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Abstract: A novel Yb-doped fiber design for improved lasing near 976 nm based on spectral filtering
of the amplified spontaneous emission near 1030 nm was realized and investigated. A very sharp
short-pass filter was implemented by adding appropriately chosen high-index absorbing rods into
the silica cladding. In this case, the resonant interaction of the core mode with the high-index rod
mode could be controlled by fiber bending, which allows for the precise adjustment of the stop-band
position. It was shown that the utilization of Sm-doped absorbing rods allows one to achieve very
high absorption of emission at unwanted wavelengths, but it also adds background losses for the
pump near 915 nm and for the signal at 976 nm. Despite this fact, the improvement of efficiency in
the 976 nm fiber amplifier, after shifting the stop-band to 1000 nm, was clearly demonstrated. Based
on theoretical calculations, it was shown that, after optimizing the fiber parameters, a further twofold
improvement in efficiency was possible despite the excess losses at the pump and signal wavelengths.

Keywords: spectral filtering; Yb-doped fiber amplifier; fiber optimization; 976 nm fiber laser

1. Introduction

The extensively growing number of applications of fiber lasers requires an expansion
of the operating wavelength range. For example, Yb-doped fiber lasers that operate near
976 nm are of great interest as potential high-power single-mode pump sources for Er-
and Yb-doped lasers. They are also very promising for frequency doubling (to replace
inefficient and expensive Ar lasers) and frequency quadrupling (to replace excimer lasers
for fiber Bragg grating whitening). At the same time, it is very difficult to achieve efficient
lasing in Yb-doped fibers outside the wavelength range of 1020-1090 nm. The reason for
this is that, for short-wavelength operation (near 976 nm), it is necessary to suppress the
amplified spontaneous emission (ASE) near 1030 nm, which typically has the lowest lasing
threshold in standard fibers. There are plenty of works regarding this topic to date [1-8].
The most promising results so far have been demonstrated by fabricating a short-pass filter
based on the rather complicated Photonics Bandgap Fiber design [4,5]. In this case, the fiber
parameters are chosen in such a way that the emission at 976 nm belongs to the bandgap
region, and thus, the core mode at 976 nm is exactly confined to the core region. Emission
at wavelengths longer than 1 pum is in the region of the permitted zone and cannot be
localized in the core (the overlap integral of the longitudinal modes with a doped region is
significantly reduced).
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Previously, we proposed a much simpler fiber design based on adding absorbing
rods into the cladding and adjusting fiber parameters to achieve resonant coupling of
the core mode with absorbing-rod modes at the unwanted wavelength [9]. Theoretical
and experimental analyses have demonstrated the possibility of precisely controlling the
position of the stop-band in such fibers by its bending. Moreover, a very sharp transition
from the low-loss to the high-loss spectral region was previously demonstrated (optical
losses were changed by two orders of magnitude for a wavelength region of only 12 nm) [9].

The aim of the current work was to investigate the possibility of applying the proposed
technique for improving the pump-to-signal conversion efficiency (PCE) in Yb-doped fiber
lasers that operate near 976 nm. It was demonstrated for the first time that the limiting
factor in this case is the increase of cladding loss at the pump wavelength due to absorption
in the rods and the increase of signal loss at 976 nm due to the stop-band edge. Careful
optimization of the fiber design demonstrated the possibility of overcoming this limitation
by choosing an appropriate concentration of Yb ions in the fiber core. It was shown,
theoretically, that the implementation of this approach improved the efficiency by a factor
of two compared to the fiber without absorbing rods.

2. Materials and Methods

The aim of the current work was to fabricate a Yb-doped fiber with suppressed
fundamental mode propagation at wavelengths above 1000 nm and to test such a fiber
in the configuration of an amplifier operating near 976 nm. To achieve a sharp long-
wavelength stop-band, we used a fiber design with three absorbing rods embedded into
the cladding, proposed earlier in [9]. The designed core parameters were chosen as follows:
core-cladding index difference (dn) ~0.0017, core diameter = 11 um, cladding diameter
~80 pum. The core parameters were chosen to achieve the maximum core diameter near the
single-mode operation regime, but to keep the bending sensitivity reasonably low. The
cladding diameter of the active fiber was reduced down to 80 um to increase the pump
absorption (and therefore, PCE). This became possible because, for the experiment, we
used a pump and signal combiner in configuration 2 + 1 to 1 based on passive fiber with
a cladding diameter of 80 um. In this case, the pump of two 105/125 pum fibers with
numerical aperture 0.22 was side-coupled with 85% efficiency to a 10/80 pm passive fiber
coated with low-index polymer provided NA > 0.45. The absorbing rods were chosen
to have a diameter of 3.1 um, dn = 0.010, and distance from the fiber axis of 20 um to
achieve the stop-band in the bend fiber at a wavelength of 1000 nm and longer (similar to
that in [9]).

2.1. Fabricattion of Yb-Doped Fiber with Absorbing Rods Emdedded into the Cladding

The fiber preform was fabricated in three steps: the fabrication of the Yb-doped
core rod, the fabrication of Sm-doped absorbing rods, and the consolidation of Yb-doped
preform with Sm-doped rods. The Yb-doped preform was fabricated using the combined
all-gas-phase Modified Chemical Vapor Deposition (MCVD) technique as described below.
High-purity Heraeus Suprasil F300 tubes were taken as substrate tubes. As precursors,
high-purity, high-volatile SiCly, POCl3, C,F3Cl3, CCly, and low-volatile solid powders of
AlCl3, Yb(tmhd); (with 5 N purity) were used. In order to achieve all-gas-phase deposition,
we used containers with AICl; and Yb(thmd); powders, which were heated up to the
temperature of 130 u 160 °C correspondingly. In this case, vaporized precursors were
delivered to the reaction zone through separate heated lines by carrier gas argon.

First F/Yb,03/Al,O3/5i0;-core preform was fabricated by this method. The con-
centration of Al,O3 was chosen to be ~2 mol.%. To reduce the core-cladding refractive
index difference (dn) to the level of 0.0017, we added ~0.3 wt.% of F to the core glass.
The concentration of Yb was low enough (~0.06 wt.%) to not significantly affect the core
refractive index. This concentration of Yb was chosen to provide a relatively long optimal
length of the fiber in amplifier configuration (according to our calculations ~10 m), which
guaranteed that the loss of the fundamental mode due to resonant coupling at wavelengths
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above 1000 nm would be sufficient to completely suppress ASE near 1030 nm. In ad-
dition, the relatively low concentration of Yb ensured immunity to the photodarkening
effect. The Yb-doped rod was jacketed by an F300 Heraeus tube to obtain the required
core/cladding ratio.

An Sm-doped absorption rod was fabricated by a combined gas-phase and solution-
doping MCVD technique, which consisted of the following steps. A porous glass layer of
510,-Al,03 was deposited on the inner surface of the high-purity silica glass tube (Heraeus
F300, Hanau, Germany). Both reagents were deposited from the gas phase. Doping of the
porous layer was performed with an aqueous-alcohol solution of Sm(NOs3)3 followed by
drying of the porous glass. In the final stage, the porous layer was sintered into transparent
glass, and the tube with the deposited Sm-doped core layer was consolidated into a glass
rod. The core-cladding refractive index difference in the fabricated preform was 0.010. An
analysis, performed with the help of energy-dispersive X-ray spectroscopy (AZtecENERGY
analytical systems; Oxford Instruments, Abingdon, UK; JSM5910-LV, JEOL, Tokyo, Japan),
showed that the core was doped with ~4 wt.% of Sm and 1.4 mol.% of Al;Oj3 (sufficient to
suppress the gray loss level coursed by Sm3* ions clustering). Doping with Sm was chosen
due to its intense absorption band at 1080 nm, which also covers the region up to 1000 nm.
The minimum optical loss of Sm ions was at 982 nm, which is very close to our signal
wavelength (976 nm). Thus, the utilization of Sm ions as an absorber provided additional
(to mode coupling) filtering of ASE at 1030 nm.

In the final step, three holes were drilled around the Yb-doped core, and then, Sm-
doped rods, stretched to a diameter to fit these holes, were inserted in. The core/cladding
ratio in the Sm-doped rod was adjusted by jacketing with F300 tubes to achieve the designed
diameter in the final preform. The preform was consolidated then to a solid glass rod. The
fabricated preform had a circular shape, which was not optimal for cladding pumping. For
this reason, we polished the preform at the final stage to achieve a square shape of the outer
silica cladding.

Fibers with different core and square cladding sizes (11/80 x 80 um, 13/92 x 92 um,
and 15/105 x 105 um) were drawn from the preform. This was performed to test different
positions of the stop-band center. For example, in [9], the stop-band center was centered
near 1200 nm and then was widened by bending so that the short-wavelength edge of
the stop-band reached 1000 nm. In our case, drawing the fibers with different diameters
allowed us to choose the optical bending configuration with the lowest bending loss, when
the stop-band cover spectral region 1000-1100 nm. The double-clad fibers were coated with
a low-index acrylate polymer during the drawing, providing a first cladding NA > 0.45.

2.2. Amplifier Operated near 976 nm

The fabricated fiber was tested in the amplifier setup (see Figure 1). The scheme
was based on a simple master-oscillator and power-amplifier configuration, with a co-
propagating cladding pump at 915 nm and a signal at 976.5 nm. In such a scheme, the seed
from the single-mode semiconductor laser diode, with a central wavelength of 976.5 nm
and power up to 60 mW, passed through the isolator and then was coupled to the pump
combiner (PC) with an output fiber diameter of about 80 um. Between the pump combiner
and isolator, we added WDM, which separates backward-propagated signals at 1030 nm.
This was performed to protect the seed from unwanted ASE generated in the Yb-doped
fiber under test (YDF), and it also made it possible to measure the power of the backward-
propagated ASE near 1030 nm. The YDF was spliced to the output of the pump combiner.
The output end of the YDF was angle-cleaved to prevent back reflection. Measurements of
the power at the output of the Yb-fiber were conducted in two steps. First, the cladding
pump stripper (CPS) was formed at the end of the fiber. This allowed us to nearly com-
pletely remove the unabsorbed pump power and retain only the signal propagating in the
fiber core. Then, we separated the amplified signal at 976.5 nm from ASE at 1030 nm using
a dichroic mirror (a 976.5 nm signal was reflected by the mirror, and ASE at wavelengths
above 1000 nm was passed through). In the second stage, the dichroic mirror and CPS were
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976 nm

= I

Isolator WDM

removed to measure the net power at the output of the YDF. By subtracting the amplified
signal and ASE from the net power, we calculated the unabsorbed pump power.

Pump
diode

Figure 1. The scheme of the amplifier set-up.

It is worth noting that the amplifier configuration was chosen in our study instead of
the laser configuration to avoid uncertainty due to splice loss with the output fiber Bragg
grating in the laser configuration. In the case of the amplifier, it was possible to analyze the
fiber properties by itself.

3. Results

The refractive index profile, measured in the fabricated fiber with sizes 15/105 x 105 pm,
is shown in Figure 2. In the insert to Figure 2, the cross-sectional image of the fabricated
fiber is presented. It can be noted that the refractive index of the core became somewhat
higher than that of preform (0.0021 instead of 0.0017), which was caused by non-zero
drawing tension [10], which was required to keep the shape of the fiber close to square.
It should be noted that this increase in dn was not critical since the fiber was designed
to be bent during operation (required to widen the stop band [9]), and high-order modes
were efficiently evacuated in this case. The refractive index of Sm-doped rods was also
changed after drawing—the refractive index difference was reduced down to 0.0095, which
we attributed to Al diffusion.

First, the optical losses in the drawn fibers were measured using the standard cut-back
technique. For fiber with cladding sizes 15/105 x 105 pum, the center of the stop-band was
found at wavelength 1250 nm. In this case, the fiber required tight bending to a diameter
less than 60 mm to shift the stop-band down to 1030 nm. The 11/80 x 80 um fiber had
the stop-band at too short of a wavelength (950 nm). Finally, the 13/92 x 92 um had the
center of the stop-band near 1100 nm. Our experiments showed that, with this fiber, it was
possible to achieve the sharpest edge of the stop band (see Figure 3). It was possible to
precisely control the position of the left edge of the stop-band by bending. In particular, it
was possible to achieve medium loss at 1030 nm (~2 dB/m) with very low loss at the signal
wavelength (976.5 nm) by bending the fiber with a diameter of 115 mm. Additionally, with
a bending diameter of 85 mm, it was possible to almost completely suppress all signals
above 1000 nm (optical loss at 1030 nm exceeded 10 dB/m) but at the cost of a slightly
increased loss at the signal wavelength (~0.2 dB/m).
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Figure 2. The refractive index profile measured in 15/105 x 105 pm by the fiber analyzer EXFO
NR9200HR. The X-scan did not cross the absorption rod; the Y-scan passed through the absorption
rod center; insert: fiber cross section, obtained with an optical microscope.
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Figure 3. Core loss measured in the 13/92 x 92 pm fiber wound on spools with different diameters.
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The cladding absorption measured in the fabricated fiber is shown by the solid black
line in Figure 4. Multiple absorption bands could be seen in the spectra. There was a
well-known absorption band of Yb%* ions in the spectral region from 850 to 1000 nm. Other
bands were associated with the absorption of Sm3* ions in the absorbing rods. To make
it clear, we added to Figure 4 the rescaled absorption spectrum measured in the fiber,
drawn from the Sm-doped preform (shown by a red dashed line). It can be seen that all
the observed absorption peaks corresponded to the peaks of the Sm-doped fiber. Some
discrepancy at wavelengths above 1200 nm was due to absorption in the coating polymer at
these wavelengths. Sm>* ions also had a low-intensity broad absorption band near 940 nm.
This absorption band overlapped with the spectral region of possible pump wavelength. It
had quite low intensities (~0.17 dB/m at 940 nm and 0.11 dB/m at 915 nm), but it became
comparable with the pump absorption due to a low concentration of Yb in the fabricated
fiber. As a result, the PCE of the fiber was reduced due to the loss of pump photons.

Clad loss in YDF
44----- Rescaled absorption of Sm®* ions

Optical loss, dB/m

T T T T T T T T T T T T T T T T
800 900 1000 1100 1200 1300 1400 1500 1600 1700
Wavelength, nm

Figure 4. Cladding absorption measured in the fabricated fiber.

The 13/92 x 92 um fiber was chosen for experiments in the amplifier setup shown
in Figure 1. First, we measured the dependence of the amplifier signal power, backward
and forward ASE, near 1030 nm on the fiber length when it was wound on a spool with a
diameter of ~16 cm. In this case, the stop-band was quite far from the 1030 nm region, and
the fiber behavior was close to that which we expected to achieve in the straight fiber or
fiber without absorption rods. We used a fixed pump power of 14.6 W @ 915 nm and an
input signal power of 60 mW @ 976.5 nm. The obtained results are presented in Figure 5a by
solid symbols. The optimal length of the fiber was about 12.5 m, and at longer fiber lengths,
strong ASE near 1030 nm, which propagated in both forward and backward directions,
had appeared. Slope pump to signal conversion efficiency in this case was estimated
to be ~10%.
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Figure 5. (a) Dependence of output power on the 13/92 x 92 um fiber length; (b) dependence of the
amplified signal power at the output of 20 m long 13/92 x 92 um fiber on the fiber’s bend diameter;
(c) dependence of output power (amplified signal at 976 nm and ASE at 1030 nm) on pump power.

Next, we investigated the effect of fiber bending and coursed shift of stop-band to
the short wavelength on fiber amplifier efficiency. To find the optimal bend diameter, we
selected a fiber length of 20 m, which was long enough for ASE at 1030 nm to be built up in
the fiber wound with a large diameter. We then took a set of spools with different diameters
and tested the amplifier with the fiber wound on each of these spools. The resulting
dependencies of the amplified signal power, backward and forward ASE at 1030 nm, on
bend diameter are shown in Figure 5b. It can be clearly seen that, as the diameter of the
spool decreased, the power in the ASE near 1030 nm decreased. For diameters below
11 cm, the signal power at 976 nm started to increase and reached its maxima for spool
with a diameter of 8 cm. The ASE near 1030 nm was almost completely suppressed by
bending in this case. Further reduction of the bend diameter resulted in a decrease of
the amplified signal power, which was caused by the shift of the stop-band to the 976 nm
wavelength region.

Finally, we selected a spool with diameter of 8 cm as optimal for the suppression of
the ASE at 1030 nm and measured the dependence of the output power of the amplified
signal and the ASE at 1030 nm on the fiber length. The results of the measurements are
shown as open circles in Figure 5a. It can be seen that the optimum fiber length was found
to be 15 m, where the maximum amplified signal was obtained. In Figure 5c¢, it is clearly
seen that the use of 15 m long fiber bent with a diameter of 8§ cm allowed for an increase in
the output power in the whole range of the tested pump power.
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4. Discussion

As could be seen in the Section 3 described above, the design of the developed
Yb-doped fiber with absorption rods embedded into the cladding allowed for efficient
suppression of ASE near 1030 nm by appropriate fiber bending. A clear increase in output
signal power was observed in the fabricated fiber. At the same time, the increase of the
output signal was rather small, about 10-30% depending on the pump power (see Figure 5).
Additionally, the overall efficiency near 10% was still small, and it was comparable to the
results obtained in fiber with a ring-doping design, in which no suppression of ASE at
1030 nm was realized [6]. In fact, the main objective of the current work was to test a novel
approach to increase PCE in fiber amplifiers that operate near 976 nm and to reveal factors,
which limits the applicability of the current method. This step is of great importance before
the fiber can be optimized to achieve the maximum efficiency. From our study, we can see
that it is possible to indicate two main factors that limit the efficiency of 976 nm amplifiers.

The first factor is the relatively high loss of signal at 976 nm in the bent fiber. As can be
seen from Figures 3 and 5, wounding the 13/92 x 92 um fiber on a spool with a diameter
of 8-8.5 cm efficiently suppressed the ASE at 1030 nm and increased the signal at 976 nm.
At the same time, it added optical loss at 976 nm on the level of 0.2 dB/m (estimated for
a bend diameter of 8.5 cm), which was noticeably high, as the length of the fiber used in
the amplifier was on the level of 10-20 m. Effects of bending could be clearly seen for the
amplifier based on 10 m long fiber (see Figure 5a). In this experiment, the fiber was wound
on spools with diameters of 8 and 16 cm. In both cases, the length of the fiber was short
enough, and no ASE at 1030 nm appeared. This means that a difference in output power
for different bend diameters was secured by additional optical loss, which appeared for
fiber wound on the spool with a diameter of 8 cm. The difference was only 10% for a 10 m
long fiber, but the decrease in efficiency would be higher for a longer fiber length. We
suggest that excess loss at 976 nm was exactly the factor that is responsible for the decrease
in signal in fiber wound on the spool with a diameter of 8 cm when its length was increased
from 15 to 20 m. Indeed, ASE near 1030 nm at these lengths of fiber is negligibly small
and could not affect the amplifier efficiency. The reason for the appearance of these losses
is the stop-band edge, which was not sharp enough. It was not possible to reduce excess
loss at 976 nm in the current fiber design by increase of fiber bend diameter. In this case,
we would have an insufficient shift of the stop-band—not all wavelengths in the region
1000-1030 nm would have a high enough loss, which would result in the decrease of PCE
(see Figure 5b). However, the effect of the excess loss could be significantly reduced if the
optimal length of the active fiber becomes shorter (by increasing the Yb content in the core).

The second factor is a high cladding loss at the pump wavelength, which was caused
by the absorption band of Sm-doped ions centered at 940 nm. In the current fiber, the net
absorption near 915 nm was about 0.3 dB/m, and the estimated absorption of Sm3* ions at
this wavelength was ~0.11 dB/m. This means that Yb absorption at this wavelength was
about 0.19 dB/m—only two times higher than the absorption of Sm>®" ions. As a result,
a significant part of the pump power was lost in the current fiber due to the absorption
of Sm>* ions. Similar to the previous factor, increasing the Yb concentration reduced the
optimal fiber length and simultaneously reduced the influence of Sm>* ion absorption at
the pump wavelength.

It can be seen that both factors noticeably decreased the output power of our amplifier.
However, the possible solution in both cases is to increase the Yb concentration in the core.
It will shorten the Yb-doped fiber length and significantly reduce the influence of excess
loss at signal and pump wavelengths on the PCE. On the other hand, we could not make
the Yb concentration very high. In this case, the gain for ASE near 1030 nm became too
high, and the optical loss of ~10 dB/m, which was achieved around 1030 nm by bending
the fiber, might not be enough to efficiently suppress ASE near 1030 nm. Thus, there could
be an optimum of the Yb content in the core glass.

To optimize the fiber parameters, we modeled the amplifier based on the current fiber
design for different concentrations of Yb3* ions in the core. For this purpose, we solved
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rate equations [11], taking into account ASE near 1030 nm. The signal wavelength was
taken as 976.5 nm, the pump wavelength was taken as 915 nm, and the core diameter
was 13 pm. The cladding diameter was assumed to be 104 um, which corresponded to
the average radius of the fiber with a square-shaped cladding of 92 x 92 pm. The Yb
concentration in the glass network was estimated from the measured absorption value at
the pump wavelength and was assumed to be 4.5 x 10%* m~3. The model took into account
the actual distribution of Yb3* ions across the fiber cross-section (the central part of the fiber
was not doped with Yb)—the distribution of inversion along the radius was calculated
for each position along the fiber. Absorption and emission cross-sections were borrowed
from [12] for aluminosilicate glass.

First, we created a model of the current amplifier. It could be seen that, for the case
of the straight fiber, we obtained an optimal fiber length very close to that obtained in
the experiment. At the same time, the calculated efficiency for the straight fiber was
about 1.5 times higher than that obtained in the experiments. The exact reasons for this
discrepancy are not clear. We suggest that it might be due to the non-uniform broadening
of the Yb%* absorption band near 976 nm. This effect was previously observed in [5,6],
and in [5], it was suggested that it could be a reason for the decrease in efficiency in fiber
amplifiers (compared to the free-running fiber lasers). In the current work, our aim was to
estimate the influence of Yb concentration on PCE; thus, we compared only the relative
change in efficiency, keeping in mind that the real efficiency could be somewhat smaller.

Our calculations showed that the presence of optical loss at the pump wavelength
noticeably decreased pump power (compare solid and dash curves for pump). As a
consequence, the amplified signal power was reduced by ~30% (compare straight and
regular fibers in Figure 6a). Bending of the fiber almost completely suppressed ASE at
1030 nm, but it did not affect the pump-to-signal conversion efficiency too much (see
Figure 6b). It is more or less similar to our experiment in which the output power was
increased, but only by ~10%.
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Figure 6. (a) Calculated distribution of signal (976 nm), pump (915 nm), and ASE (1030 nm) over fiber
length for the case of straight fiber (signal loss @ 976 nm = 0.02 dB/m; pump loss @ 915 = 0.11 dB/m;
ASE loss @ 1030 nm = 0.02 dB/m); regular fiber (signal loss @ 976 nm =0.02 dB/m; pump loss @
915 =0.02 dB/m; ASE loss @ 1030 nm = 0.02 dB/m); and bend fiber (signal loss @ 976 nm = 0.2 dB/m;
pump loss @ 915 = 0.11 dB/m; ASE loss @ 1030 nm = 10 dB/m). (b) Dependence of the amplified
signal (976 nm) on pump power for the cases of straight fiber and bend fiber.
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Then, we calculated the dependence of the slope of the pump-to-signal conversion
efficiency (PCE) on the Yb concentration. For each Yb doping level, we modeled fibers
with different lengths and found an optimal one that provided maximum output signal.
This length was used to define the PCE. The results of our calculations (dependence of
PCE on Yb concentration) are shown in Figure 7a. The dependence of the output signal
on the pump power for two fiber designs (with core D = 10 um and 18 pm) with optimal
Yb concentration (giving the maximum output power) is shown in Figure 7b. It can be
clearly seen that the dependence is very close to linear (similar to fiber lasers), which is
a feature of amplifiers operated in the saturation regime. A wide pump power range,
in which the amplifier is saturated using a signal power of only 30 mW, was the result
of a very high gain at 976 nm. In Figure 7a, we used the relative Yb concentration (Yb
concentration in our current fiber was set as 1) for convenience. It could be clearly seen
that, for a regular fiber (fiber with optical loss at signal, pump, and ASE wavelengths of
0.02 dB/m), the dependence on Yb concentration was almost constant, except for the region
of low concentration, where gray loss became the main factor limiting the efficiency. A
similar behavior, but with a decrease in efficiency at a lower Yb concentration, was observed
for the straight fiber. It had the same parameters as regular fiber, but an actual pump loss
of 0.11 dB/m (due to the absorption of Sm ions) was taken into account. The bent fiber
showed great improvement in efficiency (by ~2 times as compared to the regular fiber) at
the Yb concentration level, which was three times higher than the current one. Thus, the
main approach for efficiency improvement could be to increase the Yb concentration in the
core by three times as compared to the current fiber.

45 > 30
40 | .
! ’é‘ 25 ] core D=10 um
351 | c core D=18 um
30 - | © 2]
= S
251 : —
: @ 151
20 ! S
154 ’ o 107
! (0]
104 ! =— Bend ﬂbe_r =
i |[—®— Regular fiber 3o 5]
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. |—=— Bend fiber with core D=18um <
: 0 T T T T T T
00 1 1 10 0 10 20 30 40 50 60 70
Relative concentration of Yb®* ions Pump power (915 nm), W
(a) (b)

Figure 7. (a) Calculated dependence of pump-to-signal conversion efficiency (PCE) on the rela-
tive concentration of Yb3* ions (one corresponds to the Yb®* ions concentration of 4.5-10%* m~3)
for straight fiber (signal loss @ 976 nm = 0.02 dB/m; pump loss @ 915 =0.11 dB/m; ASE loss @
1030 nm = 0.02 dB/m); regular fiber (signal loss @ 976 nm = 0.02 dB/m; pump loss @ 915 = 0.02 dB/m;
ASE loss @ 1030 nm = 0.02 dB/m); bend fiber (signal loss @ 976 nm = 0.2 dB/m; pump loss
@ 915=0.11 dB/m; ASE loss @ 1030 nm = 10 dB/m); and bend fiber with a core diameter in-
creased to 18 um (signal loss @ 976 nm = 0.2 dB/m; pump loss @ 915 = 0.11 dB/m; ASE loss @
1030 nm = 10 dB/m). (b) Calculated output power via pump power for two fiber designs (with core
D =10 um and D = 18 um) bent with optimal diameters and with optimal Yb®" concentrations in the
core. The parameters of the Yb-doped fibers were signal loss @ 976 nm = 0.2 dB/m; pump loss @
915 =0.11 dB/m; and ASE loss @ 1030 nm = 10 dB/m.
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Further improvement is possible by increasing the core-to-clad ratio. This is a well-
known factor that could improve the PCE in fiber lasers that operate near 976 nm [1-3,7].
With our fiber design, this method could be used even more efficiently due to the tight fiber
bending (and the filtering of high order modes) and the additional loss of high-order mode
loss due to coupling with high-index rods [13]. Our calculations show that increasing the
core diameter to 18 um will result in an additional increase in PCE of about 1.5 times (see
blue curve).

It is quite interesting to note that the proposed technique is also quite promising
for another type of amplifiers—Nd-doped fiber amplifiers that operate near 915 nm. In
this case, exactly the same problem, i.e., the appearance of unwanted ASE near 1060 nm,
typically limits the maximum efficiency. The suppression of ASE near 1060 nm can result
in a strong increase in PCE [14,15], but until now, the fiber design that allows it to be
implemented has been quite complicated in practice. With the fiber design studied in the
current work, we could expect much smaller excess loss due to the much larger distance
between the signal wavelength (915 nm) and the ASE wavelength (1064 nm). In addition,
Sm3* ions have no absorption at 808 nm, where Nd-doped fibers are typically pumped.
This means that both factors limiting PCE in Yb-doped fibers are negligible in the case of
Nd-doped amplifiers that operate near 915 nm.

5. Conclusions

In this work, a novel fiber design with controllable position of the stop-band in active
fiber configuration (core was doped with Yb) was realized for the first time. The fiber was
tested in an amplifier set-up operating near 976 nm. It was shown that unwanted ASE near
1030 nm in this case could be almost completely suppressed by shifting the stop-band to
the region of 1000-1100 nm by appropriate bending of the developed fiber. The increase
in output laser power was clearly demonstrated compared to a case where ASE was not
suppressed. At the same time, two factors that severely limited the maximum achievable
pump-to-signal conversion efficiency were revealed: excess loss at the signal wavelength
due to the edge of the stop-band and excess loss at the pump wavelength due to absorption
of Sm3* ions. The following methods for the significant improvement of PCE efficiency (by
more than two times) were discussed: optimization of Yb concentration in the core and
optimization of the core—cladding ratio. It was also pointed out that the proposed fiber
design is very promising for Nd-doped fiber amplifiers that operate near 915 nm, since
both negative factors (excess loss at signal and pump wavelengths) become negligible in
this case.
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