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ABSTRACT

Mode-locked fiber lasers are currently limited to sub-3-µm wavelengths, despite application-driven demand for
longer wavelength mid-IR pulse sources. Erbium- and holmium-doped fluoride fiber lasers are emerging for
2.7–2.9 µm emission, yet further extending this coverage is challenging. Here, we propose a new approach using
dysprosium-doped fiber with frequency shifted feedback (FSF), achieving 33 ps pulses with up to 2.7 nJ energy,
tunable from 2.97 to 3.30 µm. Notably, this is the longest wavelength mode-locked fiber laser and the most
broadly tunable pulsed fiber source to date. Simulations are also performed, offering insights into the dynamics
of FSF pulse generation.
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1. INTRODUCTION
Mode-locked lasers generating picosecond and femtosecond pulses in the near-infrared (near-IR) spectral region,
spanning 0.8 to 2.5 µm, have established themselves as enabling tools in wide variety of applications across
science, industry and medicine. For example, the ultrashort nature of mode-locked pulses has enabled probing
of molecular dynamics on femtosecond timescales, and the high peak-power of such pulses makes them ideal for
precision micro-machining, in addition to driving subsequent nonlinear optical processes (e.g. supercontinuum
generation).1 Following these successes, there is strong demand at present to extend the wavelengths of these
compact, high-brightness pulse sources into the mid-infrared (mid-IR) region. This will enable many new applications, including gas sensing, laser surgery and improved processing of technical materials such as polymers,
which exploit strong absorption resonances of important molecules in this wavelength range.2, 3
In recent years, a number of research groups have demonstrated strong progress in this area, notably using
rare-earth-doped fluoride glass (e.g. ZBLAN) fiber. To date, work has primarily focused on erbium (Er) and
holmium (Ho) ions to generate pulses in the 2.7–2.9 µm range.4 This has included consideration of both real
saturable absorbers (SAs)5 as a technique for mode-locking, in addition to exploring artificial SAs based on
nonlinear polarization evolution (NPE),6, 7 achieving impressive results with up to 7 nJ pulse and sub-200 fs
durations. Further enhancements have also been demonstrated to extend the utility of mid-IR pulsed sources,
including nonlinear compression to few-cycle durations8 and subsequent extension through soliton self-frequency
shifting.9
However, work to date has been limited by the choice of erbium and holmium gain media. There is strong
demand for longer wavelength pulse sources though, e.g. to target C-H bond absorption (∼3.4 µm) for polymer
processing or for applications requiring free-space propagation due to the 3–5 µm atmospheric transparency
window. To meet these needs, we therefore consider dysprosium-doped fibre. Dysprosium has recently been
identified as an ideal dopant for next-generation fiber lasers beyond 3 µm. The emission cross-section is extremely broad, which has enabled lasing from 2.8 µm to 3.4 µm10 and high slope efficiencies exceeding 70% have
been achieved by in-band pumping.11 However, until now, the exciting opportunities for Dy-based short-pulse
generation had yet to be explored.
Here, we demonstrate self-starting picosecond pulse generation from a dysprosium-doped ZBLAN fiber laser,
notably using a relatively understudied concept for pulse generation based on frequency shifted feedback (FSF).
Our laser cavity design uses an acousto-optic tunable filter (AOTF) to realize FSF pulse generation, removing
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the need for an SA, while also providing electronically controlled broadband tunability.12 To our knowledge, this
report of picosecond pulse generation from 2.97 to 3.30 µm is the first dysprosium mode-locked laser, the first
mode-locked fiber source in this region, and the mostly widely tunable mode-locked fiber laser to date, paving
the way to new mid-IR applications.

2. PULSE GENERATION USING FREQUENCY SHIFTED FEEDBACK
We begin by briefly describing the FSF pulse generation mechanism, in contrast to more typical approaches.
In a conventional mode-locked laser, intracavity loss modulation is included to preferentially support a pulsed
operating state instead of a continuous wave (CW) output. This can be achieved using an actively driven
modulator (matched to the cavity round-trip frequency), which defines a short window of low loss within which a
pulse can form, or an SA, which exhibits a nonlinear transmission to provide intensity discrimination, attenuating
low-intensity pulse wings and causing preferential amplification of higher intensity temporal waveforms (Fig. 1).
This leads to the generation of short pulses after many round trips, seeded by noise fluctuations. The process
can also be explained in the frequency domain by noting that modulation each round trip adds sidebands to each
oscillating cavity mode. As this modulation frequency is approximately equal to the cavity mode spacing, the
sidebands injection-lock cavity modes to establish phase coherence across a broad bandwidth, corresponding to
a pulse in the time domain. If required, the exact emission wavelength can be defined by including a bandpass
spectral filter.
Different dynamics manifest, however, in a frequency shifted feedback (FSF) laser (Fig. 1). Here, the modulator is replaced with a frequency shifter. This monotonically shifts the wavelength of cavity light every round
trip, suppressing narrowband CW laser operation as feedback is no longer resonant and the continual wavelength
shifting eventually pushes the signal outside the gain bandwidth (set by either the limited emission cross section
of the medium, or an explicitly included filter component). This leads to preferential amplification of incoherent
spontaneous emission rather than the signal. In this case, the output is effectively ASE and a temporally noisy
waveform: there is no coherence across the spectrum.13
However, if nonlinear effects act alongside this frequency shift, a pulse generating cavity dynamic can result.14, 15 Specifically, high-intensity light can cause self-phase modulation (SPM)-driven spectral broadening,
which pushes energy from the center of the pulse spectrum against the direction of the frequency shift, thus
enabling the signal to remain within the system’s gain bandwidth. This effect therefore provides intensity discrimination (higher intensity waveforms experience less loss), analogous to a saturable absorber, and leads to a
pulsed output state.
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Figure 1. Illustration of a simple linear laser cavity including gain, spectral filtering, and modulation, explaining SA and
FSF mode-locking mechanisms and their shaping effects in the temporal (t) and spectral (λ) domains.
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We highlight, however, that this dynamic does not conform to the physical definition of ‘mode-locking’,
since FSF actually inhibits the build-up of longitudinal mode structure. The output characteristics share many
properties of typical mode-locked lasers though (e.g. pulsation at the cavity round trip time) and thus, the
term mode-locking is adopted herein to conveniently describe this operation regime (in keeping with the existing
literature as well15 ).
It is also interesting to note that the origins of FSF pulse generation date back to early pioneering work in
the 1960’s, involving phase-locking lasers using moving cavity mirrors (thereby introducing a Doppler frequency
shift).16 Additionally, the first paper to explore mode-locking of mid-IR fiber lasers (in 1996, using Er:ZBLAN)
observed pulsation linked to this effect (termed ‘flying-mirror mode-locking), although the output achieved
was highly unstable and could not be fully characterized.17 More recently, researchers have utilized FSF for
stable pulse generation around 1 µm,15, 18, 19 1.5 µm20–22 and 2 µm.23 Compared to conventional saturable
absorber-based pulse generation, FSF laser dynamics and their potential for high-power tunable pulse sources
are significantly understudied, suggesting it is timely to reconsider FSF for next-generation mid-IR lasers.

3. MODE-LOCKED DY:ZBLAN FIBER LASER
3.1 Methods
Our FSF pulse source comprises a linear cavity (Fig. 2), including 2 m of Dy:ZBLAN (2000 mol. ppm) fiber
(12.5 µm core diameter, 0.16 NA, Le Verre Fluoré). In-band pumping at 2.83 µm is applied using a CW
Er:ZBLAN fiber laser. A dichroic mirror (85% transmissive at 2.8 µm and >95% reflective for 3.0–3.5 µm, with
reflectivity reducing from 95% to 25% from 3.0 to 2.9 µm) is butt-coupled to the fiber at the input side. At the
far end, the fiber is angle-cleaved and an external cavity is formed including an AOTF (Gooch & Housego24 )
and a gold mirror to reflect the AOTF-diffracted light. As the AOTF is a traveling acoustic wave modulator,
diffracted light experiences a Doppler frequency shift each pass equal to the RF sinusoidal drive signal. We note
that the AOTF has ∼1 dB insertion loss and a maximum diffraction efficiency of ∼75%. The undiffracted light
is taken as the cavity output and as the diffraction efficiency can be varied by changing the RF signal amplitude,
the cavity output coupling ratio can be varied in-situ. Wavelength selectivity is achieved as the center wavelength
of the AOTF filter (with 5 nm bandwidth) is set by the applied RF frequency.

3.2 Simulations
We initially performed numerical modeling to elucidate the FSF dynamics in our Dy:ZBLAN cavity, exploring
the build-up of coherent pulses from noise. Our modeling methods for mode-locked fiber lasers are described in
detail in Ref.25 —here, we briefly note that the simulation is based on iteratively propagating a field envelope
through models for each cavity component over many round trips. A GNLSE is used to describe propagation
in fiber, including dispersion and nonlinearity that are computed from a step-index fiber eigenmode analysis26
(at 3.1 µm, group velocity dispersion β2 = −148 ps2 /km and nonlinear parameter γ = 0.22 W−1 km−1 ). The
AOTF is modeled as a Gaussian spectral filter and a frequency shift (set as 18.1 MHz, corresponding to 3.1 µm
wavelength).
To simulate real-world radiation build-up dynamics, we seed the model with a shot noise field (using the
one photon per mode model27 ) and observe that over many round trips, the field converges to a steady-state,
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Figure 2. Schematic of the Dy:ZBLAN frequency shifted feedback fiber laser cavity.
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Figure 3. FSF laser simulation: (a) radiation build-up dynamics from noise; (b) steady-state pulse properties.

representing the laser output [Fig. 3(a)]. The dynamic evolution is in good agreement with the proposed mechanism of FSF pulse formation discussed earlier. At first, the field intensity grows rapidly as it is amplified each
round trip, before the onset of saturation effects. As the field grows for ∼100 to 1000 round-trips, it is shaped
towards narrowband emission and temporally, corresponds to noise. Note that the narrow emission steadily
shifts in wavelength because of the AOTF frequency shift effect (a double-pass frequency shift of 18.1 MHz at
3.1 µm equals 1.2 pm wavelength shift per round trip), although the temporal domain still primarily comprises
noise. Finally, around 1500 round trips, as the signal shifts away from the peak of the gain (i.e. closer to the
edges of the filter), nonlinearly seeded light (by self-phase modulation) under the peak is able to grow. These
nonlinearly generated wavelengths are also frequency shifted,15 and are phase coherent with the original signal,
causing a broad coherent bandwidth to be established after further round trips, corresponding to a pulse in the
time domain.
With simulation parameters matched to the experiment, we obtained a 1.8 nJ pulsed solution with 37 ps
full width at half maximum (FWHM) duration and a slightly asymmetric shape. It should be noted that such
asymmetry is typical for pulses generated by FSF fiber lasers.15 There is only a small nonlinear chirp across
the pulse, indicating almost transform-limited operation. We also highlight the ‘shoulder’ feature on the short
wavelength edge of the spectrum—this relates to the underlying pulse stabilization effect, and has also previously
been observed in near-IR FSF fiber lasers.22
To verify our numerical results, the simulation is executed many times, each from a different randomized
shot noise field, and always converging to the same steady-state pulsed solution. Further probing of the pulse
evolution within a single round trip shows that there is negligible variation in the temporal or spectral shape
(i.e. no pulse ‘breathing’). Simulations were also run with group velocity dispersion ‘disabled’ in the model:
the same pulsed output state with an unchanged duration was observed. This observation indicates that soliton
shaping is not involved in the pulse evolution, in agreement with earlier analytical studies on FSF lasers.28

3.3 Experimental Results
3.3.1 Mode-Locked Operation at 3.1 µm
The Dy:ZBLAN laser is constructed experimentally as described in Section 3.1, with the RF driver supplying a
18.1 MHz sinusoid to the AOTF to set the filter wavelength to 3.1 µm (the RF power is set empirically to 1.2 W to
maximize the laser output power).12 We observe lasing at a threshold of 440 mW, with the spectrum centered on
the filter passband [Fig. 4(a)]. Due to the birefringent nature of AOTF operation, the output is strongly linearly
polarized (24 dB measured polarization extinction ratio). The temporal output exhibits sustained relaxation
oscillations (similar to Q-switching), which can be explained by the FSF process preventing the formation of
steady-state CW lasing. As the power is increased to ∼550 mW pump power, self-starting mode-locking is
observed.
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Figure 4. Experimental FSF laser performance: (a) optical spectra; (b) mode-locked oscilloscope trace; (c) autocorrelation
trace; (d) RF spectrum of fundamental (f0 = 44.5 MHz).

This mode-locked operating regime generates a stable pulse train with 44.5 MHz repetition rate (which
corresponds to the inverse cavity round trip time) [Fig. 4(b)]. We note that the spectrum changes significantly
as it transitions to mode-locking too: it broadens to 0.33 nm FWHM and shows clear asymmetry (e.g. showing
a ‘shoulder’ on the short wavelength edge) [Fig. 4(a)]. To measure the pulse, an intensity autocorrelation trace
is recorded, which reveals a clean pulse profile, well fitted by a Gaussian curve [Fig. 4(c)]. An autocorrelation
trace intrinsically shows a symmetric pulse shape,29 preventing us from resolving the exact pulse shape and any
possibly asymmetry (as predicted from the modeling), however, the experimentally measured duration of 33 ps
(after deconvolution) is reasonably close to the 37 ps duration predicted from simulations.
Mode-locking stability is assessed using the von der Linde method:30 the output is focused onto a photodetector connected to an RF spectrum analyzer and a stable train of harmonics are recorded. For the fundamental
frequency (44.5 MHz), a peak to pedestal value of ∆P = 61 dB is observed [Fig. 4(d)], which can be used to
calculate the approximate pulse-to-pulse energy fluctuation:
s
∆E
∆P ∆f
=
(1)
E
fbw
where ∆f ∼ 400 kHz is the pedestal width and fbw = 300 Hz is the resolution bandwidth. We calculate a
value of only ∼3% fluctuation, confirming the suitability of our Dy:ZBLAN laser with FSF for stable mid-IR
picosecond pulse generation (note that the measured RF contrast is similar to mid-IR fiber lasers mode-locked
with saturable absorbers31–34 ).
With increasing pump power, the average laser output power increases, maintaining a stable pulsed output,
until ∼750 mW incident power. For further pump power increase, the pulse train becomes unstable and transitions into a multi-pulsing state as the power is further increased. The pulse spacing remains approximately
equal, however, suggesting this could be considered harmonic mode-locking, as commonly observed for oscillators
that employ saturable absorbers as the power is increased.7 This effect is not considered further here though,
since our main aim to is the generation of high-energy pulses and such harmonic mode-locking severely reduces
the intensity per pulse. The maximum average output power for stable single-pulse operation was ∼120 mW,
indicating 2.7 nJ pulse energy.
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3.3.2 Tunable Mode-Locked Operation from 2.97 to 3.30 µm
One of the major benefits of our cavity design is the choice of an AOTF for providing the frequency shift,
as opposed to alternative acousto-optic frequency shifting devices (such as an AOM), since it enables rapid
electronic tuning of the laser wavelength. We demonstrate this functionality by varying the AOTF RF frequency
to shift the passband center frequency. Lasing is observed from 2.95 to 3.30 µm. We note that operation at the
short wavelength edge is limited by the dichroic mirror cut-on wavelength (it exhibits < 50% reflectivity below
2.97 µm). At the long wavelength edge, limited gain due to signal re-absorption is believe to to be the limiting
factor, as the Dy transition is quasi-three-level.
Within this tuning range, stable self-starting mode-locking can be achieved for 2.97–3.30 µm (Fig. 5). However, when the laser is mode-locked, it should be noted that continuous tunability (by variation of the AOTF
frequency) is only possible over ∼40 nm, after which the generated pulse train becomes unstable or modelocking ceases completely. It has been suggested theoretically that stable FSF pulse generation only exists for
a relatively narrow region of cavity gain28 and by adjusting the laser wavelength, the gain will vary strongly
according to the shape of the emission/re-absorption cross sections. Fortunately, we found that by adjusting
the pump power or RF drive power (i.e. cavity output coupling ratio), we were able to force the system back
into a self-starting stable mode-locking regime. While our optimization of such parameters was manual here to
cover the wide tuning range, we note that intelligent self-tuning algorithmic approaches are currently emerging
for fiber lasers, which could be considered as a future system improvement to automatically self-optimize the
mode-locked performance.35, 36 For each wavelength in this broad 330 nm tuning range, mode-locked operation
could be distinguished from the non-mode-locked state at lower pump powers: at each spectral position, spectral
broadening and the characteristic asymmetric shape are clearly visible [Fig. 5(b)]. Furthermore, autocorrelation
measurements revealed that the pulse duration of 33±2 ps was approximately constant across this range, with
excellent stability (>60 dB RF contrast).
Finally, we highlight that the FSF mechanism is ideally suited and simple to implement for other mid-IR gain
materials. We have recently applied this to a 2.86 µm HoPr:ZBLAN fiber system with an intracavity acoustooptic modulator (AOM), achieving 4.7 ps pulses—the reduced pulse duration here is believed to result from
the broader AOM bandwidth (tens nm) compared to the AOTF (5 nm), and further work is ongoing to better
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Figure 5. Characteristic spectra within the mode-locked FSF laser’s 330 nm tuning range: (a) wide span (arbitrarily
shifted in intensity for visual clarity); (b) close-up showing different spectral shapes between non-mode-locked (dashed
lines) and mode-locked (solid line) operation.
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understand optimal FSF laser designs.37 Additionally, given the wide operating range of TeO2 AOTFs (up to
4.5 µm), this FSF technique could be applied to the dual-wavelength-pumped 3.5 µm Er:ZBLAN transition,38
or the emerging class of 4 µm fibre lasers, e.g. based on higher lying levels in dysprosium39 or holmium.40
Before concluding, it should be noted that alternative laser architectures are also under consideration for midIR pulse generation This includes interband and quantum cascade lasers (ICLs and QCLs), which have achieved
100s ns pulses to date41, 42 and nonlinear frequency conversion of near-IR sources, which has been demonstrated
to offer microjoule few-cycle pulses using bulk optical parametric chirped pulse amplification, OPCPA43, 44 ).
However, for practical applications, particularly those requiring picosecond laser deployment in resource-limited
environments, the compact footprint, flexibility and high beam quality of fiber lasers makes them a preferred
option for end users.

4. CONCLUSION
In conclusion, we have demonstrated a new approach for broadly tunable pulse generation in the mid-IR using
dysprosium-doped fiber and frequency shifted feedback, without the requirement for a saturable absorber. Notably, this is the first reported mode-locked dysprosium laser, offering pulse generation across 2.97–3.30 µm—a
region which cannot be accessed by previously reported rare-earth-doped fiber lasers. Additionally, the tuning
range of 330 nm is the widest reported for any mode-locked fiber laser. Numerical simulations were also performed to offer insight into the pulse build-up dynamics, and work is ongoing to apply this novel technique to
other spectral regions and to optimize frequency shifted feedback laser designs for the generation of even shorter,
higher peak-power pulses.
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