
Tampere University Dissertations 543

High-power Short-pulsed
Hybrid Laser Systems

ANDREI FEDOTOV





  



Responsible 
supervisor 
and Custos

Supervisors 

Pre-examiners 

Opponent 



Dedicated to my parents Natalia and Igor.

iii



iv



PREFACE

This thesis is the result of the work carried out by the author at the Photonics
Laboratory of Tampere University during 2018-2021. I wish to acknowledge the
financial support from Tampere University. I appreciate this opportunity, which
allowed me to focus on my research and not worry about funding.

I am grateful to Prof. Tapio Niemi for agreeing to be my supervisor and giving
me the opportunity to work in the Photonics Laboratory.

My deepest gratitude to Dr. Regina Gumenyuk for her thorough support, help
in everything, and endless patience. Special thanks go out to Dr. Valery Filippov for
his guidance, mentoring, and exciting stories. They both enormously contributed
to my research and helped me with experiments and writing journal papers. I owe
much of my growth as a researcher to them.

I want to thank my thesis pre-examiners Prof. Guido Perrone and Prof. Sergey
Sergeyev for their expert opinion and valuable comments. Big thanks to my
colleagues Dr. Kostiantyn Nechay, Teppo Noronen, Joona Rissanen, Dr. Vasilii
Ustimchik, Dr. Mikko Närhi, Hossein Fathi, and Dr. Herman Kahle from whom I
learned a lot. Our soulful conversations were invaluable to me during difficult times.

I also acknowledge Prof. Yuri Chamorovskii for providing specially designed
optical fibers used in this work. All the paperwork and bureaucracy would not
have gone so smoothly without Anne Viherkoski and Marketta Myllymäki. Thanks
to my fellow doctoral students Kseniia Aksenova and Iuliia Zalesskaia for their
questions, which helped me to better understand laser physics.

I would like to thank my parents and grandparents for their support, love, and
belief in me. Lastly, thanks to my friends who made my life in Tampere full of
adventures and fun. I am incredibly lucky to have met all of these people.

Tampere, December 2021
Andrei Fedotov

v



vi



ABSTRACT

Ultrafast fiber lasers have found wide application in medicine, biology, and ranging.
Their high-power counterparts are vital for high-precision material processing, light
frequency conversion, and optical parametric oscillator (OPO) pumping. This thesis
concerns the research and development of a high-power ultrafast laser system in
a master oscillator power amplifier (MOPA) configuration. It is based on a gain-
switched laser diode (GSLD) acting as a seed laser and an active tapered double-clad
fiber (T-DCF) operating as the main amplifier.

The constraints for the pulse compression in laser systems seeded by GSLDs
were demonstrated both theoretically and experimentally. Guidelines for effective
pulse reshaping via the Mamyshev regenerator scheme were developed to bypass
the limitations imposed by the use of GSLD with a pulse duration of several tens
of picoseconds. 50- and 20-fold compression of 47 ps pulses from GSLD was
demonstrated experimentally in the single Mamyshev regenerator scheme based
on non-polarization-maintaining (non-PM) fiber and in the double Mamyshev
regenerator scheme with PM fiber, respectively.

The active T-DCF operating as an amplifier was applied for power scaling
in MOPA system. Two new types of active tapered double-clad fibers were
manufactured. The main accent was made on the amplification of polarized
radiation. The first type was PM T-DCF and utilized the traditional approach
of creating high birefringence in the cladding by adding borosilicate rods. The
second type (spun T-DCF) was made to emphasize minimizing the magnitude
of birefringence by fast rotation a preform during fiber drawing since it was
demonstrated that stress-induced birefringence in PM T-DCF significantly affects
the state of polarization under intense pumping. A comparative study of the state
of polarization drift in various types of T-DCF has been carried out. Spun T-DCF
was found to be less sensitive to the pump-induced heating and better preserves the
state of polarization at high power than PM T-DCF. The influence of the geometry
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of the spun T-DCF on the amplification properties and the quality of the output
beam has been shown. Excessive twisting of spun T-DCF leads to mode coupling in
the core and deterioration of the mode composition, as well as to pump vignetting
and degradation of the amplifying properties. Insufficient twisting, in turn, does
not provide effective mixing of cladding modes and also impairs the amplifying
properties. It was demonstrated that for a spun T-DCF with a certain geometry
the optimal pitch length can be found at which its amplification properties are
comparable to those of PM T-DCF while polarization stability is better.
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1 INTRODUCTION

Fiber lasers have revolutionized the field of high-power lasers and amplifiers.
Capable of delivering high power with compact design, good beam quality, extended
lifetime, low costs of ownership and maintenance, they have taken over a large
portion of the laser market. The recent unprecedented growth in demand for high-
power laser systems has fuelled the development of optical fiber technology. At the
same time, significant progress has been made in the development of semiconductor
laser diodes, which serve as pump sources in such systems. These two factors
unlocked the true potential of fiber lasers and made them real competitors to other
types of lasers. The last decade has also seen an enormous leap forward in ultrafast
(pico- and femtosecond) fiber laser technology for industrial, medical, and research
applications. One of the main goals in the field of modern lasers is to develop a
high-power and ultrafast fiber laser system capable of delivering a pure single-mode
Gaussian beam directly from the system.

Laser technologies continue to find new and new applications in industry,
research, and medicine. Following widespread developments in continuous-wave
lasers, there was a breakthrough in high-power, short-pulse lasers, which was
recently awarded the 2018 Nobel Prize in Physics [1]. This event led to a significant
leap forward in the field of laser applications. Powerful ultrafast laser systems
are already all around us: in material processing, nonlinear microscopy, and
biomedicine [2, 3]. Such laser systems have clear advantages in surface and volume
processing by suppressing thermal effects and therefore reducing the heat-affected
zone (HAZ). Reproducible nanoscale resolution is achieved even in high thermal
conductivity materials such as metals and brittle materials such as glass [4, 5, 6, 7].
Figure 1.1 shows scanning electron microscopy (SEM) images of holes ablated in
100 mm steel foil using laser pulses with durations of 3.3 ns and 200 fs. Unlike
nanosecond pulses, femtosecond pulses create a sharp-edged, steep wall with little
HAZ formation and do not cause significant swelling around the ablated orifice [8].
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Figure 1.1 SEM images of holes drilled in 100 mm thick steel foils by laser ablation with following pulse

parameters: (a) pulse duration: 3.3 ns, pulse energy: 1 mJ, fluence: 4.2 J/cm2, wavelength:

780 nm; (b) pulse duration: 200 fs, pulse energy: 120 mJ, fluence:0.5 J/cm2, wavelength:

780 nm [8].

There are two main techniques to generate ultrashort (pico- and femtosecond)
pulses: mode-locking and gain-switching. However, the output power of mode-
locked lasers is typically a few tens of mW and rarely exceeds 1 W. Situation with
gain-switched laser diodes (GSLD) is even more frustrating: their output power is
typically several mW. Thus, a high-power short-pulsed laser system must include a
power amplifier. Here we come to the idea of the so-called MOPA system.

The master oscillator power amplifier (MOPA) concept is widely used for power
scaling, especially in fiber lasers. Instead of developing a single-stage high-power laser
with the desired parameters, one can build a system that consists of two parts: a
master oscillator (seed laser) and a power amplifier. Seed laser usually is a low-power
source emitting short pulses. It typically predetermines the laser output parameters:
wavelength, linewidth, pulse duration, and repetition rate. The amplifier scales the
power and can consist of one or more stages in series.

When using a MOPA system, even with a large mode area optical fiber, the
threshold of unwanted non-linear effects can be reached pretty soon. They can
change the spectrum of a source, ruin the output beam, or even cause catastrophic
damage to the laser. Further power scaling is possible by using chirped pulse
amplification or just a CPA system. With this technique, it is possible to amplify
an ultrashort laser pulse to an extremely high-power level. In the classical CPA
system, short laser pulses are preliminarily stretched by diffraction gratings, thereby
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reducing the peak power because it is inversely proportional to the pulse duration.
Then the stretched pulses are amplified and compressed back by diffraction gratings.
However, a fully fiberized scheme is always desirable since it simplifies the system
design and minimizes the number of stages. The absence of bulk elements also
increases the reliability of the system and reduces its cost. Therefore, diffraction
gratings operating as a stretcher can be replaced by fiber Bragg gratings. However,
a similar replacement cannot be made for the compressor because increased peak
power will burn the fiber Bragg grating.

Pulse compression significantly increases peak power, so the shortest possible
pulse is desirable for practical applications. As follows from the theory of Fourier
analysis, for a source with a certain bandwidth, the transform-limited (TL) pulse
is the shortest achievable pulse. However, in many cases, TL pulses cannot be
obtained because uncompressed pulse has phase noise and non-linear chirp, which
means that linear dispersion of diffraction grating cannot fully compensate the pulse
chirp. In addition, TL pulses of gain-switched laser diodes have a duration of tens
of picoseconds because linewidth is only tens of picometers. All these obstacles lead
to the idea of using a pulse reshaping system that linearizes chirp, add more spectral
components and remove incoherent part to increase pulse compressibility.

The reshaping system may include a pulse coherence improvement section and
a parabolic pre-shaper to produce near-linear chirp pulses. The former is a so-
called Mamyshev regenerator that employs self-phase modulation (SPM) for spectral
broadening and off-set filtering to cut off the incoherent part of the spectrum for
further amplification. The latter can be implemented in the form of an amplifier that
boosts the signal to the optimal peak power or a long passive optical fiber, where a
pulse changes its shape.

The power amplifier mainly dictates the operating spectral region of a high-
power laser system. The most commonly used ones are based on Yb-doped fiber
and operate at 1 μm. Such amplifiers provide broad gain bandwidth, high optical
pumping efficiency (typically >80% [9]), the high saturation fluence to generate
millijoule pulses [10], reliability, and ease of temperature control. Power scaling
in fiber MOPA systems is mainly limited by nonlinear effects (stimulated Brillouin
scattering, stimulated Raman scattering, or self-phase modulation) that occur in an
optical fiber at high power. The use of special active fibers with an increased effective
mode area (large mode area, microstructured, chirally-coupled core, or tapered) as
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Figure 1.2 MOPA setup with addition pulse shaper (Mamyshev regenerator + parabolic pre-shaper) and

pulse compressor.

an active medium in amplifiers makes it possible to minimize the influence of these
effects and increase the pulse energy and peak power.

In this work, the active double-clad tapered fiber (T-DCF) acts as the gain
medium. Its core is doped with rare-earth elements and adiabatically expanding
along the length. Typically, such a fiber has a core up to 200 μm in diameter at
the wide end [11] (Fig. 1.3). The narrow end is used as a launching port, through
which signal and low-power pump are injected. The pumping can be carried out
by co-propagating, counter-propagating, or from both sides, depending on the seed
parameters. Active T-DCFs have already been demonstrated the following benefits:

• perfect beam quality (typically M2 < 1.2);
• reasonable physical dimensions (T-DCF can be coiled on a diameter of about

30 cm);
• the large diameter of the active core significantly increases the threshold of

nonlinear effects;
• large cladding area allows the use of inexpensive and powerful low-brightness
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pump sources.

Figure 1.3 Schematic image of the active tapered double-clad fiber.

All the techniques mentioned above can be combined in one cost-effective
setup to reach high peak power (Fig. 1.2). Operating in a strictly single-mode
and maintaining the state of polarization, such a system is highly beneficial for
light frequency conversion, OPO pumping, and coherent beam combining. It also
provides exceptional speed, precision, and quality in material processing.

Outline of the thesis

This thesis is a compilation of the research done by the author during a period
from 2018 to 2021. In addition to original publications listed above, 7 peer-reviewed
conference papers [12, 13, 14, 15, 16, 17, 18], as well as 1 paper [19] and 3 conference
papers [20, 21, 22] that are beyond the scope of this thesis were published during the
doctoral studies. The aim of this dissertation is to provide insight into the design
and performance of ultrafast high-power systems based on active tapered fiber. The
topics investigated in this dissertation cover a wide range of areas in fiber optics,
although they share one idea - the development of a high-power short-pulsed laser
system.

This dissertation is divided into 5 chapters, 3 of which correspond to the key
elements of a laser system. They are mainly based on 4 original publications with
additional comments and results that were not included in the published papers.
Chapter 2 describes some basics and operation principles of GSLD that are used as a
seed source. In Chapter 3, the Mamyshev regenerator is discussed as a pulse shaping
technique. Chapter 4 is focused on active tapered double-clad fiber as a gain medium
in high-power laser systems. Polarization-maintaining and spun types of tapered
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fiber are described. The main accent is made on their amplification performance
and polarization properties. Spun tapered double-clad fiber (sT-DCF) with constant
pitch is presented for the first time in this thesis (Fig. 4.20). Beam quality (Fig. 4.21),
amplification properties (Fig. 4.29), and polarization stability (Fig. 4.30) of three sT-
DCF with different pitches were studied in detail. Finally, a summary of the thesis
is presented in Chapter 5.
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2 GAIN-SWITCHED LASER DIODE AS A SEED

LASER

Mode-locked fiber lasers have traditionally been used as seed sources in ultrashort
pulsed MOPA systems due to their ability to deliver pulses that can be compressed
to femtoseconds. However, the repetition rate of mode-locked lasers is fixed and
can only be tuned using pulse pickers or changing the cavity length. This adds cost
and complexity to the system. Moreover, mode-locked fiber lasers are sensitive to
external perturbations. Meanwhile, gain-switched laser diodes are more flexible
in terms of repetition rate tuning, long-term stability, reliability, insensitivity to
external disturbances, compactness, and lower cost. The GSLD architecture offers
high control over pulse generation. Laser pulses can be triggered externally and
synchronized with other sources and system elements. The main factor limiting the
use of GSLD is its long pulses of tens of picoseconds, which cannot be compressed
significantly due to the nonlinear chirp and narrow spectral linewidth. Due to
the method used to generate the pulses, the GSLD also are not mutually coherent
and suffer from bigger jitter and fluctuations in other pulse parameters compared
to mode-locked lasers. While mode-locking is a self-sustaining process, and the
generated adjacent pulses are similar and coherent, every GSLD pulse is generated
from the noise and exhibits much higher amplitude and phase fluctuations [23, 24].

In the gain-switching process, the laser gain is quickly switched to a high value.
Duration of fewer than 50 ps can be achieved by directly driving the laser diode with
fast electrical pulses of large amplitude. The idea behind the gain-switching is to use
a current pulse so fast that the population inversion and hence the laser gain reaches
a value well above the threshold before the number of cavity photons increases to a
high enough level to reduce inversion (Fig. 2.1). Thus, optical pulses shorter than the
electrical drive pulse are generated [23, 25]. Typically, commercially available DFB
gain-switched lasers have a pulse duration of 10-100 ps. The main reason for the
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impossibility of further decreasing the pulse width is associated with the difficulty
of maintaining a large initial inversion before emission of the optical pulse (Fig. 2.1).
A higher peak inversion level would lead to a shorter pulse width [23].

Figure 2.1 A gain switch cycle: evolutions in the carrier and photon densities when current pulse is

applied.

Despite the obvious advantages of the method outlined above, it suffers from
several disadvantages, such as the relatively large timing jitter exhibited by the
generated pulses. Another problem gain-switching is the spectral purity of the
generated pulses. Large-signal modulation applied directly to the laser diode causes a
time-varying carrier density in its active region, and this, in turn, causes a change
in the output wavelength of the laser during the emission of the optical pulse.
This results in a frequency chirp of the pulse, which in fact might not be a big
problem, since the chirp can be compensated for by a chirped fiber Bragg grating
or a dispersion compensated fiber (when operating around 1.5 μm). However, the
pulse chirp turns out to be nonlinear. Compression of such pulses usually leads
to the formation of pulses with a pedestal/wings, which makes them less attractive
for practical applications. Due to the nature of the gain-switching mechanism, the
nonlinear frequency chirp is in the wings of picosecond pulses [26, 27].

Fundamentally, DFB gain-switched laser diodes have a narrow spectrum of tens
or hundreds of picometers, which makes compression to sub-picosecond impossible
because the transform-limited pulse is about 10 ps in at best.
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3 PULSE RESHAPING

Short laser pulses are needed for many scientific and industrial applications. Material
processing requires high peak power and high pulse energy, resulting in higher
machining accuracy while reducing the heat-affected zone. Although often the
development of laser systems is aimed at achieving higher and higher powers, for
some applications, high power is not important, while short pulses are required.
For example, when examining living cells or biological tissues, low peak power is
desirable to prevent photodamage [28, 29].

A mode-locked laser is a widely used seed laser in MOPA systems, but as
mentioned earlier, it has the serious disadvantage of a fixed fundamental repetition
rate. In contrast, GSLDs provide a compact, simple, and reliable solution for
generating picosecond pulses with tunable repetition rate. Moreover, laser pulsed
can also be triggered with an external source. This flexibility makes GSLD
an attractive seed source for many practical applications. The main problem is
that the compressibility of a pulse from a GSLD is mediocre. The creation of
a multistage fiber-optic system of the so-called Mamyshev regenerator makes it
possible to overcome this limitation by increasing the pulse coherence and improving
its compressibility. For the first time, the Mamyshev regenerator was proposed
and applied in optical communication [30]. It was later adopted for use as a pulse
compression and reshaping tool in the generation of ultrashort pulses [31].

Previously, 0.6 ps [32] and 140 fs [33] pulses were obtained in schemes with
Mamyshev regenerator. The peak power was 1.2 MW and later 13 MW, respectively.
Both groups initially used short pulses of 16 and 10 ps, respectively. On the one hand,
this requires expensive GSLD modules since the generation of pulses with a duration
of several picoseconds by GSLD is a nontrivial task. On the other hand, as will
be shown later in numerical simulations, it significantly simplifies the experimental
setup. Today, a typical commercial GSLD generates pulses within the 50-100 ps
range.
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In our research, we focused on the development of schemes with a Mamyshev
regenerator for compressing 80 and 47 ps pulses from GSLD. Such pulse durations
cause certain difficulties associated with the appearance of undesirable nonlinear
effects when building the Mamyshev regenerator. Närhi et al. [P3] demonstrated
that, for longer pulses, stimulated Raman scattering is more pronounced and grows
exponentially with the pulse duration. While for 10 ps pulses, this is a minor
problem, for 80 ps pulses, this imposes severe restrictions on the system.

3.1 Mamyshev regenerator

The basic scheme of the Mamyshev regenerator consists of an amplifier that boosts
signal to the optimal peak power, a passive optical fiber, where self-phase modulation
induces spectral broadening, and a spectral filter (Fig. 3.1).

Figure 3.1 Basic scheme of the Mamyshev regenerator and spectrum changes at each stage of the

setup.

The input pulses are amplified in a core-pumped Yb-doped fiber amplifier. The
gain is selected in such a way as to achieve the optimal peak power, which induces
enough spectral broadening, and the contrast between the Raman peak and the signal
is greater than 15 dB. Here self-phase modulation is used to create new spectral
components. At the output, the pulse is stretched in time and has a broad spectrum.
There is also an incoherent peak in the center of the spectrum, so the spectral filter
is tuned to carve out it and leave only the coherent part (Fig. 3.1).
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It would be logical to assume that higher peak power gives more spectral
broadening. However, the increased peak power also accelerates the growth of
unwanted stimulated Raman scattering (SRS). It destroys the temporal shape of the
pulse and reduces spectral broadening, making it asymmetric. Thus, any subsequent
filtering in the regenerator scheme becomes more complicated.

3.1.1 Numerical modeling

While in some systems, self-phase modulation is a detrimental and unwanted effect,
Mamyshev regenerator is fully based on it. In the process of self-phase modulation,
the laser beam propagating in the medium interacts with it and imposes phase
modulation on itself. Due to the Kerr effect, the strong field of the laser beam induces
an intensity-dependent refractive index change in the medium. The medium, in turn,
reacts back and causes a change in the phase of the incoming wave, which leads to
self-phase modulation [34].

Usually, analytical formulas for the spectral broadening and the growth rate of
Raman scattering are valid in cases where either dispersion or nonlinear effects
predominate [35]. The simultaneous influence of different nonlinear effects and
dispersion on pulse propagation must be modeled. For this, the Generalized
Nonlinear Schrödinger Equation (GNLSE) is solved numerically using the split-step
Fourier method [35, 36]:

∂ E
∂ z

−∑
k=2,3

i k+1βk

k!
∂ k E
∂ T k

=

iγ
�

1+ iτs hock
∂

∂ T

��
E
∫ ∞
−∞

R(t ′)|E(z,T − t ′)|2d t ′
�

, (3.1)

where E(z,T ) is the complex electric field envelope propagating in the co-moving
time-frame of the pulse, βk is the dispersion coefficients up to third order, γ is
the nonlinear coefficient of a fiber, R(t ) is the Raman contribution, and τs hock

characterize self-steepening effect [36, 37]. The left-hand side of Equation 3.1 models
linear propagation effects. The right-hand side of Equation 3.1 models nonlinear
effects.
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3.1.1.1 Pulse dynamics and limitations

To be closer to the actual behavior of the GSLD pulse in the system, simulations were
done for noisy pulse trains. For this, a broadband noise was added to the Gaussian
pulses. 300 photons per simulation frequency bin with random phase are used to
generate the noisy background to initiate SRS growth. This value was chosen to be in
reasonable agreement with the Raman values observed in the laboratory with 80 ps
GSD pulses. The simulation grid consisted of 216 points on a 1.2 ns time window.

Long pulses from GSLD can acquire enough spectral broadening only in a
fiber of hundreds of meters long. Figure 3.2 illustrates the temporal and spectral
evolution of a 50 ps Gaussian pulse with a peak power of 350 W in a 500 m single-
mode fiber. This example demonstrates several key features in all similar simulated
cases and highlights the main limiting factors for Mamyshev regeneration systems.
Propagation in the first 167 m of fiber is accompanied by simultaneous SPM spectral
broadening and dispersion. This leads to the pulse broadening in the spectral and also
in the temporal domain from 50 to 80 ps. As can be seen on the logarithmic graph
(Fig. 3.2c), at the same time, the SRS begins to rise from the noise floor of -60 dB in
the 1100-1125 nm region. Fortunately, this has little effect on the temporal shape of
the pulse since the power in the Raman peak is relatively low at this stage. Due to
dispersion, with further propagation, temporal broadening slows down the spectral
broadening as the peak power decreases. At about 178 m, additional spectral side
lobes caused by optical wave breaking (OWB) can be seen near the signal spectrum
[35]. OWB also manifests itself in the time domain by changing the steepness of the
pulse edges (Fig. 3.2a).

Also, starting from about 178 meters, the rapid SRS amplification results in a
decrease in the contrast between the signal and the Raman peak down to -30 dB. The
spectral power in the 1100-1125 nm range becomes high enough to cause significant
modulation at the leading edge of the pulse. In the modeling, the Raman peak growth
is limited to -15 dB contrast by stopping the simulation when this level is reached.
This level is well below -10 dB, where the Raman effects on the temporal pulse shape
are still considered moderate.

An additional condition for stopping the simulation is given by the length when
the OWB begins to reduce the pulse spectral linewidth. At some point, the OWB
stops further spectral broadening and may even lead to a slight decrease in the
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Figure 3.2 Evolution of a 50 ps pulse due to SPM broadening, dispersion, and growth of SRS during

propagation through a single-mode fiber. The input peak power of the pulse was 350 W.

(a) temporal profile of pulse intensity, (b) spectrum on a linear scale, (c) spectrum on a

logarithmic scale. Intensities and spectra are normalized for illustrative purposes. Reprinted

with permission from [P3]. © The Optical Society.

spectral linewidth at the -3 dB level since the four-wave mixing from the edges of
the spectra feeds the OWB [35]. A sudden increase in linewidth will arise because
OWB sidelobes reach the -3 dB level. Although the spectrum becomes wider, this is
not a useful effect since the nonlinear phase profile at the pulse edges.

The last condition imposes a limitation on the fiber length. From a practical point
of view, fiber lengths exceeding several hundreds of meters are not very suitable for
real laser systems. In addition, with a longer fiber, the pulse width is further stretched
by dispersion, which lowers the peak power and therefore complicates subsequent
pulse shaping efforts.

To summarize the above, it makes sense to perform modeling until one of the
following three limiting conditions is met:

• the maximum fiber length is 500 m (costs and compactness issue);
• the contrast between signal peak and Raman peak at is -15 dB;
• the signal linewidth at the -3 dB level starts to decrease due to OWB.
The triggering of one of the limiting conditions stops the simulation, indicating

the optimal fiber length in the Mamyshev regenerator, i.e., the spectrum is the
broadest at given parameters.
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3.1.1.2 Optimizing passive fiber length

As shown above, it is impossible to obtain an arbitrarily wide spectrum via the SPM
effect. There are two factors that impose this limitation. The first is related to the
fact that sooner or later, the Raman scattering begins to appear and limit signal
linewidth. The second stems from considerations of a cheap and compact system
because the longer the passive fiber, the more expensive and cumbersome the entire
system becomes.

Simulations were performed for two types of standard fibers, SM-980, and PM-
980. The main difference between SM and PM fiber was that the Raman gain of the
SM fiber is halved. The evolution of spectral broadening for an initial 50 ps pulse
with only varying peak power helps to understand how the various limiting cases
arising from nonlinear effects are fulfilled (Fig. 3.3). The 6 dB bandwidth is optimal
as a metric because it is less prone to fluctuations due to variations in the broadened
spectrum due to SPM in combination with asymmetry caused by SRS, as opposed
to 3 dB bandwidth [P3].

Figure 3.3 (a) An example of the bandwidth evolution depending on the input pulse peak power for a

50 ps pulse in SM-980 fiber (red line, circles) and PM-980 (black line, squares). (b) The

corresponding fiber length, where simulation is stopped by specified conditions [P3].

Figure 3.3a shows the 6 dB bandwidth for SM and PM fibers versus peak power.
Each point corresponds to one of the three stop conditions (maximum length, SRS,
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OWB). For low peak powers from 25 W to 150 W, the 6 dB spectral bandwidth rises
with increasing power due to SPM (green arrow) as expected and is limited by fiber
length. At 175 watts, the difference between the SM and PM fibers is visible. For SM
fiber, the bandwidth continues to grow (blue arrow) but is limited due to the OWB
limiting condition. In the case of PM fiber, a 6 dB reduction in bandwidth beyond
this point is caused by high-power pulses that reach the SRS threshold too quickly.
The same effect is observed in SM fibers only at 325 W (orange arrow). For PM fiber,
the Raman limit is reached faster due to the higher Raman gain. The increase in SRS
for higher peak powers is the reason why a careful balance of optimal peak power and
fiber length is necessary to achieve the broadest spectrum in Mamyshev regenerator
systems. On an intuitive level, this can be explained as follows. At different peak
powers, the growth rates of these effects differ. At low/moderate peak power, the
SPM growth rate is higher than the SRS growth rate, and the spectrum has time to
broaden before the SRS appears. At high peak power, the balance shifts towards the
SRS, now it appears first, and the signal does not have time to accumulate additional
spectral components.

3.1.1.3 Impact of pulse duration on spectral broadening

Finally, the study of the effect of the pulse length on the magnitude of the spectral
broadening is the most important part of the simulation, which largely explains our
motivation and the problems we faced when building a system with a Mamyshev
regenerator.

Figure 3.4 shows extended results similar to Figure 3.3 but also includes various
pulse durations of 20, 50, 80, and 100 ps. Several important patterns can be pointed
out. First, the resulting maximum bandwidth for PM fiber is lower than for SM fiber
due to the difference in the Raman gain. This means that it is always more difficult to
achieve sufficient spectral broadening in a PM fiber. Second, shorter pulses acquire
broader spectra than longer pulses for a given peak input power. Longer pulses suffer
from longer walk-off length between the amplified SRS noise and the input pulse,
resulting in a more net gain for SRS [35].

The optimization of the peak power combined with the fiber length determines
the optimum operating point where the spectrum is the broadest. It can be seen from
Fig. 3.4c that as the pulse duration decreases from 100 ps to 20 ps, the optimal peak
power increases from 75 W to 425 W. The optimal fiber length is 110 m for 20 ps and
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Figure 3.4 Spectral bandwidth and maximum fiber lengths for 20, 50, 80, and 100 ps pulses at different

peak powers in SM-980 fiber (a), (b), and PM-980 fiber (c), (d) [P3].

500 m for 100 ps. However, the fiber can be shorter than 500 m because the spectral
broadening slows down during propagation in the fiber. Dispersion decreases peak
power, and each successive hundred meters of fiber adds fewer and fewer spectral
components.

In practice, longer pulses are much more difficult to use for regeneration since
the maximum achievable broadening is limited to only 2-5 nm. Their further use as
an effective seed signal for pulse shaping assumes filtering of a rather wide part from
the side of the spectrum that has linear chirp, while the incoherent part in the center
of the spectrum must be cut out, and filtering from the very edge is avoided. One
can try to get around this problem by using additional stages of pulse shaping or SM
fibers if the state of the output polarization is not crucial.
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3.2 Parabolic pre-shaper

When converting a pulse of arbitrary shape to a parabolic one, its nonlinear phase
transforms to a linear chirp, providing a compression ratio of more than 30 times
without compromising the pulse quality [31, 38]. To obtain a parabolic waveform,
an optimized length of passive normal dispersion fiber [39] or an active fiber
amplifier in non-linear amplification mode is used.

The GSLD pulse itself has a nonlinear noisy chirp. In addition, SPM also changes
the pulse chirp. Even if a pulse with a linear chirp is subjected to SPM, after filtering
on the side of the spectrum (necessary to get rid of the incoherent peak), the resulting
pulse will not have a linear phase through the whole pulse (Fig. 3.5). The pulse
subjected to SPM has a linear chirp only near the central part (Fig. 3.5); therefore, it
is so important to achieve a large spectral broadening in order to leave a part of the
spectrum with only a linear chirp.

Figure 3.5 Filtration of the spectrum broadened by self-phase modulation.

The parabolic shaper linearizes pulse chirp. It can be implemented in the form of
an amplifier or just a passive fiber with normal dispersion. The latter obviously has
the advantage of being simple and cheap. Figure 3.6 illustrates the pulse evolution
during propagation in a long passive fiber. Starting with a Gaussian shape, the pulse
becomes more parabolic as it travels through the fiber.
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Figure 3.6 Pulse evolution from Gaussian to parabolic during nonlinear propagation in long passive

normally dispersive fiber.

3.3 Practical implementation

Non-PM scheme

Experiments in this section demonstrate the difference between reshaping of
47 and 80 ps pulses. Pulse durations were measured by an optical autocorrelator.
It should be noted that for pulses with complex structures, their autocorrelation
function does not coincide with the actual shape. This means that the deconvolution
factor required for the conversion is unknown, and the actual pulse width cannot
be calculated. Autocorrelation trace also does not provide information about the
pulse chirp. Nevertheless, autocorrelation allows estimation of the pulse duration
and informs when the pulse shape starts to deteriorate. For example, the presence
of a pedestal or sidelobes near the main pulse may indicate the presence of satellite
pulses. In fact, today only the single-shot frequency-resolved optical gating (FROG)
technique provides complete information about the shape of the pulse and its phase,
but, unfortunately, it was not available at the time this experiment was carried out.
Taking into account the peculiarities of the autocorrelation method, hereinafter, the
autocorrelation duration is indicated everywhere for experimental measurements
of the pulse duration, unless otherwise indicated.

The setup of pulse re-shaper schematically shown in Figure 3.7 consists of seed
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laser, Mamyshev regenerator, amplifier, and grating compressor. The system was
seeded by a commercial 80 ps GSLD operating at 1 MHz with an average power
of 23 μW and having 1064 nm central wavelength with 30 pm linewidth (TL pulse
is 55 ps). The signal was pre-amplified up to 116 W peak power in the first Yb-
doped fiber amplifier (YDFA) to induce self-phase modulation in an optical fiber.
The pulses acquired new spectral components due to SPM after propagation in 300 m
of single-mode optical fiber with a 5 μm core diameter.

Figure 3.7 The experimental setup consisting of a Mamyshev regenerator (non-PM scheme).

Spectrum was broadened up to 4 nm (Fig. 3.8 blue line). A fiber-coupled tunable
filter having a flat-top transmission shape and 10 dB/nm edge slope was used to filter
out incoherent peak and decreased its intensity by 13 dB (Fig. 3.8 green). At the
same time, the pulse was shortened in the time domain to 39 ps (Fig. 3.8 green
line). The spectrum was carved from the very edge, which is not optimal in terms
of pulse amplitude fluctuations but later allowed us to obtain the shortest pulse after
compression. The signal was then amplified to an average power of 8 mW. Further
amplification led to pulse broadening and made effective compression impossible.
The shortest pulse obtained after compression in transmission diffraction gratings
had a duration of 4.7 ps. The main issue was side peaks containing about 25% of the
pulse power (because one satellite pulse produces two side peaks on autocorrelation
trace).

Thereafter GSLD with 80 ps pulses was replaced by 50 ps one, and the same
measurements were performed (Fig. 3.9). This experiment was mainly focused on
the minimization of pulse duration. For this, the filter was tuned while compressed
pulse was monitored in real-time to achieve the shortest possible AC pulse duration
of 1.56. Figures 3.8 and 3.9 show the clear difference: AC duration of the compressed
pulse of 47 ps GSLD was three times shorter than that of 80 ps GSLD. In addition,
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Figure 3.8 The experimental setup consisting of a Mamyshev regenerator (non-PM scheme).

the compressed pulse of 47 ps GSLD did not exhibit side wings, which means that
all power was contained in a pulse. These results are in line with the conclusion
following from the numerical simulations: shorter pulse (in picosecond scale) is
easier to compress.

Figure 3.9 The experimental setup consisting of a Mamyshev regenerator (non-PM scheme).

PM scheme

As shown in Figures 3.3 and 3.4, it is much more difficult to achieve sufficient spectral
broadening in PM fiber than in SM fiber. Therefore, Mamyshev regenerator based
on PM fiber is a challenging task.

In the PM version, a scheme with a double Mamyshev regenerator was used since
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it allows more efficient filtering of the incoherent part. Adding a second regenerator
would significantly increase the cost of the setup; therefore, a double-pass Mamyshev
regenerator was assembled (Fig. 3.10). The experimental setup also included pre-
shaper, main power amplifier based on Yb-doped tapered double-clad fiber, and
transmission diffraction gratings. The setup was made up of PM components except
for the 250 m pre-shaper.

Figure 3.10 Double Mamyshev regenerator with pre-shaper, power amplifier based on T-DCF and

compressor.

The commercial 47 ps GSLD was used as a seed laser, as it was more promising
than the 80 ps one. The linewidth was 0.17 nm centered at 1062.5 nm (Fig. 3.11
black). Fiber-coupled output power was 38 μW at a fixed repetition rate of 1 MHz.

Figure 3.11 (a) Spectra at specific points of the scheme, (b) corresponding pulses. Numbering

corresponds to the pink labels in Fig. 3.10

The first YDFA in double regenerator stage amplified seed laser to 150 W peak
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power, which caused 6.8 nm (measured at 6 dB level because of the asymmetric
spectrum) spectral broadening in 200 m stretcher (Fig. 3.11 blue). Then the
broadened spectrum was filtered to a linewidth of 0.6 nm from the short-wavelength
side of the spectrum (Fig. 3.11 green). This bandwidth was close to the tunable filter
limit. Passband position was a trade-off between suppressing the incoherent portion
of the spectrum and reducing pulse fluctuations. The closer the spectrum is cut to
the edge, the greater the fluctuations in the amplitude of the pulses because the initial
fluctuations of the GSLD pulses induce broadening of different widths. At the same
time, the incoherent peak in the center of the spectrum should be suppressed as
much as possible because, during amplification, it grows faster than the rest of the
spectrum. After the filter, the shortened pulse had AC duration equaled to 18 ps.
The pulse was compressed down to 5 ps (inset in Fig. 3.11b). Moderate pedestal in
Fig. 3.11b (inset) grew rapidly with amplification of the signal; therefore, a second
Mamyshev regenerator was added to the system.

After the filter, the average power dropped to 150 μW. Therefore, a second fiber
amplifier was used to increase the average power to the milliwatt level. The butt-
coupled mirror reflected the amplified signal back into the Mamyshev regenerator.
There the spectrum broadened to 4 nm and was again filtered by the second filter
to 0.85 nm. The pulse duration was almost halved to 10.1 ps (Fig. 3.11b, orange).
The signal was then injected into a 250 m long SM fiber, which served as a parabolic
shaper, to improve the pulse chirp for further compression. Since a 250 m non-PM
fiber was used, the linear polarization became elliptical. To compensate for this, we
used a polarization controller. It also improved the shape of the compressed pulse
after amplification. Figure 3.12a compares compressed pulses for schemes with and
without a pre-shaper and clearly demonstrates the positive effect of the pre-shaper.

Since the tunable filter and circulator introduce high losses, the average signal
power was only 10 μW after the second filter. Such a low power is insufficient for
amplification in the T-DCF. Therefore, the signal was pre-amplified to 14 mW in an
Yb-doped double-clad fiber (DCF) with a 10 μm core. Yb-doped DCF was chosen
mainly to avoid stimulated Raman scattering. In addition, a 10 μm core with NA
= 0.08 is better suited for excitation of the fundamental mode at the narrow end of
a Yb-doped T-DCF. At the last stage, the signal was amplified in up to 2.6 W. The
output power contained a significant amount of spontaneous emission (Fig. 3.12b),
so the output spectrum was integrated, resulting in pure signal power of 1.8 W.
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At the last stage, the amplified signal was compressed using transmission
diffraction gratings in the Tracy configuration with an efficiency of about
50%. Measured autocorrelation trace yielded 2.5 ps pulse (assuming a Gaussian
deconvolution factor of 1.414; Fig. 3.12b), which corresponded to the peak power
of 372 kW.

Figure 3.12 (a) The compressed output pulses, (b)the corresponding spectrum at the output of the

system.

The main limitation that we encountered was the increase of pulse-to-pulse
fluctuations as signal propagated through the system. Pulse compression after
amplification in the active T-DCF revealed this problem. The output power of more
than 2.6 W led to an increase in the pulse duration (Fig. 17). The AC pulse duration
was 8 ps at the output power of 5.9 W, resulting in approximately the same peak
power as in the case of 2.6 W.

Simulation of pulse-to-pulse fluctuations

The increase in pulse-to-pulse fluctuations is a well-known problem in Mamyshev
regenerator schemes [33]. To visualize them, the system was reproduced in
the numerical simulations. The modeling was performed using the Generalized
Nonlinear Schrödinger Equation [P3][35]. To define the noisy nature of the GSLD
pulses, a similar model to Fu et al. [33] was used: a Gaussian pulse with an added
narrowband noise floor. An ensemble of 50 individual pulses with randomly varying
background noise was generated.
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Figure 3.13 Comparison of compressed pulses at two different output power.

In addition to background noise, the peak power has been adjusted to have a
fluctuation of about 6% (standard deviation to mean ratio), which is consistent with
experimental amplitude fluctuations in GSLD. A constant gain was used along the
entire length of the pre-amplifier fiber. The gain values were adjusted to match the
experimentally measured power after the amplifiers. Likewise, losses in circulator,
WDMs, mirror, and filter were set in the model to match the experimentally
measured powers at various numbered points of the scheme in Figure 3.10. Pulses
and spectra at each stage of the experimental setup in Figure 3.10 were simulated.
Figure 3.14 illustrates the evolution of the ensemble-averaged spectrum at different
points of the system, similarly to Figure 3.11a.

The agreement between the simulation and the experimental results is good.
Therefore, it can be assumed that the simulation will provide a good qualitative
picture of the pulse dynamics in the system. Mamyshev regenerators have a
nonlinear response to fluctuations in the amplitude of the input pulse, especially
when the spectrum is filtered near the edge, as in our case. The amplitude
fluctuations are expected to increase due to differences in the achieved spectral
broadening. Figure 3.15 demonstrates these fluctuations in various sections of the
simulated system.

The 6% fluctuation in the input signal increased to about 15% after the first
filter. The subsequent second stage of broadening and filtering further increased
the amplitude fluctuations to the level of 20-35%. The uncertainty here was due to
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Figure 3.14 Simulated evolution of average spectra at various points in the system.

Figure 3.15 Example of 50 pulse ensemble evolution in the system. e) is the compressed autocorrelation

of the amplified pulses of d) with a Treacy compressor.

the fact that the system was extremely sensitive to even a small shift in the filtered
bandwidth. Therefore, simulated results can only be considered as illustrative, and
true pulse fluctuations must be evaluated experimentally. After the second filtering,
the amplitude fluctuations in the system no longer increased. However, a different
effect is observed: due to the large fluctuations in the peak power, the pulses again
began to spectrally expand in the T-DCF at high power. Significantly broadened
pulses dispersed more, which means that the constant dispersion compensation in
diffraction gratings cannot compress the pulses in the same way. This leads to the
fact that the average autocorrelation trace takes on a more triangular shape at higher
powers.
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Ultimately, this problem arose mainly due to the fact that pulses of tens of
picoseconds do not cause sufficient spectral broadening, especially in PM fiber.
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4 ACTIVE TAPERED DOUBLE-CLAD FIBERS

4.1 Advantages of active tapered fibers

Modern fiber laser systems outperform other types of lasers in terms of output power
by several orders of magnitude. High-power single-mode sources are of particular
interest. Progress has occurred due to the development of double-clad fibers with
a large mode. Several types of large mode area (LMA) active fibers for single-mode
operation at high power are described in the literature. These include LMA fibers
with a low-aperture core [40], helical core [41], chirally coupled core (3C) fibers
[42], microstructured rod-type fiber [43] and tapered double-clad fibers [44].

In conventional single-mode amplifiers, the pump propagates along with the
signal in a rare-earth-doped core. The output power is limited by the pump power
that can be injected and confined in the single-mode core (typically 6-10 μm). The use
of two pumps propagating in opposite directions increases the output power, but no
more than 1 W. To achieve high powers (from tens of W to several kW), a sufficiently
large amount of pump must be launched into the fiber. One of the ways is to couple
pumping into the cladding that has a diameter of several hundred microns. In this
case, a second cladding is required to create a waveguide for multimode pumping.
A large single-mode core is also desirable because the intensity of the fundamental
mode is low and, accordingly, the threshold for nonlinear effects is high. An example
of such an approach is active tapered fiber, which has a double cladding and a rare-
earth-doped core. The signal is launched into the core while the pump propagates
either in the same direction as the signal, or in the opposite direction, or both
simultaneously. The typical diameter of the tapered fiber ranges from standard 125
μm in the narrow end up to 800 μm in the wide end along the length of several meters
(Fig. 4.1).

The concept of ultra large-mode area double-clad active tapered fibers implies
their use as an amplifying medium for high-power laser systems. Previously, it
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was demonstrated that such fibers have a number of advantages, in particular,
increased pump absorption due to efficient mode mixing, the possibility of using
low-brightness sources for pumping, and compactness, since the fiber can be coiled
with a radius of about 30 cm (in contrast to a microstructured fiber) [44].

Figure 4.1 Typical longitudinal profile of the tapered fiber.

The tapering angle of T-DCF is usually several milliradians. The core/cladding
ratio is typically 1/8 or 1/10. The numerical aperture of the core is 0.1, and a
fiber diameter is 125 μm at the narrow end, i.e., the core diameter is 12.5-15.6
μm depending on the core/cladding ratio. Thus, it is a single-mode fiber that is
used as an input port through which a signal and low-power pump are launched.
Since the fiber is tapered adiabatically, the fundamental mode, being excited in a
narrow part, propagates unchanged along with the fiber because the mode coupling
in such a waveguide is small and does not cause a significant change in the mode
composition. Theoretically, the mode diameter in the wide part can reach 70 μm
with a core diameter of 100 μm [P1]. Large effective mode diameter makes it possible
to substantially increase the threshold of nonlinear effects.

The main parameters of the tapered fiber, which determine the characteristics of
the amplifier, are:

• tapering ratio (the ratio of the fiber diameters in the narrow and wide ends),
• longitudinal profile,
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• the shape of the cladding/presence of rods (in PM fiber),
• doping concentration (absorption),
• core/cladding ratio,
• length.

4.1.1 Single-mode operation

Among high-power lasers, single-mode systems are generally preferred. They
have high brightness and can be focused down to a few microns with the
maximum intensity. From a practical point of view, this opens up possibilities
for precision material processing, microscopy, nonlinear frequency conversion,
coherent combining, and many other applications.

The single-mode operation also has a downside when a high intensity at
the output beam is achieved. Power scaling in a single-mode system results
in an increased thermal load and a number of nonlinear optical effects such as
stimulated Raman scattering (SRS), stimulated Brillouin scattering (SBS), and self-
phase modulation. Since the nonlinear effects in an optical fiber are proportional
to the area of the core, doubling the diameter of a single-mode core allows the fiber
laser to deliver four times more power. With a variable core size and large mode area,
the active T-DCF significantly increases the threshold for nonlinear effects while
maintaining single-mode operation.

4.1.2 Maintaining polarization

Single-mode operation is also important for maintaining polarization in an optical
fiber. The fundamental mode is degenerated in two orthogonal polarizations with
different propagation constants. If they are significantly different (as in PM fiber),
the coupling of polarization modes is prevented, and the polarization remains
unchanged. In contrast, in multimode fibers, waveguide modes inevitably couple
to each other. Therefore, polarization cannot be maintained.

To create a difference between the propagation constants of the two polarization
modes, a strong birefringence is artificially created in the optical fiber: two rods
are embedded in the cladding. The same approach is used in active T-DCF [P1].
The thermal expansion coefficient of such rods and cladding is very different, which
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causes mechanical stress and thus generates strong linear birefringence. As a result,
the amplified signal retains its original polarization.

PM tapered fiber is designed to keep a linearly polarized signal propagating along
with one of its axes. Such a fiber has a slow axis, for which the linearly polarized
modes exhibit the minimum group velocity, and a fast axis, oriented orthogonally,
along which the group velocity of linearly polarized states is maximum. Under
ideal conditions, optical power cannot be transferred between such states. However,
there is always a power exchange between them, called polarization crosstalk.
The ratio between the measured power in two orthogonal polarization states is
called the polarization extinction ratio and is usually measured in decibels P ER =
10 log(Pmax/Pmi n). It characterizes the degree of degradation of linear polarization
state caused by crosstalk.

It will be demonstrated later that this approach has significant drawbacks,
especially at high powers. Therefore, another technology has been proposed, which
involves the use of the so-called spun fiber having low birefringence [P1].

4.1.3 High threshold of nonlinear effects

Essentially, active tapered fiber is an approach to reaching high power without
unwanted nonlinear effects because its special longitudinal profile and large mode
increase the threshold of nonlinear effects. When the pulse is launched to the narrow
side, it has relatively low peak power. Propagating along with the fiber, the pulse
is amplified and increases its peak power. At the same time core becomes bigger
and bigger, decreasing the spatial intensity of the fundamental mode. In addition,
a varying core diameter has been shown to mitigate stimulated Brillouin scattering
(SBS) in narrow-line fiber lasers [45].

In a counter-propagating scheme, the signal is launched from the narrow end
while pumping is carried out through the wide side. Thus, most of the pump is
absorbed on the wide side because it has a bigger volume. And the main amplification
takes place there. A small amount of pump light reaches the narrow side and pre-
amplify the signal. This is a key point that signal is mainly amplified in the wide side
where the core is large. In a large core, the intensity of the signal is lower than if we
used regular fiber with a constant diameter and small core. In this way, unwanted
non-linear effects in high-power fiber amplifiers can be avoided, and a single-mode
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Table 4.1 Parameters of pulsed laser systems based on different types of LMA fiber [46].

Fiber type
Average

power, W

Peak

power, kW
System type

PCF [47] 10 1000 Bulk

Step index fiber [48] 950 15 Bulk

Step index fiber [49] 150 530 Bulk

Step index fiber [50] 125 15 All-fiber

Rod fiber [51] 130 900 Bulk

Tapered fiber [52] 200 110 All-fiber

Tapered fiber [52] 60 1170 All-fiber

Tapered fiber [53] 17 2000 All-fiber

Tapered fiber [54] 10 700 All-fiber

Tapered fiber [P1] 28 292 All-fiber

regime is preserved.

4.1.4 Comparison with other technologies

Active tapered fiber is not the only technology used in high-power fiber amplifiers.
Currently, there are several types of active fibers with a large mode field diameter,
which use different strategies. For example, bending LMA fibers with small aperture
creates different losses for fundamental and higher-order modes losses [40]]. Due
to the special structure of the microstructured fibers (includes PCF), they have a
sufficiently small difference in the refractive indices of the core and cladding to
support the propagation of only a single mode [43]. Chirally-coupled-core (3C)
fibers use the effect of wave propagation in coupled waveguides with subsequent
dissipation of higher-order modes in the cladding [42]. Table 4.1 demonstrates a
comparison of the performance of laser systems based on modern LMA fibers.

4.2 Light propagation in active tapered fibers

Typically, high-power fiber lasers and amplifiers use few- or single-mode LMA fibers
with a low numerical aperture of up to NA = 0.06 and a core diameter of up to 45
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μm. An excessive reduction in the NA of a fiber degrades its waveguide properties.
Further increase in core diameter also inevitably leads to multi-mode operation.
Therefore, the single-mode output power of such systems is limited by the core with
a relatively small area, which results in low threshold non-linear effects.

Active tapered double-clad fiber is an effective way to overcome these limitations.
In its wide end, a core may have a diameter up to 200 μm with a numerical aperture
of 0.11 [11]. The corresponding V-parameter is 70, which means that thousands of
modes can propagate. However, M2 = 1.4 and S2 techniques confirmed propagation
of only the fundamental Gaussian mode. Although the large core at the wide end of
the tapered fiber is multimode, only the fundamental mode propagates. Moreover,
such a fiber can be compactly coiled without degrading the quality of the beam.

4.2.1 Excitation of only the fundamental mode

Having a conical shape, the Yb-doped active fiber in its narrow end is a few-mode
fiber compatible with a standard commercial 125 μm fiber. While the wide end has
a large core of tens or hundreds of micrometers, the narrow end usually has a core
diameter between 10 and 16 μm. Theoretically, few modes can propagate in such
a waveguide in a narrow end. As shown earlier in [55], there are no changes in
the mode composition during propagation in the T-DCF. Therefore, it is extremely
important to excite the only fundamental mode in the narrow end of the T-DCF.
For this, a narrow end of the T-DCF is spliced to the single-mode fiber (typically
with a 10 μm core).

Due to the special longitudinal profile, when the size of the core increases
smoothly, the single-mode regime is maintained along with the whole fiber if the
fundamental mode is carefully excited at the narrow end. The radiation remains
single-mode even when the V-parameter is much larger than 2.405.

4.2.2 Adiabatic tapering over several meters

Single-mode can be excited in a multimode fiber either by careful launching of the
fundamental mode in free space or by using special techniques such as a long-period
fiber Bragg grating [56]. Adiabatic tapering in a T-DCF is another simple and reliable
method for maintaining the fundamental mode by coupling signal through the
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narrow single-mode end. Previously it was demonstrated that tapering could be used
to scale the size of the fundamental mode [57]. The evolution of the fundamental
mode was also studied in detail in long passive T-DCF [55].

4.2.3 Mode-coupling

Mode coupling always exists in irregular waveguides [58, 59] and may have a
significant effect in T-DCF. Essentially, this means that power flows from one
waveguide mode to another. In tapered double-clad fiber, mode coupling can lead
to degraded beam quality or/and signal leakage into the cladding, reducing pump
conversion efficiency. Two main mechanisms responsible for mode coupling in
tapered fibers: bend-induced mode coupling [60, 61, 62] and a mode coupling caused
by a change in the core diameter [58, 59, 63, 64, 65].

Previously it was experimentally demonstrated that the number of coupled
modes increases with decreasing coil radius [66]. It is important to note that bends
in a narrow but multi-mode part of a tapered fiber cause strong mode coupling,
which leads to a multi-mode speckle pattern at the output, while local bending in
a wide region has little effect on mode coupling. This can be explained by the strong
dependence of the outer diameter of the fiber on the mode coupling coefficients [67].
Therefore, it is important to prevent local bends in the narrow part of the T-DCF.
Considering the results of previous studies, it can be concluded that the contribution
to mode coupling due to macro bending in a T-DCF with a sufficiently large cladding
diameter is small, and the fundamental mode excited at the narrow end can propagate
over long distances without significant mode coupling, even if the core supports
many modes.

It was shown in [59] that the power loss for the dominant mode decreases rapidly
with decreasing taper angle. A tapered fiber with a linear stepped refractive index
profile and a taper angle of 0.44 mrad showed a loss of <10-3 dB for the dominant
mode due to mode coupling caused by tapering. The tapered fibers studied in this
paper had typical taper angles of the order of 10-5 - 10-4 rad, which means that the
mode coupling effect caused by a change in the core diameter is insignificant.
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4.3 Characterization methods of active tapered fibers

4.3.1 M2 beam quality factor

The M2 parameter is a measure of the quality of the laser beam. The term beam
quality factor is also used. According to the ISO 11146 standard [68], it is defined
as the ratio of the beam parameter product of the measured beam to the beam
parameter product of an ideal Gaussian beam (TEM00) of the same wavelength λ:

M 2 =ΘW0
π

4λ
, (4.1)

The beam parameter product (Eq. 4.1) is the product of the beam radius W0,
measured in the waist formed by the focusing lens (Fig. 4.2), and the total angle of
its divergence Θ, measured in the far-field. The quantity 4λ/π is the product of the
parameters of an ideal Gaussian beam.

Figure 4.2 The waist formed by the focusing lens. w0 is beam waist; zR is Rayleigh range; b is the

depth of focus; Θ is total divergence angle; w(z) is beam width.

M2 is a dimensionless quantity characterizing the degree of imperfection of a real
laser beam. It determines how well the laser beam can be focused at a given angular
divergence. The diffraction-limited TEM00 Gaussian beam has a minimum value
M2 = 1.

Usually, the sensitive sensor of the M2 beam analyzer does not allow
measurements at high power. Therefore, it is necessary to install additional beam
sampler and dielectric filters, which affect the quality of the beam, and the measured
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value of M2 turns out worse than it is.

4.3.2 Jones method for determining polarization eigenstates

The Jones method is used to measure the polarization eigenstates of an optical device
[69]. An optical device can be described by the Jones transfer matrix, which can be
found by measuring output polarization states in response to known input ones [69,
70, 71]. The most convenient way is to launch three linear polarizations oriented at
0◦, 90◦, and 45◦. Then the Jones matrix has the form:

Je x p =

⎡
⎣k1k4 k2

k4 1

⎤
⎦ , (4.2)

where

k1 =
Ex1

Ey1
, k2 =

Ex2

Ey2
, k3 =

Ex3

Ey3
, k4 =

k2− k3

k3− k1
(4.3)

Here Ex = |Ex |e iδx and Ey = |Ey |e iδy are x and y components of the electrical field

vector
−→
E = [Ex , Ey]

T . The order of inputting linear polarization and measuring
output polarization is important, so the numerical index corresponds to polarization
orientations of 0◦, 90◦, and 45◦in that order.

The experimental setup is shown in Figure 4.3 and consists of a narrow linewidth
source, a polarizer, a half-wave plate, an input lens, the studied fiber, a collimating
lens, and a polarimeter. The measurements are carried out in a passive mode without
pumping. A polarizer with an extinction coefficient of 50 dB is installed at the source
output to obtain linearly polarized light. The polarization state is rotated at the
required angles (0◦, 90◦, and 45◦) using a half-wave plate and launched into the narrow
end of the sT-DCF using a focusing lens. The output is collimated and then analyzed
with a commercial polarimeter.

The ellipticity θ and azimuth φ of each polarization output state measured by
polarimeter allow us to calculate the ki coefficients and find the Jones matrix Je x p .
Eigenvectors of matrix Je x p are Jones vectors and describe polarization eigenstates
of the studied fiber.
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Figure 4.3 Schematic drawing of the setup for the measurements of polarization eigenstates.

4.3.3 Birefringence measurements

Polarization mode beat measurement
The most reliable and simplest way to measure the magnitude of birefringence in

optical fiber is by measuring the polarization mode beating [72, 73].

Slow
mode

Fast
mode

Beat
 len

gth

Figure 4.4 Evolution of state of polarization along PM-fiber, if a linearly polarized light was launched

between fast and slow axes.

First of all, measurements require a broadband source, the spectrum of which
does not overlap with the absorption spectrum of the active fiber. In the case of the
ytterbium amplifier, the spontaneous emission spectrum of an erbium amplifier at
1.5 μm is used.

Next, linearly polarized light must be introduced at a 45◦angle between the fast
and slow axes of the fiber to excite both polarization modes of equal amplitude. The
easiest way to do this is to load the fibers into a splicer that allows PM splicing.
After the excitation of two polarization modes, they propagate at different velocities
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along the fast and slow axes. This means that the phase difference between the
two polarization modes changes along with the fiber, and therefore the state of
polarization also changes, as shown in Figure 4.4. At a distance equal to the so-
called polarization beat length, the phase relationship between the two waves is
restored, and the polarization state turns out to be the same as at the input of the
fiber. Polarization beat length is

Lb =
λ

Δn
, (4.4)

where λ is the vacuum wavelength, and Δn is birefringence. The spectrum,
meanwhile, remains unchanged at the fiber output (Fig. 4.5a).

Since different spectral components have different velocities in fiber, they acquire
different phase shifts between the two polarization modes and have a different state
of polarization. If a polarizer is installed at the fiber output, it transmits those
wavelengths that have accumulated such a phase delay that the polarization state
is linear and coincides with the polarizer axis. If other wavelengths have linear
polarization orthogonal to the polarizer axis, they are completely blocked. The
rest of the spectral components pass partially through the polarizer. As a result,
the spectrum at the exit from the polarizer is modulated. By rotating the polarizer,
the position can be found at which the polarization mode beating in the spectrum
reaches its maximum amplitude (Fig. 4.5b).

Figure 4.5 a) Spontaneous emission spectrum of an erbium amplifier, b) spectral oscillations.

As can be seen, the envelope curve of the beat repeats the shape of the
spontaneous emission spectrum. To normalize the beat spectrum, one can subtract
the spontaneous emission spectrum from it. The resulting graph (Fig. 4.6) gives a
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more accurate estimation of the polarization extinction ratio (PER) and oscillation
periodΔλ:

Δλ=
Lbλ

L
, (4.5)

where L is fiber length.

Figure 4.6 Spectrum of polarization mode beating after processing.

Finally, since fiber length L and oscillation period Δλ are known, birefringence
Δn can be calculated as follows:

Δn =
λ2

ΔλL
, (4.6)

Typically, PM T-DCF has a birefringence of the order of 10-4 [P1]. This method
works well with fibers several meters long, which have a large birefringence greater
than 10-5. If the birefringence is less, then the spectrum is not wide enough to
observe the oscillations. Generally speaking, measuring low birefringence in short
fibers is not a trivial task, because many other techniques (e.g., twist method [74],
the Lyot-Sagnac interferometer [75], the polarization-sensitive optical time domain
reflectometry (OTDR) [76] and the Brillouin OTDR [77]) require long fibers.

Birefringence calculation using polarization eigenstates

Taking certain assumptions, the birefringence calculation can be performed if the
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polarization eigenstates of the fiber are known. These calculations assume that linear
birefringence exists only due to the macro bending of the fiber. Therefore, it is
necessary to arrange the fiber so that it is coiled with a large diameter to reduce
birefringence caused by macro bending. However, since the length of the tapered
fiber is usually several meters, the final bending and twisting always exist in the
actual implementation of the experimental setup. Therefore, both linear and circular
birefringence of small magnitude exist. Thus, the Je x p matrix should include both
linear and circular birefringence components and have the following form:

J = exp(iφ)

⎡
⎣cos εL2 + i βε sin εL2 −α+iγ

ε sin εL2
α−iγ
ε sin εL2 cos εL2 − i βε sin εL2

⎤
⎦ , (4.7)

Here ε2 = α2 +β2 + γ 2 is elliptical birefringence, α is circular birefringence, β
is linear birefringence, and γ is related to the linear part whose eigenaxes are parallel
to the bisectors of x and y. γ can be neglected if it is much smaller than other matrix
elements. Knowing the real Jones matrix of the fiber (Eq. 3) and assuming that it
has a form of Eq. 4.7, it is possible to find the α andβ pairs (Fig. 4.7). Except for the
coefficient written in front of the matrix, which represents the absolute phase, the
matrix J is periodic [78]. This means that the number of pairs α and β is infinite.
In other words, the Jones matrix only determines the relationship between different
types of birefringence, but not their absolute values.

Figure 4.7 Poincare sphere. Orange, green, and blue arrows indicate birefringence and its components.
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Since the ratio between α and β is calculated, it is sufficient to find the absolute
value of at least one type of birefringence. If the cross-sectional radius r of the fiber
and the bend radius R are known, the linear birefringenceβ can be found as follows:

β= 0.5 Cs
r 2

R2
(4.8)

where Cs ≈ 2.02×106 m-1 for fused silica [79]. The radius of the tapered fiber changes
with length, so the linear birefringence can be calculated as a function of fiber length.

4.4 Types of active tapered double-clad fibers

4.4.1 Standard non-PM

The active standard non-PM tapered double-clad fiber (Fig. 4.8) was the first class of
these devices [44]. This type of tapered fiber is not the subject of this dissertation,
but it is worth mentioning it. Previously, active non-PM T-DCF and sources based
on it were thoroughly studied in the works of Juho Kerttula under the supervision
of Valery Filippov [44, 55, 66, 80, 81, 82, 83, 84, 85].

Figure 4.8 End-face of standard non-PM active T-DCF. Shaped cladding is made for better pump

absorption.
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4.4.2 Polarization-maintaining

A stable state of polarization is required in many high-power applications such
as nonlinear light frequency conversion, coherent beam combining, and material
processing. In a standard non-PM fiber, a change in temperature, bending, twisting,
or any other mechanical effects lead to a change in the state of polarization of the
signal due to the resulting stresses. Polarization-maintaining fibers are designed in
such a way that they already have strong internal stress and are not sensitive to
external perturbations.

Geometry and fabrication of PM T-DCF

�

Figure 4.9 Longitudinal profile of PM T-DCF. Inset: end-face.

In a fiber that maintains polarization, a large birefringence occurs due to the
presence of elements that create strong mechanical stress. The PM T-DCF has
boron-doped quartz rods in the cladding (Fig. 4.9, inset). The thermal expansion
coefficient of borosilicate rods and their elastic properties are very different from
those of the core and cladding material. In addition, the presence of rods in the
cladding promotes better mixing of cladding modes and more efficient absorption
of pumping in the core.

A preform for the active PM tapered double fiber was produced by the so-called
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stacking method. The active core, made by the SPCVD method, was surrounded
by rods of different shapes and sizes of pure silica, including two rods doped with
boron to give the fiber a panda-like structure (Fig. 4.9, inset). It was then combined
into a solid preform and drawn into a tapered fiber (Fig. 4.9). At the wide end of
the PM T-DCF, the cladding and core diameters were 792 and 96 μm, respectively
(Fig. 4.9, inset). In the narrow part, the cladding was 110 μm with a 13 μm core.
The longitudinal profile of the active PM T-DCF is shown in Figure 4.9. It had a
total length of 360 cm. Unlike an active non-PM tapered fiber, cladding shaping
is not necessary for active PM T-DCF since the presence of borosilicate rods in the
cladding leads to good mixing of cladding modes and high pump absorption from the
cladding. The in-core small-signal absorption is measured as 1270 dB/m at 976 nm
(Fig. 4.10).

Figure 4.10 In-core absorption as a function of wavelength. Inset: refractive index profile in the cross-

section of the preform. Reprinted with permission from [P1]. © The Optical Society.

Polarization properties and beam quality
The birefringence measurement of the active PM T-DCF was done using the

standard polarization mode beating technique described in the section. The
calculated birefringence was 0.65×10-4. The polarization extinction ratio (PER) was
about 30 dB in the passive regime. The measurement of M2 beam quality and mode
field diameter (MFD) were performed in amplification mode. The amplified output
beam had an almost diffraction-limited fundamental mode with M2

x = 1.09 and M2
y

= 1.10. The divergence of the beam was measured using a beam profiler and equaled
0.026 rad. A value of M2 close to 1 indicates that the beam profile is Gaussian. The
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MFD for such beams can be directly measured by a beam profiler but also can be
calculated for reliability using the following formula [86]:

M F D =
4λ
πθ

(4.9)

The MFD, calculated according to Eq. 4.9, was 50 μm.

Amplification properties

To investigate the amplifying properties and demonstrate the potential of the
developed anisotropic T-DCF, a pulsed MOPA scheme was built (Fig. 4.11). A
seed signal from a linearly polarized mode-locked fiber laser was injected into
the narrow side of the T-DCF through an isolator and a pump combiner. The
mode-locked (ML) fiber laser generated 25 ps pulses with a fundamental repetition
rate of 19 MHz and had an average power of 1.5 mW at a wavelength of 1040 nm.
The repetition rate was tuned from 19 MHz to 1 MHz by a pulse picker. The
pulses were preliminarily stretched in a fiber spool and pre-amplified. The second
pre-amplifier increases the output power to a level sufficient to seed the tapered
amplifier. The maximum output power after the second amplifier was 30 mW [P1].

Figure 4.11 The MOPA setup for pulse amplification.

The T-DCF was bi-directionally pumped through a pump combiner from the
narrow end and a dichroic mirror from the wide side. Two wavelength-stabilized
976 nm laser diodes were used for pumping.

The narrow and wide part of the active T-DCF can be represented as two
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Figure 4.12 Amplification of the pulse train at the fundamental frequency (19 MHz, 90 ps) in a T-DCF

amplifier: (a) Average output power vs launched pump power, (b) Spectrum of the output

power at 69 W. Reprinted with permission from [P1]. © The Optical Society.

amplifiers in series. A relatively low power pump is launched into the narrow part,
so it works as a pre-amplifier. The wide part, due to the large volume, can be pumped
much more heavily, and therefore it acts as the main amplifier. Intense pumping of
the narrow side may cause undesirable nonlinear effects, and therefore a relatively
small part (25 W) of the total pump power was launched into the narrow part of the
PM T-DCF. While the rest of the pump is launched to the wide side. The dependence
of the average output power on the input pump power is shown in Figure 4.12a. The
maximum slope efficiency was 44% for a fundamental repetition rate of 19 MHz, and
28% was for 1 MHz. The optical spectrum at maximum output power is shown in
Fig. 4.12b. The calculated pulse energy was 3.45 μJ, which corresponds to a peak
power of 36 kW.

Polarization stability

PM T-DCF, like any other PM fiber, maintains polarization even if mechanical stress
is applied (bending, twisting, stretching, etc.). Due to the large internal birefringence
of about 10-4 [87], the external perturbations induce much smaller stress and do
not greatly affect the output state of polarization. However, internal birefringence
changes with temperature [88, 89]. Recently, it has been experimentally shown that
the core temperature of an active fiber pumped in the cladding varies significantly
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by several degrees Celsius in the longitudinal direction with a typical spatial period
of several centimeters [90]. Change in internal stress causes a variation of the
local eigenstates of the fiber and, as a result, change of the SOP, polarization
extinction ratio, and even the degree of polarization during operation. Formally,
this can be represented as follows. The retardance of an optical element depends on
birefringence and can be described by the formula:

R= 2πΔnL/λ=βL (4.10)

whereΔn represents normalized birefringence B = ns l ow−nf as t =β ·λ/2π and
is essentially the difference in the refractive index for “slow" and “fast" polarization
modes, β = 2πΔn/λ is birefringence of a fiber and is taken to be constant along
the light propagation length, λ is the wavelength of light propagating in a fiber, L
is fiber length. Equation 4.10 describes birefringence as a nonlocal parameter of the
entire fiber. However, in reality, birefringence can change along the fiber length
under external and internal perturbations. For example, the temperature sensitivity
of retardance is given by the equation:

d R= L
dβ
dT
+β

d L
dT

(4.11)

where L is 1-10 m, B is about 10-4 [87], (1/L) · d L/dT = 5 · 10−7 /◦C, dβ/dT =
10-5 rad/m · ◦C [hocker1979]. Equation 4.11 shows the temperature sensitivity of
SOP is determined by the fiber length L, the absolute value of birefringence β, the
temperature sensitivity of birefringence dβ/dT , and d L/dT relatively short fibers
that are usually used in lasers/amplifiers, the first term in Equation 4.11 is five orders
of magnitude greater than the second. Therefore, Equation 4.11 can be simplified:

d R=
�

L
dβ
dT
ΔT
�

(4.12)

Since the fiber length L is fixed, the temperature sensitivity of the retardance
is determined by the temperature sensitivity of birefringence dβ/dT . The SOP
(azimuth φ and ellipticity θ), in turn, is a function of retardance [91]:

φ=
cos R

1− |χ 2| , θ=
sin R

1+ |χ 2| , (4.13)

where χ =Ay/Ax e i R is a complex parameter of SOP, and Ax and Ay are amplitudes
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Table 4.2 PER variations in high-power laser systems based on active LMA fiber.

Fiber type Parameters
Output power

range, W
PER variations, dB

Commercial [92]
Nufern

10/125 μm
0-150 13-17

Commercial [93]
Nufern

PLMA-YDF-25/250-M
0-300 24-17

Custom [52]
Tapered

12/125-50/500 μm
0-300 16-13.6

Custom [94]
Tapered

36/249-58/397 μm
75-540 18-14-16

Custom [46]
Tapered

9.5/85-46/410 μm
0-250 13.5-14.5

of the electrical vector. The pumping launched into the cladding heats up the
fiber internally because the temperature sensitivity of the birefringence changes the
retardance (Eq. 4.12). The retardance variations cause the change of SOP (Eq. 4.12).

Since fibers with a large internal birefringence were widely used to maintain
polarization in passive fibers, this approach has also been applied in high-power laser
systems to obtain polarized radiation. However, large birefringence at high power
does not guarantee the stability of the polarization state. On the contrary, when
the active fiber is heated at high power, it leads to a change in birefringence and
consequently the degree of polarization and the state of polarization. It makes sense
to use polarization-maintaining fibers only when the heat load is relatively low.

The situation is even more complicated for active fibers with large core (LMA-
type fibers). Below in Table 4.2, the published results of PER measurements
performed at high power in commercial and custom active LMA fibers with uniform
longitudinal and tapered profiles are presented. As can be seen, on average, PER
does not exceed 17 dB at a high power level in active LMA fibers. In addition,
the researchers observed PER variations in high-power laser systems based on active
LMA fiber (Table 4.2).

SOP drift was also studied in a PM tapered double-clad fiber. In our experiment,
fiber had PER of about 15 dB in a passive regime at room temperature. Its length was
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2.2 m. The core at the output was 40 μm with 32 μm MFD. The fiber was different
from what is depicted in Figure 4.9 but was also manufactured using SPCVD
technology. The measurements were performed when PM T-DCF was covered with
thermal paste and water-cooled (typical condition for high-power systems). We
gradually increased the pump power for 10 minutes. Maximum pump power was
45 W at 22 W output power.

Figure 4.13 The SOP drift in the water-cooled PM tapered fiber system.

The degree of polarization started from 70% because some signal leaked to the
cladding when the narrow end of the tapered fiber (8 μm core) was spliced with 10 μm
SMF. When tapered fiber was pumped, the leaked signal in the cladding remained
the same, while the signal from the core was amplified. Thus, DOP reached 94%.
Azimuth and ellipticity periodically varied with pump power within the range of
11.6 and 8.32 degrees, respectively. Starting with 15 dB, PER decreased down to
9.2 dB. One can assume that the decrease in the DOP and PER is associated with
an increase in the fraction of ASE since it is unpolarized. However, Figure 4.14
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demonstrates the absence of spontaneous emission at a maximum pump power of
45 W.

Figure 4.14 The measured spectrum in a wide wavelength range for the maximum pump power 45 W.

The first 300 sec (5 min) of the measurement in Figure 4.13 corresponds to pump
range 0-23 W. These data for the water-cooled system can be used to compare with
the uncooled one in Figure 4.17 below in the manuscript. During this time, azimuth
changed by 1.5 degrees, and PER varied by only 2.5 dB for water-cooled system (Fig.
4.13), which is clearly less than in the case of uncooled tapered fiber (Fig. 4.17). In
conclusion, the active cooling of the system helps to decrease the SOP drift but not
to fully eliminate it. Moreover, by increasing the pump level, it is possible to achieve
similar values of azimuth and ellipticity changes as for an uncooled system. These
results confirmed that the measurements for the uncooled system presented below
in the manuscript could be extrapolated to heavily pumped water-cooled amplifiers.
Proper thermal management of high-power fiber systems significantly reduces SOP
drift but cannot avoid completely. With pump power of tens or hundreds of watts,
this is still a prominent problem that requires a solution.

4.4.3 Spun (Lo-Bi) tapered double-clad fiber

In the approach from the previous section, elements with significantly different
thermal expansion coefficients were added to the fiber to create birefringence
that maintains the polarization state. Initially, this method was used in
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telecommunication and sensor systems, that is, in passive optical fibers. As
shown, the main disadvantage of birefringent fibers is their significant temperature
sensitivity. The temperature has a significant effect on birefringence in such fibers.
Problem is especially prominent for active optical fibers, where intense optical
radiation generates a lot of heat. To overcome these problems, active spun tapered
double-clad fiber (sT-DCF) with low internal birefringence was developed and
demonstrated [P2, P4, 14].

Doping by rare-earth ions and fiber drawing process both leads to the formation
of strong local mechanical stresses in the core, which is nonuniformly distributed
in cross-section [95, 96, 97, 98] and along the fiber length [90, 99]. Previously,
it was demonstrated that doping by ytterbium ions creates significant mechanical
stresses and local fluctuations of the refractive index up to 10-4 in the glass matrix
[95]. Thus, an active optical fiber is substantially transversely and longitudinally
inhomogeneous in terms of polarization properties. Fast preform rotation
during the drawing process of sT-DCF leads to an efficient averaging of local
inhomogeneities in an active core. As a result, sT-DCF becomes close to a perfect
uniform fiber, and polarized light on average spends the same time in the “fast” and
“slow” axis of each local residual birefringence.

4.4.3.1 Spun T-DCF with variable pitch

Two types of sT-DCF were manufactured: with a variable and constant pitch. The
first generation of spun tapered fiber was made by rotating the preform with a
constant velocity during fiber drawing. Similar to the PM T-DCF, the core preform
was synthesized by SPCVD technology. To form a conical shape of the fiber (Fig.
4.15a), the drawing speed continuously changed.

Originally, sT-DCF had a length of 5 m and 100/800 μm core/cladding diameter
in the wide end (Fig. 4.15b). However, the pitch at the wide end was so small that
periodic modulation of the diameter affected the output beam quality. At the wide
end, the pitch was 2 mm, and for a core of 100 μm in diameter, this means that the
waveguide structure was destroyed. Therefore, sT-DCF was cut step by step from
the wide side until a purely single-mode regime was reached at the wide end with
35/280 μm core/cladding diameter [14]. The results of cut-back measurements are
presented in Table 4.3.

The pitch of the shortened sT-DCF varied along the length of the fiber from
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Table 4.3 Output beam shape and M2 beam quality factor at different points of sT-DCF with variable

pitch.

Length, cm 430 370 340

Core/cladding, um 95/760 75/600 56/450

M2 parameter - - -

Near field beam shape

Length, cm 330 310 300

Core/cladding, um 50/400 42/340 41/325

M2 parameter - 1.93/2.02 1.84/2.13

Near field beam shape

Length, cm 290 280 275

Core/cladding, um 39/310 36/287 35/280

M2 parameter 1.85/1.88 1.21/1.33 1.18/1.10

Near field beam shape
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Figure 4.15 a) The variation of outer cladding diameter with the sT-DCF length. Inset: end face image

of the drawn fiber; b) The pitch as a function of the cladding diameter. Inset: the side view

of the spun taper.

13 mm at the narrow end down to 4 mm at the wide end. Like other types of
active tapered fibers, at narrow side sT-DCF had a diameter of 120 μm with 15 μm
core, which made it compatible with any other standard fiber. Then fiber diameter
gradually expanded over the length of 2.8 m and reached 280 μm at the wide end. The
core diameter was 35 μm at the output. Such a fiber geometry allowed supporting
the only fundamental mode with an MFD of 26 μm (Table 4.3).

Figure 4.16 Experimental setup for measurements of polarization properties. Reprinted with permission

from [P2]. © The Optical Society.

In order to investigate polarization properties of a spun tapered fiber in
amplification regime and compare it with other types of active fibers, a linearly
polarized light was launched into the non-PM, PANDA-type, and spun tapered fiber,
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and the output was analyzed by a polarimeter. Pumping was counter-propagating
and carried out through wide end (Fig. 4.16). As can be seen in Figure 4.17, non-
PM tapered fiber strongly depolarize light, while PANDA-type and spun fibers
demonstrated a good ability to maintain the degree of polarization in a passive
regime. In these experiments, no cooling was applied to these fibers in order to
most clearly demonstrate the drift of the polarization state with heating.

Figure 4.17 DOP and PER vs pump power for an active a) standard non-PM, b) PM, and c) spun T-DCF.

Reprinted with permission from [P2]. © The Optical Society.

Not surprisingly that non-PM fiber is unable to maintain polarization. However,
PM T-DCF, which was intentionally developed to maintain polarization, had large
fluctuations of polarization extinction ratio. At the same time, PER in spun
tapered active fiber decreased by only 2 dB remaining at a significantly high level.
Another important property of an active fiber is the rotation of polarization azimuth
depending on the pump power. From the practical point of view, azimuth should be
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fixed. Among all investigated fibers, spun tapered fiber demonstrated the smallest
deviation of azimuth with increasing pump power. Thus, sT-DCF had better
performance in terms of polarization-maintaining compared to the most commonly
used PANDA-type active fiber.

A MOPA system was built to study sT-DCF properties in a high-power regime
(Fig. 4.18). Signal was launched through the narrow end, and pumping was carried
out only through the wide end. The fiber was coiled with a diameter of 30 cm and
placed on a metal plate. No active cooling measures were intentionally taken to test
the sT-DCF under harsh conditions.

Figure 4.18 MOPA setup based on sT-DCF. Reprinted with permission from [P2]. © The Optical Society.

Intense optical pumping revealed imperfections of sT-DCF as an active medium
for the preservation state of polarization. When injected into the fiber, the linearly
polarized light remained its state of polarization up to 50 W of pumping power.
After that, PER decreased from 20 dB down to 10 dB at 100 W pumping. Azimuth
also deviated from its initial position. The temperature measured with a thermal
camera at the wide end indicated a large temperature gradient along with the fiber
(Fig. 4.19b), which caused an SOP drift. The arrows indicate the temperature at the
wide end of the fiber, while the narrow end had room temperature. In addition, the
amplification efficiency was only 50%, which is lower than what a T-DCF would
normally provide. On the one hand, sT-DCF should have a better cladding mode
mixing and better absorption. On the other hand, 50% efficiency indicates that the
shape of sT-DCF leads to pump leakage. In the experiments, through the infrared
viewer, it was seen that the fiber glows more than non-PM or PM fiber. This confirms
that too much pump power leaked into the polymer. Thus, it was evident that the
design of sT-DCF requires optimization.
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Figure 4.19 SOP drift in MOPA system based on the active sT-DCF. The arrows indicate the temperature

of the sT-DCF wide end. Reprinted with permission from [P2]. © The Optical Society.

4.4.3.2 Spun T-DCF with constant pitch

The second generation of spun tapered fiber was made by rotating the preform with
a variable velocity to form a constant pitch during fiber drawing. The core preform
was produced by REPUSIL technology that provides a more uniform distribution of
the dopants in the glass matrix and, therefore more flat profile of the refractive index.
Fibers with 7.5, 15, and 30 mm pitches and non-twisted T-DCF for comparison
purposes were manufactured. All of them were tested in the same way in order
to reveal the optimal geometry in terms of polarization stability and amplification
properties.

Geometry and fabrication of sT-DCF

The preform of sT-DCF was assembled with a core-to-cladding ratio of 1:11 and step-
index Yb-doped core (NA = 0.1). The in-core absorption was 550 dB/m at 976 nm.
Similar to standard non-PM tapered fiber, the sT-DCF cladding was truncated four
times to a square with rounded corners in order to improve the pump absorption
from the cladding (Fig. 4.20a). The sT-DCF was produced using a similar approach
that was previously used for passive [100] and active spun tapered fibers [P2, P4, 14].
The preform was fed into a high-temperature furnace at a variable speed to form a
tapered longitudinal profile. In contrast to the production of tapered fibers with a
variable pitch [P2, 14] to form a constant pitch, the angular speed of the preform
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rotation also varied In accordance with the speed of fiber drawing. The drawing
tower had a high-precision spinning mechanism with a wide rotational speed range
and precise preform alignment to avoid preform eccentricity with respect to the draw
axis. The preform feed rate, its angular velocity, and drawing speed were controlled
in accordance with a predetermined program to obtain a constant pitch of sT-DCF.

Figure 4.20 a) End face view of the wide side of sT-DCF. b) Outer cladding diameter of sT-DCF vs length

[P4].

The cladding diameter varied from 90 μm at the narrow end to 486 μm at the
wide end over a length of 6.7 m. Figure 4.20b shows the longitudinal profiles of
all sT-DCF. Three different types of sT-DCF were manufactured. They had the
same length and the same longitudinal profiles but with different pitches: 7.5, 15,
and 30 mm (Fig. 4.20b). In addition, a standard tapered double-clad fiber without
rotation was drawn for comparison.

Beam quality and polarization properties

Figure 4.21 demonstrates the beam profile and results of M2 measurements for three
sT-DCF with different pitches and standard T-DCF. In the case of sT-DCF with 15
and 30 mm pitch, perfect round shape, Gaussian distribution of intensity, and M2 <
1.2 indicate that the output beam is strictly single-mode. The intensity distribution
in the core of sT-DCF a 7.5 mm pitch fiber is not Gaussian, although it has a
maximum in the center. This indicates the presence of modes of a higher order.
Measurement of M2 beam quality is done according to ISO standards. Mode field

69



diameter was measured at the level 1/e2. The fundamental mode occupies 70% of
the core, which is in good agreement with a theory [P1]. The parameters of the
measured beams are listed in Table 4.4.

Figure 4.21 Near field pattern and M2 for sT-DCF with different pitches and standard T-DCF [P4].

Table 4.4 Beam properties for sT-DCF with different pitches (7.5, 15, and 30mm) and standard T-DCF.

Pitch

length,

mm

Core

diameter,

μm

Beam shape
Spatial

polarization

distribution

MFD, μm M2
x/M2

y

7.5 44
Asymmetrical

(few-modes)

Impure

uniform
30 ×22 1.28/1.02

15 44 Round Uniform 30 1.17/1.08

30 44 Round Uniform 31 1.17/1.07

Standard 44 Round Uniform 31 1.12/1.00

In the amplification regime, the beam quality tends to deteriorate with increasing
output power. Typically, at a low output power of several watts, M2 was about 1.1,
but then it slightly degraded and reached 1.3/1.2 when output power approaches
70 W (Fig. 4.22). This is a typical behavior also observed by other researchers in
high-power laser systems [48, 52].

The spatial polarization homogeneity of the output beam in the amplification
mode (pump power of 40 W) was investigated using a polarizer and a beam profiler.
The input polarization was linear. A Glan-Taylor polarizer was installed in front
of the beam profiler, and a series of images were taken with different polarizer
azimuths. Figure 4.23 shows the intensity distribution of the output beam after
passing through the polarizer for six different orientations (0, 15, 30, 45, 60, and 90◦)
of the transmission axis. The fibers were coiled into a 30 cm diameter and were not
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Figure 4.22 M2 beam quality for an active sT-DCF with 15 and 30 mm pitch as a function of output power.

cooled.
Uniform attenuation of the beam during polarizer rotation indicates that they

are single-mode, and the polarization is uniform over the core. This behavior was
observed in standard T-DCF and sT-DCF with 15 and 30 mm pitch (Fig. 4.23). The
output radiation of the sT-DCF with a pitch of 7.5 mm, on the contrary, consists of
several modes. Even when the polarizer blocked the fundamental mode, the higher-
order modes remained visible. This means that the SOP of the higher-order modes
differs from the SOP of the fundamental mode.

Rotation of a fourfold truncated preform during fiber drawing resulted in
periodic longitudinal modulation of the cladding diameter. This led to the power
transfer between the fundamental mode and higher-order modes due to mode-
coupling [101]. The output radiation became multimode (Fig. 4.23, 4.24). To
find the diameter of the sT-DCF when the beam remains single-mode, the fiber was
sequentially cut off, and pictures of the beam profile were taken at each step (Fig.
4.24). The single-mode regime appeared at 33 μm core diameter (330 μm cladding,
22.5 μm MFD, 4.8 m fiber length).

If the difference in the propagation constants of the coupled modes is equal to the
spatial modulation frequency of the fiber cladding diameter, then the mode coupling
becomes resonantly effective [101]. The sT-DCF with 7.5 mm pitch had a spatial
modulation period of the cladding diameter of 7.5 mm/4= 1.88 mm. In [P4] it was

71



Figure 4.23 Spatial polarization uniformity in the near field of the output beam for sT-DCF with different

pitches (7.5, 15, and 30 mm) and standard T-DCF [P4].

shown that the resonant coupling period for the LP01-LP11 pair is 1.2 mm, which
is close to the actual modulation period of 1.88 mm. An additional contribution is
made by the large length (about 2 m) of the multimode part of the sT-DCF and the
bend with a 30 cm diameter.

Figure 4.24 Near field pattern in the different cross-sections of sT-DCF with 7.5 mm pitch [P4].

To visualize the distribution of the pumping radiation over the cladding, three
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sT-DCF and a standard T-DCF were pumped from the narrow end. Figure 4.25
depicts near and far-field patterns for multimode pumping. The pump radiation
distribution is nonuniform over the cladding and depends on the pitch length. The
rotation of the preform during fiber drawing leads to the appearance of internal
torsional mechanical stresses across the sT-DCF. They cause spatial modulation of
the refractive index due to the elastic-optical effect and lead to the formation of
additional parasitical waveguides in the sT-DCF cladding. Parasitical waveguides
result in the localization of pump radiation [P4]. Accordingly, the absorption is
also expected to be different.

Figure 4.25 Pump radiation intensity distribution in a cross-section of sT-DCF’s with different pitches

(7.5, 15, and 30 mm) and standard T-DCF [P4].

The eigenstates of three sT-DCF were measured in a passive regime without
pumping in accordance with a method described in Section 4.3.2. All spun tapered
fibers had elliptical polarization eigenstates, close to circular (Fig. 4.26).

Figure 4.26 Polarization eigenstates of sT-DCF with three different pitches: 7.5, 15, and 30 mm [P4].
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Table 4.5 Measured eigenstates and birefringence for sT-DCFs.

Pitch, mm DOP, %
Ellipticity of

eigenstates,

degrees

Azimuth of

eigenstates,

degrees

Circular

birefringence

Linear

birefringence

7.5 92.8 -41.0/40.5 37.7/-53.9 4.12×10-8 6.16×10-9

15 99.0 42.3/-42.5 -30.5/57.6 7.59×10-8 6.83×10-9

30 98.7 -39.2/39.6 14.0/-77.1 3.36×10-8 6.67×10-9

Table 4.6 Pump losses for different tapered fibers.

Pitch length, mm Pump power losses, dB/m

7.5 3.46

15 2.51

30 2.00

No pitch 1.70

During the measurements of eigenstates and birefringence, the sT-DCF had a
large bend radius of 75 cm to minimize bend-induced linear birefringence. As the
radius of a tapered fiber changes with length, the linear birefringence was calculated
as a function of fiber length, and the mean value was used for further calculations.
The ratio of linear and circular birefringence was found from the Jones matrix of
each sT-DCF. The eigenstates and birefringence values for all three sT-DCF were
calculated and presented in Table 4.5.

Amplification properties

Measuring the pump absorption from the cladding is complicated by the fact that
it cannot be separated from the vignetting effect. Therefore, Table 4.6 contains the
values of the total pump power losses. In this measurement, pumping at 976 nm was
launched into the wide end of the tapered fiber by a lens with NA = 0.15. The data
in Table 4.6 are the same as in Figure 4.29b.

A MOPA system was built to compare the amplification properties of three sT-
DCF (Fig. 4.27). It was seeded by a commercial 95 ps gain-switched laser diode
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operating at a repetition rate of 100 MHz. The central wavelength was 1064 nm
with a linewidth of 100 pm. First, a linearly polarized signal was pre-amplified up
to average power of 40 mW and launched to the narrow end of the sT-DCF through
the high-power isolator. sT-DCF was pumped only from the wide end in free space.
976 nm pump light was launched through the dichroic mirror and two aspherical
lenses. Only the first 15 cm of sT-DCF from the wide end was actively cooled to
prevent damage to the polymer coating due to intense pumping. The rest of the
tapered fiber was coiled on a metal plate and was not cooled. The spun tapered
fibers were deliberately tested under harsh conditions in order to more clearly reveal
the temperature dependence of the polarization state.

Figure 4.27 Scheme of the experimental setup and images of the output beam at maximum output power

for sT-DCF with 7.5, 15, and 30 mm pitch [P4].

During the operation of the MOPA system, a thermal imaging camera recorded
the temperature distribution in the sT-DCF pumped only from the wide side. Figure
4.28a shows the wide end of the sT-DCF and part of the setup, including the cooling
holder, cooling plate, and collimating lens. The image was taken at a maximum
pump power of 100 W. The temperature of the cooling holder was kept at 18◦C.
It had a square groove, which provided more efficient cooling. The cooling plate
was at room temperature, and thermal contact with the fiber was minimal. The
temperature of sT-DCF at different points was measured as a function of the pump
power (Fig. 4.28b). The hottest point at the end of the fiber had a temperature of
40◦C. The maximum temperature gradient (in the first 2 cm of sT-DCF) reached
20◦C (Fig. 4.28c).

The highest slope efficiency of 74% and output power of 71 W were demonstrated
by sT-DCF with 30 mm pitch (Fig. 4.29a,b). The gain reached 32 dB. The lowest
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Figure 4.28 a) Thermal image of the wide end of sT-DCF. b) Temperature change at five points of

the fiber during pumping. The numbering corresponds to the number in figure a), which

indicates the points of temperature measurement. c) Temperature distribution over the first

23 cm of the wide end of the sT-DCF at the maximum pump power of 100 W [P4].

output power of 34 W was obtained from sT-DCF with a 7.5 mm pitch. One can
assume that shorter pitch provides higher absorption because of better cladding
mode mixing. However, Figure 4.29b shows that slope efficiency increases with
increasing pitch length. Moreover, the slope efficiency of standard T-DCF is lower
than that of sT-DCF with a 30 mm pitch. This means that spinning of the fiber
increases the cladding absorption, but there is also an optimal pitch length beyond
which the absorption decreases and vignetting increases. Such dependence confirms
the observed effect of pump localization in a spun fiber with a small pitch (Fig.
4.25). Therefore, the slope efficiency of the sT-DCF decreases with decreasing pitch
(Fig. 4.29b). It may be concluded that vignetting grows faster with decreasing pitch
than mixing of cladding modes occurs. The stronger ASE for the 7.5 mm sT-DCF
(Fig. 4.29c) also indicates higher signal loss in the core compared to the sT-DCF
with 15 and 30 mm pitch. Standard T-DCF only pumped up to 50 W due to too
low absorption. Pumping already at 50 W led to overheating of the cladding mode
stripper.

Significantly improved pump absorption from the cladding is one of the
advantages of spun tapered fibers. Having low in-core absorption of 550 dB/m,
sT-DCF demonstrated slope efficiency comparable with T-DCF that were much
heavily doped and had higher absorption in the core [46, 52]. Thus, active cores
made using technologies other than SPCVD, which give lower absorption, or are
simply cheaper, can be used with the same level of efficiency.
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Figure 4.29 a) Output power vs. pump power; b) efficiency as a function of the pitch of sT-DCF; c)

spectrum of the output amplified signal for 7.5, 15, and 30 mm sT-DCF and standard T-DCF

[P4].

A number of measurements were performed when a linearly polarized signal was
injected into a tapered fiber through the narrow end and amplified (Fig. 4.30). The
SOP of the output signal of four MOPAs based on the sT-DCF with three different
steps and the standard T-DCF was measured over the entire output power range. For
comparison, the x-axes in Figure 4.30 have the same range, but the output powers of
all T-DCFs were different (Fig. 4.29a), so the data does not take up the entire plot
area.

Figure 4.30 Evolution of linear polarization state at the output of sT-DCF depending on the output power

for 7.5, 15, and 30 mm sT-DCF and standard T-DCF. Degree of polarization, azimuth, and

ellipticity of output radiation as a function of output power [P4].

Since the standard T-DCF was only pumped up to 50 W, Table 4.7 was split in
two for ease of comparison. Table 4.7 shows the absolute changes in DOP and SOP
are shown in two pump power ranges, 0-50 W and 0-100 W. In general, the DOP
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cannot be restored without loss of power. Therefore sT-DCF with the highest DOP
are preferred. In the case of sT-DCF with a pitch of 15 and 30 mm, the DOP declined
from 98 to 90% and from 96 to 82.6%, respectively, in the pump power range of 0-
100 W (Table 4.7, right side). The smallest fluctuations in azimuth and ellipticity
were observed in 30 mm sT-DCF: 3.9% and 0.9%, respectively. The sT-DCF with a
7.5 mm pitch demonstrated the lowest DOP (without pumping) of 92.6% among all
the sT-DCFs. At maximum output power, it dropped down to 84%. This was caused
by the excitation of higher-order modes with different SOP (Fig. 4.21). Another
factor is a higher ASE than other tapered fibers (Fig. 4.29c). The standard untwisted
T-DCF exhibited the largest absolute azimuth and ellipticity changes over the 0-50 W
pump power range.

Table 4.7 Absolute changes in DOP, azimuth, and ellipticity for 7.5, 15, and 30 mm sT-DCF and standard

non-twisted T-DCF in two pump power ranges of 0-50 W and 0-100 W.

0-50 W pump 0-100 W pump

Pitch, mm 7.5 15 30 No pitch 7.5 15 30 No pitch

ΔDOP, % 6.7 4.3 6.6 3.2 8.5 9.8 15.6 -

ΔAzimuth, ◦ 2.2 3.2 1 7.3 4.8 4.8 3.9 -

ΔEllipticity, ◦ 1.0 2.9 0.4 6.5 4.9 4.9 0.9 -

Even though SOP in sT-DCF demonstrates high temperature stability, it should
be noted that sT-DCF is susceptible to any mechanical impact. Bending and twisting
of sT-DCF inevitably induce birefringence and change the output SOP because the
internal birefringence of the spun fiber is ultra-low. Fortunately, active fibers are
always well isolated from mechanical actions inside a device casing. Thus, both
factors (mechanical action and temperature) affecting the output state of polarization
can be efficiently suppressed. This makes active sT-DCF a good candidate for use in
high-power laser systems as a gain medium.

78



5 CONCLUSIONS

This thesis concerns the development of high-power ultrafast lasers based on GSLD
and a tapered amplifier. The primary focus was on the concept of the MOPA system
with a pulse shaper in the form of a Mamyshev regenerator and main amplifier based
on active tapered double-clad fiber. Each section of this system was developed and
investigated in detail.

50-fold compression of 47 ps pulses from GSLD in the Mamyshev regenerator
scheme based on non-PM-fiber and 20-fold compression in the double Mamyshev
regenerator scheme with PM-fiber was demonstrated. The main limitations were
related to insufficient spectral broadening due to the early onset of Raman scattering
and an increase in pulse-to-pulse fluctuations during signal propagation through
the system. We made a numerical model of our system and showed the evolution
of pulse fluctuations. Finally, we have explained the reason for the pulse quality
degradation in the power amplifier. These results potentially allow laser systems
seeded by GSLD to compete with or even outperform mode-locked oscillator
technology in certain areas, offering an unprecedented level of repetition rate control
in a robust format.

For the first time, polarization-maintaining active tapered double-clad fiber
was produced for power scaling of linearly polarized light. It was shown that
the traditional approach, when cladding contains elements with significantly
different coefficients of thermal expansion, has a serious drawback in a high-power
application. Pump-induced heating causes the fluctuation of the polarization state.

A spun active tapered double-clad fiber was proposed and manufactured as
another solution for the amplification of polarized light. Low birefringence makes
the SOP of the signal in sT-DCF almost insensitive for temperature fluctuations. In
addition, sT-DCF demonstrates improved pump absorption from the cladding. We
have shown that the performance of sT-DCF is highly dependent on pitch length.
Too short pitch leads to localization of pump far from the cladding, high vignetting
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during pumping, excessive signal loss, and excitation of higher-order modes in the
core. Too long pitch cannot provide efficient cladding mode mixing and deteriorate
amplification properties. For a geometry of sT-DCF presented in Figure 4.20 the
pitch length of 30 mm was close to optimal and demonstrated enhanced pump
absorption from the cladding and strictly single-mode operation with stable SOP.
The proposed spun active tapered double-clad fibers with low intrinsic birefringence
is an attractive solution for power scaling of polarized radiation and makes a new
leap in the development of high-power laser systems with stable polarization state
insensitive to the pumping conditions.

In summary, it has been demonstrated that each of the above approaches
makes an important contribution to the development of ultrafast high-power
systems. However, the true potential of these two techniques lies in their synergy.
A combination of Mamyshev regenerator and active tapered double-clad fiber
constitute a cost-effective solution that meets the needs of modern laser systems:
high-power ultrashort pulses with a flexibly tunable repetition rate. Such schemes
open up new perspectives for more efficient light conversion and further power
scaling by the coherent beam combining. Nevertheless, there is still a lot of room
for improvement. For example, the use of GSLD with a pulse duration of less than
10 ps would greatly simplify and reduce the cost of the pulse shaper scheme.
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Abstract: We present a birefringent Yb-doped tapered double-clad fiber with a record core 
diameter of 96 μm. An impressive gain of over 38 dB was demonstrated for linearly 
polarized CW and pulsed sources at a wavelength of 1040 nm. For the CW regime the output 
power was70 W. For a mode-locked fiber laser a pulse energy of 28 μJ with 292 kW peak 
power was reached at an average output power of 28 W for a 1 MHz repetition rate. The 
tapered double-clad fiber has a high value of polarization extinction ratio at 30 dB and is 
capable of delivering the linearly polarized diffraction-limited beam (M2 = 1.09). 
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1. Introduction 
The technology of powerful fiber lasers has advanced rapidly over the last decade. High-
power fiber lasers usually consist of a relatively low-power seed laser (master oscillator) and 
a concatenated chain of power amplifiers (so-called MOPA scheme). The main obstacles for 
further power scaling in fiber MOPA systems are the nonlinear effects (SBS, SRS or SPM). 
In order to minimize the influence of these effects and increase the output pulse energy (peak 
power), special active fibers with a large effective-mode area are usually used in the last 
stage of the amplifiers. 

To date, there are several types of active fibers with a large effective-mode area (LMA) 
described in the literature that have been developed for high-power scaling. These are well-
known LMA fibers with a low-aperture core [1], microstructured rod-type fiber [2], helical 
core [3] or 3C fibers [4], and tapered double-clad fibers [5]. The mode field diameter (MFD) 
achieved with the low aperture technologies [1–4] usually does not exceed 20-30 m. The 
microstructured rod-type fiber has a much larger MFD (up to 65 m [6]) and good 
performance. Recently, a femtosecond MOPA containing large-pitch fibers (LPF) with an 
impresive2.2mJof pulse energy has been demonstrated [7]. The only drawback of 
amplification systems with LPF is their relatively long (1.2m) unbendable rod-type fibers, 
resulting in a bulky and cumbersome optical scheme [7]. 
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Previously, we have proposed an active tapered double-clad fiber (T-DCF) as a gain 
medium [6]. The T-DCFs have obvious advantages: a large active core diameter (up to 200 

m [8]) which allows the nonlinear effects threshold to be increased; a large area of the 
cladding, enabling the possibility to use low brightness; inexpensive and powerful pump 
sources; perfect beam quality (typically M2<1.1); and reasonable physical dimensions 
(usually the coiling diameter does not exceed 35cm). 

To date, many different fiber-optic lasers and amplifiers containing the T-DCF have been 
demonstrated: a 750W CW ytterbium fiber laser [9], high power narrowband CW amplifiers 
[10, 11], random tapered fiber laser [12], a nanosecond actively-Q-switched laser [13], 
amplifiers of nanosecond pulses [14, 15], and even a powerful pulsed supercontinuum optical 
source [16]. 

The amplification of a short pulse is one of the most promising fields for the T-DCF 
application. The T-DCF has already been successfully used for the amplification of 
nanosecond [14, 15] and picosecond pulses [5,17]. Although the advantages of the T-DCF 
for amplifying the pulses was first demonstrated a decade ago [5], there is still room for 
further improvement of their performance. In order to minimize the nonlinear effects and 
further increase the stored energy, it is important to use a T-DCF with the largest possible 
MFD, stable polarization and single-mode regime propagation of the amplified pulse. 
Obviously, in order to achieve stable polarization, the T-DCF must be birefringent. 

To date, Yb-doped birefringent T-DCFs with a relatively modest core diameter of 45 m 
[18], 56 m [15] and 60 m [14] have been demonstrated. Isotropic active T-DCFs with a 
large core diameter of 100 m [17] and even 200 m [8] and an anisotropic passive tapered 
fiber with a core size of 70 m [19] have also been demonstrated. However, a stable and 
powerful pulse amplifier requires the combination of a large MFD and polarization 
maintenance. Therefore, there is a pressing need for a short, birefringent active T-DCF with 
good absorption characteristics and a large MFD supporting a strictly single-mode regime for 
signal amplification. 

In this work, we experimentally realized and studied in detail, for the first time to the best 
of our knowledge, an active ytterbium-doped anisotropic T-DCF with a record-high core 
diameter (near 100 m) and an effective mode area of2000μm2 with an excellent output beam 
quality, M2 = 1.09. We characterized its optical and polarization properties, and investigated 
the possible problems associated with a large-core tapered fiber and corresponding MFD. By 
implementing the anisotropic T-DCF as high power amplifier, we demonstrated 
experimentally the CW and pulsed picosecond MOPA with an average power of up to70W. 

2. Ultra-large core Yb-doped birefringent active tapered fiber 

2.1 Geometry and absorption 

The preform for our Yb-doped-silica-core fiber was fabricated using the surface plasma 
chemical vapor deposition (SPCVD) process. This process is free of unwanted cluster 
formation, has a high gain efficiency and guarantees many hours of reliable fiber operations 
at high optical power densities [20, 21]. The refractive index profile of the preform is shown 
in Fig. 1. 
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Fig. 1. In-core absorption as a function of wavelength. Inset: refractive index profile in the 
cross section of the preform. 

The profile of the refractive index is gradient and the maximum in the center of the 
preform’s refractive index is 0.004. The in-core small signal absorption is measured as 1270 
dB/mat 976 nm (Fig. 1). 

The preform for the tapered birefringent active fiber is manufactured using the stacking 
method. The active core part produced by the SPCVD method is surrounded by a set of 
different shaped and sized rods of pure and boron-doped silica, thus the fiber has panda-like 
structure (Fig. 2(a)). This assembly is then collapsed to a solid preform and drawn to a 
tapered fiber (Fig. 2b). 

 

Fig. 2. (a) Cross section of active panda-type T-DCF. (b) Clad diameter versus length for T-
DCF. 

The core and clad diameters were 96 and 792 μm respectively (Fig. 2(a)) on the wide side 
of the T-DCF. The fiber tapered down to 110 m with at a tapering rate of T = 7.2. A typical 
longitudinal profile of the active taper is shown in Fig. 2(b). The total length of the tapered 
fiber was 360 cm. The presence of borosilicate tensile rods in the cladding leads to a good 
mixing of the cladding modes, and therefore no shaping of the clad is required for good clad 
pump absorption. The double-clad pump absorption in the T-DCF is determined by a number 
of parameters [22]: 

• The in-core absorption at 976nm; 

• The longitudinal shape of the T-DCF; 

• The conditions of clad mode mixing; 

• The brightness (aperture) of the pump source; 

                                                                                                      Vol. 26, No. 6 | 19 Mar 2018 | OPTICS EXPRESS 6584 



• The direction of pumping; the co-propagation and counter-propagation conditions of 
the pumping are different. 

To avoid ambiguity, we use two main parameters to characterize the pump absorption in 
the T-DCF: the in-core pump absorption at 976 nm and the clad pump absorption at 976 nm 
for a pump propagating from the narrow end to the wide one. The first parameter is 
completely determined by the ytterbium concentration in the core; the second parameter is 
related to the ytterbium concentration in the core, the ratio between the core/clad areas, the 
cladding modes’ mixing efficiency, the longitudinal profile of the T-DCF, and its length. The 
clad absorption measured in this way is independent of vignetting. The measured in-core 
absorption is1270 dB/m (Fig. 1, inset) and the measured co-propagated clad pump absorption 
at 976nm is 24 dB. 

2.2 Birefringence measurements 

The birefringence of the active T-DCF is measured by using a standard method for 
polarization mode beating [23]. The broadband polarized light from a 1.5μm ASE source is 
launched into the narrow side of the T-DCF to excite both polarization eigenstates equally. 
The radiation propagated through the T-DCF is then collimated and registered by an optical 
spectrum analyzer. 

 

Fig. 3. Polarization mode beating in birefringent T-DCF. 

The results of the measurements are shown in Fig. 3. The calculated birefringence value 
is0.65 × 10 4and the polarization extinction ratio (PER) is about 30 dB. 

2.3 M2, divergence and mode field diameter measurements 

In order to characterize the properties of an amplified beam, the M2 and mode field diameter 
(MFD) are measured experimentally. The T-DCF core has a 13 m diameter on the narrow 
side and a gradient index refraction profile with a maximum value of 0.004in the center (Fig. 
1).Theoretically, few modes might propagate in that waveguide at the narrow part. There are 
no changes in the mode content during propagation in the T-DCF, as was shown earlier in 
[24]. Therefore, it is extremely important to maintain a truly fundamental mode regime on 
the narrow side of the T-DCF. To do the selective excitation of a fundamental mode only, a 
(2 + 1) × 1 pump combiner with a single-mode fiber at the input signal is spliced to the 
narrow part of the T-DCF. Measurements of the beam quality, M2 and MFD are carried out 
in an amplification regime. The seed signal from a semiconductor laser diode operated at a 
1035 nm wavelength with 30mWpower is launched into the narrow end of the T-DCF 
through an isolator and the (2 + 1) × 1 multimode pump combiner. A multimode wavelength-
stabilized diode (976 nm) is used as a pump source. In this experiment, the T-DCF is only 
pumped from the narrow side. The amplified beam has a round bell-shaped form and its 
parameters are analyzed with Beam Scope P7.The results of the beam quality measurements 
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are presented in Fig. 4. The amplifier output has an almost diffraction-limited fundamental 
mode with M2

x = 1.09 and M2
y = 1.10 respectively. 

 

Fig. 4. M2 measurements results. 

The beam divergence is measured using an Ophir Beam star FX-66-NT beam profiler. 
The resulting value of the output beam is 0.026rad. We can assume that the beam profile is 
Gaussian due to the good M2value. MFD for Gaussian beams can be calculated from the 
formula [25]: 

 4 ,MFD  (1) 

where  is the wavelength and  is the beam divergence. The MFD of the beam emitted by 
the T-DCF calculated according to (1) is 50 m. 

2.4 The Amplification properties of T-DCF in CW mode 

The amplification properties of the developed anisotropic T-DCF are investigated in the CW 
amplifier scheme (Fig. 5). The T-DCF is pumped bi-directionally through the fused pump 
combiner and dichroic mirror by fiber-coupled wavelength-stabilized diodes at 976 nm. The 
seed signal from the linearly-polarized CW semiconductor diode is launched into the narrow 
side of the T-DCF through the isolator and the fused pump combiner. 

 

Fig. 5. The experimental set-up of CW mode amplification. 
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In this experiment, we investigate the dependence of the output power of the amplifier on 
the launched pump power (Fig. 6(a)).The maximum output power of 70 W is reached at 30 
mW of input power. The total maximum pumping level is equal to 220 W. Any further 
increase in the input power of the seed source does not add a significant contribution to the 
output power, as can be seen from Fig. 6(a). The slope change in the output power versus the 
input power dependence is determined by switching from a uni-directional to a bi-directional 
pumping scheme. A small decrease in the slope is caused by vignetting effect, i.e. partial 
leakage of unabsorbed pump into the second cladding area. When the tapered fiber is 
pumped into the narrow part, vignetting is absent, and the slope efficiency is higher. When 
pumped into the wide side, and the absorption is not high enough some part of the pump is 
lost and leaks into the protective polymer. Therefore, this part of absorption is not involved 
in the amplification, and as a result - decrease of the slope. The dependence of the gain as a 
function of the input power is shown in Fig. 6(b). The amplifier has a very large gain (38 dB) 
and begins to demonstrate a tendency to the saturation at the input power of more than 300 
mW. The spectra of the amplified CW signals for different output powers are presented in 
Fig. 6(c). The figure does not reveal any significant changes in the signal spectra except for 
the slight growth of spontaneous emission on the short-wavelength side. 

 

Fig. 6. CW mode amplification. (a) The output power dependence vs pump power (the slope 
efficiency varies from 45% for 50 mW to 48% for 300 mW), (b) gain as function of input 
power for 100W and 220W of the pump power, (c) spectra of amplified signal at different 
output power. 

3. Amplification of ultrashort pulses 
A buster amplifier for an all-fiber CPA system is one of the most promising fields for T-DCF 
application. Typically, a short optical pulse broadens to several hundred picoseconds and 
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then undergoes power scaling by the buster amplifier. We explore the picoseconds MOPA 
scheme with the T-DCF to demonstrate the potential of tapered amplifiers (Fig. 7). 

 

Fig. 7. Schematic of the MOPA setup for pulse amplification. ML FL – mode-locked fiber 
laser. 

The all-fiber MOPA contains a home-made seed source (mode-locked fiber laser, 
MLFL), two stages of fiber amplifiers, a stretcher, a pulse picker and a high-power tapered 
amplifier. The all-normal dispersion fiber laser, mode-locked with a fiber-coupled SESAM, 
generates a pulse train with a repetition rate of 19 MHz and a 25ps pulse duration and has an 
average power of 1.5 mW at a 1040 nm wavelength. Both the pre-amplifiers, 1 and 2, are 
similar and contain 60cm Yb-doped fiber (absorption 400 dB/m at 976 nm) with a 6 μm core 
diameter and NA of 0.16. The amplifiers are in-core pumped by 400mW single-mode laser 
diodes. The first amplifier raises the output power of the mode-locked fiber laser and pre-
compensates the losses in the pulse picker stage. We used 300m of Flexcore1060 fiber spool 
as a pulse stretcher. The pulse duration broadens to 90ps after propagation through the 
stretcher. The pulse picker is utilized to decrease the repetition rate from 19MHz to 1MHz. 
The second amplifier gains the output power to an adequate level for seeding the tapered 
amplifier. The maximum output power of the second amplifier is 30mW. 

 

Fig. 8. Amplification of the pulse train at the fundamental frequency (19 MHz, 90ps) in a T-
DCF amplifier: (a) Average output power vs launched pump power, (b) Spectrum of the 
output power at 69W. 

This amplified emission is launched into the ytterbium-doped T-DCF pumped into the 
cladding from both sides (Fig. 7).The T-DCF amplifier comprises two parts (Fig. 2b): a wide 
and relatively short part where most of the energy is stored and most of the amplification 
occurs, and an arrow part which works as a pre-amplifier. Therefore, the T-DCF must be 
pumped from both sides. Intensively pumping the narrow side can cause significant nonlinear 
effects, and therefore we only launch a relatively modest proportion of the total pump power 
into the narrow part of the T-DCF (25W at 976nm),while the rest of itis launched into the 
wide side. The mode field diameter on the wide side of the T-DCF area is much larger, so we 
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can launch up to 160 W of pump power into the wide side. The dependence of the average 
output power on the launched pump power is shown in Fig. 8(a). The maximum slope 
efficiency is 44% for 19 MHz of fundamental repetition rate. The optical spectrum at the 
maximum output power is shown in Fig. 8(b). The calculated pulse energy is 3.45 μJ, which 
corresponds to a peak power of 36 kW. 

By using a pulse picker, the repetition rate is reduced to 1 MHz, thereby increasing the 
pulse energy. Figure 9 shows the spectra of the amplified pulse sequences with a 1 MHz 
repetition rate. 

 

Fig. 9. Spectrum of 1MHz 90ps pulse train before and after amplification in a T-DCF. 

Reducing the repetition rate leads to a rapid increase of energy and peak power, which in 
turn results in the Raman component’s appearance. To reduce the influence of the Raman 
effect and enhance the shapes of the spectra, we have to decrease the amplitude of the 
launched seed signal down to 6 mW. As a result, the average power at the maximum 
available launched pump drops down to 28 W (Fig. 8(a), open triangles, slope 26%). The 
achieved pulse energy is 28 μJ with 292 kW of peak power. Altogether, the amplifier 
demonstrates a very low level of ASE, the absence of Raman components and an impressive 
gain of 37dB at a 1MHz repetition rate. 

4. Discussion 
Currently, there are several types of active amplifying fibers with a large mode-field 
diameter, in which different approaches (strategies) are used to achieve the propagation of a 
single mode with a large mode-field diameter. For example, for LMA fibers, the strategy is to 
create different losses for the fundamental and higher-order modes when bending a fiber with 
a small core aperture. In 3C fibers, the effect of wave propagation in coupled waveguides is 
used with the subsequent dissipation of the higher-order modes in the cladding. In 
microstructured fibers, a sufficiently small difference in the refractive indices of the core and 
cladding is realized in order to support the propagation of only a single mode. 

In active tapered fibers, the strategy of realizing the propagation of only one mode 
consists in the initial selective excitation of only a single fundamental mode in the narrow 
side of the tapered fiber, and then maintaining the propagation of only one mode in the wide 
multimode side T-DCF. As it was shown experimentally by Fermann [26] if in a multimode 
fiber with a thick cladding to excite only one mode, then it will propagate over tens of meters 
without changing the mode composition. The reason for this effect is the fact that the mode 
coupling coefficient in multimode fibers strongly depends on the outer diameter of the fiber 
(inversely proportional to the diameter of the cladding in the 6th degree) [26, 27]. Since in 
our case the coefficient of the tapering is 7, the coefficient of mode coupling in the wide part 
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of the taper is 76 times smaller than the modal coupling coefficient in its narrow part. The 
taper is slightly bent (spooled with a diameter of 35 cm), and, therefore, the effect of mode 
coupling, which can potentially lead to a change in the mode composition and as a result to 
the degradation of M2, is negligible. This is effect can be preserved by avoiding local 
perturbations in the multimode part of the T-DCF, i.e. splices, small-radius bends, etc. 

Moreover, in the single-mode part of a tapered fiber, the effective MFD may be greater 
than the core diameter, and as the core diameter increases, the effective MFD also increases 
to reach a constant value for the ratio with the core diameter. The variation of the mode-field 
diameter along the tapered fiber length can be calculated from the definition of the effective 
mode area given in Refs. 28, 29 
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where E(x,y) is the optical field distribution. The size of the effective MFD in a step-index 
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Figure 10 shows the dependence of the MFD on the core diameter calculated in 
accordance with (3) for numerical apertures 0.1 (value for the active taper) and 0.06, 0.16, 
0.22 (for comparison). 

 

Fig. 10. Effective mode field diameter as a function of core diameter for core NA 0.1 (red 
line), 0.06 (black), 0.16 (blue), 0.22 (green). 

As follows from formula (3) and the results shown in Fig. 10, the size of the MFD is 
linearly dependent on the core diameter of the step-index fiber with aperture 0.1, and it can 
be approximated by the following linear dependence: 

 2.39 0.69 [ m]MFD D  (4) 
The dependence of the effective MFD on the core diameter is linear and almost 

independent of the numerical aperture of the core for large diameters (Fig. 10). Since the core 
diameter varies with the length of the active tapered fiber, formula (4) explains the large size 
of the mode spot in the wide part of the active T-DCF. It follows from (4) that, theoretically, 
for a taper with a stepped profile of the refractive index, the effective MFD size is 
approximately 70% of the core diameter. However, this is true only for an ideal profile of the 
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refractive index, which is rarely achieved in real conditions. In a real preform, there is always 
some modulation of the refractive index profile in the cross section, which leads to distortion 
of the shape of the output beam. Experimentally, in [24] it was shown that for long passive 
tapered fibers that have an ideal refractive index profile, the presence of mechanical stresses 
in the core eventually leads to the fact that only theLP01 mode remains, which takes the form 
of a ring. In our case, the profile of the refractive index also has a small modulation (within ± 
5 × 10 4), which eventually leads to a certain decrease in the size of the mode-field diameter 
to 50 m, compared with the expected theoretical limit of69 m. The beam shape remains 
Gaussian and the beam quality (M2) is high. 

The ability to preserve polarization is another important property of an active anisotropic 
tapered fiber. Recently, the evolution of birefringence over the length of an anisotropic 
tapered fiber with a pre-stressed cladding and a core diameter of up to 70 m was studied 
[19]. One of the important results of this study is the conclusion that, although birefringence 
in a tapered fiber varies with length, the changes are insignificant; less than10% at a tapering 
ratio of 7-10. Thus, despite some reduction in birefringence with length, a tapered fiber 
remains birefringent and, as a result, maintains polarization. Another important conclusion of 
the paper [19] concerns the small coupling of the polarization modes in a tapered fiber with a 
large tapering ratio. 

The results of our measurements of mode beat for active T-DCF are in good agreement 
with the results of Ref. 19. Although the polarization beat length is not very high, 16mm 
(0.65 × 10 4), the polarization extinction in the 4th piece of fiber wound with a diameter of 
35cm was 30dB (Fig. 3).The maintenance of such a high polarization is due to a combination 
of such factors as the short length of the tapered fiber, a significant intrinsic birefringence 
and the absence of any significant perturbations (diameter of winding 35 cm or even less). 

5. Conclusion 
We demonstrated a compact and robust amplifier based on active birefringent tapered 
double-clad fiber operating in a strictly single-mode regime with an ultra-large core diameter 
equal to 96 m and excellent beam quality (M2 = 1.09). The tapered fiber amplifier was 
characterized by its high polarization/extinction ratio, which reached 30 dB. The active 
birefringent tapered double-clad fiber was explored for high power amplification of the 
signal from a linearly-polarized CW laser diode and a mode-locked fiber laser. An average 
output power of 70 W was achieved for the CW regime. In the case of 90 ps pulses at a 
1MHz repetition rate, the T-DCF provides an amplification up to the level of 28 W with a 37 
dB gain and a pulse energy of 28 J.At that point the spectrum was free of Raman 
components. Since the pulses were initially stretched to 90 ps before the amplification, there 
is a great potential to achieve record peak power through further pulse compression. 

We derived a linear dependence of the MFD with the core diameter for tapered double-
clad fiber characterized by single-mode operation and a numerical aperture of 0.1. The 
maximum MFD that can be reached is composed of approximately 70% of the core diameter. 
Therefore, for a tapered fiber with a 96 μm core diameter, the maximum MFD would not 
exceed 69 μm. The MFD of the tapered fiber described in this article obtained as much as 50 
μm, corresponding to an effective mode area of almost 2000 μm2. The reduction of the MFD 
value was due to the strong effect of the small modulation in the refractive index of the core. 
In order to achieve a single-mode regime in the active tapered fibers, it is necessary to 
minimize the fiber’s inhomogeneities, e.g. the refractive index profile, splices and small 
radius bends etc. This is particularly crucial for the highly-multimode tapered fiber part. If 
there is even a small perturbation and a large core size (100 m), this can lead to distortion of 
the fundamental mode shape, which deviates from the Gaussian shape, and also leads to a 
change in the fundamental mode-size. 
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Abstract: We addressed the problem of a state of polarization (SOP) drift caused by heating
under intense clad pumping in different types of active tapered double-clad fibers. We investigated
experimentally the variations of the SOP and degree of polarization (DOP) under clad pumping in
polarization-maintaining (PANDA type) and regular (non-PM) Yb-doped double-clad large mode
area tapered fibers. We discovered that the birefringence of active fibers is highly dependent on
the launched pump power. To solve the problem of the SOP drift in active large mode are fibers,
we, for the first time to the best of our knowledge, presented an active double-clad fiber with low
intrinsic birefringence as a gain medium. An Yb-doped spun tapered double-clad fiber (sT-DCF)
with intrinsic birefringence as low as 1.45×10−8 was manufactured and experimentally studied.
We have proved experimentally that the DOP and SOP remains more stable in sT-DCF with
increasing pump power compared to PM PANDA-type and regular non-PM tapered double-clad
fibers. In particular, the SOP drift in sT-DCF is almost one order of magnitude less than in other
tapered fibers, while the DOP drift in sT-DCF is comparable with the drift in PANDA-type fiber
and one order of magnitude less than in the non-PM tapered fiber. An active sT-DCF showing
efficient amplification was demonstrated in an all-fiber-based picosecond master-oscillator power-
amplifier scheme. The system delivered 50 ps pulses at 1040 nm with an average power of 50 W,
34 dB gain, 26 μm MFD and perfect beam quality.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The technology of fiber lasers and amplifiers has been developed extremely rapidly over the past
two decades. One of the most important components of such devices is an active optical fiber
doped with rare-earth elements (Er, Yb, Tm, Nd, Pr, etc.). Undesirable non-linear effects are one
of the main factors limiting its performance. To increase the threshold of the nonlinear effects,
it is necessary to use a fiber with a large mode area (LMA). It is important that the enlarged
fiber core only supports the propagation of the fundamental mode and preserves a stable state of
polarization (SOP). The stability of the SOP is critically important for a number of applications
such as nonlinear light frequency conversion or coherent beam combining.

There are three main types of active large mode area fibers described in the literature that
are able to maintain a state of polarization: active polarization-maintaining (PM) LMA fibers
with a low numerical aperture (NA) [1], micro-structured active polarization-maintaining fibers
[2], and active PM tapered double-clad fibers (T-DCF) [3]. To maintain a stable SOP the
common approach in optical fibers is to utilize the concept of creating strong internal mechanical
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stress frozen inside the fiber by adding glass elements with significantly different thermal
expansion coefficients (PANDA, bow-tie, or stress clad) to the preform. This SOP stabilization
method was originally developed in the 1980s for passive optical fibers intended to be used in
telecommunication and sensor systems [4–6]. A common drawback of such birefringent fibers is
the significant temperature sensitivity. Internal birefringence sharply changes with temperature
[4,5]. Furthermore, these changes occur irreversibly forming hysteresis [4]. During annealing,
both an increase and a decrease in the internal birefringence are possible. Since changes in
birefringence form hysteresis, fibers with strong birefringence have a memory of the heating
[4–7]. However, due to the nature of the application (as optical waveguide), highly birefringent
passive fibers rarely undergo significant temperature changes, and none of the aforementioned
drawbacks usually limit their use [7].

With the advent of active optical fibers, this approach (strong internal mechanical stress) was
automatically applied to them to achieve stable output polarization. It should be noted that the
conditions of exploiting active and passive fibers are fundamentally different. Passive fibers are
usually long, and they are subjected to mechanical stresses, for example compression, stretching
and mechanical vibrations. Unlike passive optical fibers, active fibers in lasers/amplifiers are
usually relatively short (no more than 20-30 m), always well isolated from mechanical actions
by a device casing and, most importantly, they always heat up internally during operation. The
internal heating of the active fiber caused by pumping has been well studied in the literature
[8–12]. Recently, Lou et al. [12] showed experimentally that the temperature of the core of a
clad-pumped active fiber varies greatly (by several degrees Celsius) in the longitudinal direction,
with a typical spatial period of several centimeters. This causes a change in internal stress, which
in turn leads to a variation of the local eigenstates of the fiber, and, as a result, changes of the SOP,
polarization extinction ratio (PER), and even the degree of polarization (DOP) during operation.

In this paper, we address the problem of DOP and SOP changes in active LMA double-
clad tapered fibers caused by heating under clad pumping. We experimentally evaluated the
dependence of polarization on pumping in active non-PM and PANDA type T-DCF. To preserve
the DOP and SOP in the active LMA fiber, our solution is an Yb-doped spun T-DCF with low
internal birefringence (∼10−8). This is demonstrated for the first time to the best of our knowledge.
Low birefringence (Lo-Bi) was achieved by rotating the preform at a constant speed during fiber
drawing. We investigated the polarization and amplification properties of the manufactured
Lo-Bi active spun tapered fiber (sT-DCF). An all-fiber picosecond MOPA system based on the
sT-DCF provided an efficient direct amplification (34 dB gain) of a 50 ps pulse signal to 50 W
with excellent beam quality.

2. Drift of the polarization state in active fibers caused by clad pumping

In any application requiring the use of polarized light, it is extremely important to maintain high
stability of the polarization parameters over the entire operating range. The absolute value of
retardance in an optical medium (i.e., phase shift between the “slow" and “fast" polarization
modes) fundamentally determines the output SOP. Optical fiber is no exception and retardance
there can be described by the formula:

R = 2πΔnL/λ = βL, (1)

where Δn is the difference in the refractive index for “slow" and “fast" polarization modes
and represents normalized birefringence B = ns − nf = β · λ/2π, λ is the wavelength of light
propagating in a fiber, L is fiber length, β = 2πΔn/λ is birefringence of a fiber and is taken to be
constant along the light propagation length. Equation 1 describes birefringence as a non-local
parameter of the entire fiber. However, in general, birefringence may slightly change along the
fiber length under external and internal perturbations. In cases when both polarization eigenstates
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are excited, the temperature sensitivity of the retardance is defined by the equation:

dR =
(
L

dβ
dT
+ β

dL
dT

)
ΔT , (2)

where L ∼1-10 m, B ∼10−4 [3], (1/L) · dL/dT = 5 · 10−7/◦C, dβ/dT = 10−5rad/m ·◦ C [13]. It
can be stated that the output SOP of light transmitted through any birefringent medium depends
on the absolute value of retardation only if the input SOP of the light does not precisely coincide
with the polarization eigenstate of the medium. Even with an exact coincidence of the input
SOP and the polarization eigenstate of the fiber, the output SOP can be disturbed by the micro
inhomogeneities of real optical fiber samples. However, the light coupling is quite far from the
ideal case and the PER of the input light has a finite value. So, it can be declared that both eigen
polarization modes are always excited in the real fiber samples. Therefore, as seen from Eq. (2),
the temperature sensitivity of SOP is determined by the fiber length L, the absolute value of
birefringence β, the temperature sensitivity of birefringence dβ/dT , and the fiber length dL/dT .
Thus, the SOP of the propagating light is more sensitive to temperature changes, the higher the
intrinsic birefringence of the fiber and the longer the fiber itself. For the relatively short fiber
lengths that are usually exploited in lasers/amplifiers, the first term in Eq. (2) is five orders of
magnitude larger than the second one. So, Eq. (2) can be simplified:

dR = L
dβ
dT
ΔT (3)

The temperature sensitivity of the retardance is determined by the fiber length L and by the
temperature sensitivity of birefringence dβ/dT [Eq. (3)]. Therefore, the SOP (azimuth φ and
ellipticity θ), in turn, is a function of retardance [14]:

φ =
cos R

1 − |χ2 |
, θ =

sin R
1 + |χ2 |

, (4)

where χ = Ay/AxeiR is a complex parameter of SOP, and Ax and Ay are amplitudes of electrical
vector. As follows from Eq. (4), azimuth and ellipticity are in quadrature with respect to the
retardance. The pump radiation launched into the cladding heats the fiber internally and thereby
changes the retardance as a result of the temperature sensitivity of the birefringence [Eq. (3)].
The retardance variations are reflected in the change of SOP [Eq. (4)].

Since the passive fibers undergo low-temperature variations, the sensitivity of the SOP of the
propagating light is negligible. However, for active fibers the core temperature rises dramatically
under substantial pumping, this being especially pronounced for a high-power fiber laser system
based on LMA fibers [12]. This means the SOP changes with pumping, which negatively affects
the output polarization performance.

In this paper, we investigated the dependence of DOP and SOP as a function of clad pumping
for three different types of active tapered fibers: regular (non-PM) T-DCF, highly birefringent
PANDA-type T-DCF and low birefringent spun T-DCF. All of them were manufactured by
SPCVD technology. The parameters of the studied tapered fibers are presented in Supplement 1
(Table S1).

2.1. Polarization drift caused by clad pumping in an active non-PM T-DCF

We have experimentally investigated the polarization properties of a non-PM active tapered fiber,
whose longitudinal profile and end face picture are shown in Fig. 1(a). The total length of the
non-PM T-DCF was 3.2 m. The numerical aperture (NA) of the first clad and the core were 0.46
and 0.1, respectively. An ytterbium double-clad non-PM tapered fiber had a core-to-cladding
diameter ratio of 1:8 with an output core diameter of 100 μm. The only fundamental mode was
excited in the narrow end of the tapered fiber.
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Fig. 1. (a) Longitudinal profile and end face image (inset) of the non-PM T-DCF, and (b)
experimental setup.

The evolution of the output polarization caused by the clad pumping in active tapered fibers
was investigated during amplification of a pulsed laser signal on the experimental setup presented
in Fig. 1(b). The evaluation process was conducted in the active mode when a seed signal
was amplified in an active T-DCF using a clad pumping scheme. As a seed source, we used a
commercially available 1064 nm gain-switched laser diode that generated 95 ps pulses at 100 MHz
with an ultra-narrow linewidth of 20 pm and average power of 1.5 mW. The ultra-narrow linewidth
of the seed source ensured high accuracy of the polarization measurements. The low-power seed
signal was pre-amplified up to 20 mW of average power. The polarization-sensitive isolator was
used to ensure unidirectional light propagation between the low-power and high-power amplifier
cascades. The input PER determined by the isolator parameters was 29.3 dB. The active T-DCF
was pumped by a 976 nm multimode laser diode through the dichroic filter to the wide side of
the T-DCF. The maximum power was limited to 23 W to eliminate the possibility of polymer
degradation or damage. The active tapered fiber was coiled into a 35 cm diameter ring. We
did not take any measures for cooling of the T-DCFs during the experiment, since our goal
was to identify the dependence of the change in the SOP on the pump-induced heating. The
amplified signal with output power of 2.3 W was collimated and then analyzed by a commercial
polarimeter.

The output SOP was characterized by measuring the azimuth, ellipticity, and degree of
polarization (DOP) of the amplified radiation as a function of the launched pump power and fiber
temperature (Fig. 2). PER was calculated from the ellipticity as 10 log10(tan[ellipticity]).

Fig. 2. (a) DOP, (b) PER, (c) azimuth, and (d) ellipticity vs pump power and fiber temperature
for a non-PM T-DCF.

In addition, we also measured the temperature of the active tapered fiber at a distance of 5
cm from the wide end using a thermocouple. The temperature of the cladding reached 30°C at
maximum pump power. As follows from the measurement results, a non-PM active tapered fiber
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significantly depolarizes the light propagating and being amplified in it. Moreover, the degree of
polarization significantly degraded by 20.2% with increasing pump power from 0 to 23 W.

2.2. Polarization drift caused by clad pumping in an active PANDA-type T-DCF

The polarization sensitivity of an active PANDA-type T-DCF has been verified experimentally by
using the same optical scheme as described before [Fig. 1(b)]. The active PANDA-type tapered
fiber was 2.2 m long and had 40 μm core with 32 μm MFD (Fig. 3). The PER was 15 dB in a
passive regime. A linearly polarized light at 1064 nm was launched into it along the slow axis so
that only one polarization mode (one polarization eigenstate) was excited. As in the previous
experiment, we measured the dependence of azimuth, ellipticity, and degree of polarization of
the output radiation as a function of the launched pump power. The results are shown in Fig. 4.

Fig. 3. Longitudinal profile and end face image (inset) of an active PANDA-type T-DCF.

Fig. 4. (a) DOP, (b) PER, (c) azimuth, and (d) ellipticity vs pump power and fiber temperature
for an active PANDA-type T-DCF.

The degree of polarization started from 87% because some of the signal leaked to the cladding
when the narrow end of the tapered fiber with an 8 μm core was spliced with the 10 μm single-mode
fiber. When the tapered fiber was pumped, the signal in the cladding remained the same, while
the signal from the core was amplified, so the DOP rose to 94%. The experimental results show
that the increase of pump power up to 23 W leads to an increase of the fiber temperature by 2°C
(from 24°C at 0 W up to 26°C at 23 W), resulting in periodical changes of the azimuth of the
SOP with an amplitude of 8.9° (Fig. 4). At the same time, the change of ellipticity was 7.2°
(Fig. 4). The polarization extinction ratio as a function of launched pump power shown in Fig. 4
changed by 11.5 dB when the temperature of the fiber only changed by 2°C. Slight hysteresis was
caused by the inertia of heating and cooling. Based on the experimental results, we can draw the
following conclusions: (a) the change in the degree of polarization insignificant, being only 1%
in the pumping range 5-23 W [Fig. 4(b)]; (b) in an active fiber with a strong birefringence, the
PER and SOP (azimuth and ellipticity) of amplified light depend significantly on the launched
pump power level.
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2.3. Polarization drift caused by clad pumping in an active T-DCF with low birefringence

The literature describes several basic technologies to produce fibers with low birefringence. One
approach is to "idealize" the fiber by making it extremely symmetrical, with a minimum level of
internal stress [15]. These objectives were achieved by paying careful attention to the fabrication
process. Compensated fibers are an alternative approach to the “ideal" fiber. In this approach, a
very low level of internal birefringence can be achieved by choosing doped fiber materials so that
the birefringence of the stresses Bs together with the birefringence of the geometric shape of Bc
add up to zero [16]. A third class of fibers is produced by the rapid rotation of the preform during
the drawing process. This produces so-called spun fibers with low internal birefringence (Lo-Bi
fiber) [17]. During rotation of the preform, the fast and slow birefringence axes along the fiber
periodically interchange, which leads to partial compensation of the relative phase delay between
the eigenpolarization modes [18]. There is a certain averaging that causes symmetrization of the
core, which ultimately leads to a significant decrease in the internal birefringence. We have used
this last approach to manufacture a spun Yb-doped tapered double-clad fiber (sT-DCF).

2.3.1. Manufacture of an active sT-DCF

The sT-DCF was manufactured using a similar technology to that which was previously used for a
passive spun fiber [19]. The step-index Yb-doped preform was assembled with a core-to-cladding
diameter ratio of 1:8 [Fig. 5(a)]. The in-core absorption was 700 dB/m at 976 nm, and the core
numerical aperture was 0.1. To improve absorption in the sT-DCF, the first cladding was shaped
into a square with rounded corners [Fig. 5(b), inset].

Fig. 5. (a) refractive index profile of the preform; (b) outer cladding diameter vs length of
sT-DCF. Inset: the end face image of the fiber; (c) The pitch as a function of the cladding
diameter. Inset: the side view of the sT-DCF.

During the drawing process, the fiber rotated at a constant angular velocity of 600 rev/min,
while the drawing speed continuously changed to form the fiber into a conical shape. Previously,
we have demonstrated that in an sT-DCF with a core of 100 μm and a pitch of 2 mm, the output
beam is not Gaussian [20]. Therefore, we cut the sT-DCF step by step from the wide side as far
as the 35/280 μm core/cladding, at which point we reached a purely single-mode regime, which
was confirmed by the M2 measurement. Thus, the core/cladding diameter varied from 35/280
μm to 15/125 μm along the 2.75 m length. The longitudinal profile of the sT-DCF is shown in
Fig. 5(b). Since the rotating speed was kept constant while the drawing speed varied, the pitch of
the sT-DCF also varied along the length of the fiber from 13 mm down to 4 mm towards the wide
part [Fig. 5(c)].

2.3.2. Polarization drift measurements in sT-DCF

The experimental setup for measuring polarization drift in a spun fiber is similar to that used in
the experiments with the other two types of fibers [Fig. 1(b)]. The results are shown in Fig. 6. In
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line with the experimental results for the active spun fiber, an increase of launched pump power
up to 23 W is accompanied by a rise in the temperature of the fiber surface by ∼2°C. The changes
of SOP in the amplifier with an active spun fiber were much lower. The change of azimuth is
almost by an order of magnitude better for the spun active fiber than for the PANDA: 1.2° vs 8.9°.
The change of ellipticity is 12 times better: 0.6° vs. 7.2°. The DOP and PER exhibited only
minor degradation of 3.6% and 2 dB, respectively.

Fig. 6. (a) DOP, (b) PER, (c) azimuth, and (d) ellipticity vs pump power and fiber temperature
for an active sT-DCF.

2.3.3. Measurements of internal birefringence at sT-DCF

Characterization of ultra-low birefringence fibers is a challenging task and it is even more difficult
for short fibers. The vast majority of methods described in the literature require long fibers in
order to detect ultra-low birefringence values. The approach we use in this work is based on
Jones method [21,22] for determining the transfer matrix of a spun T-DCF and the assumption
that linear birefringence is caused only by fiber bending. This is a realistic assumption since the
linear birefringence associated with fiber asymmetry is averaged over all directions by rotating
the preform during the fiber drawing. The Jones matrix describes the relation between the
circular and linear components of birefringence, and the latter can be found if the fiber bending
radius is known [23]. Thus, calculations yield 1.45×10−8 and 2.52×10−9 for circular and linear
birefringence, respectively. More details can be found in Supplement 1.

3. Picosecond MOPA with sT-DCF

To investigate the amplification properties of an active sT-DCF, we built a so-called master
oscillator power amplifier (MOPA) system (Fig. 7). We used a similar 3 m sT-DCF. The
Yb-doped sT-DCF was tested as a high-power amplifier seeded at 1040 nm. A commercially
available gain-switched diode was used as a source with a central wavelength of 1040 nm. It
generated 50 ps pulses with a repetition rate of 20 MHz, a linewidth of 0.1 nm, and an average
output power of 300 μW. We also included a pre-amplifier to reach the sufficient average power
level of 20 mW typically used in our experiments. The output of each seed laser was spliced with
a high-power isolator to prevent damage to the seed laser.

A counter-pumping scheme was used in this experiment. The signal was coupled into the
narrow side of the sT-DCF via splicing while pumping from the wide side was performed using a
free-space dichroic filter and focusing lens. A wavelength-stabilized laser diode with a nominal
power of 100 W was used to pump from the wide side. The sT-DCF was placed into the metal
grooves of a massive plate with water cooling to provide effective heat dissipation. Since the
wide side of the tapered fiber is the hottest part of the fiber, we covered the first 30 cm with
thermal paste to avoid damage. For the amplification of the 1040 nm seed signal, we pumped
100 W power and reached 50 W of the output power with a corresponding gain of 34 dB [Fig.
8(a)]. The output spectra for the amplified signal are shown in Fig. 8(b).
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Fig. 7. Scheme of MOPA system based on an active sT-DCF.

Fig. 8. Output characteristics of a MOPA system based on an active sT-DCF. (a) spectrum
of the amplified 1040 nm signal at maximum output power; (b) signal output vs pump power.

The output beam of the sT-DCF-based amplifier had a near diffraction-limited fundamental
mode with M2

x = 1.18 and M2
y = 1.10 (Fig. 7). We estimated a mode field diameter at the level of

13.5%. For the sT-DCF with the core diameter of 35 μm, the MFD was 26 μm and it occupied
74% of the core.

The SOP drift in the MOPA system is shown in Fig. 9. The DOP gradually decreased from
99% to 94% along with an increase in the pump power. The PER was higher than 15 dB up
to 60 W pump power and then it gradually decreased down to 10 dB. This was due to the fact
that at a pump power of 60 W the sT-DCF began to overheat, the temperature of the wide end
increased, and at maximum power of 100 W it reached 79°C. Considering that most of the fiber
had a temperature of about 24°C, the huge temperature gradient created by the pumping caused

Fig. 9. SOP drift in MOPA system based on the active sT-DCF. The arrows indicate the
temperature of the sT-DCF wide end.
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the SOP drift. Thus, the optimal pumping range for the sT-DCF with this particular geometry
was 0-60 W. Having a larger temperature gradient (pumping range 0-60 W), the sT-DCF exhibits
less SOP drift than the PANDA-type tapered fiber. More thorough cooling and optimized fiber
geometry should improve the current result and increase the pump power range where the SOP is
stable.

4. Discussion

An ideal optical fiber guides all the polarization modes equally and they are degenerated by the
propagation constant. However, any external perturbation of a fiber or its internal inhomogeneity
lift the degeneracy of the polarization modes by the propagation constant and the fiber becomes
more like a uniaxial crystal. The perturbations which lift the degeneracy of the polarization
modes in the fiber can be divided into internal and external ones. External perturbations are
usually macro-effects that change the shape of the fiber (different kinds of bends), the transversal
compressions, twisting and the magnetic or electric fields [6].

Internal perturbations can be further divided into induced and random perturbations. Induced
internal perturbations are originated by an asymmetrical (elliptical) core, built-in mechanical
stresses induced by borosilicate elements in the cladding (PANDA or bow-tie type), or an
asymmetrical clad [6]. Random internal stresses are determined by variations of the optical
properties of the core material and are usually caused by features of doping technology or by the
manufacturing of the active optical fibers. The production of an active optical fiber, including
doping by rare-earth ions and drawing the fiber, is accompanied by the formation of strong local
mechanical stresses in the core. These are inhomogeneous both in cross-section [24–27] and
along the fiber length [12,28]. Recently, it was experimentally demonstrated [12,24] that the
active core heating due to a quantum defect is strongly inhomogeneous along the fiber length,
and apparently, reflects the longitudinal inhomogeneity of Yb3+ ions doping (clustering). It is
well known that even doping by Al or P leads to the appearance of essential mechanical stresses
in the core of the preforms/fibers [24–26], which in turn causes a strong local birefringence. In
[24], it was demonstrated that doping by Yb3+ ions leads to significant mechanical stresses and
local changes in the refractive index up to 10−4. Thus, the optical properties of an active optical
fiber are substantially longitudinally inhomogeneous.

In this work, we experimentally investigated the evolution of the SOP (DOP and shape of the
polarization ellipse) of light after propagation in active clad pumped T-DCF. The SOP drift was a
result of the fiber heating due to pump absorption. In the experiments, we used a pump source
powerful enough to cause noticeable heating of the fiber up to several degrees Celsius (976 nm,
23 W) in the setup, without special cooling. The temperature was measured on the surface of the
T-DCF at a distance of 5 cm from the pump launching point (the wide end).

We carried out a comparative study of the SOP evolution for three types of active T-DCF:

• regular non-PM T-DCF, similar to those used earlier in [29];

• PANDA-type T-DCF with a strong internal birefringence;

• spun T-DCF with low intrinsic birefringence; presented for the first time in this work.

Each of these fibers has both internally and externally induced components of birefringence of
differing magnitude and in different combinations. The common externally induced birefringence
for all three fibers is a linear birefringence caused by their identical coiling with a diameter of 35
cm.

4.1. Active non-PM T-DCF

The strong depolarization of narrow-band emission (20 pm) at the non-PM (isotropic) active
T-DCF can be qualitatively explained by using the model of isotropic fiber proposed earlier in
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[30]. A regular isotropic optical fiber was considered as a sequence of randomly oriented phase
plates, relative to each other, with different (also random) retardance at each phase plate [30].

T-DCF can also be represented as a sequence of cylindrical single-mode fibers with a smoothly
increasing core diameter, each of which is equivalent to a phase plate (Fig. 10) [31]. Although
the concentration of dopants is the same everywhere, the number of ions in the neighboring parts
of the T-DCF is different due to the different core volumes. Since rare-earth dopants induce
a strong internal stress [24], adjacent sections of a tapered fiber have different birefringence
values, and the birefringence axes of the next elementary sections are oriented randomly with
respect to each other. The optical scheme shown in Fig. 10 qualitatively represents a multi-stage
Lyot depolarizer with random parameters [32]. The parameters of this depolarizer, such as
the orientation of the axes and the retardance of each elementary local phase plate depend on
the fiber’s internal temperature. This, in turn, is distributed non-uniformly in the longitudinal
direction [12]. Accordingly, the depolarizing properties of such a natural depolarizer are also
determined by the level of absorbed pump power. Thus, in the polarization sense, an active
optical fiber is a complicated optical device that can simultaneously possess both depolarizing
and phase plate properties.

Fig. 10. The equivalent scheme of the isotropic active tapered fiber.

An active non-PM T-DCF is equivalent to a random Lyot depolarizer and, at the same time, it
is a linear phase plate with its integral birefringence mainly determined by the fiber bending.
Therefore, when light propagates and amplifies in non-PM T-DCF, a partial depolarization occurs.
The SOP of the polarized part of the light is changed as it occurs during propagation in the linear
phase plate.

Experiments with a non-PM T-DCF demonstrate a good match with the proposed model.
The propagation and amplification throughout a 3.2 m non-PM T-DCF lead to a significant
depolarization of a narrow-band seed laser emission [Fig. 2(a)]. An initially 100% linearly
polarized light with only 20 pm FWHM becomes partially depolarized with 75% DOP even in the
absence of pumping. Increasing the launched pump power up to 23 W leads to rapid degradation
of the DOP down to 55%. When the pump power decreases, the DOP recovers its original state
in a reversible manner without any hysteresis. Thus, during propagation (amplification) through
a regular T-DCF, a significant depolarization of light occurs that further increases in line with an
increase in the launched pump power. A 40% reversible depolarization was measured at 23 W
pump power, which causes the fiber to be heated by only 6°C. Due to the heating of the fiber,
the clad pumping leads to a deeper and spatially non-uniform modulation of the longitudinal
refractive index profile [12]. As a result, the internal built-in Lyot depolarizer becomes more
pronounced, which, in turn, leads to degradation of the DOP.

Coiling a fiber causes a bending-induced birefringence, which also varies with clad pumping.
This variation leads to a change in retardance and, ultimately, to a change of SOP [azimuth and
ellipticity Eq. (4)]. In our experiments, we investigated changes of the azimuth and ellipticity
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with respect to the launched pump power [Figs. 2(c) and (d)]. At the maximum pump level, the
azimuth and ellipticity changed by about 6 degrees.

The fact that the degree of depolarization of a single-mode laser/amplifier can be effectively
controlled by varying the pump power opens up the prospect of creating powerful light sources
with controlled DOP and high spectral brightness. Such optical sources are potentially in
demand for metrology and sensor applications [33]. The significant depolarization in a non-PM
T-DCF (25-50%) also explains the lower SOP sensitivity in this fiber. Indeed, the SOP of the
non-polarized part of the light is insensitive to any retardance changes; as a result, the increase of
the non-polarized fraction of the output power looks like a lower sensitivity of the SOP with
respect to the launched pump power. In fact, the fraction of polarized light that responds to the
retardance changes only decreases with increasing pump power.

4.2. Active PM T-DCF

A PM T-DCF exhibits internal birefringence induced by the stress-rods which is much larger than
the bend-induced birefringence, the birefringence caused by rare-earth ions doping or mechanical
stress formed during the drawing process [24–28]. As a result, a PM T-DCF is more like a
linear phase plate than a random Lyot depolarizer (Fig. 10). This conclusion is confirmed
experimentally by the retention of almost 100% DOP while increasing the launched pump power
[Fig. 4(a)]. The SOP sensitivity (ellipticity, azimuth and PER) to the launched pump power for a
PM T-DCF is significantly higher than it is for a non-PM T-DCF. The PER varied within an 11.5
dB range for 23 W launched pump power [Fig. 4(b)], while the azimuth and ellipticity changed
by 8.9° and 7.2°, respectively [Figs. 4(c) and 4(d)].

Theoretically, if only the sole eigenstate is precisely excited, the SOP should be stable after
passing the phase plate. In our experiments, we aimed to excite the sole linear eigenstate.
However, the ellipticity and azimuth changed periodically when pump power increased (Fig. 4)
which was a good match with the theory see Eq. (4), this study and Eqs. (3.29-3.30) [14]. Indeed,
the ellipticity and azimuth are in quadrature with respect to the retardance. Thus, upon pumping
into the cladding, a change occurs in the retardance, and, as follows from Eqs. (2) and 3, the
retardance changes are due to a change of the birefringence.

When launched into the fiber, the pump intensity decreases along the length of the fiber
due to absorption and this leads to a temperature gradient. At the same time, the absolute
temperature also inevitably increases. In PM fibers, birefringence changes with temperature
mainly because the stress rods and cladding are made of materials that have different thermal
expansion coefficients. As soon as the temperature changes, the internal stress in the fiber also
changes, and this leads to a variation in the birefringence. This effect of changes in the SOP
in line with increasing pump power is not new, and many other researchers have observed it.
Recently, some publications have reported deterioration of the PER by 7 dB at 300 W of launched
pump power in a system with 25/250 μm birefringent LMA fiber. This occurred despite the
application of temperature stabilization measures for the active fiber [34].

Light depolarization, caused by the doping-induced internal stresses, is the main obstacle to the
development of an active fiber suitable for the efficient amplification of polarized light. In active
PM T-DCF and sT-DCF, two opposing strategies are employed to overcome the depolarization
problem. In a PM T-DCF, a very large internal birefringence (usually linear) is induced, which
is much larger than the random birefringence caused by doping. As a result, the PM T-DCF is
equivalent to a phase plate with a large intrinsic birefringence.

4.3. Active spun T-DCF

The drawing process of sT-DCF is accompanied by fast preform rotation (600 rev/min) which
leads to an efficient averaging of local inhomogeneities in an active core. These are associated
with Yb3+ doping [24] and may also arise during the fiber drawing (stresses and geometric
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defects) [28]. The natural Lyot depolarizer disappears due to a large number of twists and the
averaging of the frozen inhomogeneities. Basically, an sT-DCF is also a waveplate, but one with
its own very small (10−8) elliptical birefringence. This elliptical birefringence of the sT-DCF
is a combination of circular and linear birefringence. Circular birefringence (optical activity)
is determined by residual frozen mechanical twist stresses, which are the consequence of the
preform rotation. The linear part of the birefringence is defined by the fiber bending caused by
the coiling, which is unavoidable (35 cm diameter). This linear birefringence determines the
azimuth drift [Fig. 6(c)]. Our experiment showed 99% DOP at the output of the sT-DCF, which
deteriorated slightly (by 3.6%) with a 23 W pumping (Fig. 6). Accordingly, sT-DCF does not
depolarize the amplified light. At the same time, the change of SOP in the active sT-DCF is
much smaller than it is with both isotropic and PANDA-type T-DCFs (Fig. 6 and Table S2 in
Supplement 1). The reason for this is the low intrinsic birefringence (1.45×10−8). Thus, the
change in ellipticity after propagation through sT-DCF at 23 W of the pumping power is only
0.6° [Fig. 6(d)].

Another important advantage of spun double-clad fiber is the slightly higher clad pump
absorption (0.2-0.3 dB/m) compared to the same fiber which has not been rotated during the
drawing process. Indeed, the rotation of the preliminary shaped preform always leads to better
mixing of the cladding modes [35] and to a slightly better cladding absorption, which also occurs
in this case. Potentially, sT-DCF can be used as a gain medium for a circularly polarized seed
source to create an efficient pulsed amplifier with a low ASE level that is free of polarization
hole burning (PHB) [36]. sT-DCF appears to be an excellent candidate for an orbital angular
momentum OAM beam amplifier. On the one hand, sT-DCF does not depolarize amplified
radiation, as happens in active non-PM optical fibers. On the other hand, having a circular
polarization as an eigenstate, it does not suffer from PHB and amplifies any polarization equally.
In the future, we are planning to continue research in this direction.

5. Conclusion

The present work addresses the problem of polarization state drift in active double-clad optical
fibers, which occurs under clad pumping. A comparative experimental study of isotropic and
anisotropic T-DCFs revealed that the SOP drift was associated with a quantum defect. We found
out that the light propagation in active isotropic T-DCFs is accompanied by strong depolarization
of light; up to 55% at 23 W pumping. This increases with the pumping launching into the fiber.
We have proposed a model that qualitatively describes this effect. The DOP in a PANDA-type
T-DCF was insensitive to the pumping. However, the PER varied periodically within the 8.9-20.4
dB range.

In this work, we proposed a solution to the problem of SOP drift in active fibers, namely, the
use of an active fiber with low intrinsic birefringence. This was the first time, that an active
tapered fiber with a low intrinsic birefringence (spun fiber) of 1.45×10−8 has been manufactured.
The fiber had an MFD of 26 μm and delivered a perfect output beam with M2 = 1.1. The
measured sensitivity of the polarization state in an active spun fiber was more than an order of
magnitude lower than in a comparable anisotropic fiber. The manufactured spun T-DCF had
intrinsic polarization states close to circularity and maintained the propagation of both linearly
and circularly polarized light with a DOP of 98%. The fiber exhibited very slight hysteresis of
the polarization state (0.6% for ellipticity and 2.3% for azimuth) at 23 W launched pump power.
This is caused by the inertia of the thermal processes. The amplification properties of a novel
sT-DCF were investigated in a picosecond MOPA system which delivered an output power of 50
W (34 dB gain, 50 ps, 47 kW peak power, and 2.5 μJ pulse energy).
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Abstract: We study numerically the possibility of using various gain-switched seed laser pulse
parameters and fibers for a low-cost, all-fiber Mamyshev regenerator scheme. We find that for
increasing pulse durations, sufficient spectral broadening will be difficult to achieve in practice and
careful design of the system parameters is required for the regenerator to function. Furthermore,
an optimal input peak power level can be defined for a given fiber and pulse duration that results
from a balance of competing Kerr effect and stimulated Raman scattering. We also demonstrate
experimental results of 3 ps pulse generation seeded by an 80 ps gain-switched diode. Our results
pave the way for designing pulse-on-demand picosecond scale fiber sources for applications.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Pulsed laser sources with picosecond and femtosecond durations have enabled numerous
applications in applied sciences such as materials processing [1,2] and LIDAR measurements
[3,4] as well as opened up new frontiers in fundamental science by allowing straightforward
access in experiments in nonlinear dynamics [5,6] and dual-comb spectroscopy [7,8]. The
plethora of applications drive ultrafast laser source development continuously with new targets
set in sight for cost-effectiveness, low footprint and turn-key and robust use. Fiber lasers are
particularly well suited for this task due to the compact nature of the sources with necessary
industrial ruggedness when all-fiber polarization maintaining configurations are used.

Mode-locking remains as the de-facto standard for generating ultrafast pulses in fibers. Mode-
locking is typically achieved with either a real saturable absorber (e.g. semiconductor, graphite
or carbon nanotubes) or an artifical saturable absorber (e.g. nonlinear polarization rotation,
nonlinear fiber loop mirrors). Pulses obtained from mode-locked sources offer excellent pulse
contrast and signal-to-noise ratio. These mode-locking schemes have different traits in terms of
stability and lifetime and a suitable one can often be chosen depending on the requirements of
the application. One characteristic common to all of these designs is that the repetition rate of
the laser is fixed to the fundamental repetition rate set by the cavity length typically ranging in
the 10-100 MHz range. Some applications such as materials processing would, however, benefit
from tunable pulse repetition rate or even pulse-on-demand operation. For mode-locked lasers,
various mechanisms such as harmonic mode-locking, multiplexers or acousto-optic pulse picking
can usually be employed to slightly vary the repetition rate of the source [9–13]. However, these
techniques have their limitations in what can be achieved, and they often result in additional cost
and complexity for the final system. Thus an electronically controllable, pulse-on-demand source
could provide new aspects for applications.

Recently, a new path towards coherent ultrafast pulse generation in fibers was proposed
utilizing a Mamyshev regenerator scheme [14,15]. In the scheme an electronically controllable
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gain-switched pulsed diode laser was launched into a passive optical fiber, where self-phase
modulation (SPM) broadens the spectrum, so that a coherent part of the spectrum can be filtered
out resulting in a cleaner pulse shape suitable for further pulse shaping. This is illustrated in
Fig. 1.

Fig. 1. High-level experimental schematic of a single Mamyshev Regenerator stage
consisting of a noisy gain-switched diode laser, a long piece of passive fiber and a subsequent
bandpass filter. Subfigures demonstrate pulse temporal and spectral evolution inside the
regenerator starting at the GSD pulses (a), after propagation in fiber (b) and after filtering (c).
We have compared a Gaussian pulse shape (black) to two noisy GSD pulse shapes (red and
blue pulses with added random fluctuations) with the same peak power & duration. Filter
is shown as the grayed area in (b2). Additional pulse shaping stages can be used after the
regenerator scheme to achieve even shorter pulse durations than shown here.

The initially noisy pulses from the gain-switched laser diode (GSD) will broaden the spectrum
sufficiently, so that when a part of the spectrum is filtered out, it will clean the pulse shape and
increase coherence. However, for successful filtering that cleans the pulse, spectral broadening
of several nanometers has to be achieved. In contrast to traditional mode-locked oscillators or
recently presented femtosecond Mamyshev oscillators [16–19], the regenerator scheme requires
no laser cavity to produce the pulses. Thus, such source could provide a simple, pulse-on-demand
or tunable repetition rate operation with increased coherence, reduced pulse duration compared
to conventional GSD solutions. The details of the scheme presented in Fig. 1 will be discussed
later.

Initial demonstration of the scheme [14] used a gain-switched diode with 10 ps pulse duration,
that could be compressed down to 135 fs after the regenerator and following pulse shaping stages.
However, such pulse durations represent the state-of-the art GSD performance and cost-reduction
in such cases becomes questionable. In this article we present experimental demonstration of
pulse shortening to roughly 3 ps seeded by 80 ps GSD pulses and a thorough numerical study on
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the practical limitations of GSD seeded Mamyshev regenerators. In particular we concentrate in
the simulations on the launched pulse duration, peak power and fiber parameters. The results
demonstrate the viability of the scheme even with moderate GSD pulse durations if care is taken
with adjusting the input peak power.

2. Experimental results

To verify whether pulse shortening is achievable with noisy and relatively long seed pulse
durations in a Mamyshev regenerator scheme and to justify some of the approximations made in
our numerical model, we built an experimental setup as illustrated in Fig. 2.

Fig. 2. Schematic of a GSD based Mamyshev Regenerator. The output of the GSD is
amplified in a highly doped (absorption >85 dB/m @ 915 nm) pre-amplifier fiber pumped
by a 976 nm diode. Non-PM fiber with 300 m length and MFD of 5.2 μm is spliced after the
amplifier, which is followed by a tunable bandpass filter.

The seed laser was an 80 ps GSD from PicoQuant (CPDL-S-F-1064) that produced 23 μW
at 1 MHz repetition rate with a center wavelength of 1063.2 nm. The output of the GSD was
amplified in a short fiber pre-amplifier allowing us to scale the peak power of the pulses in
experiments between 1 - 150 W. The seed and amplifier were PM-fiber based, but were coupled
to a 300 m of non-PM fiber with a mode-field diameter of 5.2 μm for our tests. This non-PM fiber
was chosen to reduce the Raman gain in the fiber due to polarization scrambling and because it
was long enough to achieve sufficient spectral broadening for further filtering and compression.
Furthermore, our simulations indicated this to be close to the optimum length with our pulse
parameter range. The nonlinear effects and fiber length optimization will be discussed in more
detail in the following sections.

The setup is fundamentally similar to the one presented by Fu et al. [14]. The major differences
are the longer pulse duration of the diode (80 ps vs. 10 ps) as well as using longer and non-PM
passive fiber segments for pulse broadening (300 m vs. 30 m). The achieved spectral broadening
is smaller in our case due to the difference in pulse durations, being approximately 4 nm (vs. 7.5
nm). This limits our flexibility for tuning the filter as the incoherent central part of the spectrum
has to be suppressed by the filter. Therefore, in contrast to Fu et al., the filter in our case has to
be placed near the edge of the spectrum where pulse fluctuations can be enhanced.

We start by demonstrating the behavior of the output spectrum of the GSD after propagating
through the 300 m spool with increasing input peak power in Fig. 3. This corresponds to a typical
experimental scenario, where the fiber length is fixed and the power can be adjusted by increasing
the pre-amplifier pump current.

For low peak powers the system shows nearly no spectral broadening. Only after the peak power
has increased above 40 W we start to see symmetrical broadening due to SPM. Increasing the
power, the spectrum continues to broaden as nonlinear effects increase and we simultaneously see
the stimulated Raman scattering (SRS) peak appear at around 1115 nm in Fig. 3(b). At the highest
peak power of 148 W the SRS peak is already at −8 dB level relative to the spectral maximum,
and it starts to affect the symmetry of the spectral broadening, with the long wavelengths suffering
losses due to combined effects of depletion by SRS and cross-phase modulation [20]. We also
note the increasing spectral contribution at 1030 nm, that is a typical characteristic of ASE
increasing in a non-saturated ytterbium doped fiber amplifier.
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Fig. 3. Optical spectra recorded at the output of 300 m of non-PM fiber with increasing
peak power: (a) High resolution spectra. The peak in the middle is caused by the incoherent
fluctuations of the GSD laser. (b) Wide-bandwidth, low resolution spectra demonstrating
the growth of the Raman sidebands (1110 nm) with increasing peak power. Peak at 1030 nm
is ASE from the pre-amplifier.

In order to maintain the SRS levels moderate, we used approximately 110 W of peak power
(10 mW of average power) after amplification at the input of the fiber spool. After the 300 m
spool of fiber, a fiber coupled bandpass filter with approximately super-Gaussian filter shape and
FWHM of 1.2 nm was used to carve out a part of the spectrum centered at 1065 nm. Average
power dropped to 7 mW after the 300 m spool and consequently to 1 mW after the filter due
to the filter intrinsic losses (3 dB) and a large part of the spectral power density being filtered
out. A grating compressor in the Treacy configuration was used to verify compressibility of the
pulses in conjunction with a scanning autocorrelator. Figure 4(c) and (d) demonstrate the filtered
spectrum and autocorrelation data of the input GSD and after compression. We have chosen
the peak power of 90 W to correspond to the case where Raman is still not affecting the pulse
dynamics significantly.

Fig. 4. (a) Filtered spectrum after by 1.2 nm bandpass filter. The peak on the left edge of
the spectrum is the residual noise of the GSD. (b) autocorrelation of original GSD pulse
(blue) and the compressed pulse after filtering (black).

The input autocorrelation is very noisy and asymmetric (which points to fluctuations or
measurement error in the autocorrelation measurement) and has a FWHM duration 95 ps. After
broadening in the fiber, the pulse achieves a spectral width of approximately 4.2 nm, which after
filtering to 1.2 nm can be compressed down to 4.3 ps (autocorrelation FWHM), which assuming a
Gaussian deconvolution factor of 1.414 corresponds to roughly to 3 ps of average pulse duration.
This demonstrates the potential of the Mamyshev regenerator scheme even with longer pulses.

We point out that all of these measurements are averaged. In practice the pulse-to-pulse spectral
widths will vary, and consequently the filtered pulse energies and durations will also fluctuate.
Filtering at the edge of the spectrum is the most prone to these variations and performance of
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the system will depend largely on the GSD fluctuations. Due to practical limitations we had to
choose filtering near the edge in our experiments. In particular, we could not use smaller filter
bandwidths in experiments that would allow us to filter more carefully between the noisy center
peak of the GSD and the edge of the spectrum. As the spectral broadening was also limited with
our GSD pulses, we had to resort to filtering nearly half of the broadened spectrum. We note
that this increased the pulse amplitude fluctuations, but this was not quantified in more detail.
Indeed, careful engineering of the system parameters: pulse duration, peak power, fiber length,
fluctuations, filter position & bandwidth are required for the reliable operation of regenerator
system. In the following sections we concentrate on optimizing the pulse parameters and fiber
length by numerical simulations.

3. Numerical model and pulse dynamics

For the Mamyshev regenerator scheme to function, the spectral broadening of the GSD pulse has
to be sufficient so that a coherent part of the spectrum can be carved out by the spectral filter.
Thus a natural metric for the suitability of a scheme for practical purposes is the obtained spectral
bandwidth at the output of the regenerator. Intuitively, one would just assume higher pulse powers
to result in larger SPM induced spectral broadening and therefore better performance. However,
increased peak power also changes the growth rate of detrimental stimulated Raman scattering
(SRS) arising from noise that will eventually destroy the pulse temporal shape and affect spectral
broadening, and thus preventing any subsequent filtering efforts in the regenerator scheme. Thus
careful selection of pulse and fiber parameters is essential.

While analytical formulas can be given for SPM spectral broadening and Raman growth
rate, these formulas are usually only valid in special cases where dispersive or nonlinear effects
dominate [20]. In order to evaluate the simultaneous impact of the various nonlinear effects
and dispersion on the pulse propagation we use numerical simulations based on solving the
generalized nonlinear Schrödinger equation (GNLSE) by the split-step Fourier method [20,21]

∂E
∂z

−
∑
k=2,3

ik+1 βk
k!
∂kE
∂Tk = iγ

(
1 + iτshock

∂

∂T

) (
E
∫ ∞

−∞

R(t′)|E(z, T − t′)|2dt′
)

. (1)

Here E(z, T) is the complex electric field envelope propagating in the co-moving time-frame of
the pulse, βk are the dispersion values up to third order, γ is the nonlinear coefficient of the fiber,
R(t) is the experimentally measured Raman response function and τshock is the self-steepening
effect [21,22].

Initially, we performed some simulations with noisy pulse trains (Gaussian pulse with added
broadband noise, see Fig. 1 for illustration) and compared the spectral broadening to transform
limited Gaussian pulses of the same duration. We discovered, that the average spectrum of the
noisy pulses corresponds roughly to the spectral broadening of transform limited pulses. We
also simulated the propagation of 80 ps Gaussian pulses in 300 m of non-PM fiber with 150
W of peak power, corresponding to the experimental data shown in Fig. 3. The output spectra
of the simulation is compared to the experimental data in Fig. 5. To initiate SRS growth in
simulations, 300 photons per simulation frequency bin with random phase are used to generate
the noisy background. This value is based on achieving a reasonable agreement with Raman
values observed in the lab with the 80 ps GSD pulses. The simulation grid consisted of 216 points
on a 1.2 ns time window.

Encouraged by the agreement of simulations with experiments, we decided to use only
transform limited Gaussian pulses with varying durations as the input pulses in the simulations
presented in the manuscript in order to reduce computation time and to make the analysis more
straightforward.

Simulations were performed for four different pulse durations: 20 ps, 50 ps, 80 ps and 100 ps
with peak powers ranging from 50 W to 800 W centered at 1064 nm. In addition to this we studied
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Fig. 5. Comparison of experimental (red) and simulated (black) results at the output of 300
m of non-PM fiber with 80 ps GSD pulses. (a) High resolution optical spectra. (b) Wide
bandwidth, low resolution spectra demonstrating similar levels of SRS signal. Note that
the Gaussian pulse simulations did not contain any ASE that affects the noise-floor in the
spectral measurements.

the effect of choosing a different fiber type for obtaining optimal performance. The group velocity
dispersion coefficient β2 ranged from 0.018 ps2 to 0.03 ps2 in the normal dispersion regime
and the effective area of the fiber ranged between 5-10 μm affecting the nonlinear coefficient
according to γ = n2ω0/(cAeff) [20]. We have also simulated polarization-maintaining (PM) and
non-polarization maintaining single-mode fiber (SM) performance. For the latter case the Raman
gain coefficient was halved, assuming totally unpolarized light propagating in the fiber [20].
While this approximation is probably too pessimistic, as the light is not fully depolarized after
the SM fiber in practice, it serves as a good boundary case example of what are the limitations of
PM and SM fibers.

3.1. Pulse dynamics and limitations for Mamyshev regenerator systems

As an illustrative example of the pulse dynamics in Fig. 6 shows the temporal and spectral domain
evolution of a Gaussian pulse propagation with 50 ps duration and 350 W of peak power in 500
m of SM fiber.

This example highlights several key features similar to all simulated cases, that underline the
major limiting factors for Mamyshev regenerator systems. Initial propagation from 0 m to 167 m
is dominated by the SPM spectral broadening and dispersion acting simultaneously, resulting in
broadening of the pulse in the time domain from 50 ps to 80 ps. Simultaneously SRS starts to
grow from the noise floor at −60 dB at the Raman gain maximum at 1115 nm (visible in the
logarithmic plot), but the energy in the Raman peak is still relatively low that it has little effect
on the pulse temporal shape. With further propagation, temporal broadening due to dispersion
slows down the spectral broadening as the peak power is decreasing. At approximately 278 m,
additional spectral sidelobes can be noticed near the signal spectrum. The sidelobes are caused
by optical wave breaking (OWB) [20]. These are particularly apparent in the logarithmic plot
(Fig. 6(c)), but can also be seen in the latter stages on the linear spectra as well (Fig. 6(b)). OWB
is also apparent in the time domain with the pulse edges steepening and oscillatory structures
appearing at the edges (Fig. 6(a)).

Also around 278 meters the exponential amplification of SRS leads to spectral power at
1115 nm being significant enough (−30 dB relative to the signal) to start causing a significant
modulation in the leading edge of the pulse profile. In our simulations we limit the Raman
sideband growth to −15 dB level by stopping the simulation when this level is reached. This level
was chosen to be well below −10 dB, where significant pump depletion affects Raman dynamics
[23], and where the Raman effects to the pulse temporal shape were still considered moderate.

Interestingly enough, after 333 m, OWB temporarily halts further spectral broadening and
can even result in a slight decrease of the 3 dB bandwidth of the pulse, as four-wave mixing
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Fig. 6. Example of SPM broadening and SRS growth in SM fiber along the fiber length.
Input pulse was 50 ps with 350 W peak power. (a) Pulse temporal intensity profile, (b)
Linear spectrum, (c) Logarithmic spectrum. Intensities and spectra have been normalized
for illustrative purposes.

from the edges of the spectra seed the OWB [20]. This can also be observed qualitatively in
the linear spectra of Fig. 6 comparing the spectra after 333 m, showing no significant spectral
broadening due to SPM. The 3 dB spectral bandwidth would stagnate or decrease until the OWB
sidelobes’ amplitude reach the −3 dB level, and consequently a sudden increase in the 3 dB
bandwidth would be observed. However, this additional bandwidth is not useful anymore, as
the nonlinear phase profile at the pulse edges could cause problems with further pulse shaping
methods. Therefore we have imposed an additional limit condition for the propagation simulation
in fiber, set by the length where OWB starts decreasing the bandwidth of the pulse.

Summarizing the above discussion, the simulations are performed with the pulse propagating
in the fiber until one of the following three limit conditions is met:

1. OWB condition: The 3 dB bandwidth of the pulse starts to decrease due to OWB.

2. Raman condition: Highest peak in the SRS band at around 1115 nm rises above −15 dB
level relative to the maximum.

3. Maximum length condition: Fiber length exceeds 500 m.

The last condition is set by practical constraints as fiber lengths in the excess of hundreds of
meters are not very viable in real laser systems. Furthermore, longer fibers increase the pulse
duration due to added dispersion, resulting in also longer pulse durations after filtering. This
will consequently reduce the peak power of the filtered pulses making additional pulse shaping
efforts difficult.

All simulations are launched with the given fiber and input pulse parameters and simulated
until one of the three limiting conditions is triggered, which then stops the simulation at the given
length. The stop conditions served to define the practical fiber length in Mamyshev regenerator
resulting in varying output bandwidths, where the broadest spectrum is considered to be the
optimum operating point.
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4. Results and discussion

4.1. General behavior due to the limitations

We start our discussion by reviewing the results obtained in standard SM-980 and PM-980 fibers.
Mode field diameter of the fiber is set at MFD = 6.92 μm and GVD at β2 = 0.024 ps2. As a
simple approximation we use Aeff ≈ π(MFD/2)2 to evaluate the nonlinear coefficient. These
values are close to commercially available fibers and serve as a good benchmark to understand
the effect of different parameters on system behavior. The SM and PM cases were simulated by
their different Raman gain coefficients, as mentioned earlier in the text. We first show the spectral
broadening evolution for an initial pulse duration of 50 ps only with varying peak powers, as this
helps to understand how the different limit cases are met arising from nonlinear effects along the
propagation (Fig. 7). We have chosen 6 dB bandwidth as the metric as the 3 dB bandwidth is
more prone to variations due to the rapid fluctuations of the SPM broadened spectrum combined
with asymmetry caused by SRS.

Fig. 7. (a) Example of evolution of bandwidth vs. input pulse peak power for 50 ps pulse in
SM-980 fiber (red line, circles) and PM-980 (black line, squares). (b) Corresponding fiber
length where simulation is terminated by the specified conditions.

Figure 7(a) shows the peak power of the pulse against the 6 dB bandwidth for both PM and
SM fibers. Each point is defined by one of the stop conditions (OWB, Raman or Max. length).
For peak powers ranging from 25 W to 150 W the 6 dB spectral bandwidth grows predictably
with increasing power due to SPM (green arrow). When the peak power reaches 175 W we see a
difference for the SM and PM fibers. For the SM fiber the bandwidth continues to grow (blue
arrow), however the fiber length is limited due to OWB limit condition. For PM fibers we see
already a decreasing 6 dB bandwidth beyond this point caused by the high power pulses reaching
SRS threshold very rapidly. It is accompanied by a rapid decrease in the fiber length. The same
effect occurs in SM fibers only at 325 W (red arrow).

Looking at Fig. 7(b), that illustrates the simulated fiber lengths corresponding to Fig. 7(a), we
can verify the statements in the above paragraph. Up to 175 W both PM and SM fiber simulation
lengths are limited by the 500 m limit condition. Beyond this point PM fiber lengths drop rapidly
due to the Raman threshold condition, whereas SM fibers see a slower decline in fiber lengths
due to the OWB condition. The Raman limit is achieved for the PM fiber faster due to the higher
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Raman gain as discussed. Beyond 325 W we also observe a change in the slope of the SM fiber
length, that corresponds to transition of the dominating limiting condition from OWB to Raman.

With increasing peak powers SRS grows even faster and the −15 dB threshold is reached
before OWB has even cause significant effects on the pulse. This sets a stringent limit on the
maximum fiber length, which can be used in the Mamyshev regenerator for pulse broadening, and
consequently for the maximum obtainable bandwidth. As pointed out, the growth of the Raman
sideband for higher peak powers is the reason why a careful balance of optimum peak power and
fiber length is essential to achieve the broadest spectrum in Mamyshev regenerator systems.

4.2. Varying pulse duration in a standard fiber

Figure 8 demonstrates similar results as Fig. 7, but now for various pulse durations (20, 50, 80 and
100 ps). We observe several noteworthy features in the graphs. Firstly, the obtained maximum
bandwidth for PM fiber is always lower than for SM fiber due to the difference in Raman gain.
Secondly, shorter pulses will generally result in broader spectra compared to longer pulses for
given input peak powers. This can be intuitively understood by larger spectral broadening due to
the Kerr effect but also due to longer pulses suffering from longer walk-off length between the
amplified SRS noise and the input pulse resulting in more net gain for SRS [20].

Fig. 8. Bandwidth and related maximum fiber length evolution for 20 ps, 50 ps, 80 ps and
100 ps pulses for different powers in SM-980 fiber (a,b) and PM-980 fiber (c,d).

Somewhat counterintuitively, this leads to the fact that when using longer pulses in a Mamyshev
regenerator, increasing the peak power is a straightforward way to obtain broad spectra (considering
the SRS and OWB limitations). The optimum operating point is obtained by optimizing the
input pulse power in combination with fiber length. For example in Fig. 8(c) we note that for
increasing pulse duration from 20 ps to 100 ps the optimum peak power (resulting in the broadest
spectrum) decreases from 425 W to 75 W. The optimal fiber lengths are 110 m for 20 ps and
500 m for the rest. Even though the simulations for the longest pulses continue up to 500 m, the
fiber can be made shorter in practice. The spectral broadening slows down during propagation in
the fiber due to dispersion reducing the peak power, and nearly equivalent bandwidths could be
obtained for the longer pulses with shorter fibers.

From a practical point of view, longer pulses will be significantly more difficult to use for
regeneration, as the maximum obtainable broadening in can be only 2-5 nm. One should filter a
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broad enough part from the side of the spectrum to be used as an efficient seed for further pulse
shaping, while efficiently rejecting the incoherent part of the GSLD seed pulse at the center of
the spectrum. Some ways to circumvent this problem is to either resort to SM fibers if the output
polarization state is not crucial, to use additional pulse shaping stages at the cost of simplicity, or
use different fibers that will affect the propagation dynamics. We will next look at the last option
in more detail.

4.3. Effect of fiber parameters on optimum operating power

We start by setting the fiber dispersion to three values of β2 = 0.018ps2,β2 = 0.024ps2 (standard
value of PM-980) and β2 = 0.03ps2 while maintaining the MFD of 6.9 μm. Typically adjusting
the dispersion will also affect the fiber MFD, but for reasons of clarity we do not take this into
account. In Fig. 9 we plot the 6 dB bandwidths for these three dispersion values.

Fig. 9. Effect of dispersion on optimal bandwidth. Bandwidth evolution for 20 ps, 50 ps,
80 ps and 100 ps pulses for different input peak powers and different dispersion values in
SM fiber (a,b,c) and PM fiber (d,e,f).

Comparing these results we note that the fiber dispersion has only minor effect on the maximum
obtainable bandwidth for each pulse duration. However, the optimal input peak power is shifted
towards higher powers with increasing dispersion. Increasing dispersion generally broadens the
pulse in time domain faster, reducing the peak power. While this reduction in peak power is
less favorable in terms of SPM, it also reduces the SRS growth rate. Hence, in order to achieve
the same spectral bandwidth in fiber with higher dispersion, increased peak power is required.
Simultaneously the reduced SRS allows one to use longer fiber lengths, effectively shifting the
optimum position.

Following this, we now keep the dispersion constant at β2 = 0.024ps2 while varying the MFD
to values of 5 μm and 10 μm. The results in this case, shown in Fig. 10, are similar when varying
the dispersion. The maximum obtainable bandwidth is increasing only slightly with larger MFD.
While this is again slightly counterintuitive, as one would expect smaller MFD (larger nonlinear
coefficient) to cause larger spectral broadening, the reason can again be understood between
the balance of SPM and SRS. Larger MFDs result in slower SRS growth rate, allowing one to
use longer fibers for a given peak power resulting in larger spectral broadening, that could be
achieved with a higher nonlinearity alone. Indeed, if we compare the spectral bandwidths at
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Fig. 10. Effect of the MFD of the fiber on optimum bandwidth. Bandwidth evolution for
20 ps, 50 ps, 80 ps and 100 ps pulses for different input peak powers and different MFD
values in SM fiber (a,b,c) and PM fiber (d,e,f).

identical low peak power values, where SRS is not the limiting factor, smaller MFD will yield a
broader spectrum.

5. Conclusions

We demonstrated experimentally pulse shortening down to <3 ps by a Mamyshev regenerator
seeded by 80 ps GSD pulses. Such systems could provide an alternative way for pulse-on-demand
applications requiring short pulse durations without mode-locked lasers. The system does not
posses the pulse-to-pulse stability of mode-locked sources, but could be a viable option in
applications where some fluctuations are allowed.

We have also studied the possibility of using different pulse durations and powers as well as
various fiber configurations for Mamyshev regeneration schemes based on numerical simulations.
The results indicate that for a given pulse duration an optimal input pulse peak power exists and
should be used in order to achieve the largest spectral broadening, while keeping undesirable
Raman noise levels down. Furthermore, the results show that reasonable spectral broadening (i.e.
>5 nm) can be achieved with GSLD pulse durations below 50 ps. Longer pulses could also be
used, but subsequent pulse filtering and nonlinear shaping steps need to be designed carefully
to not enhance the already noisy seed source. Furthermore, improper filter design can result in
double pulse structures due to the nature of the SPM broadened pulses. Optimizing the filter
properties will be the subject of future studies.

While the choice of fiber has only minor effect on the maximum obtainable spectral broadening
for a given pulse duration, the fiber parameters will affect the optimum peak power where this
maximum is obtained. This optimum is a result of the delicate balance of SPM and dispersion
affecting the pulse bandwidth and duration that, in turn, affect the total Raman gain seen by
the amplified noise that depends on the dynamically changing walk-off length. Our results
demonstrate the need for careful design of the pulse parameters for the system to work optimally.
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We performed a comparative study of Yb-doped double-clad large mode area (MFD = 31 μm) spun tapered
fibers with different pitch lengths. A novel type of spun tapered fibers with constant pitch lengths of 7.5, 15, and
30 mm, internal birefringence as low as ∼10−8, and perfect output beam quality (M2 < 1.2) has been manu-
factured and investigated. We demonstrated the efficient direct amplification of a picosecond pulsed signal
(95 ps/100 MHz, 1064 nm) in the spun active tapered fiber with optimized geometry providing an average output
power of 71 W (gain 32 dB, 74% slope efficiency). Efficient green light generation (λ = 532 nm) with 17 W average
power (1.7 μJ) and 80 pm linewidth was demonstrated using the developed master oscillator power amplifier
system. ©2021Optical Society of America
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1. INTRODUCTION

The technology of high-power pulsed fiber amplifiers requires
large mode area (LMA) polarization-maintaining (PM) active
fibers. Currently, three main types of fibers are used for these
purposes: LMA PM fibers with a low numerical aperture (NA)
[1], microstructured active fibers [2], and tapered double-clad
fibers (T-DCF) [3]. Polarization maintaining in all types of these
fibers is achieved by inducing strong internal stresses (PANDA
or stressed cladding technology). The high-temperature sen-
sitivity of birefringence in active fibers with strong internal
stresses is a significant disadvantage of all these types of fibers
[4–7]. It is especially important for active fibers because they are
always subject to inevitable internal heating mainly caused by
a quantum defect [8]. As a rule, the strong pumping of active
PM fiber leads to a rather rapid deterioration of the polarization
extinction ratio (PER) [9].

The temperature sensitivity of the state of polarization (SOP)
is defined by the value of the induced internal birefringence itself
[4–7]. To solve the problem of SOP drift caused by the internal
heating of PM active cladding-pumped fiber, we recently pro-
posed active fibers with low intrinsic birefringence (so-called
active spun T-DCF or sT-DCF) [10–13]. In [10–13], an Yb-
doped sT-DCF with a 26 μm mode field diameter (MFD) and
35 μm core diameter was demonstrated. The sT-DCF demon-
strated in [10–13] had spinning pitch varied along the length
within the 6 to 13 mm range.

For this paper, we have fabricated an active sT-DCF with
an MFD of 31 μm (44 μm core diameter) and different pitch
lengths (7.5, 15, and 30 mm) constant along the entire length
of active tapered fiber. We analyzed how the pitch length of
sT-DCF affects parameters of the output radiation: degree of
polarization (DOP), amplification efficiency, and output mode
content (beam quality). The 95 ps/100 MHz master oscillator
power amplifier (MOPA) based on sT-DCF with an average
output power of 71 W and stable output SOP is demonstrated.
Second-harmonic generation for output radiation from the
active sT-DCF as a gain media is presented and studied.

2. EXPERIMENT

A. Manufacturing of Spun T-DCF with a Constant

Pitch Length

To produce sT-DCF, the Yb-doped preform with a 1:11 core-
to-cladding diameter ratio and step-index core (NA ∼ 0.1)
was assembled. The in-core absorption was measured as much
as 550 dB/m at 976 nm. To improve clad pump absorption in
sT-DCF, the first cladding was four times truncated into a square
shape with rounded corners, as shown in Fig. 1(a).

sT-DCF was manufactured by using a similar technology
previously exploited for passive [14] and active spun tapered
fibers [10–13]. During the drawing process, the preform was
fed into a high-temperature furnace with a certain speed varied

0740-3224/21/12F161-09 Journal © 2021Optica PublishingGroup
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Fig. 1. (a) End face view of the wide side of sT-DCF. (b) Outer
cladding diameter of sT-DCF versus length.

in time to form the required tapered longitudinal profile. The
only difference from [10–13] is that now the angular velocity
of preform rotation also varied in time in accordance with fiber
drawing speed. The key element of the drawing tower for the
production of the sT-DCF was the high-precision spinning
mechanism with a wide range of rotation speed and precise
alignment of a preform to avoid preform eccentricity relative to
the drawing axis. All above-mentioned parameters (i.e., speed
of preform feed, angular velocity of preform rotation, and speed
of drawing) were changed in accordance with a predetermined
algorithm to obtain a given constant rotation pitch along the
length of the sT-DCF.

Thus, the cladding diameter varied from 486 μm down to
90 μm (tapering rate T = 5.4) along the length of 6.7 m. The
longitudinal profiles of each sT-DCF are shown in Fig. 1(b).
We have manufactured three different types of sT-DCF with
the same lengths and similar longitudinal profiles but with
different pitch lengths: 7.5, 15, and 30 mm [Fig. 1(b)]. Also,
for comparison purposes, the standard tapered double-clad
fiber (T-DCF) without any rotation has been drawn as well. All
fibers (sT-DCFs and T-DCF) were coated by low-index primary
reflecting coating (NA ∼ 0.4) and secondary protecting acrylate
coating.

Pump radiation at 976 nm has been launched into the wide
end of tapered fiber by a lens with NA = 0.15. The overall pump
power losses due to Yb absorption and vignetting for all sT-
DCFs and standard T-DCF have been measured and are shown
in Table 1.

Table 1. Pump Losses for Different Tapered Fibers

Pitch Length, mm Pump Power Losses, dB/m

7.5 3.46
15 2.51
30 2.00
Standard 1.70

B. Beam Properties: Spatial Distribution and M2

For all experimental samples of sT-DCFs, the MFD, beam
quality, and spatial polarization beam uniformity have been
measured. Figure 2 shows the results of the near-field distribu-
tion and M2 measurements for the sT-DCF with different pitch
values and similar standard T-DCF drawn without preform
rotation. The main parameters of the measured beams are listed
in Table 2.

The spatial uniformity of SOP and PER of the output beam
in the amplification regime (40 W of pump power) were stud-
ied in the following experiment. A Glan–Taylor polarizer was
installed in front of the beam profiler, and a series of images at
a different azimuth of polarizer was taken. Figure 3 shows the
intensity distribution of the output beam after passing through
the polarizer for six different orientations of the polarizer (0,
15, 30, 45, 60, and 90◦). Fibers were coiled with a diameter of
30 cm. No cooling measures were taken.

In cases of standard T-DCF and sT-DCF with 15 and 30 mm
pitch, the intensity of fundamental mode decreased uniformly
with rotation of the polarizer. This indicated that the beams
were single-mode and that polarization was uniform across the
core. In contrast, output radiation of sT-DCF with 7.5 mm
pitch consists of high-order modes. Even when the polar-
izer blocked the fundamental mode, the higher-order modes
remained visible. This means that the SOP of HOMs differs
from the linearly polarized fundamental mode.

Far- and near-field patterns for a multimode pump were
investigated and are depicted in Fig. 4. It was observed that
localization of the pump radiation; therefore, pump absorption
is directly dependent on the pitch value. Preform rotation dur-
ing fiber drawing leads to the appearance of internal torsional
mechanical stresses across the sT-DCF cross-section structure,
which, in turn, cause spatial modulation of the refractive index
due to the elastic-optical effect.

This leads to the formation of additional parasitical wave-
guides in the sT-DCF cladding and results in the delocalization
of pump radiation [13]. The distribution of the pump radiation
intensity in the near and far field at the output of fibers with
different degrees of twisted (nontwisted and with 7.5, 15, and
30 mm pitch) is shown in Fig. 4.

D. Picosecond MOPA System with sT-DCF

To compare the amplification properties of three spun tapered
double-clad fibers, we built a MOPA system, as shown in Fig. 5.
A commercially available 95 ps gain-switched laser diode was
used as a seed laser. The repetition rate was set to 100 MHz.
A linearly polarized signal with the linewidth of 100 pm was

Fig. 2. Near-field pattern and M2 for sT-DCF with different pitches and standard T-DCF.
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Table 2. Beam Properties for sT-DCF with Different Pitches (7.5, 15, and 30 mm) and Standard T-DCF

Pitch Length, mm Core Diameter,μm Beam Shape
Spatial Polarization

Distribution MFD,μm M2
x/ M2

y

7.5 44 Asymmetrical (few
modes)

Impure uniform 30 × 22 1.28/1.02

15 44 Round Uniform 30 1.17/1.08
30 44 Round Uniform 31 1.17/1.07
Standard 44 Round Uniform 31 1.12/1.00

Fig. 3. Spatial polarization uniformity in the near field of the out-
put beam for sT-DCF with different pitches (7.5, 15, and 30 mm) and
standard T-DCF.

Fig. 4. Pump radiation intensity distribution in a cross-section of
sT-DCFs with different pitches (7.5, 15, and 30 mm) and standard
T-DCF.

preamplified up to average power of 40 mW and launched to the
narrow end of the sT-DCF through the high-power isolator. sT-
DCF was pumped by a 976 nm laser diode only from the wide
end using a free space assembly consisting of the dichroic mirror
to separate the pump and signal wavelengths and two aspherical
lenses. We only cooled the first 15 cm from the wide end of the
tapered fiber to prevent damage of the polymer coating due to
intense pumping. The rest of the tapered fiber was coiled on a
metal plate and not actively cooled. We deliberately tested the
spun tapered fibers under harsh conditions in order to reveal the
temperature dependence of the polarization state.

To measure and visualize the temperature distribution in the
sT-DCF when pumped from the wide side, we used a thermal
imaging camera. Figure 6(a) shows part of the setup, including
the cooling holder, lens, and part of the wide side of sT-DCF.
The image was taken at the maximum pump power of 100 W.
Temperature of the cooling holder was kept at 18◦C in contrast
with the plate temperature. The holder had a square groove,
which provided more efficient cooling compared with the plate,
where thermal contact with the fiber was minimal. The temper-
ature of sT-DCF at different points was measured as a function
of pump power [Fig. 6(b)]. The hottest point had a temperature
of 40◦C. The maximum temperature gradient (over the first
2 cm of sT-DCF) reached 20◦C [Fig. 6(c)].

The highest output power of 71 W was obtained using
sT-DCF with 30 mm pitch, while the lowest output power of
34 W was reached in the case of sT-DCF with 7.5 mm pitch
[Fig. 7(a)]. As can be seen from Fig. 7(b), slope efficiency
increases with pitch length increasing. At the same time, one can
assume that shorter pitch provides better cladding mode mixing
and therefore improves absorption [Fig. 7(b)]. However, it was
observed experimentally that pump localization got worse in
sT-DCF with decreasing pitch (described above). Moreover, the
slope efficiency of the sT-DCF decreases with decreasing pitch
[Fig. 7(b)]. Therefore, it may be concluded that pump leakage

Fig. 5. Scheme of the experimental setup and images of the output beam at maximum output power for sT-DCF with 7.5, 15, and 30 mm pitch.



F164 Vol. 38, No. 12 / December 2021 / Journal of the Optical Society of America B Research Article

Fig. 6. (a) Thermal image of the wide end of sT-DCF with 30 mm pitch. (b) Temperature change at five points of the fiber during pumping. The
numbering corresponds to the number in (a), which indicates the points of temperature measurement. (c) Temperature distribution over the first
23 cm of the wide end of the sT-DCF at the maximum pump power of 100 W.

Fig. 7. (a) Output power versus pump power. (b) Efficiency as a function of the pitch of sT-DCF. (c) Spectrum of the output amplified signal for
7.5, 15, and 30 mm sT-DCF and standard T-DCF.

(vignetting) grows faster with decreasing pitch of sT-DCF
than a significant cladding mode mixing occurs. On the other
hand, higher slope efficiency was observed in the MOPA system
based on sT-DCF in contrast with standard nontwisted T-DCF
(formally with infinite pitch). At the same time, slope efficiency
should be a continuous function by its nature for all values of
the pitches. Hence, overall efficiency should reach at least one
maximum with a pitch value in the middle range, i.e., about
30 mm in our case [Figs. 7(a) and 7(b)]. Figure 7(b) shows
attenuation of pump power as a combination of absorption and
loss during propagation from the wide to narrow end in tapered
fiber samples. Stronger ASE for 7.5 mm sT-DCF [Fig. 7(c)] also
indicates that the signal in the core experienced higher losses
compared with 15 and 30 mm pitch. sT-DCF with 30 mm pitch
delivered the highest output power of 71 W and spectrum with
∼30 dB ASE-to-signal contrast. The slope efficiency and gain of
this sT-DCF-based MOPA were 74% and 32 dB, respectively.
Standard T-DCF was pumped only up to 50 W because of too-
low absorption. This led to overheating of the cladding mode
stripper; thus, we were forced to limit pump power.

Over the entire output power range, we have measured the
SOP for the output signal of MOPA based on sT-DCF sam-
ples with three different pitches and standard T-DCF. A set of
measurements was made when a linearly polarized signal was
launched into tapered fiber through a narrow side using free-
space coupling (Fig. 8). Among all sT-DCF, the lowest output
signal DOP (without pumping) of 92.6% was demonstrated

by sT-DCF with 7.5 mm pitch. At maximum output power, it
decreased to 84%. This was caused by the excitation of higher-
order modes that had different SOP (Fig. 3). Another factor is
higher ASE than in other tapered fibers.

In the case of sT-DCF with 15 and 30 mm pitches, DOP
decreased from 98% to 90% and from 96% to 82.6%, respec-
tively, in the pump power range 0–100 W. The smallest
fluctuation of azimuth and ellipticity was observed at the output
of 30 mm sT-DCF: 3.9% and 0.9%, respectively (Table 3).
Because standard T-DCF was pumped only up to 50 W, for
comparison purposes, Table 3 is split into two parts. Absolute
changes in DOP and SOP are shown in two pump power ranges
of 0–50 and 0–100 W. Standard nontwisted T-DCF demon-
strated the biggest absolute changes in azimuth and ellipticity in
the pump power range 0–50 W.

3. DISCUSSION

Doping a fiber core by rare-earth ions and the process of fiber
drawing itself is accompanied by the formation of strong local
mechanical stresses in the core, which are inhomogeneous both
in cross-section [15–18] and along the fiber length [19,20].
Reference [15] demonstrated that doping by Yb3+ ions leads
to significant mechanical stresses and local changes in the
refractive index up to 10−4. Thus, the polarization proper-
ties of an active optical fiber are substantially transversely and
longitudinally inhomogeneous. Light depolarization, caused
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Fig. 8. Evolution of linear polarization state at the output of sT-DCF depending on the output power for 7.5, 15, and 30 mm sT-DCF and stand-
ard T-DCF. Degree of polarization, azimuth, and ellipticity of output radiation as a function of output power.

Table 3. Absolute Changes in DOP, Azimuth, and Ellipticity for 7.5, 15, and 30 mm sT-DCF and Standard T-DCF in
Two Pump Power Ranges of 0–50 W and 0–100 W

0–50 W Pump 0–100 W Pump

Pitch, mm 7.5 15 30 Nontwisted 7.5 15 30 Nontwisted

� DOP, % 6.7 4.3 6.6 3.2 8.5 9.8 15.6 –
� Azimuth, ◦ 2.2 3.2 1.0 7.3 4.8 4.8 3.9 –
� Ellipticity, ◦ 1.0 2.9 0.4 6.5 5.2 5.9 0.9 –

by the doping-induced internal stresses, is the main obstacle
for the development of an active fiber suitable for the efficient
amplification of polarized light [12].

The goal of this work is to create an LMA active tapered
fiber delivering stable SOP with good amplification properties.
For this, we used the spun fiber approach, earlier proposed for
passive fibers [21,22]. In an active fiber twisted hundreds of
times, a polarized light on average spends the same time in the
“fast” and “slow” axis of each local birefringence; as a result,
spun fiber becomes close to a uniform perfect fiber without any
birefringence (or very small birefringence) with polarization
modes near degenerated by a propagation constant [12,21,22].
As follows from our experimental results, the output of the
amplifier with sT-DCF has a DOP close to 100%, and SOP is
almost insensitive to the internal heating process caused by a
quantum defect (Fig. 8).

sT-DCFs with the same length (6.7 m) but different pitch
lengths (7.5, 15, and 30 mm) constant along the length were
manufactured from the same preform in the frame of current
work. At the same time, for comparison, a standard T-DCF
with the same longitudinal profile was drawn from the same pre-
form without any spinning. In our experiments, we compared
sT-DCF with different pitches via the following parameters:

• Output beam shape, M2, and mode content.
• Polarization properties of sT-DCF output radiation: SOP,

DOP. Type of polarization eigenstates. Stability of output SOP.
• Internal birefringence values (Table S1 in Supplement 1).
• Double-clad pump absorption and features of pump

power vignetting in sT-DCF with different pitches.

• Efficiency in picosecond MOPA at 1064 nm.

At first glance, we can expect better polarization performance
(better DOP and lower internally induced birefringence) for
sT-DCF with shorter pitch length: more revolutions for the
same length give better averaging. Another argument in favor
of a shorter pitch is that twisting a double-clad fiber is known to
significantly improve pump cladding absorption [23]. Results
of measuring the output beam quality for sT-DCFs with dif-
ferent pitches are shown in Fig. 2 and in Table 2. Experimental
results indicate that the output beams of sT-DCFs with 15 and
30 mm pitch and nontwisted (standard) are nearly Gaussian
single-mode (M2 = 1.17/1.08) with SOP homogeneous in
the cross-section. The standard T-DCF output beam also has
excellent spatial properties (M2 = 1.12/1.00). At the same
time, the output beam of sT-DCF with 7.5 mm pitch is spatially
(and polarization) inhomogeneous (few transverse mode beam),
with M2 = 1.28/1.02. The reason for this can be explained as
follows.

The cladding of an active double-clad fiber is usually shaped
to improve pump absorption [24]. Rotation of four times
truncated (in our case) preform during fiber drawing leads to
periodic longitudinal modulation of the cladding diameter with
a period of�/m (� is the pitch length [see Fig. 1, inset]; m = 4 is
the number of clad truncations). As a result, sT-DCFs with 7.5,
15, and 30 mm pitches have longitudinal modulation periods
of 1.88, 3.75, and 7.5 mm, respectively. Thus, mode coupling
occurs and results in the transfer of fundamental mode power
to higher-order modes [25]. The output radiation becomes
multimode, which is highly undesirable.
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Fig. 9. Near-field pattern in the different cross-sections of sT-DCF with 7.5 mm pitch.

The multimode output beam of sT-DCF with a 7.5 mm
pitch is depicted in Fig. 2. In order to find the point where the
mode content is changed, we consistently shortened the 7.5 mm
pitch sT-DCF until the output beam became Gaussian-shaped.
This point corresponds to the 33 μm core diameter (cladding
330 μm, MFD 22.5 μm, fiber length 4.8 m). Mode field dis-
tributions in the near field for each cross-section are shown in
Fig. 9.

For periodical perturbation, mode coupling becomes
resonantly effective in the event the propagation constants’
difference of coupled modes is equal to the spatial modulation
frequency of fiber’s clad diameter [25]:

βi − β j ∼ 1/L mod , (1)

where L mod = �/m is the period of the longitudinal modu-
lation of a clad diameter (m = 4 for square-shaped clad). The
propagation constants’ difference βi − β j in tapered fiber also
depends on the core diameter; accordingly, it changes along
the taper length. If the pitch length is constant, the mode cou-
pling coefficient is different along the taper length. Usually,
only the fundamental mode was excited in the narrow part of
the tapered fiber during experimental research. When the core
diameter increases, the number of allowed propagation modes
also increases, and, in the presence of mode coupling [in the fiber
region where condition in Eq. (1) is fulfilled], the mode compo-
sition may change. Figure 10(a) shows the inverse difference in
propagation constants (which determines the mode coupling

coefficient [25]) for several low-order mode pairs as a function of
position along the sT-DCF with 7.5 mm pitch.

The period of spatial modulation of the cladding diameter
for the sT-DCF fiber with a 7.5 mm pitch in our case is the
same everywhere and equals 1.88 mm (�/4, see Fig. 1). As fol-
lows from the simulation results, the resonant coupling period
for the LP01 to LP11 pair is 1.2 mm, which is close to the real
modulation period of 1.88 mm. The situation is aggravated by
the fact that the sT-DCF has a constant length of about 1.5 m
where the fiber diameter is almost constant, i.e., the fiber length,
where the modulation period is most close to the resonant one,
is very long. Removing this section significantly improves the
beam quality (Fig. 9). Nevertheless, it should be noted that the
experiment demonstrated a rather unexpected result: effective
mode coupling in the core of the sT-DCF can arise even at the
point where the spatial modulation period (1.88 mm) is far from
the resonance condition (0.5 mm). Apparently, this is due to
the fact that a real long fiber is always additionally bent, which
complicates the frequency spectrum of spatial modulation.

Previously, we have observed a similar efficient mode cou-
pling effect (Table 1 in [10]), where sT-DCF with a variable
pitch length (2/13 mm) was used. The cladding diameter
modulation period varied within the 0.5 to 3.25 mm range in
[10], which closely corresponds to the results presented in this
paper in Fig. 10(a). The output radiation of the sT-DCF was
multimode when modulation periods of the cladding diam-
eter were in the range of 0.5 to 1.5 mm (Table 1 in [10]). The

Fig. 10. (a) Inversed difference of propagation constants for LP01 and high-order modes versus position along the sT-DCF with 7.5 mm pitch.
(b) Period of resonant modulation versus core diameter.
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output light became single mode when the modulation period
increased to � > 1.5 mm {Fig. 1(c), Table 1 in [10]}. Since our
main goal is single-mode output, it is necessary to choose such
parameters of the fiber core (diameter in the narrow end, �n,
and a pitch length) so that the following condition is fulfilled:

� > m/(βLP01 − βLP11), (2)

where βLP01 and βLP11 are propagation constants of transverse
modes of the sT-DCF. In the general case, the condition in
Eq. (2) should be valid along the whole length of the fiber.
However, for sT-DCF with constant pitch length, it should be
sufficient to require the condition to be met only in the wide
part of the sT-DCF. The sT-DCF parameters (pitch length, �n,
and core diameter) should be chosen so that there is no point
of efficient mode coupling along its length. In this sense, it is
desirable to keep minimal the number of clad truncations m
(one or two).

The large active core diameters (>50 μm and even more)
are always desirable. Therefore, it is of interest to simulate the
resonant coupling conditions for the LP01 and LP11 modes
depending on the core diameter in the wide part. Figure 10(b)
shows the dependence of the resonant coupling period versus
core diameter.

As follows from the simulation results, for a 100 μm core
diameter, a period of resonant longitudinal modulation of the
cladding diameter (or other parameters) should be more than
5 mm. Thus, from the point of view of the mode content (avoid-
ing the effective mode coupling conditions), the following
conclusions can be made:

• Effective mode coupling can occur with periodic disturb-
ance of outer cladding of sT-DCF due to a complex combination
of periodical spinning disturbance, unpredictable diameter vari-
ations, and unavoidable fiber bending (spinning disturbance
with a period of 1.88 mm caused coupling at the point where the
resonance corresponds to 0.5 mm, Figs. 9 and 10(a).

• To avoid the appearance of the mode coupling, the num-
ber of cladding truncations should be minimized (m = 1, 2, n
but not 4) in order to increase the modulation period length of
the cladding diameter.

• Since the period of the resonant mode coupling increases
with the core diameter [Fig. 10(b)], it is also desirable to have a
large pitch length in order to achieve a large MFD.

As follows from Fig. 10(b), the resonant period of longitudi-
nal modulation is 5 mm for a 100μm core. Taking into account
that mode coupling begins even before the resonance for twice
truncated cladding, the optimal pitch length for such a fiber
should be 30 mm or more.

Polarization eigenstates of sT-DCF have been determined
by the Jones method, and they are close to circular polarization
(Table S1 in Supplement 1). Linear birefringence for all manu-
factured fibers is about 6.6 × 10−9 and determined by 75 cm
diameter coiling. Circular intrinsic birefringence is determined
by residual frozen-in twisting stresses, and it is about two times
higher for a fiber with a 15 mm pitch (7.6 × 10−8) compared
with sT-DCF with 30 mm pitch length (3.4 × 10−8). Since our
goal is to create a fiber with the lowest possible intrinsic birefrin-
gence, in this sense, sT-DCF with a pitch of 30 mm seems to be
preferable.

There are two ways for the pump radiation to vanish in active
sT-DCF: light might be absorbed by an Yb-doped core, or it
can leave the cladding through the side wall due to vignetting.
The first effect is positive; the second is undesirable. In any case,
when we measure the pump loss at the sT-DCF, we are dealing
with a combination of both effects.

A smaller pitch length is achieved by faster preform rotation
during the fiber drawing. The viscosity of molten quartz is
finite and, at certain (sufficiently high) rotation speeds, internal
residual frozen-in twisting mechanical stresses arise significantly,
which lead to spatial modulation of the refractive index in the
cross-section of an sT-DCF clad. Four waveguides are formed
at the corners of the clad at the sT-DCF with a 7.5 mm pitch
(Fig. 4). The unabsorbed pump intensity is concentrated at the
very edge of the clad (in corners, see Fig. 4), which ultimately
leads to pump leakage from the cladding. In the sT-DCF with a
15 mm pitch, a ring-shaped waveguide structure is also formed
in the cladding (Fig. 4), where the unabsorbed pump is pre-
dominantly propagated without any absorption in the core, and
this also reduces the efficiency of amplification. The ring-shaped
waveguide associated with residual twisting stresses is no longer
visible at the sT-DCF with 30 mm pitch (Fig. 4) compared with
sT-DCFs with 7.5 and 15 mm pitch. Accordingly, the 30 mm
pitch sT-DCF in the sense of frozen twisting stresses is quite
similar to a nontwisted conventional T-DCF (Fig. 4), and it is
better in terms of cladding pump absorption.

The total pump losses (Yb absorption plus vignetting) in a
standard T-DCF and in a 30 mm pitch do not differ so much
(1.7 and 2.0 dB/m, Table 1), while the slope efficiency differs
significantly (57% and 74%, respectively). This means that
twisting of the fiber offers significant improvement in the pump
absorption of the active core [23]. As follows from the results
shown in Fig. 7(b), the slope efficiency (i.e., the efficiency of
a pump absorption by ytterbium) increases significantly with
increasing pitch length, although the total pump losses (Yb
absorption and vignetting) decrease. At some point, the slope
efficiency will start to decrease to equal the slope efficiency of
a regular T-DCF. Thus, pitch length should have an optimum
to be determined in further research. Residual twisting stresses
in the cladding, which are more significant at short pitches
(7.5 and 15 mm), create additional waveguides in the cladding
that do not intersect anyhow with the Yb-doped core, and this
phenomenon ultimately leads to an increase in pump vignetting
with shortening of a pitch length. Thus, fiber with a longer
pitch (30 mm) is preferable from the point of view of better
slope efficiency (74%), resulting in higher amplifier output
power [Fig. 7(a)]. Since the ultimate goal is to create an efficient
amplifier with sT-DCF, we can conclude that spun tapered fibers
with a longer pitch (30 mm) are preferable in our case.

In this work, we have demonstrated the possibility of efficient
frequency doubling (48% of conversion efficiency) of the light
amplified in the MOPA system with sT-DCF (see Supplement
1). The stability of the green light output power was mainly
determined by the temperature stability of the nonlinear crystal
oven.

We can draw a conclusion based on our results:

• By rotating the preform during drawing, a fiber with low
internal birefringence and small retardance can be produced
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(∼10−8). This, in turn, makes SOP insensitive to heating caused
by a quantum defect. According to our results, the output SOP
in sT-DCF is practically independent of the pump power up to
100 W of the output power.

• The spinning of the preform with shaped cladding can
cause mode coupling in the core, resulting in mode content
degradation. To avoid it, the pitch length, core parameters,
and cladding shape should be selected in accordance with the
condition in Eq. (2).

• The spinning of shaped preform improves the clad pump
absorption. However, a short pitch length (less than 30 mm) also
causes excessive pump vignetting and eventually degradation
of the gain properties (slope efficiency). Therefore, to avoid
excessive pump vignetting, the pitch length should be 30 mm or
longer.

4. CONCLUSION

In this work, we carried out a comprehensive comparative study
of a novel type of Yb-doped spun tapered double-clad fibers with
three different constant pitch lengths (7.5, 15, and 30 mm) and
optimized geometry. Active spun tapered fiber with low near cir-
cular intrinsic birefringence ∼10−8 and constant pitch lengths
were manufactured for the first time to our best knowledge.

We have demonstrated experimentally that the DOP and the
SOP of the amplified light are weakly dependent on the pump
power launched into the cladding revealing good polarization
stability of the amplified light at a high output power level.
Gain properties of an sT-DCF as a function of pitch length were
investigated in detail. In particular, we discovered that, at certain
pitch lengths, periodic modulation of the clad diameter caused
by twisting of the shaped fiber leads to effective mode coupling,
which, in turn, leads to mode content degradation. We have
proposed conditions for choosing sT-DCF parameters in order
to avoid effective mode coupling.

The influence of fiber twisting on the cladding pump absorp-
tion at sT-DCF was also studied. We found that, at certain pitch
lengths (15 mm and shorter), waveguide structures appear
in the sT-DCF cladding, channeling the pump radiation and
preventing it from being efficiently absorbed by Yb ions located
in the core. On the other hand, it has been experimentally con-
firmed that twisting a fiber with a certain pitch length definitely
improves the clad mode mixing and improves the gain proper-
ties of the sT-DCF. Thus, we experimentally found that a 30 mm
pitch is closest to optimal for our conditions.

Using an sT-DCF amplifier with 31 μm MFD (M2 < 1.2)
at 1064 nm, a picosecond MOPA system with 74% slope
efficiency, 71 W output power, and 7 kW peak power was
demonstrated. SOP was insensitive to the launched pump
power. Output radiation (95 ps, 10/100 MHz) was frequency-
doubled, and a green 532 nm laser with an output power
of 17 W, peak power of 17 kW, and 80 pm linewidth was
presented.
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