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Ultra-large core birefringent Yb-doped tapered
double clad fiber for high power amplifiers
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Abstract: We present a birefringent Yb-doped tapered double-clad fiber with a record core
diameter of 96 pm. 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 pJ 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 (M* = 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 um. The
microstructured rod-type fiber has a much larger MFD (up to 65 um [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
pm [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 M?<I.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 45um
[18], 56 pm [15] and 60 um [14] have been demonstrated. Isotropic active T-DCFs with a
large core diameter of 100um [17] and even 200pum [8] and an anisotropic passive tapered
fiber with a core size of 70um [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 100um) and an effective mode area 0f2000pum” with an excellent output beam
quality, M? = 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).
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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 pum respectively (Fig. 2(a)) on the wide side
of the T-DCF. The fiber tapered down to 110 pm 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;
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» 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 1.5um 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.
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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 x 10 *and the polarization extinction ratio (PER) is about 30 dB.

2.3 M?, divergence and mode field diameter measurements

In order to characterize the properties of an amplified beam, the M* and mode field diameter
(MFD) are measured experimentally. The T-DCF core has a 13um 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) x 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, M* 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) x 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 M%, = 1.09 and sz = 1.10 respectively.
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Fig. 4. M? 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 M?value. MFD for Gaussian beams can be calculated from the
formula [25]:

MFD = ﬂ, @)
V()
where 4 is the wavelength and 6 is the beam divergence. The MFD of the beam emitted by
the T-DCF calculated according to (1) is 50um.

2.4 The Ampilification 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.

Pump
oy combiner T-DCF output
eeda laser
1035nm > —1
isolator
Pump Pump
976nm 976nm

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.
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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.
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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).

- ~

4 \
I 1| Pump
d Amplifier 1 Amplifier 2! | 976nm :ii;:?pered
1

— Pump
1
1 [ MLFL Stretcherjms Plflse I el
picker | —

: , Pump
! I combiner
\ 1

A ’

Seed source

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 pm 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 IMHz.
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.
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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 uJ, 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.

0 T T T T T
—— 28W output, 120W pump
10 + Input signal: 1044nm, 1MHz, 6mW |
20 - 4

Intensity (dB)

1000 1025 1050 1075 1100 1125 1150
Wavelength (nm)

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 pJ 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 IMHz 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 7° 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 M 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

{ T T |E(x, y)|2 dxdy}

Aef;' =T ) (2)

where E(x,y) is the optical field distribution. The size of the effective MFD in a step-index
fiber depends on the diameter of the core and is determined by the formula
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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).
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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:

MFD =2.39+0.69D[um] 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 theLPy; 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 x 107", which eventually leads to a certain decrease in the size of the mode-field diameter
to 50 um, compared with the expected theoretical limit of69um. The beam shape remains
Gaussian and the beam quality (M?) 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 pm 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 x 107", 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 pum and excellent beam quality (M? = 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
IMHz 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 28uJ.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 pm core diameter, the maximum MFD would not
exceed 69 pm. The MFD of the tapered fiber described in this article obtained as much as 50
um, corresponding to an effective mode area of almost 2000 um®. 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 um), 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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