output concerning the
wavelength and optical path difference. We further simulate
SQS based on our experimental and simulation results, sug-
gesting that the filtering effect in the interferometer triggers
the laser to enter a steady Q-switching state. Our report
experimentally characterizes the complexity of SQS pulses
and theoretically proves the mechanism behind laser self-Q-
switching from the perspective of the frequency domain.

II. RESULTS

A. Generation of self-Q-switched pulses

Figure 1(a) illustrates the laser setup, where a wavelength
division multiplexer (WDM) couples a 980-nm pump into
the cavity, an 0.5-m erbium-doped fiber (EDF) generates a
1550 nm signal, a polarization-independent isolator (PIISO)
ensures unidirectional laser operation, and a polarization con-
troller (PC) fine-tunes the polarization state. Two 50 : 50
optical couplers (OCs) form a Mach-Zehnder interferometer
(MZI) within the cavity. The total cavity length is 13 m.
Notably, there are no polarization-related components inside
the cavity. We initially suspected whether the MZI acted sim-
ilar to a nonlinear optical loop mirror [26], but the nonlinear
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FIG. 1. Experimental setup of the SQS laser and the modulation
of MZI on different input lasers. (a) Schematic of the laser setup,
with no polarization-dependent components nor saturable absorbers
inside the cavity. Apart from the two OCs forming the MZI, all
other components are fundamental elements for a generating 1.5-µm
unidirectional laser. (b) Spectral modulation of MZI on an input
monochromatic continuous wave, resulting in losses corresponding
to the optical path difference, with a portion of the loss exiting
the cavity through the OC. (c) Temporal modulation of MZI on an
input ultrashort pulse. The initial pulse is split into two, and upon
recombination a bound-state-like structure emerges due to the optical
path difference.

phase shift induced by low-input intensity is insufficient to
induce artificial saturable absorption in the MZI. Figures 1(b)
and 1(c) demonstrate the modulation effects of MZI on differ-
ent input light. When the homogeneous laser is input, it is split
into two paths, which recombine after experiencing different
optical paths, resulting in an output intensity that varies with
the optical path difference. In the case of ultrafast laser input,
the pulses converge after traversing different optical paths,
forming a bound-state-like structure [27,28]. Specifically, the
dual-pulse output resembles a two-soliton bound state, repre-
senting closely spaced short-pulse interference with a pulse
interval matching the optical path difference of the MZI.

Self-Q-switched pulses are achieved in the laser cavity
as shown in Fig. 2. Figures 2(a)–2(c) present the tempo-
ral waveform and spectrum of SQS pulses. Once the pump
power exceeds 50 mW, 1550-nm laser emission initiates
as shown in Fig. 2(d). Importantly, in our laser cavity, the
Q-switching threshold closely matches the continuous-wave
lasing threshold, meaning that Q-switching occurs almost
immediately after the onset of continuous-wave lasing. This
distinguishes it from conventional Q-switched lasers [29,30],
confirming the extremely low saturable absorption threshold
within the cavity. As the pump power continues to increase,
the output power exhibits linear growth. Figures 2(e) and 2(f)

demonstrate changes in the pulse properties as the pump
power increases, which exhibit typical Q-switched character-
istics. Figures 2(g) and 2(h) show single- and double-peak
spectra under different polarization states, allowing for mul-
tiwavelength operation.

The SQS phenomenon we observe exhibits unique char-
acteristics that facilitate the exploration of its mechanism.
First, SQS disappears when the MZI is removed, an obser-
vation unexplainable by existing SQS theories, showing the
dependence of interferometers for SQS generation. Second,
Q-switching occurs as soon as lasing initiates, indicating
an exceptionally low Q-switching threshold, differing sig-
nificantly from passive Q-switching that is typically with a
distinct threshold compared to continuous-wave lasing. Addi-
tionally, Q-switching outputs can be achieved under extensive
polarization angles, which suggests that Q-switching is in-
dependent of a specific polarization state, eliminating the
possibility of nonlinear polarization rotation [31] causing Q-
switching. Furthermore, Q-switching rapidly disappears at
high pump powers, which indicates that incompletely pumped
EDF contributes to the generation of SQS. Indeed, saturable
absorption exists in unpumped gain fibers [32], which exhibit
a lower saturation intensity and a larger modulation depth
compared to typical real saturable absorbers [33–35]. Lastly,
the central wavelength of Q-switching is tunable and the spec-
tra are sensitive to polarization states.

B. Measurement of the interferometer

As the influence of the MZI depends on the optical path
difference, changes in the optical path difference can be ob-
served by inputting external mode-locked pulses to create
a bound-state-like structure. Figures 3(a) and 3(b) show the
pulse train and spectrum of the mode-locked signal. The
spectrum of the complete external input signal is shown in
Fig. 3(c), including both continuous-wave and mode-locked
components. When this signal is input into the MZI, interfer-
ence of the continuous wave results in overall fluctuations as
shown in Fig. 3(d). The mode-locked component experiences
signal superposition, creating features resembling two-soliton
bound states [27] in the spectrum and demonstrating the phase
difference after passing through the two arms, as shown in
Figs. 3(e)–3(h). The phase variations reflect changes in the
optical path difference, resulting in energy fluctuations in the
continuous wave. The optical path difference is approximately
0.93 mm calculated from a pulse interval �t = 1/�υ = 3.1
ps, where �υ is the modulation period of the frequency
spectrum.

The filtering effect caused by the MZI interference con-
tinues to affect SQS generation and output. Therefore, we
conducted a simulation based on the measured optical path
difference to study the filtering effect of the MZI as a function
of input wavelength and optical path difference. Figures 4(a)
and 4(b) illustrate the schematic and electric field distribution
of the MZI. Figure 4(c) depicts the transmission rate as a
function of input wavelength and optical path difference. The
profiles are split by solid and dashed lines, and the cross-
sectional profiles are represented in Fig. 4(d). It is observed
that the phase difference between the two output ports re-
mains at π , and the center of filter curve shifts with changes
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FIG. 2. Experimental measurements of the SQS laser. (a) Oscilloscope trace of the SQS pulses with a pulse interval of 85.27 µs. (b) Single-
pulse profile with a pulse width of 12.49 µs. (c) Spectrum of SQS pulses. (d) Output power vs pump power. The Q-switched threshold remains
within 1 mW of the continuous-wave threshold. (e) Pulse width and repetition rate vs pump power. (f) Pulse energy and peak power vs pump
power. (g) and (h) show tunable spectra of various SQS pulses with single and double peaks under different polarization states.

in the optical path difference, while the total transmission
rate remains nearly constant. Figure 4(e) shows the ampli-
fied spontaneous emission spectrum before and after passing
through the MZI, which is consistent with the calculations in
Fig. 4(d).

C. Mechanism of self-Q-switching with interferometers

We propose two prerequisites for SQS generation based
on experimental observations. First, there is an unpumped
section in the EDF contributing to saturable absorption under
low pumping conditions and further causing the bistability
of continuous-wave and Q-switched operations. The physical
mechanism can be elucidated using a three-level system with-
out pumping, wherein the absorption rate correlates with the
ground-state particle density. As the input intensity increases,
the ground-state particle density decreases, leading to higher
transmittance. This saturable absorption diminishes at high
pump power when the EDF is fully pumped and saturated, ex-
plaining the absence of SQS at high powers. Another ion-pair
interaction model is also used to interpret saturable absorption
in EDF [36]. The second condition is the necessity of an MZI
within the cavity. Based on the analysis and measurements of

the MZI, it becomes evident that the MZI alone does not pro-
vide saturable absorption but a tunable filtering effect. While
the MZI does not possess saturable absorption, it introduces
random losses into the cavity with jitter of the optical path
difference, which has no contribution to saturable absorption
but plays a crucial role in exciting Q-switching by exciting
the continuous-wave and Q-switching bistability into stable
Q-switching as shown in Fig. 5. Given that spectral filtering
may play a key role, the simulation cannot be restricted to
a time-domain analysis. We developed a numerical model
that takes into account both particle- and wavelike behaviors
of a laser, enabling the description of Q-switching from the
frequency domain (see Methods), and investigated the role of
interferometers in SQS.

Figure 5 demonstrates the principles underlying the for-
mation of SQS through simulation according to experimental
configurations [37], where neither filtering fluctuations nor
EDF saturation absorption can individually induce SQS
while their combination enables the laser cavity to reach a
Q-switched steady state. Figures 5(a)–5(c) illustrate the in-
tracavity energy, gain dynamics, and spectral evolution when
the unpumped section of EDF provides saturable absorption
without MZI-induced fluctuations [38]. Figure 5(a) shows
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FIG. 3. Experimental measurements of the MZI. (a) and (b) Oscilloscope traces and spectrum of the mode-locked signal for measuring
the MZI. (c) Spectrum of the complete test signal including mode-locked and continuous-wave components. (d) Oscilloscope trace of the test
signal after MZI, with the red line representing the variation in continuous-wave intensity. The four points marked in the figure correspond to
the phases in (e)–(h) of the bound-state-like structure.

the temporal evolution of the intracavity energy and the
gain coefficient representing the difference between inverted
particles and ground-state particles. Despite the presence of
saturable absorption of EDF within the cavity, it only leads
to energy oscillations but ultimately converging to a sta-
ble value. Figure 5(b) represents this process in a phase
plane, with the horizontal axis representing the gain co-
efficient and the vertical axis representing the intracavity
energy. The phase coordinates gradually approach a stable
point during operation, representing a stable continuous-wave
state. Figure 5(c) illustrates the frequency-domain evolu-
tion, showing the appearance of stable continuous waves
within the cavity. It should be noted that saturated absorption
alone does not guarantee passive Q-switching in the laser
cavity but imparts bistable characteristics to the laser cav-
ity, namely, continuous-wave and Q-switched states. Under
merely gain fiber saturation absorption, the laser readily enters
the continuous-wave state, as observed in both experiment
and simulation. Figures 5(d)–5(f) show the results when there
are MZI-induced fluctuations without a saturable absorption
of EDF. The MZI filter curve is obtained from the simula-
tion results in Fig. 4, and the random fluctuations are based
on the actual sampled time-domain fluctuations. Figure 5(d)
demonstrates that the energy and gain fluctuations rapidly
converge to a fixed value, but exhibit fluctuations due to
random losses after convergence. Figures 5(e) and 5(f) il-
lustrate this process in a phase plane and frequency domain.
Figures 5(g)–5(i) depict the evolution within the cavity when

EDF saturable absorption and MZI fluctuations jointly inter-
act. Figure 5(g) shows that with the progression of operation,
stable Q-switched pulses are formed within the cavity, and
Fig. 5(h) plots that the phase plane enters periodic oscillation.
Figure 5(i) demonstrates the frequency domain evolving into
a Q-switching operation.

III. DISCUSSION AND CONCLUSION

According to the results presented above, the mechanism
behind SQS can be explained as follows. The saturable ab-
sorption provided by EDF creates bistability within the laser
cavity, allowing it to exist in both a stable continuous-wave
state and an oscillating Q-switched state characterized by
periodic variations in energy and gain. While both states can
stably coexist, most initial conditions tend to converge to the
continuous-wave state such as those in Figs. 5(a)–5(c). On the
other hand, the introduction of the MZI filters the cavity with
random fluctuations, preventing the cavity from maintaining
a constant steady state. This can be understood as applying a
random force in the negative y direction to the phase points on
the phase plane, forcing the laser to seek oscillating states.

Based on this interpretation, the peculiarities of the SQS
phenomenon observed in experiments are explained reason-
ably within our model. First, the disappearance of SQS in
the absence of the MZI occurs because the cavity converges
to continuous waves when there are no filtering fluctuations.
The small threshold for Q-switching is also evidence of MZI
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FIG. 4. Simulation of spectral filtering of MZI. (a) Schematic
of the waveguide structure and filtering effect of the MZI, with
an optical path difference set to 0.93 mm based on experimental
measurements. (b) Distribution of the absolute value of electric field
in the interferometric portion of the MZI after inputting a multifre-
quency continuous-wave laser. (c) Transmittance of the intracavity
port of the MZI as a function of input wavelength and optical path
difference. (d) Filter curves for the two output ports (red and blue)
of the MZI at different optical path differences (solid and dashed
lines), with the red curve corresponding to the red profile in (c). (e)
Amplified spontaneous emission (ASE) spectra measured before and
after passing through MZI.

fluctuations, which forces the laser to seek oscillating states
regardless of intracavity power. Second, the wide polarization
range for Q-switching to occur is because SQS does not
depend on the polarization state, while the influence of the
polarization state on the spectrum is through the change of
the optical path difference and the associated filtering effect.
The disappearance of Q-switching at high pump power is
because the EDF is fully excited to the linear part of trans-
mittance, causing the saturable absorption to vanish and the
cavity no longer exhibits bistability. Even with MZI exci-
tation, only weak fluctuations occur near the convergence
point. Finally, the appearance of a complex multiwavelength
operation is due to the fact that the MZI’s external output is
filtered in the opposite direction to the MZI within the cavity,
causing the central wavelength to be filtered out, resulting in
complex multiwavelength output. In summary, the existence
of SQS depends on the MZI’s filtering fluctuation, which stim-
ulates the laser cavity to reach oscillating Q-switched states.

Apart from the MZI, other types of interferometers, such as
Michelson interferometers, can also produce very similar SQS
phenomena in the laser, as there is no fundamental difference
in principle.

Compared to other explanations for SQS, our explanation
reveals more experimental details, and the theoretical expla-
nation involves the gain and absorption in EDF as well as
jointly solving the time and spectral domains, which aligns
well with the experimental results. However, it is important
to note that this does not imply that our explanation is the
only reasonable one for SQS. Although the MZI played a
crucial role in our experiments and is relatively common in
SQS within ring lasers, some studies have demonstrated SQS
without the interferometers. While our theory can explain
those cases as initial conditions falling within the range that
can excite oscillating Q-switching states, other factors may
also contribute to SQS.

In conclusion, we have revealed a SQS phenomenon based
on interferometers and proposed a theory of SQS without
relying on specific saturable absorbers. Numerical simulations
have demonstrated the crucial role of the interferometer in
SQS formation, which is also applicable in other types of
lasers. This work reveals the principle of SQS with interfer-
ometers and offers critical insights into the excitation of SQS.

IV. METHODS

The simulation of self-Q-switching is based on a combi-
nation of a modified nonlinear Schrödinger equation and rate
equation,

i
∂A

∂z
= β2

2

∂2A

∂T 2
− γ |A2|A

+ i
1

2

g0

1 + Epulse/Esat

(
1 + T 2

2
∂2

∂T 2

)
A, (1)

∂g

∂t
= g0 − g

τg
− g|A2|

Esat
, (2)

α(I ) = αns + α0

1 + I/Isat
, (3)

where A is the slowly varying envelope, z is the propagation
distance, T = t − z/vg is the reduced time in group veloc-
ity, β2 is the group-velocity-dispersion parameter, T2 is the
dipole relaxation time, γ is the nonlinear coefficient, g is
the gain coefficient, g0 is the small signal gain coefficient,
τg is the population relaxation time of dopants, Esat is the
saturation energy, αns is the linear loss, α0 is the nonlinear
loss, and Isat is the saturation intensity. It should be noted that
Esat and Isat describe gain saturation and saturable absorption
processes respectively in this work. Equation (1) describes
the nonlinear Schrödinger equation commonly used to depict
laser propagation in optical fibers. The β2, γ , and g terms
represent dispersion, nonlinear, and gain terms, respectively.
It is imperative to emphasize that the neglect of the nonlin-
ear term has been undertaken (γ = 0), primarily due to the
fact that the intracavity intensity remains insufficient to in-
duce nonlinear effects. Furthermore, this deliberate omission
eliminates the possibility of nonlinear effects contributing to
the development of self-Q-switching. Equation (2) outlines
the rate equation governing the dynamic evolution of gain
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FIG. 5. Numerical simulation of SQS pulses based on interferometers. (a)–(c), (d)–(f), and (g)–(i) represent the temporal and frequency-
domain evolution within the laser cavity when only the saturable absorption of EDF, only MZI filtering fluctuations, and both are present,
respectively. The first column of composite figures demonstrates the evolution of intracavity energy and gain coefficients g, while the second
column shows the phase plane of the two. The third column depicts the spectra evolution within the laser cavity. It is evident that in (a) and (d),
the cavity energy converges to a constant value after oscillations, forming a continuous wave, which is also apparent in the frequency-domain
evolution shown in (c) and (f). The oscillation process in (b) exhibits some differences, with a steeper phase curve, indicating a more intense
conversion of gain into cavity energy, due to the presence of saturable absorption. The inset graph shows the enlarged view near the convergence
point, exhibiting regular monotonicity. (e) shows residual oscillations even after convergence, resulting from filtering jitter. The inset shows
irregular fluctuations near the convergence point. When both MZI and the saturable absorption of EDF are present, (g) and (i) illustrate
Q-switching behavior in the time and frequency domains, while (h) demonstrates periodic cycling in the phase plane.

coefficient g including saturable gain of the pumped section of
EDF, while Eq. (3) describes the saturable absorption from
the unpumped section of the gain fiber. Based on the lumped
model, Eq. (3) is calculated separately during laser evolu-
tion as Aout(t ) = Ain(t )

√
1 − α. The model for the MZI is

described as a filter curve correlated with the optical path
difference, as illustrated in Figs. 4(c) and 4(d). This filter
curve acts on the frequency-domain counterpart Ã(ω) of A(T )
in Eq. (1).

The parameters employed in our simulation align closely
with experimental values. Specifically, the group-velocity dis-
persion parameters for both passive fibers and the gain fiber
have been set to −22 and 12 ps2/km, respectively. Meanwhile,
key parameters such as the population relaxation time of
dopants, the gain coefficient, and the saturation energy of the

erbium-doped fiber are established at 10 ms, 37 dB, and 1 µJ,
respectively. The initial intracavity condition is characterized
by a 1-pW white-noise component. Additionally, because of
the nonlinear absorption of erbium-doped fiber, the linear
loss, nonlinear loss, and saturation intensity for the unpumped
section of the erbium-doped fiber are configured at 0, 0.5, and
1 mW, respectively.
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