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Abstract: A newly designed all-solid step-index Yb-doped aluminosilicate large mode area
fiber for achieving high peak power at near diffraction limited beam quality with local
adiabatic tapering is presented. The 45um diameter fiber core and pump cladding consist of
active/passively doped aluminosilicate glass produced by powder sinter technology
(REPUSIL). A deliberate combination of innovative cladding and core materials was aspired
to achieve low processing temperature reducing dopant diffusion during fiber fabrication,
tapering and splicing. By developing a short adiabatic taper, robust seed coupling is achieved
by using this Yb-doped LMA fiber as final stage of a nanosecond fiber Master Oscillator
Power Amplifier (MOPA) system while maintaining near diffraction limited beam quality by
preferential excitation of the fundamental mode. After application of a fiber-based endcap, the
peak power could be scaled up to 375 kW with high beam quality and a measured M? value of
1.3~1.7.
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1. Introduction

Many industrial applications in laser materials processing require mechanically robust laser
systems with high beam quality (close to diffraction limited) and high peak power (~IMW)
[1,2]. In comparison with other types of high power solid-state lasers, fiber lasers have
attracted a lot of attention and experienced rapid development in the last 20 years due to their
numerous advantages such as alignment-free operation, robustness, high efficiency, excellent
thermal management and superior beam quality at high power. But peak power scaling for
standard fiber amplifier is still limited because of parasitic nonlinear effects due to small
mode field diameters and long effective interaction lengths [3,4], and low facet damage
threshold due to high intensity [5].

An efficient solution to solve this problem is scaling up the mode field diameter (MFD) of
the active fiber to suppress nonlinear effects and increase facet damage threshold due to the
reduction of the local power intensity. In order to maintain single-mode operation in large
mode area (LMA) fibers, several special techniques have been proposed such as multi-trench
fiber [6], helical core fiber [7], chirally coupled core fiber [8], photonic crystal fiber (PCF)
[9], leakage channel fiber [10] and large pitch fiber (LPF) [11,12]. Among all these proposals,
the concepts of active PCF and LPF have been successful in scaling up the peak power to the
megawatt (MW) level and even to the self-focusing limit (4MW) [13]. But due to their air
hole structure and complexity of refractive index matching of the active core to the cladding,
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especially for high Yb concentrations [14], these special fiber types are quite expensive,
challenging in processing and in achieving robustness with respect to the seed coupling.

Consequently, all-solid step-index LMA fibers become an economical and practical
option to adopt. Several methods have been proposed to maintain good beam quality with all-
solid LMA fibers such as coiled fiber [15], confined doped fiber [16] and the adiabatic
tapering for modal control [17-21]. Bobkov et al. [18] have investigated long tapered fiber
amplifiers in parallel with our research work at recent years. Up to now, they achieved over
0.76MW peak power directly from a 2m long tapered fiber amplifier. Filippov et al. have
done a series of research work with several meters long tapered fiber in recent years
[17,19,20]. They have achieved SMW peak power and perfect beam quality with the use of a
picosecond MOPA with double clad ytterbium doped tapered fiber (4m length) in 2017 [19].
But the authors had to face two serious problems: significant ASE and Raman emission. The
latest publication of this group in 2018 [20] shows a 3.6m long Yb-doped tapered double clad
fiber, which provides an amplification up to 28W with 292kW peak power and a spectrum
free of Raman components in the case of 90ps at IMHz repetition rate.

Almost all these published research works with tapered fiber use several meters long
tapers. This kind of long taper is produced during the fiber drawing process by quickly
varying the fiber drawing parameters. However, it is difficult to precisely control the taper
drawing condition and tapering ratio is limited. In addition, long active fiber length (including
taper and fiber) can decrease optical power limits of several unwanted parasitic non-linear
effects such as Stimulated Raman Scattering (SRS) or Stimulated Brillouin Scattering (SBS).
Therefore, short local adiabatic taper is an urgent need to suppress unwanted non-linear
effects for extremely high peak power. In our previous work, we have introduced the
application of short local adiabatic tapers (Scm taper length) with LMA fibers (46¢cm rod fiber
length) for peak power scaling while maintaining good beam quality. For this purpose, a
large-core step-index fiber with very high Yb (0.6mol% Yb,O;) and Al doping (9mol%
Al,O;) was investigated to achieve high pump absorption and NA with respect to a pure silica
cladding [21]. Diffusion during tapering and splicing is observed, which limits the achievable
beam quality to M* values near 3.5.

In this research work, we present our local short taper approach with a newly designed
Yb-doped aluminosilicate fiber with 72cm fiber length including a S5cm taper), which has
been optimized in terms of reducing diffusion during tapering and splicing. This is achieved
by reducing the AI*" concentration in the fiber core and pump cladding and the additional
application of a highly fluorinated (F)-doped cladding tube lowering the viscosity and
therefore the processing temperature and diffusion in the fiber. The fiber design has also to be
adapted to the requirements for adiabatic tapering and splicing to the MOPA system. In this
context, the influence of the fiber NA is discussed. Using the local adiabatic taper approach,
fiber drawing and tapering process are decoupled, providing more flexibility on the taper
design and keeping the drawing process simple. To achieve high peak power, we apply an
endcap at the fiber consisting of a short silica fiber piece.

2. Tapered LMA fiber design

Figure 1 is showing the main features of a tapered LMA fiber amplifier with double clad
structure: (1) The splice between seed delivery fiber and taper waist is very important and
determines the power coupling efficiency. The waist of the tapered active fiber needs to be
single-mode at the splice to avoid higher order modes (HOMs) excitation. (2) The adiabatic
taper is the key component to maintain single mode operation in LMA fiber. An adiabatic
taper means that the taper geometry varies smoothly enough that no power is coupled
between the fundamental mode (FM) and the HOMs. The essence of this approach is utilizing
the local adiabatic taper to provide a monolithic signal path and selectively excite the FM of a
highly multimode fiber. (3) A homogeneous refractive index profile of the LMA fiber core is
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also very important to achieve a near Gaussian mode field distribution, because any variation
can influence the beam quality due to mode distortion in LMA fibers.

high NA pump

single mode delivery fiber

seed »:X -I @ doped core (signal waveguide)
' @

inner cladding (pump waveguide)

high peak power,
’ good beam quality

splice 2
outer cladding high NA pump

Fig. 1. Tapered fiber amplifier setup with double clad fibers structure.

In order to estimate the required mode field diameter (MFD) of the LMA fiber, the typical
optical limits (Self focusing, Stimulated Raman Scattering (SRS) and Facet damage
threshold) [3,5] are plotted in Fig. 2 where it is assumed that the effective fiber length
corresponds to 0.2m of the real active fiber length [3]. The MFD of the rod-type fiber used in
this research work is 31um, which allows scaling up the peak power to the surface damage
threshold of 380kW and up to the SRS limit of 660kW, if an endcap is adopted to enhance the
surface damage threshold.

2.1 Design aspects of LMA fiber amplifier: seed splice

Our approach is to apply a local short adiabatic taper to an LMA fiber, which is directly
spliced to the seed delivery fiber of a Master Oscillator Power Amplifier (MOPA) system. In
order to achieve the maximum signal power coupling without HOMs excitation, two criteria
should be met: (1) mode matching at the splice between seed delivery fiber and taper waist
should be satisfied, and (2) the taper waist should be single mode to avoid HOMs excitation.

In Fig. 3 the MFD is plotted as a function of the fiber core diameter for different values of
the numerical aperture (NA). The MFD was estimated with Marcuse’s equation [22]
assuming that mainly the single-mode region with V-parameter < 2.405 is subject of the
following discussion: The seed delivery fiber has a core diameter of 10um, MFD of 11pm
and a core NA of 0.08. If the core NA of the rod type fiber is too small e.g. NA = 0.04, the
MFD of the taper waist will be quite large (larger than 21pm), compared with the seed
delivery fiber. In this case, the MFD of taper waist and the seed delivery fiber cannot match
well and the power coupling loss will be high. If the core NA of the rod type fiber is too large
e.g. NA = 0.12, the calculated curve in Fig. 3 has two crossing points where the MFD is
11um: The first one for (small core diameter) is in a critical region where the MFD varies
significantly with core diameter. The second one is in the region where the V number of taper
waist, which is a normalized frequency parameter, determining the number of modes of a
step-index fiber [23] is larger than 2.405 (single mode criterion). This could result in an
excitation of HOMs at the splice. Therefore, the core NA of the active fiber should be around
0.08 to achieve the best mode matching between seed delivery fiber and taper waist. The V
number of the taper waist should be below 2.405 to avoid the HOMs excitation.
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Fig. 3. Mode field diameter for different core diameters and core NA.
2.2 Optimized fiber design to suppress the dopant diffusion

The inner cladding of the active fiber (pump cladding) is co-doped with AL,O; on the one
hand to adjust the core NA of the fiber to 0.08 and on the other hand to increase the pump NA
with respect to the outer F-doped silica cladding. In our previous work [21], it was found that
dopants diffusion between fiber core and inner cladding, which have been heavily co-doped
with Al,O; happens during the high temperature tapering and splicing process. This can
remarkably change the properties of the fiber and limit the achievable beam quality.

In order to mitigate the influence of diffusion, several improvements were introduced with
this newly designed rod-type fiber including (1) the reduction of AI**-content in the fiber core
and the inner cladding to 2.5 and 3mol%, respectively and (2) the reduction of the glass
transition temperature of the outer cladding to reduce the process temperature during tapering.
The latter can be achieved by using a highly F-doped cladding tube (Heraeus F520-42,
corresponding to 1.2mol% SiF,). According to [24], the glass viscosity and therefore the fiber
drawing and tapering temperature are remarkably decreased for higher Fluorine dopant
concentrations. A typical value for kinematic similar fiber drawing conditions is a
temperature reduction of about 60 K — 80 K for F520 preforms in comparison with pure silica
preforms.

To achieve high pump absorption that is necessary to minimize the active fiber length and
therefor limit nonlinear effects, a high Yb,0O; content (0.25mol%) and large core-to-clad
diameter ratio (CCDR) is necessary. For efficient photodarkening mitigation sufficient Al,O;
and Ce,05 co-doping is required [25,26]. Another important aspect is the homogeneity of the
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REPUSIL core glass. Small inhomogeneities or index fluctuations that scatter signal light can
disturb the fundamental mode and have to be avoided to achieve a small M? value.

3. Experiment results
3.1 Preform and fiber fabrication

For preparation of the preform, an active and passive REPUSIL glass was prepared by
powder-sinter technology [27,28] and drawn into rods of 1 mm outer diameter. This
technology allows providing large actively and passively doped glass rods with very
uniformly distributed dopants resulting in high index homogeneity [28]. The active core glass
contains 0.25mol% Yb,03;, 0.2mol% Ce,0O; and 2.5mol% Al,O; and the passive inner
cladding contains 3mol% AlL,O;. The fiber preform was prepared by hexagonal stacking of a
central Yb-doped rod with 2 rings of Al-doped passive rods and overcladding them twice with
a highly F-doped outer cladding tube F520-42 (Heraeus Quarzglas GmbH). Finally, a rod-
type double-clad fiber with 45um core diameter, a 200pum inner cladding, and a 785um outer
diameter [Fig. 4(a)] was drawn. Dimensions were measured by software analysis of a camera
picture from a Zeiss microscope (Zeiss, AXIO Imager.M1m). An additional test fiber with
150pm outer diameter was drawn for fundamental characterization and photodarkening
measurement.

0,018 {— original rod (scaled down by taper ratio) (b)
(a) —— taper waist
0,015+ — intermediate position of taper (scaled down)
F520 (high fluorine content to lower 0,012
0,009
0,006

Refractive inde:
0,003 of oil: 1.4530

0,000+

low Aluminium content to :
suppress dopant diffusion .0.003

40 30 -20 10 0 10 20 30 40
Normalized position (um)

Fig. 4. (a) Cross-section of LMA fiber (Yb/Al/Ce-doped core, Al-doped inner cladding and
outer cladding with highly fluorine doped silica tube to lower glass transition temperature). (b)
Refractive index profile of rod-type fiber and its down-taper with reduced diffusion.

In order to measure the refractive index (RI) profile using an Interfiber Analysis IFA-100
index profilometer, the rod-type fiber is etched to 400pm outer diameter. The result shows
that the fiber made by REPUSIL achieved a very homogenous step index profile with a core
NA of 0.09 and a pump NA of 0.19. The latter is remarkable, because the relatively high
pump NA was achieved without plasma outside deposition (POD) due to the up-doping of the
inner cladding with Al,O;. In order to check if this fiber exhibits significant diffusion, the
refractive index of the down taper is measured at two positions [Fig. 4(b)]. When comparing
these down taper RI profiles with the RI profile of the rod fiber (all scaled down to the same
core diameter), there is only little difference between them, which means that the diffusion
phenomenon even during tapering is successfully mitigated.

To ensure that our developed core material has low photodarkening (PD), we have
measured the temporal PD loss with a standard technique [29] with 200mW core-pumping at
976nm at a 2cm short fiber sample. The resulting loss curve is shown in Fig. 5. The measured
loss value of 11dB/m and the fitted equilibrium value of 25.4dB/m are very low compared to
fibers with similar ytterbium/aluminum content and without cerium [25].
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Fig. 5. Temporal photodarkening measurement at test fiber showing low photodarkening loss.

3.2 Preparation of local adiabatic short tapers

The taper was fabricated with the help of a single direction taper process of the Vytran
GPX3200. The heat source of the device is a resistance heater in shape of an inverse Omega
consisting of a graphite filament with 3 mm in width. The taper made for the amplifier has the
following typical dimensions: the downtaper including a part of the waist is about 50mm
long.

The fabricated tapers were scanned by a 3SAE LDS 2, which has a tool to measure the
outer diameter of a taper in two orthogonal projections. If it can be assumed that there is
negligible diffusion during tapering the core diameter can be determined via ratio equation of
outer and core diameter of the fiber. After tapering the waist was cleaved and spliced to the
seed fiber in order to couple the seed signal into the amplifier rod. Some effort was put into
the alignment of the two fibers to avoid any unwanted coupling into higher order modes
(HOM) already at the splice position®.

Figure 6(a) shows the measured outer taper diameter versus the taper length. Figure 6(b)
shows the theoretical calculation of local taper angle of the core, black line as derived from
the real taper shape [Fig. 6(a)], assuming the core diameter changes proportionally to the
outer diameter. The other colored curves show the adiabatic limit for coupling of the
fundamental mode to the next three higher order modes according to the adiabatic taper
length criterion [30]. The experimentally realized taper angle is always smaller than the
adiabatic threshold which means the taper shape should be smooth enough that the FM profile
can smoothly evolve inside the taper core, theoretically without power coupling between the
FM and the HOMs.

800 0,008

7004 adiabatic taper (a) 0,007 - /\\ = .
£ 600 — o006 ' "~._ Non-adiabatic region
;] N
2 5001 £ 0,005 ~<
£ 2 ~
© 400 2 00041 ....1Po1vsLPO2 T~
£ 300] T 0003 —°- LPO1 vs LP21 T
5 . = = LP01vsLP11
o 2004 20,0024 Experiment
: -
L= 100 ta!}erwalst ) 0,001
(single mode region) _‘/_____.__.._———___\
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Fig. 6. (a) Scanned taper length and outer diameter (b) Comparison of angular profiles between
the experimentally realized fiber taper and the adiabatic thresholds.
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3.3 Tapered LMA amplifier results and discussion

A three-stage fiber-based MOPA system with flexible pulse parameters was adopted,
choosing a 2ns pulse width and 20kHz repetition rate for the amplifier characterization [21].
The two pre-amplifier stages provide 138mW of average power and 3kW of peak power as
seed for the third amplifier stage. The third stage of MOPA system is the main stage to test
the designed LMA fibers, which are counter-pumped at a wavelength of 976nm. We have
used a high brightness wavelength stabilized multimode pump diode with NA = 0.15 and
105um core output fiber. Free space seed coupling is used for a non-tapered reference fiber,
while the tapered fiber is directly spliced to the MOPA system for monolithic seed coupling.

Two fiber samples are characterized including the non-tapered reference fiber (62cm) and
the tapered fiber with 72cm length including a Scm taper [Fig. 6(a)]. The measured slope
efficiency of 72% for both cases is achieved with respect to the absorbed pump power (Fig.
7). Here, the launched pump power is estimated based on 90% pump coupling efficiency, the
residual pump power for the tapered fiber amplifier is estimated according to a constant
absorption coefficient along the fiber, which is obtained from the non-tapered fiber amplifier.
The highest extracted output power is 13.8W with 210kW peak power for the non-tapered
reference fiber, while the highest output power is 8.4W with 140kW peak power for tapered
fiber. Both of them are limited by the facet damage.

In order to enhance the damage threshold and scale up the peak power of the tapered fiber
amplifier, an endcap is adopted to protect the fiber facet from facet damage [31,32]. For
endcap material we employ an F300 silica rod with 1mm outer diameter. The silica rod was
spliced to the tapered fiber amplifier and angle-cleaved with 5.8 degrees at a length of only
2mm to avoid back-reflections into the MOPA system and to ensure efficient pump coupling
at the same time (Fig. 8). To adopt this endcap, several trials of splicing and cleaving were
necessary and resulted in an amplifier length of S0cm (45c¢cm rod and 5cm taper) for further
investigations on the same tapered rod fiber.

18
|—=— non-tapered fiber amplifier
16 {—e— tapered fiber amplifier
1—+— tapered fiber amplifier with endcap

14
12

8

Average output power (W)

O —‘ T T T T T
0 5 10 15 20 25 30

Absorbed pump power (W)

Fig. 7. Average output power versus the absorbed pump power.

The slope efficiency of this 50cm length tapered amplifier displays a value of 62% vs. the
absorbed pump power (Fig. 7). The highest output power reached 15.5W under 39.5W of
incident pump power, corresponding to a peak power of 375kW and pulse energy of 0.78mlJ.
The main reason for the slightly reduced efficiency compared to the previous samples is the
shorter active fiber length (reduced by 22cm), because taper and seed coupling have not
changed.
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Fig. 8. Endcap of the tapered fiber amplifier: the left side is the fiber amplifier and the right
side is the endcap material (F300 with 1mm outer diameter and 5.8 degrees cleave angle).

The spectrum of the amplified signal with 375kW peak power is shown in Fig. 9 and is
compared to the spectrum of the seed source. The seed spectrum already contains a
significant first Stokes peak at 1080nm due to SRS. This SRS peak is efficiently suppressed
in the tapered rod amplifier up to 375kW of peak power, which indicates that the Raman gain
is still very small while the laser gain strongly favors the 1030nm emission. The spectrum
around 1030nm becomes broader than the seed spectrum which is due to the nonlinear
broadening effect.

—seed
—— 375kW peak power
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Fig. 9. Normalized optical spectrum of seed and amplified light of the end-capped amplifier,
indicating that the amplifier is running still far away from the SRS limit.

The beam quality was measured using a Spiricon M2-200s. The measured values are
plotted versus the average output power in Fig. 10. The non-tapered rod amplifier and the
tapered fiber amplifier without endcap serve as a reference. For this tapered fiber amplifier
with endcap, the measured M? values are ranging from 1.3 to 1.7 in the nearly diffraction
limited, which is very similar to the tapered fiber amplifier without endcap. For highest
average output power of about 14W, the beam quality is improved from values near 3.5 with
non-tapered fiber to 1.5 with tapered fiber showing a significant improvement. For the
tapered fiber an example for the intensity distribution in the far field is plotted in the inset of
Fig. 10. The profile is showing a nearly Gaussian distribution.
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Fig. 10. Measured beam quality for the non-tapered reference fiber amplifier, the tapered fiber
amplifier and the tapered fiber amplifier with endcap; inset: far field intensity distribution of
output beam for the tapered fiber.

4. Conclusion

In summary, we have demonstrated a new design of a 45um core diameter LMA Yb-doped
step-index fiber that is well suited for local adiabatic tapering with reduced diffusion effects.
Our tapered REPUSIL-based rod-type amplifier allows efficient high peak power
amplification of ns pulses in combination with near diffraction limited beam quality in a
robust monolithic seed coupling setup.

A moderate Al*'-content for core and inner cladding helps to mitigate diffusion during
tapering. In addition, by applying a highly F-doped silica tube for the outer cladding the glass
viscosity of the fiber is decreased resulting in lower fiber drawing and tapering process
temperatures. While a non-tapered fiber amplifier was operated up to a peak power of
210kW, the tapered amplifier reached 140kW with an efficiency of 72%. In both cases peak
power was limited by damage of the end-facet. For the tapered fiber the threshold was
lowered due to the better M? value resulting in a smaller effective MFD and therefore a higher
pulse energy density at the end facet. Both fiber amplifiers show relatively low SRS levels
and no remarkable photodarkening. The measured M” values for the tapered rod are between
1.3 and 1.7 with much higher stability compared to the free space coupling of the non-tapered
fiber. Owing to the application of a fiber-based endcap, the peak power of the tapered fiber
amplifier could be significantly scaled up to 375kW, which is 2.7 times higher than for the
tapered fiber without endcap.

We expect further improvements with respect to higher beam quality resulting from future
developments of improved index matching and homogenization of the REPUSIL glass. For
higher peak power scaling picosecond pulses are a promising concept, especially because of
their lower surface damage threshold.
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