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Abstract

In this work, we present a passively modelocked all-fiber laser that fully retains polarization with a
fundamental repetition rate of 1 GHz. The whole cavity consists of a 106 mm-long
highly-Tm-doped polarization-maintaining fiber with a dichroic mirror on one end and a
semiconductor saturable absorber mirror on the other. We experimentally characterized the output
of this laser, which emits a train of transform-limited light pulses with a temporal width of 520 fs at
the central optical wavelength of 1.96 um. The high stability of this laser was also experimentally
verified. Together with this, a detailed theoretical model was developed, confirming the
experimental results.

1. Introduction

Over the past few decades, a great deal of research has focused on the creation of high-performance passively
modelocked ultrafast lasers with a repetition rate in the range of several hundred MHz to GHz [1-3]. This
feature is particularly crucial for many applications, including high-speed optical sampling [4], frequency
metrology [5], and optical arbitrary waveform generation [6]. The compact size and inherently high beam
quality of all-fiber lasers make them stand out among other solutions. Further, through nonlinear frequency
conversion, ultrafast fiber lasers operating at 2 ym have recently been shown to be an effective platform to
access the mid/far-infrared spectral region [7], where a high repetition rate is interesting in order to achieve
higher average powers. Therefore, it is expected a high demand for 2 pm high repetition-rate fiber lasers.
Although harmonic mode-locking is a well-known method for achieving high repetition rates [8], it has the
drawback of producing additional noise, such as amplitude variations and temporal disturbances between
pulses. Worse still, the repetition rate might alter due to environmental disturbances. On the other hand,
fundamentally modelocked fiber lasers with high repetition rate are far better as the noise level is
substantially lower and the output pulses have a duration that is precisely determined by the cavity length.
Nevertheless, it can be difficult to mode-lock a fiber laser at a repetition rates higher than 200 MHz. Since the
cavity is only ~500 mm long, the active fiber needs to be heavily doped in order to give sufficient gain,
especially at repetition rates in excess of 1 GHz [9]. As an example, for optical frequency metrology
applications, the required optimal comb line spacing might vary in the range 0.01-100 GHz. However, it is
particularly versatile a comb spacing about 1 GHz; because it enables straightforward electrical interface and
high-speed acquisition in dual-comb spectroscopy [10] and three-dimensional imaging [11]. Additionally,
compared to sources with lower repetition rates, the power per comb line is higher, improving the
signal-to-noise ratio [12].

© 2024 The Author(s). Published by IOP Publishing Ltd


https://doi.org/10.1088/2515-7647/ad8d97
https://crossmark.crossref.org/dialog/?doi=10.1088/2515-7647/ad8d97&domain=pdf&date_stamp=2024-11-22
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-1620-6751
https://orcid.org/0000-0002-5872-8278
https://orcid.org/0000-0003-1045-0411
https://orcid.org/0000-0002-4360-9989
https://orcid.org/0000-0002-4092-8597
https://orcid.org/0000-0003-0103-8644
mailto:christian.cuadrado@uv.es

10P Publishing

J. Phys. Photonics 7 (2025) 015001 C Cuadrado-Laborde et al

Several high fundamental repetition rates 2 um modelocked fiber laser sources have recently been
presented. Akosman et al reported a Tm/Hm-doped laser with a mixed bulk optic/fiber optics configuration
[13]. This laser generated transform-limited soliton light pulses with a FWHM of 0.315 ps at a repetition rate
of 253 MHz. In the same year, Kuan et al presented an all-fiber configuration using a double-cladding
thulium-doped fiber (TDF) [14]. In this case, they obtained a pulse train at the fundamental repetition rate
of 535 MHz, where each light pulse having a FWHM of 7.9 ps and a 3 dB bandwidth of 0.72 nm. Later, the
same team from [13]. Scaled the repetition rate up to the gigahertz regime with the same configuration used
before, except by the replacement of the medium gain by a TDF [15]. Therefore, they obtained a train of
transform-limited light pulses with a 0.43 ps FWHM at a repetition rate of 1.25 GHz. We could mention also
the work of Cheng et al [16], where they presented a temperature-controlled cavity emitting at the
fundamental repetition rate of 1.6 GHz a train of light pulses whose temporal width estimated from spectral
measurements was 0.217 ps. On the other hand, Qiao et al demonstrated modelocked emission at two
microns of watt-level few-cycle pulses at 1 GHz of fundamental repetition rate, but using multi-stage fiber
amplification and extra-cavity nonlinear pulse compression [17]. Even, fundamental repetition rates of
10 GHz have been obtained at two microns with a similar setup [18].

To the best of our knowledge, this is the first study to present a polarization-maintaining (PM)
thulium-doped mode-locked fiber laser operating at a fundamental repetition rate of 1 GHz in a laser cavity
based entirely on commercially available components. The performance of the full laser was characterized,
including a stability analysis. Further, we modeled this laser, confirming the numerical results our
experimental measurements.

2. Experimental

In figure 1(a) we show the experimental setup, the PM oscillator consisted of a short Fabry—Perot (FP)
resonator that fully preserves polarization. This resonator is pumped by a CW laser emitting at 1561 nm, with
a maximum power of 800 mW and a lasing threshold of 47 mW. The pump power entered the FP cavity via a
dichroic filter deposited on a fiber ferrule (transmissivity >90% at 1561 nm, reflectivity ~99% for optical
wavelengths higher than 1780 nm), see its transmittance curve T, in figure 1(b). This fiber ferrule in turn
belongs to one extreme of a highly doped (~7%) PM TDF (PM-TSEF-5/125, Panda-Type Tm-Doped optical
fiber by Nufern, numerical aperture 0.24, operating wavelength 1900-2100 nm, and 362 dB m ™! absorption
at 1560 nm). The emission cross section o, for a highly-doped TDF can be seen in figure 1(b) [19]. Finally,
the FP cavity was closed by facing a SESAM (SAM-1960-30-10 ps-x, BATOP, relaxation time constant

7 ~ 10 ps, modulation depth AR = 18%) to a second fiber ferrule attached to the remaining extreme of the
PM TDE. The measured reflectance and group delay dispersion (GDD) for the SESAM are shown in

figures 1(b) and (c), respectively [20]. The laser output is generated via a PM wavelength division multiplexer
situated outside the FP cavity. This multiplexer operates at wavelengths of 1550 nm and 1950 nm, exhibiting
an insertion loss of less than 0.6 dB for transmission to the common port at 1950 nm, and less than 0.5 dB
for reflection to the common port at 1550 nm. Subsequently, it connects to a PM fiber optic coupler,
characterized by a 90/10 splitting ratio, a central wavelength of 1950 nm, and a blocked fast axis. Additionally,
a PM optical isolator is incorporated to prevent undesired reflections from entering the cavity, with a central
wavelength range of 1950 & 20 nm, a peak isolation of 28 dB, and an insertion loss of 0.6 dB. Naturally, the
anticipated output from this laser is linearly polarized due to the inclusion of a fiber optic coupler blocking
the fast axis, see figure 1. On the other hand, since the PM TDF length was 0.106 m, the resonator round-trip
length was 0.212 m. The group velocity dispersion (GVD) of the PM TDF and GDD of the SESAM are

—20 ps? km™! [21] and —600 fs?, respectively, at 1960 nm. Thus, the total GDD per round-trip within the
cavity is—4840 fs?, i.e., anomalous. A sampling oscilloscope with a bandwidth of 63 GHz (Agilent Infinium
DCA-J 86 100 C), a real-time oscilloscope with a bandwidth of 13 GHz (Keysight UXR0134A), fast InGaAs
photodetectors with rise/fall timings of less than 28 ps (EOT ET-5000 F), an optical spectrum analyzer with a
resolution of 50 pm (Yokogawa AQ6375), and an 32 GHz bandwidth electrical spectrum analyzer with a
resolution of 1 Hz (Keysight EXA N9010A) were all used to characterize the laser. Finally, an optical power
meter unit was also used to record the average output power over time (Artifex OPM150).

The modelocked operation self-started at a pump power of ~300 mW (measured at the input of the
dichroic mirror), although with some amplitude instabilities. These instabilities diminished when the pump
power reached 339 mW. At this pump power level, the laser produces a consistent single-pulse train with a
repetition rate of 947 MHz, which aligns perfectly with the anticipated round-trip duration for a FP cavity
featuring a round-trip length of 0.212 m, as illustrated in figure 2(a). Conversely, the optical spectrum is
depicted in figure 2(b), exhibiting a 3-dB bandwidth of 7 nm, centered on 1960 nm.

Next, the fast photodetectors were connected to an RF spectrum analyzer; figure 3(a) shows the trace
measured with a resolution bandwidth of 1 kHz for a wide span covering up to the 5th harmonic. They are
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Figure 1. (a) Experimental setup of the PM TDF Fabry—Perot modelocked fiber laser. (b) Left axis: transmittance and reflectance
measured for the dichroic filter (solid black curve) and SESAM (dotted blue curve), respectively; right axis: emission cross section
o, of the TDF (solid red points). (¢) GDD of the SESAM.
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Figure 2. Pulse train operating at a fundamental repetition rate of 1 GHz, along with its associated optical spectrum, (a) and (b),
respectively.

equally spaced at 947 MHz, showing a high extinction sideband suppression ratio >50 dB. From the RF
spectra, we conclude the emission of this laser is stable, as is evidenced by the absence of low-frequency
instabilities. On the other hand, the average output power measured was 15.2 W, resulting in a slope
efficiency of 0.0152 mW/339 mW; i.e. 0.04%. The stability of this laser was also investigated by recording the
output average power for continuous running operation. The laser functioned continuously without any
external support or oversight, and without regulation of the room temperature, which presented a
temperature variation of ~8 °C during the measurements. Despite these conditions, the laser operated
seamlessly, exhibiting only a minor fluctuation in the average output power of merely 2% of standard
deviation over a period of 3.5 h, as illustrated in figure 3(b). During the temporal measurements, the pulse
width, repetition rate and peak power showed a standard deviation of 2.6%, 0.5% and 3%, respectively. The
incorporation of a SESAM as a mode-locker, along with a fully PM cavity, guarantees resilience to
temperature fluctuations and mechanical disturbances [22, 23].

Finally, because the light pulse at the output of the oscillator is too short to be measured with our
oscilloscope, we chose to estimate it using an autocorrelator. Unfortunately, the energy of the pulse was not
high enough to overcome the noise floor. Further, to preserve the original waveform of the pulse profile at
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Figure 3. RF spectrum showing up to the 5th harmonic, and measured output power in long range operation, (a) and (b),
respectively. (c) Oscilloscope trace measured at the output of the dispersive line (solid scatter points), together with the
simulation of a pulse profile dispersed by the same dispersive line (solid green curve). (d) Pulse profile reconstructed at the output
of the oscillator.

the output of the oscillator, we avoided the use of optical amplification. As a result, we used another method
that involved measuring the pulse broadened under a known dispersion and then recalculating the required
pulse width at the input of the dispersive line to match the calculated dispersed profile to the measured one
[24]. To accomplish this, we transmitted the pulse train from the oscillator via a 210 m-long optical fiber
(Corning LEAF®, numerical aperture 0.14), whose chromatic dispersion at this wavelength had previously
been measured by us using an interferometric technique [+34.15 ps/(nm km) at 1961 nm] [25]. We avoided
using longer dispersion lines at this power level due to the considerable attenuation present (—11.6 dB km™!
at 1961 nm). Figure 3(c) depicts the temporal pulse profile obtained at the output of the 210 m-long
dispersive line, with FWHM of 54 ps. In contrast, we simulated the propagation of an unchirped sech? light
pulses with varying temporal widths for the same dispersive line. Only when the temporal width of the pulse
profile at the input of the dispersive line was 0.53 ps could we reasonably fit the measured dispersed light
pulse to the simulated dispersed pulse; see figures 3(c) and (d), respectively. It was implicitly assumed a
transform-limited pulse because, in this regime, this laser is expected to emit a soliton-like pulse with a
minimum time-bandwidth product; i.e., 0.315 for sech? pulses [26]. On the other hand, the spectral
bandwidth measured at the oscillator output was 7 nm, yielding a time-bandwidth product of 0.29,
consistent with our initial assumption.

3. Theory

The generalized scalar nonlinear Schrodinger equation has become a significant mathematical tool for
analyzing and simulating the propagation of optical pulses in diverse cavity configurations, including fiber
optic systems and laser resonators. This equation builds upon the classical nonlinear Schrodinger equation
by incorporating supplementary terms that represent a range of physical phenomena, such as higher-order
dispersion, nonlinear interactions, and mechanisms for energy gain and loss [27, 28]:

0A A Oog(w)A . B PA
== S AW dw — = =2 Al"A 1
9z a2+/ y Acdw—jT o FhlAlA, M

where A = A(z, t) represents the complex envelope of the optical pulse, ¢ signifies the local pulse time as
observed in a reference frame that moves at the same velocity as the signal. The variable z indicates the
distance of propagation, while v denotes the linear loss. Additionally, 5, refers to the GVD, and y represents
the nonlinear coefficient. The circumflex accent over a function corresponds to the Fourier transform of that
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Table 1. Parameters used in the model of the PM Tm-doped Fabry—Perot modelocked fiber laser.

Parameter Value Units

Dichroic mirror The spectral dependence for the dichroic
reflectance was taken from figure 1(b)

—1

g0 64 m
L 0.106 m
. . 520 =20 s2/km
Gain medium - 0.8 % 10~ Ef\f’lm_l
Es 2 pJ

The spectral dependence for go(w)
follows o shown in figure 1(b)

AR 18 %
Dy 0.65 Jm™?

SESAM Aat® 23.76 pm?
T 10 ps

The spectral dependence for reflectance and
GDD follows figures 1(b) and (c), respectively

aSaturation fluence,
bSaturation area.

function (J);i.e. A = 3(A), and g(w) is the gain coefficient. The baseband angular frequency, w, is defined as
W = Wopr—wo, With wep being the optical angular frequency and wy the carrier angular frequency. The gain
saturation, on the other hand, was considered as:

_ & (W)
g(w) = W. 2)

The gain coefficient for small signals, denoted as go(w), is associated with the doping concentration and
exhibits a spectral dependence illustrated in figure 1(b), following the emission cross section o.; while Eg is
the saturation energy, which is typically related to pumping strength. It has been demonstrated that raising
the pump power simultaneously raises gy and Es; nevertheless, in most cases, maintaining gy at a fixed value
and adjusting only Es is adequate to capture the whole dynamic trend [29]. The gain resulting from an active
medium is represented by equation 2, which is independent of time since it has a significantly longer
recovery time than the cavity round-trip time [30]. In contrast, the time-dependent absorption of the
SESAM can be modeled as a system with two-levels, in which photons from the optical beam excites
electrons in the valence band of the semiconductor absorber material from their ground state to the
conduction band [31]. Mathematically, the action of the SESAM was modeled in two steps. First, the
nonlinear part of the saturation loss is applied to the temporal complex envelope of the pulse profile by using
the saturable absorption, which in turn is a function of the intensity of the pulse itself. Second, the linear part
of the saturation loss plus the delay dispersion of the SESAM are applied on the complex envelope of the
Fourier transform of the pulse profile. Therefore, the temporal waveform performs first a saturation action
on the reflectivity promoted by its intensity (nonlinear action), which is then followed by a filtering action in
the spectral domain via the reflectance dependence on wavelength shown before in figure 1(b) (linear
action). Further information regarding the methodology for modeling the SESAM is available in the existing
literature [32, 33]. Table 1 shows the parameters used in the calculation, which were chosen based on the
available data sheets of the components we effectively used in our setup, or in equivalent components when
comprehensive data sheets were unavailable. A single round-trip corresponds to a propagation of the optical
field through all components within the resonator back and forth following equation 1. After each
round-trip, the spectrum of the signal intensity is multiplied by the dichroic filter wavelength dependent
reflectance Ry to account for dichroic action before returning to the program, with Ry = 1 — Ty, and T4
previously shown in figure 1(b). The numerical simulations were running with 2'* uniformly distributed
points across a 500 ps time window using the split-step Fourier transform approach [20]. Random noise was
employed as the initial field, consisting of one photon per frequency channel. This initial field was used as
input to the medium gain in the first iteration, with the output being obtained through the dichroic filter in
the last iteration. The routine was coded using the well-known mathematical software MATLAB.

We show in figures 4(a) and (b) the simulated evolution of the temporal and spectral profiles from noise
as a function of the round-trip number. The optical field inside the cavity evolves in a sequence of multiple
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Figure 4. Simulation of the build-up of the emission from noise in the temporal (a), and spectral (b), domains as a function of the
round-trip number.

(a) (b)

Intensity (a.u.)
Intensity (a.u.)

2 0 2 1900 1920 1940

Time (ps) Optical wavelength (nm)

Figure 5. Temporal waveform and optical spectrum for the thousandth round-trip, (a) and (b), respectively.

pulses per round-trip from noise, up to round-trip ~300, when it is distinguished as a single pulse. However,
both its temporal profile and its spectrum are not sufficiently defined at this stage yet. After that, one must
wait until round-trip >700 in order to reach a steady-state regime where the pulse profile takes on its final
shape with a distinct temporal and spectral profile. In this case, the saturation energy E; is the adjust variable;
it serves the same purpose as pump power in the setup and, to replicate the experimental results, it should be
chosen to be approximately 2 pJ, see table 1. While a significantly higher value of E, generates multiple pulses
per roundtrip, a significantly lower value of E; fails to produce clean light pulses and instead produces a noise
output.

Finally, figure 5(a) depicts the time domain waveform in detail for the thousand round-trip; the pulse has
an FWHM of 0.5 ps. The obtained numerical spectrum centered at 1916 nm, has a FWHM of 7.8 nm, and it
is shown in figure 5(b). The time-bandwidth product is 0.315 confirming both the transform-limited and
sech? profile nature of the emission. The spectrum does not show sidebands, which is consistent with the
experimental measurements. The numerical values in the temporal and spectral domains agree reasonably
well with the experimental values presented except by the spectral shift in the emission (from the
experimentally measured 1961 nm to the calculated 1916 nm). We believe this mismatch could be due to the
unknowing of go(w), where we used another provided in the literature for a similar fiber [14].

It is noteworthy to take advantage of this numerical model to investigate how the alteration of the
parameters characterizing this configuration influences the output pulse profile, with the objective of
optimizing its performance for future advancements. We start by the SESAM first, as its modulation depth
AR is varied, the pulse characteristics remain predominantly stable, contingent upon the adjustment of the
number of roundtrips required to reach a steady-state. For example, when AR = 1.8%, which is one order of
magnitude lower than the value indicated in table 1, more than ten thousand roundtrips are necessary to
achieve a steady state, indicating a substantial increase in the number of required roundtrips. Furthermore,
when the relaxation time constant 7 is decreased to 1 ps from its original value of 10 ps (see table 1), the
trailing edge of the pulse profile becomes much more symmetrical in relation to the leading edge, closely
approximating a true sech? profile, along with a slight temporal narrowing of approximately 10%.
Conversely, a one order of magnitude increment in the relaxation time constant; i.e. 7 = 100 ps, results in a

6



10P Publishing

J. Phys. Photonics 7 (2025) 015001 C Cuadrado-Laborde et al

significant elongation of the trailing edge, which slightly broadens the overall pulse profile. Of course when 7
approaches the roundtrip time, it becomes impossible to achieve a steady-state regime. On the other hand,
the decrease in saturation fluence ®g,, primarily results in a diminished saturation energy required to attain
a steady-state mode-locking condition, without yielding any other significant effects. As a result, using a
SESAM with differing properties is unlikely to result in considerable stretching of the output pulse width in
this setup. To the best of our knowledge, the SESAM we used, based on GaAs technology, is not commercially
available at two microns with 7 <10 ps. However, SESAMs based on other technologies could be considered,
such as GaSb; whose reported values for 7 are an order of magnitude lower near the mid-IR region [34]. The
dichroic reflectivity was the only other parameter that could be adjusted within the cavity. However, as
expected, changes to this parameter have little effect on the pulse profile, except for the peak power, which
slightly drops as the reflectivity lowers. As a result, we may infer that the experimentally reported values are
within the best that could be obtained with this arrangement. Finally, we numerically tried different
combinations for intracavity dispersion, and we found that this setup could work in the normal
non-solitonic dispersion regime, either by adding a short piece of normal dispersion fiber or eventually by
SESAM dispersion engineering. In this case the pulse width is approximately equal to our experimental
measurements but non-bandwidth limited, i.e., chirped. In this way, shorter light pulses could be obtained
by common dispersion compression techniques out of the cavity.

4. Conclusions

In summary, we have demonstrated the viability of short FP fiber lasers emitting at 2 ym with a 1 GHz
repetition rate in a full polarization-preserving cavity. Furthermore, the robust stability exhibited by this
laser has been tested and confirmed experimentally. To complement our experimental observations, a
comprehensive theoretical framework was formulated, with numerical simulations effectively corroborating
the experimental measurements. The strong agreement between our theoretical predictions and
experimental data gives us confidence in our developed theoretical model to predict the effects on the pulse
profile of those elements in the cavity that are more or less easily modifiable, in particular the relaxation time
constant, saturation fluence, and modulation depth of the SESAM, plus the reflectivity of the dichroic filter.
However, the numerical results shown that none of these factors were significant enough to substantially
reduce the pulse width we experimentally measured, despite the fact that it was evident that each of them
directly affected the emission. As a future step, we are currently working on an extension of this study in
which we carefully investigate both experimentally and theoretically how the emission changes as the cavity is
gradually shortened from a fundamental repetition rate of 100 MHz to 1 GHz Further miniaturization in
order to achieve higher repetition rates will benefit from improvements of the TDF itself, in order to provide
higher gain.
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