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ABSTRACT
Passive harmonic mode-locking of a soliton fiber laser locked to optoacoustic resonance (OAR) in the cavity fiber ensures high-frequency
laser operation, high pulse stability, and low timing jitter. However, the pulse repetition rate (PRR) of such lasers is limited to ∼1 GHz for
standard fibers due to the available acoustic modes. Here, we address these limitations by demonstrating a soliton fiber laser built from
standard fiber components and subjected to double harmonic mode-locking (DHML). As an example, the laser adjusted to operate at the
15th harmonic of its cavity matching the OAR at ∼199 MHz could be driven to operate at a high harmonic of this particular OAR frequency,
thus reaching ∼12 GHz. This breakthrough is made possible through controllable optoacoustic interactions in a short, 50 cm segment of
unjacketed cavity fiber. We propose that the precise alignment of the laser cavity harmonic and fiber acoustic modes leads to a long-lived
narrow-band acoustic vibration. This vibration sets the pace for the pulses circulating in the cavity by suppressing modes that do not conform
to the Vernier principle. The surviving modes, equally spaced by the OAR frequency, in cooperation with the gain depletion and recovery
mechanism, facilitate the formation of stable high-frequency pulse sequences, enabling DHML. In this process, the OAR rather than the laser
cavity defines the elementary step for laser PRR tuning. Throughout the entire PRR tuning range, the soliton fiber laser exhibits enhanced
stability, demonstrating supermode suppression levels better than ∼40 dB and picosecond pulse timing jitter.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0195623

I. INTRODUCTION

High repetition rate operation of low-noise ultrafast lasers is
crucial for their various applications, such as optical fiber telecom-
munications, microwave photonics, frequency metrology, and high-
speed optical processing.1–4 Passively mode-locked fiber lasers are
particularly attractive due to their simple design, wavelength tun-
ability, and sub-picosecond operation.5–8 However, these lasers
usually support a single pulse circulating inside the laser cavity, pro-
ducing a pulse repetition rate (PRR) equal to the cavity’s round-trip
frequency, f0. Given the considerable length of the fiber laser cav-
ity, the fundamental PRR typically ranges from tens to hundreds of
MHz, thus limiting the areas of their potential applications.

Harmonic mode-locking (HML) offers a method that is less
technically challenging and more convenient to increase the avail-
able PRR of pulsed lasers by supporting multiple, uniformly spaced
pulses within the cavity. In the soliton fiber laser configuration,
HML operation can be achieved due to physical mechanisms that
enhance mutual repulsion between the pulses, enabling a uniform
pulse arrangement over the cavity. These mechanisms are needed to
counteract the laser noise, which continuously perturbs the pulses,
disrupting their equidistant spacing. Several mechanisms ensure
pulse repulsion, including interactions mediated by gain depletion
and recovery (GDR) processes,9–12 interactions provided by the
guided acoustic wave Brillouin scattering (GAWBS),13–16 and inter-
actions transmitted through dispersion waves or continuous waves
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co-propagating the pulses in the laser cavity.17–20 However, since
these interactions are typically weak, the temporal jitter (i.e., fluc-
tuations of inter-pulse intervals) in HML lasers is high compared to
that in lasers operating fundamental mode-locking.21

To achieve stable laser operation in the HML regime, one can
utilize effects that are resonantly enhanced to assist in maintaining
equidistant soliton spacing in the laser cavity.22–29 Specifically, the
laser can include an additional high Q resonator with a free spec-
tral range (FSR) equal to an integer multiple of the laser cavity’s
round-trip frequency.30–32 Although such a configuration can pro-
duce stable pulses with a PRR equal to the FSR of the additional
resonator, the need for complex electronic systems to control the
phase difference between the laser cavity and the additional res-
onator complicates the system and reduces its practicality. A similar
HML operation is achievable in an active fiber laser configuration
that includes a phase or amplitude modulator driven in resonance
with one of the laser cavity harmonics.33

However, the simplest way to stabilize the soliton laser to a high
frequency is to use the natural GAWBS resonances governed by the
radial (R0m) or torsional-radial (TR2m) acoustic modes in the cavity
fiber.34–36 In this approach, the high-frequency pulse train, propa-
gating in the cavity fiber, drives a trapped acoustic wave through
electrostriction. In turn, the index modulation produced by the
vibration acts on the driving pulses. The enhanced optoacoustic
resonance (OAR) in the fiber core allows successive pulses to inter-
act, efficiently stabilizing the pulse spacing in the fiber laser cavity
and suppressing pulse timing jitter. This technique has been applied
to the soliton laser constructed from a photonic crystal fiber with
acoustic resonances in the gigahertz domain to demonstrate stable
harmonic mode-locking at ∼2.5 GHz.36–39 However, in conventional
optical fibers, the R0m and TR2m acoustic modes activate at frequen-
cies below 500 MHz and 1 GHz, respectively, limiting the PRR range
achievable with standard fiber lasers.40–44

In this paper, we introduce a method enforcing the soliton fiber
ring laser to generate a stable gigahertz pulse train. The laser oper-
ation mechanism involves OAR in the standard cavity fiber, but
unlike previously reported techniques, it does not limit the range of
available PRR. To implement this operation, the soliton fiber laser is
precisely adjusted to ensure one of the laser cavity harmonics coin-
cides with the selected radial (R0m) or torsional-radial (TR2m) mode.
After self-starting, the laser operates this selected laser harmonic,
resulting in the generation of a robust pulse sequence with a super-
mode suppression level (SSL) of over 60 dB and excellent long-term

stability. What is surprising is that such preadjusted laser configu-
ration can be further used with higher pump powers to generate
different harmonics of the selected OAR frequency enabling stable
pulse trains with deeply suppressed supermode noise. In particular,
we demonstrate an Er-doped HML fiber laser adjusted for the res-
onance between its 15th harmonic and TR09 cavity fiber GAWBS
mode at fa ∼ 199 MHz but operating stable pulse sequences with
the PRR exceeding ∼12 GHz. The controllable PRR tuning could
occur in either a positive or negative direction with an elementary
step equal to the selected OAR frequency, fres. Throughout the entire
PRR range, the generated pulses are characterized by the SSL better
than ∼25 dB and picosecond pulse timing jitter.

II. EXPERIMENTAL SETUP AND ARRANGEMENT
The experimental configuration of an Er-doped soliton non-

linear polarization evolution (NPE) mode-locked fiber ring laser is
shown in Fig. 1. A unidirectional laser cavity consists of two types
of fibers: a 0.8 m long heavily erbium-doped fiber (EDF) with nor-
mal dispersion [−48 (ps/nm)/km] and a standard single mode fiber
(G.652.D, Fujikura) with anomalous dispersion [17 (ps/nm)/km].
The 15 m long laser cavity determines a fundamental laser frequency
of f0 = 13.27 MHz. A fiber isolator (ISO) and in-line polarizer sup-
plied by PM output fibers (∼0.5 m), two 980/1550 WDM couplers,
three paddle fiber polarization controller (PC), and a 5% output cou-
pler (OC) incorporate the fiber birefringence filter into the cavity to
realize a fast saturable absorber. The laser is pumped at 980 nm from
two laser diodes specified for a maximum power of 550 mW. The
central wavelength of the soliton laser can be tuned simply by adjust-
ing the PC that controls the linear birefringence filter formed in the
cavity fiber. The laser could be tuned to the wavelengths selected
from bands between 1550 and 1590 nm specific for the built fiber
configuration. The laser operation is monitored by an optical spec-
trum analyzer (Yokogawa 6370D) with a resolution of ∼0.02 nm,
a radiofrequency spectrum analyzer (R&S FSP40), and a ∼4 GHz
digital oscilloscope (Keysight) both coupled with a 30 GHz photode-
tector. The cavity is placed in a foam box to reduce the influence
of the lab environment. To enhance the optomechanical effect, the
polymer coating has been removed from a 50 cm segment of a single-
mode cavity fiber, making the GAWBS resonances narrower and
more pronounced.40 Specifically, it was fixed between two holders in
the laser setup and subjected to mechanical stretching using a pair of
mechanical translation stages.

FIG. 1. Experimental setup of the soliton NPE laser. EDF: erbium-doped fiber; WDM: wavelength division multiplexer; LDs: pump laser diodes; SMF: single-mode optical
fiber; PM fibers: polarization maintaining optical fibers; ISO: optical fiber isolator; OC: optical coupler; PC: polarization controller; TSs: translation stages; RF analyzer:
radio-frequency spectrum analyzer; OSA: optical spectrum analyzer.
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A separate experiment was conducted to evaluate the eigenfre-
quencies of R0m and TR2m acoustic modes in G.652.D (Fujikura)
fiber similar to that used in the laser cavity. In the setup shown in
Fig. 2(a), linearly polarized radiation from a narrow-band laser (Ter-
aXion Inc.) is amplified by an erbium-doped fiber amplifier (EDFA),
passed through an optical isolator (ISO) and an in-line polarization
controller (PC1), and then, is launched into a single-mode optical
fiber under test. For the detection of depolarized GAWBS modes,
PC1 aligns the laser polarization with one of the fiber’s extrinsic
birefringent axes, and PC2 at the fiber output is adjusted to min-
imize the optical power transmitted through the optical polarizer
(POL) to the pin photodiode (PD).45 With PC1 and PC2 correctly
adjusted, the PD detects only a small fraction of the GAWBS light,
serving as a local oscillator to beat with the signal scattered into the

orthogonal polarization by the depolarized GAWBS modes. The PD
signal, recorded by an electrical spectrum analyzer (R&S FSP40),
reproduces the GAWBS spectrum. It is noteworthy that the polar-
ized (R0m) GAWBS modes are paired with the TR2m modes sharing
the same peak. Therefore, the measurement setup primarily opti-
mized for detecting depolarized (TR2m) modes is able to detect
the position of the polarized (R0m) modes as well. A particular
challenge is the identification of the exact mode order for each res-
onance. However, the resonance positions largely depend on the
cladding diameter of the SMF structure. This dependency ensures
that resonant frequencies determined with telecom optical fibers
in various studies—despite employing diverse methodologies—align
with remarkable precision. The consistency between experimen-
tal the GAWBS mode spectra and their theoretical predictions

FIG. 2. Experimental setup for GAWBS mode measurements (a) and GAWBS spectra recorded with three samples of the G.652.D fiber (Fujikura) (b). The lengths of the
tested samples are as follows: 1 km polymer-coated fiber (option A, red curve), 15 m polymer-coated fiber (option B, black curve), and 15 m polymer-coated fiber incorporating
a 50 cm long segment of unjacketed fiber (option C, blue curve).
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TABLE I. Measured frequencies of R0m and TR2m GAWBS modes in G.652.D Fujikura optical fiber. Boldface denotes the
OAR mode frequency used with the results reported hereafter.

Acoustic mode TR20 R00 (TR21) TR22 R01 (TR23) TR24
Frequency, MHz 21.5 38.7 70.06 81.2 107.73
Acoustic mode R02 (TR25) TR26 TR27 R03 (TR28) TR29
Frequency, MHz 126.50 138.52 167.97 175.14 198.79
Acoustic mode R04 (TR2 10) TR2 11 TR2 12 R05 (TR2 13) TR2 14
Frequency, MHz 222.9 229.27 258.33 270.67 288.98
Acoustic mode R06 (TR2 15) TR2 16 R07 (TR2 17) TR2 18 TR2 19
Frequency, MHz 320.02 347.89 366.99 378.93 407.59

simplifies the task of confirming the exact mode order for each
resonance.

The evaluation involved testing three distinct fiber segments,
with the results shown in Fig. 2(b). The initial test utilized a 1 km
long polymer-coated fiber Option A, red curve), leveraging the long
fiber’s capacity to ensure a high signal-to-noise ratio crucial for accu-
rately determining the frequencies of all R0m and TR2m acoustic
modes across the spectrum. One can see that the acoustic modes
predominantly appeared as discrete, distinctly separated peaks. To
precisely assign an exact mode order to each GAWBS resonance,
the experimentally recorded GAWBS spectrum was compared to its
calculated counterpart in Ref. 42. The frequencies of the GAWBS
modes that are identified in this manner are presented in Table I.

The additional spectra shown in Fig. 2(b) were acquired under
identical laser power conditions but with a 15 m long polymer-
coated fiber (option B, black curve) and a 15 m long polymer-coated
fiber incorporating a 50 cm unjacketed segment (option C, blue
curve), respectively. The analysis revealed that while the polymer
fiber jacket’s presence or absence did not modify the GAWBS mode
frequencies, it significantly influenced the resonance peaks’ char-
acteristics. A comparative analysis of the spectra revealed that the
unjacketed fiber segment’s contribution to the GAWBS spectrum
was tenfold that of the remaining ∼15 m of jacketed SMF. This
disparity stems from the polymer jacket’s dampening effect on
acoustic vibrations within the silica fiber, thereby broadening the

GAWBS resonance linewidth. Figure 3(a) shows a single GAWBS
mode spectral peak at 199 MHz (TR29) measured with utmost preci-
sion in the 15 m long fiber with the 50 cm unjacketed fiber segment.
The peak exhibits a remarkably narrow linewidth of Δ fa ∼ 80 kHz,
which is rather typical for unjacketed telecom fibers (for compari-
son, see Refs. 46–48). In addition, the experiment entailed securing
the unjacketed fiber segment between the two holders and subject-
ing it to mechanical stretching via mechanical translation stages. As
it is shown in the inset [Fig. 3(a)], this approach enabled the gradual
tuning of the GAWBS resonant frequency (TR29) across a span of
∼0.4 MHz with a tuning rate of 0.27 MHz/mm.

Similar stretching techniques have been applied to the 50 cm
unjacketed cavity fiber section immediately within the fiber laser
cavity, as shown in Fig. 1. To integrate optoacoustic resonance
(OAR) into the laser cavity, it is necessary to align a suitable acous-
tic mode (R0m or TR2m) at fa with a laser harmonic at fres = Nres f0.
For this purpose, the laser cavity length is preadjusted so that both
frequencies nearly coincide fres = fa. With a perfectly arranged laser
configuration, the gradual stretching of the unjacketed fiber seg-
ment within the fiber cavity enables tuning of the frequency offset
δ = ( fres − fa)/Δ fa < 0 between the selected laser cavity harmonic
and acoustic mode frequencies across a range of [0, −5], thus
enabling precise control of the OAR strength. It is critical to note
that without such precision adjustment, the OAR could not be com-
monly achieved due to the narrow OAR linewidth. The narrow

FIG. 3. TR29 mode spectra (in linear scale) measured with a 15 m polymer-coated fiber comprising a 50 cm unjacketed fiber segment subjected to stretching (a). Effect of
the fiber segment stretching on the PRR of the laser operation in the DHML regime achievable at different pump power levels (b). The inset shows the TR29 mode frequency
shift induced by the fiber segment stretching; points 1–4 correspond to the measured spectra.
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linewidth of OAR plays a crucial role in the specific laser operation
regime reported hereafter. We have verified experimentally that a
similar stretching applied to a 50 cm long polymer-coated (jacketed)
fiber section within the laser cavity has a negligible effect on the laser
behavior.

With the aim to provide a clear experimental insight into the
laser operation mechanisms, we have compared the performance of
an Er-doped soliton NPE mode-locked fiber ring laser without and
with its precise adjustment to the OAR. In the first case, the laser
operates in a traditional HML manner, whereas in the second case,
the laser exhibits pronounced specific features highlighting a new
operation regime referred to here as double HML (DHML). We have
checked experimentally that DHML is achievable with any GAWBS
mode presented in Table I. Nevertheless, the selection of isolated
(unpaired) modes, such as TR24, TR26, TR29, and TR212 is favored for
achieving a more stable DHML operation. In the discussed experi-
ments, the laser cavity length is perfectly matched to the 15th laser
harmonic at fres = 15 × 13.266 MHz with the TR29 acoustic mode at
fa = 199 MHz, ensuring that no other acoustic mode aligns with any
laser harmonic.

III. EXPERIMENTAL RESULTS
Our experiments reveal the properties of laser operation at λ

∼ 1565 nm. After the laser is switched on, the desired operation
regime could be achieved by precise adjustments of the pump power

level and PC. The mode-locked laser operation is established at a
pump power of ∼80 mW. With the pump power in the range of
∼80–120 mW, the laser still generates regular pulses with the fun-
damental PRR enabling one soliton circulating in the laser cavity.
With a further pump power increase, the laser switches to multi-
pulse operation. Accurate manipulations with the PC at this stage
allow equalizing the distribution of the pulses over the cavity, thus
enabling the traditional HML regime. In the HML regime, the laser
emits regular pulses with the PRR corresponding to N pulses per
cavity round trip. An increase or decrease in the pump power allows
us to change the order of laser harmonic operation commonly one-
by-one, resulting in the corresponding changes of the PRR. When
the number of the laser operation harmonic gets Nres = 15, the laser
may be subjected to fine-tuning (through the cavity fiber segment
stretching) to force its operation in DHML regime. The laser prop-
erly adjusted for this operation gets the PRR equal to fres = Nres f0
immediately after it is switched on bypassing the intermediate stages.
For further PRR switching in the DHML laser, one can use the
pump power control or/and PC alignment. The accuracy of the OAR
setting, however, determines the maximum achievable PRR value.
Figure 3(b) shows the maximal PRRs attainable with the DHML
laser at a few pump power levels. With the perfectly adjusted OAR,
the PRR tunability is extended up to ∼12 GHz and can be pro-
vided by the pump power control only. Such precise DHML laser
presetting has been used in the experiments reported hereafter.

Figure 4(a) compares the PRRs available with the laser oper-
ating in the HML and DHML regimes. In both the cases, the PRR
changes step-wise. At low pump powers <270 mW, both PRR curves

FIG. 4. PRR as a function of the increasing pump power (a) and the SSL (b), timing jitter (c), and RIN (d) as functions of the PRR measured with the soliton laser operating
in traditional HML (blue) and DHML (red) regimes.
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FIG. 5. Typical RF spectra measured with the soliton fiber laser operating in the HML regime with different PRR: PRR = 80f0 = 1062 MHz (a) and и 240f0 = 3185 MHz (b).
The spectral resolution is 200 kHz.

are close to each other possessing the same slope. However, above
this point, the curves diverge and keep arising independently until all
available pump power is expired. As a result, the PRR of ∼11.74 GHz,
achieved with the DHML laser operation, occurs to be almost two
times higher than the PRR of ∼6.789 GHz reached in the tradi-
tional HML regime. Another difference concerns the step of the
available PRR changes. For HML laser operation, the elementary
PRR step is equal to the fundamental laser frequency f0. Indeed, at
low pump powers (<270 mW), the pulses in the fiber appear one
by one. With a further pump power increase, the PRR increment
changes randomly with a step corresponding to the simultaneous
appearance of 1–6 pulses in the cavity. Such PRR dynamics is typical

for the HML laser operation.49 In contrast to the HML laser oper-
ation, the elementary PRR step for the DHML operation is equal
to the OAR frequency fres, that is, 15 times the fundamental laser
frequency f0. Similarly, at low pump powers (<270 mW) the pulses
in the laser cavity appear 15 by 15, but with a further pump power
increase, the PRR increment could change with a step correspond-
ing to the simultaneous appearance of 15, 30, 45, or 60 pulses in the
cavity. To the best of our knowledge, such PRR behavior has not yet
been observed with the soliton fiber lasers. It is worth noting that
the curves describing the negative PRR changes are similar to those
shown in Fig. 4(a) but do not precisely coincide with them due to
hysteresis.50

FIG. 6. Typical RF spectra measured with the soliton fiber laser operating in the DHML regime with different PRR: PRR = fres = 15f0 = 199 MHz (a), 5fres = 75f0 = 995 MHz
(b), 15fres = 225f0 = 2986 MHz (c), and 54fres = 810f0 = 10 746 MHz (d). The spectral resolution is 200 kHz.
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The difference between the laser operation in steady-state HML
and DHML regimes is also pronounced in the RF laser spectra. In
the experiments, such spectra are used for advanced monitoring of
the soliton laser PRRs and quantitative evaluation of the laser noise.
Typical RF spectra recorded with laser operating in the HML regime
are shown in Fig. 5. The RF spectrum comprises the main prominent
peaks and many small peaks surrounding them. The main peaks
are spaced by the current laser PRR, whereas the surrounding small
peaks (supermodes) are spaced by the fundamental laser frequency
f0. A difference between the main peak amplitude and the maximal
amplitude of the surrounding supermodes in dB is referred to as the
supermode noise suppression level (SSL). It is a crucial HML laser
parameter characterizing the periodicity of pulse generation. The
integral intensity accumulated in the supermode peaks evaluates the
laser pulse jitter, i.e., the fluctuations of pulse amplitudes and inter-
pulse intervals in the emitted pulse train.51 The RF spectra shown
in Fig. 5 highlight the SSL of ∼30–50 dB measured for the HML
laser operating within the PRR range of 0.5–3.5 GHz. For lower
PRR, the SSL is higher. For example, Fig. 5(a) estimates the SSL of

∼49 dB measured for 1062 MHz. For the PRRs higher than ∼2 GHz,
the SSL is relatively low, e.g., ∼39 dB for 3185 MHz [Fig. 5(b)]. All
the measured SSL values are typical for the soliton lasers operat-
ing HML with moderate stability and are in agreement with similar
experiments reported earlier.18,20,24

The RF spectra recorded with the soliton laser operating in a
steady-state DHML regime are shown in Fig. 6. The principal spec-
trum structure is similar to that shown in Fig. 5, except that the
attainable PRRs are harmonics of the OAR frequency. The main
prominent peaks with spacing equal to the current laser PRR are
surrounded by supermodes with amplitudes much lower than that
shown in Fig. 5. At low harmonics, the supermodes are not even
resolvable in the RF spectra, meaning that their amplitudes are at
least relatively suppressed by 60 dB to the observed peaks. Cor-
respondingly, the suppressed supermodes determine the enhanced
SSL and reduced pulse timing jitter restored from the measured RF
spectra. For example, the RF spectra shown in Fig. 6 reveal the SSL
∼ 60 dB recorded for the PRR equal to the OAR frequency and com-
parable SSL values for the PRRs equal to the multiple integers of

FIG. 7. Typical oscilloscope traces and corresponding RF spectra measured with the DHML laser operating in the initial (a), intermediate (b), and final (c) steady-state regimes
during its transition from PRR = fres = 199 MHz to PRR = 2fres = 398 MHz.
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the OAR frequency, thus highlighting the stabilizing effect of the
OAR extended to the soliton laser operating the regular pulses at
harmonics of the OAR frequency.

The SSL values measured for the laser operating under steady-
state HML and DHML regimes are compared, as shown in Fig. 4(b).
The measurements were conducted across the entire range of avail-
able PRRs, which is twice broader for the DHML operation. Gen-
erally, transitioning to DHML operation enhances the stability of
the HML laser, resulting in an increase in SSL of ∼5–30 dB. This
enhancement aligns well with the observed improvements in timing
jitter and relative intensity noise (RIN), which were measured using
a high-speed digital oscilloscope and its built-in statistical functions
(standard deviation of the time interval between the nearest pulses
and pulse amplitude, respectively). These improvements are shown
in Figs. 4(c) and 4(d), respectively, for comparable PRR settings.
Notably, the timing jitter decreases by 60% across this range, for
instance, dropping from about 17.8 to 7.5 ps when the laser operates
with a PRR = 3184 MHz in HML and DHML regimes, respectively.
Similarly, in terms of RIN, the DHML-operating laser exhibits a
remarkable improvement of ∼65% compared to its HML operation.
To illustrate, at the same PRR = 3184 MHz, the RIN diminishes from
1.35% to 0.45%.

Several experiments have been performed to reveal the tran-
sition of the DHML operation from one PRR to another. Simul-
taneous recording of the oscilloscope traces and RF spectra allows
monitoring intermediate states of this process. In the experiment
shown in Fig. 7, the laser is initially set to operate at fres = 199 MHz
[Figs. 7(a) and 7(d)]. With a delicate pump power increase, each
pulse of the original pulse sequence splits into two pulses and
the laser continues to generate a sequence of the pulse doublets

[Fig. 7(b)] keeping the same PRR. In this regime, the pulse sequence
can be thought of as a robust superposition of two replicas of the
initial sequence separated by a gap of ΔT ∼ 1 ns (Visualization 1). In
the corresponding RF spectrum [Fig. 7(e)], the main spectral peaks
spaced by fres are modulated, with the frequency period determined
by the gap as ∼ 1/ΔT. At this stage, using an accurate PC adjustment,
the gap ΔT between pulses in the doublets could be tuned, enabling
the generation of doublet sequences with a given inter-pulse gap ΔT.
In particular, the gap can be adjusted to be a half of the pulse period
ΔT = 1/2 fres resulting in the suppression of each second peak in the
laser RF spectrum thus getting the laser DHML operation with the
doubled PRR = 2fres [Figs. 7(c) and 7(f)]. Alternatively, the system
transition to the doubled PRR operation could only be completed
using a pump power control (Visualization 2).

Similar manipulations can be applied to the laser operating
multiple pulses at higher frequencies. In an intermediate state, the
laser operates M ⋅ Nres pulses in the cavity, where M is an integer
and Nres = 15. At any moment, the system maintains the fixed period
Tres = 1/ fres of the pulse distribution over the cavity, i.e., the result-
ing pulse sequence is always a superposition of M elementary pulse
sequences, each comprising Nres = 15 pulses evenly distributed over
the cavity length. The elementary pulse sequences make relative pre-
cessions, as illustrated in the accompanying Visualization 3. Its RF
spectrum has a rather specific structure, revealing the role of the
OAR at fres = 199 MHz in the stabilization of the DHML. In contrast
to the DHML laser RF spectra [Figs. 8(a), 8(c), 8(d), and 8(f)], the
RF spectra of the laser operating in the intermediate state [Figs. 8(b)
and 8(e)] exhibit both a pronounced peak at the OAR frequency fres
and several supermodes spaced by fres surrounding its principal peak
at the current PRR. At the same time, the supermodes with spacing

FIG. 8. Typical RF spectra measured with the DHML laser operating in the initial (a) and (d), intermediate (b) and (e), and final (c) and (f) steady-state regimes during its
transition from PRR = 9fres = 135f0 = 1791 MHz to PRR = 10fres = 150f0 = 1990 (a)–(c) and PRR = 37fres = 555f0 = 7363 MHz to PRR = 38fres = 570f0 = 7562 MHz (d)–(f).
The spectral resolution is 50 MHz.
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FIG. 9. Typical optical spectra recorded with the soliton fiber laser operating in the DHML regimes at different PRRs (a) and the autocorrelation function of the optical pulses
measured with the laser operating in DHML (black) at ∼2500 MHz and its fitting measured by using the sech function.

equal to the fundamental frequency, f0, are deeply suppressed. At
low laser frequencies, the intermediate laser states are stable and an
accurate PC adjustment can still be used to control the mutual pre-
cessions of the elementary pulse sequences to an extent. However,
at higher frequencies, the system alone tends to equalize the spacing
between the pulses in the laser cavity slowly approaching the robust
DHML operation (Visualization 4). The DHML operation with a
PRR of up to ∼12 GHz is achievable in this way.

To complete the picture, several important measurements have
been performed with the soliton laser. Figure 9(a) shows the laser
optical spectra recorded with the laser operating in the DHML
regime. The optical spectrum FWHM width is ∼3 nm and does not
change significantly with PRR. The Kelly sidebands indicate that the
fiber laser operates in the soliton regime. We have checked that the
precise adjustment of the HML laser to OAR has a minor effect on
the recorded optical spectrum. Figure 9(b) shows the pulse auto-
correlation functions recorded with laser operating DHML and its
fitting recorded by using the sech function. The FWHM pulse dura-
tion, estimated to be ∼870 fs by fitting the data to a hyperbolic
secant function (with an autocorrelation function width of ∼1.34 ps),
remains consistent across different laser operation regimes. In gen-
eral, the DHML laser operation shows good long-term stability. We
have run the laser continuously over 10 h without observing any
pulse train degradation.

IV. DISCUSSION
The HML is based on multi-pulsing due to the interplay

between the laser cavities’ bandwidth constraints and the energy
quantization for mode-locked pulses. The gain bandwidth of the
cavity limits the growth of the mode-locked spectral bandwidth with
increased pump power. A single pulse splits into multiple pulses to
overcome this constraint. Thereby, the energy is distributed between
the pulses, and the bandwidths remain within the gain bandwidth
window.50 This splitting may be accompanied by the electrostric-
tion effect in the form of excitation of the GAWBS (radial R0m and
torsional-radial TR2m) acoustic modes, which could improve the
pulsed laser operation. However, the strength of this effect depends
on the fiber laser design and alignment.

We have found that the laser shown in Fig. 1, without OAR
adjustment, operates as a traditional HML laser, enabling PRR
tuning up to 6 GHz. In this operation, the primary mechanism
equalizing the soliton spacing in the laser cavity is not the OAR
but the repulsive forces between the pulses provided by the GDR
processes.19 Simultaneously, aligning one of the laser harmonics
to the OAR (in the experiment, the 15th laser harmonic at fres
= 15 × 13.27 MHz has been locked to the TR29 mode at 199 MHz)
significantly changes the laser operation to that referred as DHML
here, enabling the PRR tuning range extended up to ∼12 GHz. In
the DHML regime, the laser can operate at different harmonics of
the selected OAR frequency fres consistently delivering robust pulse
sequences with enhanced timing jitter, RIN, SSL, and improved
long-term stability. It is noteworthy that traditional HML lasers
stabilized through the OAR operate with the only PRR equal to
the OAR frequency fres.37–39 In those experiments, the laser cavity
consists of a photonic crystal fiber that maintains a strong OAR
throughout the cavity length. This feature makes the HML opera-
tion resilient to pump power variations, allowing the pump power
to control the laser optical bandwidth and pulse duration but not
the PRR. In contrast, the DHML operation is observed with a soli-
ton laser spliced from a standard optical fiber with a 50 cm segment
of unjacketed fiber preadjusted for narrow-band (Δ fa ∼ 80 kHz)
GAWBS resonance. As the pump power increases, the laser falls to
the HML operation with the PRR equal to the OAR frequency fres
and then doubles, triples, or further multiplexes the initial PRR.

While a detailed theoretical description of DHML is in
progress, we can offer some insight into the possible mechanisms
underlying the transition of pulse spacing, especially its relation to
optoacoustic coupling. Our current understanding of the DHML
is consistent with our experimental observations and could be
encapsulated in the following statements:

1. Laser radiation circulating in a properly adjusted cavity (with
the fundamental frequency f0) excites permanent vibrations at
the frequency fres = Nres f0 in the unjacketed fiber segment.45

Given that the GAWBS resonance at fa ∼ fres is narrow-band
[Δ fa ∼ 80 kHz, as shown in Fig. 3(a)], the unjacketed fiber seg-
ment inserted into the laser cavity acts as a local phase mod-
ulator driven by a harmonic signal at fres. This modulation
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influences the radiation circulating in the laser cavity by
establishing effective phase matching (and energy exchange)
between all pairs of optical cavity modes whose eigenfrequen-
cies are spaced by fres. As a result, the laser intensity circulating
inside the cavity exhibits RF spectra comprising only modes
spaced by fres, while other modes spaced by f0 are suppressed
due to the Vernier effect (see Figs. 6–8). This RF spectrum
corresponds to a pure periodic laser intensity signal with the
period Tres ∼ 1/ fres. It means that the laser intensity signal,
originally determined in one OAR period (in the running
frame), is simply repeated Nres = fres/ f0 times over the cavity
round-trip time T0 ∼ 1/ f0. This fundamental property of the
reported laser operation has been observed in all the presented
experiments. In particular, it is evident in Visualizations 1–4.
Paused at any moment, these visualizations always highlight
the periodicity of the laser intensity with the period Tres, which
is crucial for the permanent support of the OAR.

2. We believe that the equidistant intensity modes spaced by fres
play the same role in the DHML mechanism as the modes
spaced by f0 play in the HML. Upon reaching the soliton gen-
eration threshold, these modes, in cooperation with the NPE,
undergo mode-locking at fres, leading to the formation of a
single soliton pulse linked to one OAR period (in the run-
ning frame). For the cavity round-trip time T0 ∼ 1/ f0, this
single soliton is repeated Nres times, resulting in Nres soliton
pulses evenly distributed over the laser cavity. Specifically, for
this HML laser operation, the OAR provides an additional
means to stabilize the soliton train at fres.35 When the off-
set between the selected laser cavity harmonic and acoustic
mode frequencies δ < 0, the periodic refractive index modu-
lation Δn(t) governed by the soliton train through the OAR
traps the individual soliton position within the Δn(t) period.
The second-order term in the Taylor series for Δn(t) around
the soliton equilibrium position is responsible for this process.
Acting together with the cavity’s group-velocity dispersion,
it creates a “trapping potential well” for the soliton tim-
ing that restores the soliton to its initial equilibrium time
after it is perturbed. Analyzing this formalism further, one
can conclude that the steepness of the potential well trap-
ping the soliton within the Δn(t) period depends on −δ
and reaches its maximum at −δ ∼ 0.5, enabling maximal laser
stability to external perturbations. In relation to our experi-
ment, we can assign −δ ∼ 0.5 to the left experimental point
shown in Fig. 3(b), where the stability of the laser operation is
strongest. It is reasonable since at this point, the rise of pump
power up to 900 mW does not affect the fundamental laser
PRR = fres. In contrast, when gradual fiber stretching is
applied and −δ increases, the steepness of the potential
well is reduced as 1/

√
δ2 + 1, resulting in a decrease in the

OAR trapping strength. Therefore, in the next experimen-
tal points shown in Fig. 3(b), the same increase in pump
power causes doubling, tripling, and further multiplexing of
the soliton pulse within the same Δn(t) period. This soliton
multiplexing reaches a maximum value of 60 at −δ esti-
mated to be 4.2, where the effect of the OAR stabilization is
weakest.

3. In their transition to DHML with an increase in pump power,
a single pulse circulating within one Δn(t) period splits into

multiple soliton pulses as a result of energy quantization (sim-
ilar to HML lasers). In this step, an interplay between different
soliton interactions (e.g., through dispersive waves, GDR, and
OAR) causes permanent wandering of individual solitons
within the linked OAR period (see Visualization 3). Notably,
the system maintains its periodicity at fres all the time, and any
current distribution of pulses within one OAR period repli-
cates Nres times over the cavity round-trip time T0. This means
that the pulse sequence circulating in the ring cavity consists
of many overlapped but rather independent pulse sequences,
all with the PRR = fres. The RF spectrum shown in Figs. 8(b)
and 8(e) exhibits features specific to a superposition of many
regular pulse sequences, each randomly shifted relative to the
others.

4. To achieve DHML operation with all circulating pulses, the
delays between these elementary sequences must be somehow
equalized. We believe that the GDR mechanism, operating
against the OAR-induced trapping, is responsible for this
process. In this cooperation, the GDR mechanism provides
repulsion between adjacent soliton pulses, while the trapping
effect attempts to collect all pulses belonging to the same
Δn(t) period in a single equilibrium point. The OAR-induced
trapping prevents pulse splitting but becomes less significant
when the GDR forces the pulses to move apart. Finally, the
trapping effect is completely eliminated in the DHML regime
because the equidistant pulses at the fres harmonics do not
contribute to the OAR at fres.34,35 The competition between the
GDR and OAR trapping is controllable by the pump power
and fiber stretching (i.e., δ) as they govern the strengths of
the first and second mechanisms, respectively. As soon as the
threshold pump power level is achieved, the GDR forces the
pulses to split and move apart and the OAR trapping effect
vanishes, thus facilitating the laser’s transition to the DHML
regime. This understanding is confirmed by comparison of the
RF laser spectra shown in Fig. 8. The pronounced peak at fres
and supermodes spaced by fres, both resulting from narrow-
band acoustic vibrations, dominate the spectra recorded in
the intermediate laser regimes [Figs. 8(b) and 8(e)]. However,
they are absent in the laser spectra recorded in the established
DHML regime [Figs. 8(a), 8(c), 8(d), and 8(f)] because the
vibrations are supported at noise level only.

5. We also believe that the enhanced laser stability demonstrated
in our experiments in the DHML regime is provided by
the GDR repulsion mechanism operating together with the
OAR. In this cooperation, the GDR strengthens the repulsion
between adjacent soliton pulses, forcing their equalization
within one OAR period. In turn, the OAR enables long-lived
acoustic vibrations at fres that impose strong periodicity on the
laser intensity, thus enabling long-range interaction between
the pulses relating to different OAR periods. This interac-
tion transforms the repulsion between the nearest pulses into
repulsion between the elementary pulse sequences superpos-
ing the pulse train and thus multiplying the local forces
provided by the GDR. In this way, the system equilibrates
itself through its tendency to stabilize DHML, involving a
mechanism somewhat similar to the long-range Casimir-like
interactions52,53 often responsible for the formation of stable
dynamical patterns within ultrafast lasers.
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V. CONCLUSION
In conclusion, we have explored a novel high-frequency HML

regime distinct from both traditional HML and previously reported
HML enhanced by OAR. The observed laser behavior can be inter-
preted as a double HML. The initial HML process governed by OAR
forms a stable elementary pulse sequence at the OAR frequency fres.
This OAR also guides the creation of two, three, or more similar ele-
mentary pulse sequences at the OAR frequency superposed in the
fiber cavity at higher pump power levels. Subsequently, the GDR
mechanism enhanced by the OAR equilibration process takes over
to equalize soliton spacing within the laser cavity, thus resulting in
the double HML of the laser and ensuring a low pulse timing jitter,
relative intensity noise (RIN), and high SSL at gigahertz repetition
rates. Our findings provide crucial insights into the 12 GHz HML
laser operation at ∼900 cavity harmonics that are enabled and stabi-
lized through the OAR in the standard optical fiber, vital for HML
laser design and optimization.

SUPPLEMENTARY MATERIAL

See the supplementary material for Visualizations 1–4.
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