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Abstract: An all-fiber, narrow-linewidth, high power Yb-dogesilica fiber
laser at 1179 nm has been demonstrated. More tha dutput power has
been obtained, corresponding to a slope efficieafc43% with respect to
launched pump power, by core-pumping at 1090 nnuoréfer to increase
the pump absorption, the Yb-doped fiber was heafedo 125C. At the
maximum output power, the suppression of amplifipdntaneous emission
was more than 50 dB. Furthermore, theoretical wookfirms that the
proposed laser architecture can be easily scaleier power.
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1. Introduction

Yb-doped silica fiber is an extremely successfuhgaedium that operates efficiently in the
wavelength region of 1030-1100 nm, with excellegdn quality and multi kilowatt of output
power level; which finds many applications in matkeprocessing, spectroscopy, medicine
etc, to name a few. Lately, considerable attentias been paid to extend the useable
wavelength range of Yb-doped fiber beyond 1100 @ompact, high power, high brightness
source at 1178 nm is of great interest for frequetaubling to 589 nm for laser guide star
generation [1], spectroscopy and medicine [2]. Mueg, fiber laser emitting at the 1.1-1.2
pm wavelength range can also be used as a pumgesouholmium and thulium doped fiber
lasers operating in the 2.0 pm eye safe region [3].

Different approaches have been proposed to op¥tatdoped fiber lasers in the long
wavelength (1160-1180 nm) range [4-11]. Becauseethission cross-section of Yb-doped
aluminosilicate fibre extends up to 1200 nm, usiogventional Yb-doped fiber, an output of
121 mW at 1150 nm was achieved with a slope effjeof 21%, by pumping at 977 nm [4].
By employing a high-Q resonator design in conjwrectivith a double clad Yb-doped fiber, up
to 6.5 W output at 1178 nm was also obtained [Blother approach includes core pumping
of a Yb-doped fiber at 1070 nm with simultaneouatimg of the fiber above 7Q to improve
the emission cross-section [6]. The maximum sldfieiency, with respect to pump power
was 45% at 1160 nm, with a maximum output poweB.8fW. However, the low emission
cross section at these wavelengths and the gairpetgion from shorter wavelengths,
especially in the 1030-1100 nm wavelength rangaddeto the generation of amplified
spontaneous emission (ASE) and parasitic lasirtggt pump power limiting the utilizable
gain and power scaling, making the operation alehging work. Other alternatives have
been proposed to overcome those issues, suchladding pumped Yb-doped solid photonic
bandgap fibers for suppression of ASE at 1030 nmABo, by using the spectral filtering
properties of photonic bandgap fibers, with a Raffitaer laser seeded MOPA configuration,
32 W output at 1156 nm and 30 W output at 1178 @ lheen realized [10]. However,
complex system structure and therefore difficulirigation conditions with the additional
possibility of photodarkening, when pumped at 976-8m; make such a laser impractical for
industrial use. In another work, Goto et al. repdra narrow linewidth Yb-doped hybrid
microstructured fiber, but the output power wasittioh due to high loss present in the fiber
[11]. Other possibilities are Raman fiber laser][Hhd bismuth-doped fiber laser and
amplifier [13]. Narrow-linewidth amplification in &nan fiber amplifier is difficult because
of stimulated Brillouin scattering. Thus in [14hetoutputs of two Raman fibre amplifiers are
coherently combined together and as a result, éiméiguration is complex and difficult to
implement. In the case of bismuth doped fiber lather reported efficiency is low due to the
presence of high unsaturable loss [15].

In this paper, we report an all-fiber, high powearrow-linewidth Yb-doped silica fiber
laser operating at 1179 nm, when core pumped ab &6 and heated at 1%5 Using
numerical simulation, we have shown that the outpwter can be scaled up at 1179 nm with



optimized laser cavity. The results described iis thaper are particularly important for
efficient frequency doubling for suitable laserdgistar applications.

2. Experimental procedures

It is well known that alumino-silicate host fibes preferable for the long wavelength
generation of Yb-doped fiber [7] because of preféad cross-sections. The Yb-doped
alumino-silicate fiber used in this work was falted in-house by modified-chemical-vapor-
deposition (MCVD) and the solution doping technigiibe preform was drawn into a fiber
with 125 pm outer diameter with higher index polyneeating materials. The fiber had a
10pum Yb-doped core diameter with an NA of 0.11. The &imcentration in the core was
estimated to be 14000 ppm-wt. The background Iosthé fiber was less than 10 dB/km,
measured at 1285 nm with a high resolution optioa domain reflectometer.

Figure 1 shows the schematic of the Yb-doped fiaser experimental set up. The fiber
laser consisted of a 20 m long Yb-doped fiber thétision spliced to a 1090-1179 nm WDM
(wavelength division multiplexer) coupler. The pumpwer is coupled into the core of the
Yb-doped fibre through the WDM coupler. The pumpsists of a GTWave [16] based Yb-
doped fiber laser capable of delivering up to 3@Miutput power at 1090 nm. Therefore, the
WDM coupler was mounted on a heat sink to removeex heat and avoid damage during
the high power operation. The other end of the ddjieer was flat cleaved and butted to a
broadband mirror with high reflectivities both Aetpump and signal wavelengths. A Fiber
Bragg Grating (FBG), acting as an output couplexs wpliced to the 1179 nm arm of the
WDM coupler to select the lasing wavelength. Thiectivity of the FBG was 61% at
1179 nm with 3 dB bandwidth of 0.25 nm. The Yb-dbgiber was placed inside an oven,
which was maintained at 125 to increase the pump absorption at 1090 nm [17].

Oven at 125°C

Broadband
mirror

Y b-doped fiber

WDM
(1090/1179 nm)

Pump @1090 nm

OC FBG (61%)
Signal output

Fig. 1. Experimental setup of the 1179 nm fibeetas

3. Experimental results

The absorption and emission cross sections ofltlee Wwere measured at various temperatures
ranging from 22C (room temperature) to 125. It was observed that the Yb absorption at
1090 nm grows by several times when the fiber vesxtdd to 12%C compared to that of the
room temperature. The absorption cross sectionoah temperature was 1.67530n” which
increases to 4.77xFOn7 at 128C. However, there was no noticeable change inrfission
cross sections at the 1100-1200 nm range. The iemissoss section at 1179 nm at room
temperature was 1.56xTOn? while that at 125 was 1.69x18° m*.

Figure 2(a) shows the output power of the 1179 ibarflaser as a function of the
launched pump power. A total signal output powed® W at 1179 nm was obtained for
30 W of launched pump power at 1090 nm. The sldfieiemcy was estimated to be 43%
with respect to the launched pump power. No rdllesfsaturation of the output power was
observed even at the maximum available pump powedicating that the extracted output
power was limited by the available pump powersltd be noted that the reflectivity of the
output coupler FBG was not optimized; instead therf length was optimized for the
maximum output power.
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Fig. 2. (a). Output power and (b) output spectrtakén with an optical spectrum analyzer with
0.5 nm resolution) of Yb-doped fiber laser opemtitt 1179 nm.

An optical spectrum analyzer (Yokogawa AQ-6370) waed to measure the output
spectrum. The measured spectrum of 1179 nm laghffertent output power levels is shown
in Fig. 2(b). The suppression of the ASE was béttan 50 dB even at the maximum output
power. The 3 dB linewidth of the laser spectrunthatmaximum output power was less than
0.38 nm, measured with 0.02 nm resolution (Fig.T3)e laser linewidth broadens slightly
with increasing pump power as expected in typiderflaser. Our results seem to indicate
that pumping at 1090 nm helps to suppress the ifiarissing in an Yb-doped fiber laser
operating at 1179 nm.
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Fig. 3. Output spectrum of the fiber laser at défe signal power (optical spectrum analyzer
resolution 0.02 nm).

We did not observe any noticeable change in thpubypower over the whole set of
experiment. However, the fiber strength seems toedese after several days of operation, due
to the degradation of the coating material at°’C29 he temperature handling capability of the
fiber can be further improved at least up to 4@Oy using hybrid glass protective coating
materials [18] or by using polyimide coated fibd9]. These coating materials of high
thermal stability can offer stable and long timesigtion without any deterioration of the
active fiber.

4. Modding of the 1179 nm laser

Following the experimental findings, we theoretigaxamined the optimization of the fiber
laser cavity, using a commercial software (Opti&yst8.0). The model is based on the
solution of the rate and propagation equations220of a two level system.



The measured Yb cross sections at®Covere used for the calculations. The model was
first applied to the Yb-doped fiber laser configioa described in section 2. A 20 m long Yb-
doped fiber was pumped at 1090 nm with a maximumpyower of 30 W. The fiber
parameters were selected to be the same as thHeafeldr Yb-doped fiber. With an output
coupler of 61% reflectivity, a slope efficiency43% was obtained which clearly matched the
experimental value as shown in Fig. 4(a). We didalserve any short wavelength ASE build
up with the numerical model as well.
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Fig. 4. (a). Output power vs. launched pump powigh different output coupler transmittance,
experimental and theoretical value, and (b) depecelef slope efficiency on the output
coupler transmittance.

We then optimized the reflectivity of the outputipter to maximize the output power. In
the first instance, the fiber length was kept camistit 20 m. The results are summarized in
Fig. 4. A maximum slope efficiency of 53% with resp to launched pump power was
achieved for 40% output coupler reflectivity [Figi#)]. The corresponding output power was
projected to be more than 15 W as shown in Fig)4Rigure 5 illustrates the slope efficiency
as a function of fiber length for three differenttput coupler reflectivities. One can see that
the optimum fiber length strongly depends on thépter reflectivity.
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Fig. 5. Slope efficiency vs. active fiber length &ifferent output coupler reflectivity.

The calculation of population inversion of the Ybopad fiber in the optimized cavity
shows that the population inversion along the fivas less than 2.5% for the 1179 nm laser
(Fig. 6). Photodarkening can be greatly reducedwthe population inversion is low. Hence,
our results suggest that potentially photodarkemifigct will be negligible in the Yb-doped



fiber laser [22] and therefore an output power ofenthan 250W is achievable before being
limited by the Raman process [23].
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Fig. 6. Evolution of population inversion along tfilger length.

5. Conclusion

In conclusion, we have experimentally demonstratd®90 nm pumped, high power, narrow
linewidth Yb-doped fiber laser operating at 1179. i@ar simple and robust configuration is
capable of generating more than 12 W output povier avslope efficiency of 43%. We have
carried out numerical modelling to optimize theelazavity as well to understand the
maximum power extractable from this architecturem¥érical results suggest that the slope
efficiency and hence the output power can be impdoby optimizing the output coupler
reflectivity. Slope efficiency as much as 53% issgible by decreasing the output coupler
reflectivity from 61% to 40%. Further enhancemenbuitput power is possible by using high
power single mode pump sources at 1090 nm. Thesibiéy of 1090 nm fiber laser sources
with hundreds of watts of output power and with @lkailability of high power passive optical
components (e.g. WDM couplers, FBG), the proposedty architecture demonstrate the
potential to achieve output power in excess of ¥80This would open the door to high
power yellow light sources for laser guide starlgpgions and many more. To achieve the
linewidth required for laser guide star applicatiarsingle frequency seeded master oscillator
power amplifier (MOPA) configuration could be usédirthermore, for efficient frequency
doubling, polarization maintaining Yb-doped fibeowld be developed. Power scaling of
single frequency MOPA is usually limited by the ensf stimulated Brillouin scattering,
which can be mitigated using innovative fiber dasigd advanced experimental techniques.
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