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Abstract: In this work, we present an experimental and theoretical study of a passively
modelocked all-fiber laser that fully retains polarization with a fundamental repetition rate
ranging from 0.1 to 1 GHz. The whole cavity consists of a highly-Tm-doped fiber in tandem
with a passive fiber, both with polarization-maintenance, 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 sub-picosecond light pulses around
the two microns. The high stability of this laser was also experimentally verified. Together with
this, a detailed theoretical model was developed, confirming the experimental results.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

High repetition rate modelocked fiber lasers have drawn significant interest recently due to their
widespread applications in science and industry, including all-optical buffering [1], astronomical
spectroscopy [2], biophotonics [3], optical arbitrary waveform generation [4], and thermal
damage-free material removal [5]. Although solid-state lasers operating at multi-gigahertz have
shown effectiveness [6], fiber lasers unquestionably provide distinct benefits such exceptionally
small size, superior thermal control, and stability. In particular, these fiber lasers operating with
emission wavelengths around the eye-safe two micrometer region show considerable potential for
applications such as LIDAR [7], photonic analog-to-digital conversion [8], welding of polymers
[9], low-latency high-speed hollow-core fiber-optic links [10], and free-space communication
[11]. Passive mode-locking at the fundamental repetition rate in ultra-short Fabry—Perot fiber
cavities has been shown to be a more scalable, compact, and reliable technique of generating
femtosecond pulses at repetition rates in the gigahertz range, than other alternatives such as
active mode-locking [12], or harmonic mode-locking [13]. Among them, the generation of
pulses using semiconductor saturable absorbers mirrors (SESAM) presents several notable
advantages over alternative methods, such as nonlinear phase shift. These techniques include
Kerr-lens mode-locking [14], nonlinear polarization rotation [15], and methods that utilize
intensity-dependent frequency conversion, such as nonlinear mirror mode-locking [16]. The
efficacy of these approaches relies on the nonlinear dynamics triggered by high-intensity light
pulses, which affect the gain and loss experienced by light pulses during their round-trips,
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allowing the system to function as an artificial saturable absorber. Although these techniques can
produce extremely short pulses, they often face stability issues due to environmental thermal
variations and generally exhibit reduced self-starting capabilities; not to mention the impossibility
to scale some of these techniques into ultra-short cavities.

Among the more recently modeled fiber laser sources in the two micrometer range emitting at
high fundamental repetition rates, we can mention the Tm/Ho-doped laser with a mixed bulk
optics/fiber optics configuration presented in Ref. [17]; and also the thulium-doped all-fiber
configuration with double cladding presented in Ref. [18]. Later, the same team from Ref. [18]
increased the repetition rate up to the gigahertz range with the same configuration as before,
except that the medium gain was replaced by a TDF [19]. Tang et al. exceed the fundamental
repetition rate of 4 GHz by using a custom-made Tm3*/Ho>* active fiber [20,21]. In the same
direction, a mode-locked fiber laser with a repetition rate slightly above 1 GHz and low noise
was demonstrated by using a specially designed Tm3*-doped barium gallo-germanate fiber with
reduced dispersion in Ref. [22]. Recently, Liang et al. demonstrated a high-power fiber laser
system that delivers femtosecond pulses with a fundamental frequency above 10 GHz [23]. Later,
the same team achieved high power pulses with a fundamental frequency of 1 GHz by using a
multistage fiber amplifier and a nonlinear pulse compressor [24]. Finally, we could mention also
the work presented in Ref. [25], where an interesting analysis was made of the different regimes
in this type of lasers with very short fiber cavities.

We very recently proposed a polarization-maintaining passively modelocked all-fiber laser
with a fundamental repetition rate of 1 GHz [26]. Our first purpose here is analyzing the
evolution of this polarization-maintaining (PM) passively modelocked all-fiber laser when the
fundamental repetition rate increases from 0.1 to 1 GHz. While our second purpose is to develop
in detail a comprehensive theoretical model, whose numerical results will be contrasted with the
experimental measurements.

2. Experimental

2.1. Setup

In Fig. 1 we show the experimental setup, the PM oscillator consisted of a 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. The pump power entered the FP cavity via a
dichroic filter deposited on a fiber pigtail ferrule (transmissivity > 90% at 1561 nm, reflectivity
~99% for optical wavelengths higher than 1780nm), see its transmittance curve Td in Fig. 2(a).
This fiber pigtail is composed of a highly doped (~7%) PM TDF (PM-TSF-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) terminated in a FC/PC connector (fiber connector
with physical contact) in one end and a free end in the other. The emission cross section o,
for a highly-doped TDF can be seen in Fig. 2(a) [27]. In general, except otherwise specified,
the remaining extreme of the PM TDF pigtail was fusion spliced to a second delay line fiber
pigtail (PM1550-XP by Nufern, numerical aperture 0.125, cutoff wavelength of 1380 + 60 nm,
and < 1 dB/m loss at 1550 nm). The FP cavity was closed by facing a SESAM (BATOP, central
wavelength operation 1960nm, absorbance 30%, and relaxation time constant 10 ps) to the fiber
ferrule of the PM delay line pigtail. The measured reflectance and group delay dispersion (GDD)
for the SESAM are shown in Fig. 2(b) [28]. The output of this laser is obtained through a PM
wavelength division multiplexer which is located outside the FP cavity (WDM, 1550/1950nm,
insertion loss: pass to common < 0.6 dB at 1950nm and reflection to common < 0.5 dB at 1550
nm); which in turn is connected to a PM fiber optic coupler (PM OFC, 90/10, central wavelength
1950nm and fast axis blocked), where a PM optical isolator was also included to avoid unwanted
reflections to the cavity (PM I, central wavelength of 1950 = 20 nm, and peak isolation of 28 dB,
and insertion loss of 0.6 dB). Additionally, we included in the output FC/APC connectors (fiber
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connector with angled physical contact) in order to minimize the possibility of reflections to the
cavity (typical return loss of 60 dB).

Fig. 1. Experimental setup for the passively modelocked PM TDF laser.
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Fig. 2. (a) Transmittance for the dichroic filter (black curve, left axis) and emission cross
section oe of the TDF (red curve, right axis). (b) SESAM: GDD (green curve, left axis) and
reflectance (blue curve, right axis).

Thus, the cavity length varied according to the desired fundamental operation rate f, from 0.84
m (f =121 MHz, with a 0.2 m PM TDF and 0.64 m of PM-1550XP length) to 0.106 m (f'=947
MHz, with just a PM TDF length of 0.106 m and precluding the use of a delay line). Therefore,
the resonator round-trip length was twice these values due to the FP configuration; i.e. from 1.68
m to 0.212 m. On the other hand, the group velocity dispersion (GVD) of the PM TDF and PM
1550-XP are —20 ps*/km and —76 ps>/km, respectively [29]; while the group delay dispersion of
the SESAM is in the range of —2500 to 1500 fs?, depending of the operation wavelength, see
Fig. 2(b). Thus, the total GDD per round-trip inside the cavity (by only taken into consideration
the optical fiber propagation) is between —4840 fs? (for f = 947 MHz) to —105300 fs> (for f = 121
MHz). In this context, the addition of the GDD of the SESAM cannot change the sign of the GDD,
being always anomalous in these experiments. The laser was characterized using: a sampling
oscilloscope (63 GHz bandwidth), a real-time oscilloscope (13 GHz bandwidth), fast InGaAs
photodetectors (rise/fall times < 28 ps), an optical spectrum analyzer (resolution > 50 pm), and a
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10 GHz electrical spectrum analyzer (resolution > 1 Hz). Finally, the average output power was
measured with a pyroelectric sensor with real-time and storage acquisition capabilities.

2.2. Results and discussion

In Fig. 3, the different optical spectra obtained can be observed by using different combinations
of active optical fiber lengths of PM TDF (LTDF) and passive delay lengths of PM-1550XP
(LDL). Therefore, we begin our experimental description with a configuration that utilizes 200
mm of PM TDF and 640 mm of PM-1550XP optical fiber lengths. This results in a total cavity
length (LT) of 840 mm, which in turn produced a train of single light pulses at the fundamental
repetition rate of f = 121 MHz for a pump power of 145 mW, measured at the input of the dichroic
filter. The spectrum of the stable light pulse train has an emission peak at 2050nm with an optical
bandwidth of 2.23 nm, see Fig. 3(a). In the following configuration, we shortened the cavity up
to 420 mm in length by combining 200 mm of PM TDF with 220 mm of PM-1550XP optical
fiber lengths. This in turn produced a stable light pulse train at the fundamental repetition rate
f =244 MHz for a pump power of 200 mW. In this case, the optical spectral profile width was 5.4
nm, centered at 2054nm; see Fig. 3(b). Next, we shortened further the cavity by using 130 mm of
PM TDF plus 90 mm of PM-1550XP optical fiber lengths. This resulted in a total cavity length
of 220 mm, which in turn produced a train of single light pulses at the fundamental repetition
rate of f =464 MHz for a pump power of 247 mW. The optical spectral profile can be observed
in Fig. 3(c), with a spectral width of 2.7 nm centered at 1968nm. As compared with the previous
measurements, it is evident the spectral blueshift of ~90 nm. However, it should be emphasized
that there is not any component within the resonator performing an ad-hoc filtering in the cavity,
and thereby fixing in this way the emission wavelength, except by the interplay of the optical
bandwidths of the medium gain and the reflectivity of the SESAM. By shortening further the
cavity to reach a cavity length of 196 mm (120 mm of PM TDF plus 76 mm of PM-1550XP
optical fiber lengths), we obtained a fundamental repetition rate f =521 MHz for a pump power
of 258 mW. This optical spectral profile can be observed in Fig. 3(d), with a FWHM of 8.5 nm
and an emission wavelength of 1951nm. Next, we shortened one more time the cavity by adding
to the 120 mm length of PM TDF a 36 mm long of PM 1550-XP delay line. Therefore, the output
light pulses had a fundamental repetition rate of 654 MHz when the pump power was of 262
mW. The optical spectrum profile can be observed in Fig. 3(e), where the measured FWHM
was of 2.1 nm. Finally, we decided to preclude of the delay line, just by using a cavity entirely
composed of the PM TDF. This cavity was previously designed by us, since it is necessary not
just using a PM TDF pigtail, but an entire PM TDF cavity with two fiber ferrules in each end,
in one of them it was deposited the dichroic filter, as we did previously, and at the other a fiber
ferrule, which was confronted to the SESAM. Thus, the cavity length was just of 106 mm of PM
TDF; the resonator is then reduced to an extremely compact, robust and low-loss cavity of PM
TDEF. We can see in Fig. 3(f) the optical spectrum profile centered at 1961nm, with a spectral
width of 7 nm. Finally, it can be observed a noticeable spectral shift for the emission wavelength
between different cavity configurations. This emission wavelength is determined by the interplay
of numerous cavity parameters in each configuration and cannot be precisely regulated without
the use of an intracavity bandpass filter. Unfortunately, the ultra-short dimensions of the cavities
preclude or limit this option. However, it is still possible to control the emission wavelength by
carefully selecting the cut-off wavelength of the dichroic filter and the spectral dependence of the
SESAM'’s reflectivity in order to limit this zone to a narrower range.

As an illustration of the temporal characterization of the laser system under study, the pulse train
operating at a repetition rate of 521 MHz is depicted in Fig. 4(a) together with its corresponding
RF spectrum. A thorough 4-hour continuous operating test without any active temperature
management was performed to show the stability of this laser. As can be seen from the data in
Fig. 4(b), the output power changes throughout this time were remarkably small, with a standard
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Fig. 3. Optical spectra at different fundamental repetition rates: (a) 121 MHz, (b) 244 MHz,
(c) 464 MHz, (d) 521 MHz, (e) 654 MHz, and (f) 947 MHz.

deviation of only 1.15%. The idea of strong temporal stability was further supported by an
eye pattern analysis that showed clear characteristics such as narrow amplitude crossings at
the half-intensity level, which are a sign of minimal temporal jitter (see the red arrows in the
inset of Fig. 4(b)). This remarkable stability in the optical light train is a key characteristic
inherently shared among all PM fiber lasers [30]. Interestingly, the light pulses generated by
the laser oscillator were so narrow that they exceeded the detection capabilities of conventional
measuring tools such as oscilloscopes or auto-correlators due to their limited energy. While
optical amplification was considered as a potential alternative, it was dismissed due to concerns
about altering the original pulse waveform. Thus, a less-invasive approach was adopted, involving
measuring the pulse broadening caused by a known dispersion effect [31]. This data was then
used to accurately calculate the required pulse width at the input of the dispersive line to align
with the actual dispersed profile. For this purpose, a specific optical fiber (Corning LEAF, with a
numerical aperture of 0.14) measuring 210 meters in length was employed to transmit the pulse
train from the oscillator. The chromatic dispersion of this fiber at the relevant wavelength was
precisely determined by us experimentally using an interferometric technique [32], being 34.15
ps/(nm x km) at 1961nm. The resulting temporal pulse profile after traversing the 210-meter
dispersive line is presented in Fig. 4(c). Additionally, simulations were conducted to model the
spread of unchirped sech? light pulses under varying temporal widths to achieve alignment with
the experimental data. Notably, a temporal width of 0.50 ps at the input of the dispersive line
was found to be the best suited to match the measured dispersed light pulse, as illustrated in
Fig. 4(c). This alignment is particularly crucial since the laser in question is anticipated to emit a
soliton-like pulse characterized by a minimal time-bandwidth product, an inherent property of
sech? pulses, with a value of 0.315 [33,34]. The previously measured spectral bandwidth of 8.5
nm by the oscillator corresponds to a time-bandwidth product of 0.335, very close to 0.315, thus
corroborating, within the expected precision the original hypothesis and experimental findings.
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Fig. 4. (a) Optical train and RF spectrum at 521 MHz. (b) Measured average power in long
range operation at 521 MHz plus eye pattern at this repetition rate. (c) Oscilloscope trace
measured at the output of the dispersive line (red curve, bottom axis), together with pulse
profile reconstructed at the output of the oscillator (blue curve, top axis). (d) Optical train
at 947 MHz and measured average power in long range operation. (e), same as (c), for a
fundamental repetition rate of 947 MHz. (f) RF spectrum at 947 MHz.

As an additional example for illustration, we also present the optical light train achieved at
the fundamental repetition rate of 947 MHz, as indicated in Fig. 4(d), corresponding to a pump
power of 339 mW. In the same figure, it can be observed the measured average output power
under long range operation. In a similar manner to our previous procedure for the fundamental
repetition rate of 521 MHz, we conducted measurements to determine the pulse width for this
particular configuration. The results are depicted in Fig. 4(e), which exhibits both the pulse
measured at the output of the dispersion line and the reconstructed pulse at the output of the
oscillator. Specifically, Fig. 4(e) illustrates the temporal pulse profile measured at the output of
the dispersive line, revealing a measured FWHM of 54 ps. Furthermore, it includes a simulated
transform-limited sech” light pulse at the input of the dispersive line, showing a temporal width
of 0.53 ps, capable of accurately match the measured dispersed light pulse with the simulated
dispersed pulse. Notably, the spectral bandwidth measured at the output of the oscillator was 7
nm, as detailed in Fig. 3(f), leading in conjunction with 0.53 ps to a time-bandwidth product of
0.289, again close to 0.315, aligning with our initial assumptions of chirp-free sech? pulses. In
Fig. 4(f) it is shown the RF spectrum at the fundamental repetition rate of 947 MHz showing
up to the 4" overtone. The sideband suppression in excess of 70 dB is a clear indication of the
absence of amplitude modulation instabilities in the output train. Finally, a resume of the main
experimental results obtained for each cavity configuration is provided in Table 1, including the



Research Article Vol. 33, No. 8/21 Apr 2025/ Optics Express 16855

average power Py, measured for each cavity configuration. Additionally, the temporal resolution
limit of the photodetectors (> 40 ps) had been exceeded for a few temporal observations at the
output of the dispersive line. These measurements were made at fundamental repetition rates of
121, 464, and 654 MHz. A minimal temporal width, denoted by an asterisk, see last column in
Table 1, is suggested for each of them by both the spectral bandwidth and solitonic emission.
For instance, a light pulse with a FWHM of 2 ps at the input of this dispersive line broadens
to ~15 ps after a propagation of 210 m long, which is significantly lower than the resolution of
the available photodetector. It should be mentioned, on the other hand, that the possibility of
propagation longer enough to achieve a higher temporal broadening, was not possible, because
at this wavelength the losses are significant and the decrease in the signal-to-noise ratio makes
difficult a reliable temporal measurement.

Table 1. Resume of the experimental characterization for each cavity configuration

f Lrpr LpL Ly Ao Al At Payg
[MHz] [mm] [mm] [mm] [nm] [nm] [ps] (W]
121 200 640 840 2050 2.2 >2% 198
244 200 220 420 2054 54 0.70 123
464 130 90 220 1968 2.7 > 1.5% 90
521 120 76 196 1951 8.5 0.50 84
654 120 36 156 1954 2.1 > 1.9% 71
947 106 0 106 1961 7.0 0.53 15

3. Theoretical
3.1. Model

Figure 5 shows the block diagram followed in the numerical model of this laser. The linear cavity
scheme is constituted by a segment of gain fiber, a passive fiber or delay line (which is precluded
at the highest repetition rate operation of 1 GHz); while a SESAM and dichroic filters were used
as cavity end-reflectors. Therefore, the cavity is handled equally to a ring configuration in this
model, since any standing-wave effect is neglected.

Output
(last iteration)

Input noise

(first iteration)

. . | . . . (
Dichroic filter Gain medium Delay line SESAM

Fig. 5. Block diagram of the laser model.

The generalized scalar nonlinear Schrédinger equation was used to model the pulse propagation
through the cavity [35]:

0A(z, t Az, t = . :
©) _ 4L )+/ A(w)e?dw S v +jyIAGDPAR D, (1)

)P Bro 0%A(z, 1)
0z 2 2

where A(z, f) denotes the complex envelope of the optical pulse, ¢ is the local pulse time measured
in a reference frame moving at the same speed as the signal, z is the propagation distance, « is
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the linear loss, By is the GVD, v is the nonlinear coefficient, A(w) is the Fourier transform of
A(1), g(w) is the gain coeflicient; and w is the baseband angular frequency (i.e., w = Wop — Wo,
where wqpy is the optical angular frequency and wy is the carrier angular frequency). The gain
saturation was considered as:

-1
g(w) = go(w)|1 + Ey' / IA(t)Izdt] , 2

where Eg is the saturation energy of the medium gain, which is usually related to pumping
strength, and go(w) is the unsaturated gain coefficient related to the doping concentration; whose
spectral dependence is shown in Fig. 2(a) following the emission cross section .. As it has been
demonstrated, raising the pump power simultaneously increases both go and Es. However, in the
simulations, it typically suffices to maintain gg at a constant value while adjusting Es only [36].
Further, since the recovery time of the active medium is much longer than the cavity round-trip
time, Eq. (2) represents the gain due to an active medium that is independent of time [37].

On the other hand, the time-dependent absorption of the SESAM can be modeled in two steps
[38,39]. In the first step, it is applied the nonlinear part of the saturation loss on the temporal
complex envelope of the pulse profile:

A1) — V1 - as(DAQ), 3

where ag(7) represents the saturable absorption, which in turn is a function of the intensity of the
pulse itself, through &(7):

as(t) = AR exp[—£(1)] (1 +77! / exp[f(t')]dt’) . )

In Eq. (4), 4R is the modulation depth, while 7 is the relaxation time constant, and &(t) is
defined through:

t
0= [ @ Bkt 5)

with Eg sgsam = Ps Aa, where @g and A4 are the saturation fluence and the pulse mode area on
the saturable absorber, respectively. Finally, in the second step, on the complex envelope of the
Fourier transform of the pulse profile is applied the linear part of the saturation loss plus the
delay dispersion of the SESAM:

A(w) — Rin(w) expligp(w)A(w), (©)

where Rj;,(w) is the linear reflectivity (or low intensity spectral reflectance), and ¢,(w) is the
phase introduced by the SESAM, by discarding the first two terms of its Taylor series expansion
around wy. This phase was calculated by integrating twice D»(w), the GDD of the SESAM:

bp(w) = / dwy / ' Da(w2)dw. )

0 0

Note that both integrals in Eq. (7) have upper limits that span values both larger and less than
wg. Both Ry, (w) and Dy (w) can be inferred from Fig. 2(b), where they have been represented,
but as a function of the optical wavelength A.

The parameters used in the calculation are shown in Table 2, the corresponding values were
rationally selected by referring to the data sheet of the components used in the experimental
section (when available); e.g., SESAM and PM 1550-XP, or to very similar components when a
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complete data sheet was not found for the specific component used; e.g. PM TDF where we used
the data published of a highly-doped TDF, although not PM. A single round-trip is equivalent
to the optical field propagating through each part of the resonator in a back and forth fashion
following the block diagram sketched in Fig. 5. Before going back to the following iteration,
the spectrum of the signal intensity is multiplied by the wavelength-dependent reflectance of
the dichroic filter (RD), in order to account for the dichroic action, with Rp =1 — Tp, and
Tp the dichroic filter transmittance previously shown in Fig. 2(a). The numerical simulations
were performed using the split-step Fourier transform method [40,41]; the program starts by
incorporating white noise with one photon per frequency channel as input to the medium gain in
the first iteration, while the output is obtained through the dichroic filter in the last iteration, see
Fig. 5. Finally, we used a temporal frame of 0.5 ns with points separated by ~30 fs.

Table 2. Parameters of the PM Tm-doped Fabry-Perot modelocked fiber laser

model
Parameter Value Units
R =1-T R
Dichroic mirror Rp p(®) p(®) unitless
For Tp(w), see Fig. 2(a)
B2 -76 ps2/km
. y 1.5x1073 W lm-!
Delay line
from O (for f =947 MHz)
LDL m
to 0.64 (for f =121 MHz)
go(w) = 640 (w)/max(o) for
20 oe(w), see Fig. 2(a) m™!
from 0.2 (for f=121 MHz)
Ltpr m
to 0.106 (for f=947 MHz)
Gain medium B =20 ps?/km
vy 0.8x 1073 Wlm™!
from 0.2 (for f = 121 MHz)
E pJ
to 2 (for f=947 MHz)
AR 0.18 unitless
Dy 0.65 J/m?
Aq 19.63 2
SESAM sat w
T 10 ps
Riin Rjin(w), see Fig. 2(b) for Ryjjn(2) unitless
D, Dy(w), see Fig. 2(b) for D(2) fs2

3.2. Numerical results and discussion

In general, two thousand roundtrips are more than enough to achieve a stable emission. We
discovered through the experiments that a stable emission could be achieved for a range of pump
powers, instead of for a single value. In this simulation, the pump power was represented by the
saturation energy E; of the medium gain, as we previously discussed; see Eq. (2). We choose
the cavity configuration at the fundamental repetition rate of 521 MHz as an example, then
Lypr =120 mm and Lp; =76 mm in the simulation, according to the experimental section. In
this case, a stable single-pulse emission was achievable whenever 0.2 pJ < E; < 16 pl. In this
range, the temporal and spectral pulse widths varied correspondingly as a function of E;. The
higher the saturation energy, the narrower the pulse profile in the time domain, the wider the
spectral profile, and the longer the central emission wavelength. This range defines the boundaries
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within which stable emissions can be achieved while also showcasing the relationship between
temporal and spectral characteristics under different pump powers at this specific repetition
rate. At the lowest saturation energy (Es; =0.2 pJ), the output light pulse has a Ar=2.5 ps and
AA =3 nm (centered at 1902nm), while at the highest saturation energy (Es = 16 pJ), the output
light pulse has a Ar=0.23 ps and A1 =20 nm (centered at 1923nm), in both cases measured at
the FWHM. The temporal waveform and the spectral profile at three representative saturation
energies are shown in Figs. 6(a) and 6(b), respectively; in both cases normalized to unity for
comparison purposes. We discovered that at saturation energies below the threshold (E; < 0.2
pJ), it was only possible to align multiple sub-pulses over a noisy background rather than a single
clean pulse. Higher saturation energies (Es > 16 pJ), on the other hand, produced an output of
multiple, irregularly spaced pulses pattern over a well-resolved clean background. The output
light pulses were confirmed to be solitonic of sech? profile and transform-limited, especially
as the saturation energy approached the maximum permissible value for single-pulse emission.
As an example, for E; =5.8 pJ, the time domain waveform has a FWHM of 0.5 ps; while the
optical spectrum show a FWHM of 8 nm; see Figs. 6(a) and 6(b), respectively. On the other
hand, our experimental results at this fundamental repetition rate of 521 MHz were Ar=0.5
ps and A4 =7.2 nm; see Figs. 3(d) and 4(c), which is very close to these values. Notably, the
absence of sidebands in the optical spectrum for the numerical results was also confirmed by the
experimental measurements. This typically occur when the soliton period is less (or comparable)
to the cavity length, with spectral sidebands lying outside the gain band of the active fiber [42].
Despite the overall consistency between the experimental results and this theoretical model,
a discrepancy is observed in the spectral shift of the emission. Specifically, this divergence
is seen in the shift from the experimentally measured central wavelength of 1961nm to the
calculated 1920nm; see Figs. 3(d) and 6(b). It is hypothesized that this variation may stem
from the uncertainty surrounding go(w), prompting the utilization of an alternative value from
literature sources that pertains to a similar TDF fiber of similar dopant concentration, although
not PM. Figure 6(c) shows the build-up in the time-domain at the repetition rate of 521 MHz and
using E; = 5.8 pJ; after the first ~700 round-trips the pulse preserves its final form. In this case,
the amplitude fluctuations are less than 0.2% after the 700th roundtrip, in contrast to the train
obtained at lower saturation energies, which has high amplitude fluctuations of 5% when E; = 0.2
pJ. This amplitude fluctuation lasted indefinitely at low saturation energies and did not decrease
over time. The same effect has been observed experimentally at equivalently low pump powers
once the lasing threshold is passed, but it can be significantly reduced by correctly adjusting the
pump power to a higher setting.

As a second example, we consider the cavity configuration at a fundamental repetition rate of
947 MHz, with Ltpr = 106 mm and Lpp, =0 mm in the simulation, as shown in the experimental
section. A stable single-pulse emission was achieved when E ranged from 0.3 to 7 pJ. As
expected, and similarly to the preceding example, the temporal and spectral pulse widths varied
as a function of E in the same way. At the lowest saturation energy (£ = 0.3 pJ), the output light
pulse has a Ar=0.98 ps and A4 =5 nm (centered at 1904nm), whereas at the maximum saturation
energy (Es =7 pJ), the output light pulse has a At =0.28 ps and A1 = 16 nm (centered at 1923nm),
both measured at the FWHM. Figures 6(d) and 6(e) illustrate the temporal waveform and spectral
profile at three representative saturation energies, respectively, with both normalized to unity for
comparison. The output light pulses were again confirmed to be solitonic of sech? profile and
transform-limited. As an example, for E; =2 pJ, the time domain waveform has a FWHM of
0.57 ps; while the optical spectrum has an FWHM of 7.8 nm centered at 1906nm; see Figs. 6(d)
and 6(e), respectively. Our experimental results at this fundamental repetition rate of 947 MHz
were At =0.55 ps and A1 =8.5 nm; as shown in Figs. 3(f) and 4(e), which are very near to these
values. Finally, Fig. 6(f) shows the minimum temporal pulse width for single-pulse emission
per round-trip and its corresponding spectral pulse width as a function of the fundamental



Research Article Vol. 33, No. 8/21 Apr 2025/ Optics Express 16859

Intensity
(918 Max.

-

-
)

w

N ®

/
= { 3 B
3 A (R —_
s i L) il & Log
> o02p) [ z b g'spj aE>°
2 s58pJ° i e 7 e Min.
E . ‘. ', : = s Il |‘
0 ;‘ \ 04_‘,,,’,:.',’,,, N 2
4 2 0 2 4 1900 192 1950 0 400 800 1200
Time (ps) Optical wavelength (nm) Roundtrip
1 1 = 25
B| ) ~ I ) 3
- 5 . 2 £
: Al E i = £
z 2 2 1 = s
> 0,3 pJ a1 B i 03 pJ = 20 E
= S e N 2p) = ©
o  2pd |\ 3} Py © 5
q:_) ; " Ve < A g 8
= ; o = L [ ()
Ol od N e 0L —at o te - 15
20 00 02 1900 1925 1950 0 250 500 750 1000
Time (ps) Optical wavelength (nm) f(MHz)

Fig. 6. Numerical simulation at the fundamental repetition rate of 521 MHz: (a) temporal
waveform, and (b) optical spectrum at the two thousandth roundtrip for three different
saturation energies Es=0.2, 5.8, and 16 pJ. (c) Build-up in the time-domain for the
fundamental repetition rate of 521 MHz and Es =5.8 pJ. Numerical simulation at the
fundamental repetition rate of 947 MHz: (d) temporal waveform, and (e) optical spectrum at
the two thousandth roundtrip for three different saturation energies Es = 0.3, 2, and 7 pJ. (f)
Minimum temporal pulse width for single-pulse emission (blue dots) and its corresponding
spectral pulse width (red dots) as a function of the fundamental repetition rate (the solid
curves are just a guide to the eyes).

repetition rate. These results were always obtained at the maximum saturation energy possible for
stable single-pulse emission for each cavity configuration; and have been obtained from Table 3.
Interestingly, the minimum pulse width is obtained for a cavity whose fundamental repetition
rate is ~500 MHz. This result was confirmed by our experimental measurements, where the
light pulses at 521 MHz were narrower than at 947 MHz; and is also in line with previous
theoretical works [43,44]. Table 3 completes this characterization by including these numerical
results together with its counterpart: the pulse characteristics at the minimum saturation energy
possible for stable single-pulse emission. Additionally, we have also included the calculation of
the time-bandwidth product and the central emission wavelength. It is worth to mention that the
experimental results presented in the preceding section for each cavity configuration are within
these limits founded numerically, see Table 1. Further, as the simulations also showed a similar
behavior at high saturation energies, the existence of the peak at short wavelengths in the spectra
of Figs. 3(a), 3(b), and 3(d) would be the result of an excess of pump power.

To conclude this section, we performed a numerical study to evaluate the possibility to attain
larger repetition rates using this configuration, in the range 1-5 GHz. This investigation is crucial
because we want to understand the constraints and potential inherent in our current setup. The
entire cavity was essentially a simple segment of the same heavily doped TDF used before.
In this case, it was also necessary to decrease the temporal frame to 0.15 ns. We performed
a similar analysis to that provided in Table 3 to find the minimum and maximum saturation
energies required for steady-state single-pulse emission; Table 4 summarizes these results. We
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Table 3. Pulse parameters for single-pulse emission at minimum and maximum saturation energy
Es at each cavity configuration

f Lrpr LpL Lr Es At Ad TBP A
[MHz] [mm] [mm] [mm] [pJ] [ps] [nm] Unitless [nm]
0.1 7.5 1 0.616 1911
121 200 640 840
10 0.25 15 0.304 1923
0.1 4.6 2 0.758 1907
244 200 220 420
10 0.27 17 0.373 1922
0.2 2.89 3 0.72 1900
464 130 90 220
13 0.22 17 0.304 1922
0.2 2.5 3 0.622 1902
521 120 76 196
16 0.23 20 0.373 1923
0.2 1.98 4 0.657 1901
654 120 36 156
14 0.2 20 0.324 1923
0.3 0.98 5 0.405 1904
947 106 0 106
7 0.28 16 0.363 1923

start by 1 GHz, as expected, the results were very close from those obtained at 947 MHz, see
Table 3. On the other hand, when the cavity is reduced to achieve higher fundamental repetition
rates, the required saturation energy range first drops to 2 GHz, then grows continuously as
the fundamental repetition rate increases. From an experimental point of view, the probability
of SESAM damage doubles at high repetition rates, since not only is a higher pumping power
required, but the cavity must also be shortened. Thus, the pumping power reaching the SESAM
increases twofold. Finally, it is worth to emphasize that the results reported in Table 4 for Ar and
AA are in line with previous high fundamental repetition rate TDF lasers whose fundamental
repetition rate > 1 GHz; e.g., Ref. [23].

Table 4. Pulse parameters for single-pulse emission at minimum and maximum saturation
energy Es from 1 GHz to 5 GHz

f Lrpr Lpr, E; At Al TBP Ao
[GHz] [mm] [mm] [pJ] [ps] [nm] Unitless [nm]
0.3 0.96 5 0.397 1904
1 103 0
8 0.24 16 0.311 1923
0.3 1.43 3 0.351 1914
2 51 0
5 0.36 10 0.294 1917
0.3 1.17 3 0.286 1916
3 34 0
11 0.32 12 0.313 1918
0.4 1.18 3 0.289 1916
4 26 0
15 0.31 14 0.354 1918
0.7 1.17 4 0.382 1916
5 21 0
17 0.45 11 0.404 1917

4. Conclusions

In this study, we presented a detailed exploration of a full PM passively modelocked all-fiber
laser operating within a fundamental repetition rate range from 0.1 to 1 GHz. The laser system
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comprises a highly-Tm-doped fiber along with a passive optical fiber incorporating a SESAM at
one termination and a dichroic mirror at the other. The laser generates a series of transform-limited
sub-picoseconds light pulses around two microns. 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 compelling agreement observed
between our theoretical predictions and experimental data gives us confidence in the applicability
of our developed theoretical model to predict future laser characteristics and behaviors. Therefore,
we extended this numerical analysis to the range 1-5 GHz in order to identify the parameters that
would make possible steady-state single pulse emission.
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