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Abstract

:

Asingle-mode Yb-doped germanophosphosilicate fiber with ultra-low optical losses (less than 2 dB/km) was fabricated by means of the MCVD method utilizing an all-gas-phase deposition technique developed “in house”. The absorption and luminescent spectral properties of the fiber were thoroughly studied. The photosensitivity of the pristine (non-hydrogenated) fiber to 248 nm-laser radiation was confirmed by means of fiber Bragg grating (FBG) inscription directly during the drawing process. The random single-frequency lasing at the 1060-nm-wavelength obtained in the 21-m-long fiber with an array of weak FBG was reported. The developed laser slope efficiency in the backward-pumping scheme was measured as high as 32%.
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1. Introduction


Nowadays, the development of single-frequency fiber lasers (SFLs) is of great interest for telecommunications, metrology, spectroscopy, and instrument engineering (lidars, distributed acoustic and seismic sensor systems). In fact, the majority of such lasers are based on a short Fabry–Perot cavity of only a few centimeters long, which is the fundamental requirement for the generation of a single longitudinal mode in it [1]. To ensure the efficient absorption of pump radiation in such short laser cavities, active optical fibers with a relatively high concentration of active ions in the glass core are used [2,3]. Slope efficiency of SFLs typically does not exceed 30% [4]. Therefore, since intense absorption of pump radiation in a short fiber section occurs, a significant heat release appears in a small glass volume, and stable laser operation of the short cavity must be maintained using external cooling circuits. Another undesirable consequence of a high concentration of active ions in a fiber core is the effect of the spontaneous switching of the laser output beam from continuous (CW) to pulsed mode and vice versa, the mechanism of which is associated with up-conversion processes inside ion clusters [5,6].



The incoherent “mirrorless” random laser cavity is a promising development for single-frequency operation in comparison with the conventional Fabry–Perot cavity [7]. In fact, random fiber lasers are able to produce light with unique performance characteristics without imposing stringent requirements on the cavity configuration. Current trends in random fiber lasers are associated with evolution of long (10–100 km) cavities based on SMF-28 fibers to short laser configurations based on short (~10m) FBG array fibers referred to as artificial Rayleigh fibers [8,9]. The use of artificial Rayleigh fibers, as the cavity of a random laser not only reduces the cavity length to acceptable values, but also provides the spectral selection of lasing generation at the reflection wavelength of the FBG array. In the latter case, a promising direction is the inscription of the FBG arrays in an optical fiber-doped with rare-earth elements such as erbium, ytterbium, etc. This provides greater spectral and signal level stabilization of laser radiation because the dynamic gratings forming exactly in the laser’s cavity [9,10].



A notable feature of the technique for creating such an array of FBGs of the same type is the possibility of inscribing them directly during the fiber drawing process with the help of phase mask technique and excimer laser UV-radiation. In addition, after applying a polymer coating over the fiber with gratings inscribed in it, its mechanical strength does not differ from that of a conventionally drawn fiber. However, it should be noted that the optical fiber chosen for inscribing FBGs during the drawing process should have a sufficient initial photosensitivity [8]. In [9], the possibility of fabricating a laser cavity from an array of FBGs inscribed in a segment of the Er-doped fiber with a relatively low concentration of Er3+ ions (Er absorption ~20 dB/m at a wavelength of 1530 nm) was demonstrated. The developed laser stably generated single-frequency radiation at a wavelength of 1547.6 nm with a narrow line (width less than 1 kHz). At a pump radiation power of 250 mW, which was 2.5 times higher than the lasing threshold, the laser operation became an almost continuous wave (the pulsation amplitude was less than ~2%). Thus, the use of extended lengths of optical fibers weakly doped with rare-earth dopants as a base for creating of SFL cavities will make it possible in the future to minimize or even get rid of the problem of the undesirable Self-Q-Switch mode appearance as well as the problem of excessive heat release and associated temperature instability. The output characteristics of a single-frequency Er-doped Random FBG laser are presented in [8], which are at least not inferior to lasers with a classical Fabry–Perot cavity, and make it a promising alternative to the “traditional” SFLs.



This research work is devoted to the development of a single-frequency Random FBG laser designed to operate in the wavelength range of ~1.06 µm. For the purpose of this research, a special photosensitive Yb-doped fiber based on a novel germanophosphosilicate glass core composition co-doped with a low concentration of Yb3+ ions was fabricated utilizing the MCVD method and an original all-gas-phase deposition technique developed “in house”. In this paper, the fiber fabrication technique as well as the active fiber parameters and core glass properties were investigated in detail.




2. Materials and Methods


The fiber preform was fabricated by utilizing an all-gas-phase deposition technique and the MCVD fabrication method and facility. The Yb(thd)3 chelate precursor was thermostat controlled at a temperature of 149 °C to secure an acceptable vapor pressure. The preform core glass was synthesized by means of an original technique where the separate deposition of glass host components and the active dopant was implemented; the deposition technique is described in detail in our previously published works [11,12,13]. At first stage of the technical process, a porous layer of the GeO2/P2O5/SiO2 composition was deposited at a reduced temperature of ~1400 °C. Then, Yb(thd)3 vapors delivered by a carrier gas (argon) via delivery lines and a rotary seal (the units were heated up to ~200 °C to prevent the vapors preliminary deposition) mixed with oxygen in the reference silica tube (Heraeus F300, outer diameter 15 mm, wall thickness 1.3 mm). The Yb2O3 particles formed in the hot zone (since Yb(thd)3 thermo-decomposition process occurs) were deposited on the inner surface of the silica tube over the deposited germanophosphosilicate porous layer, while the outer surface of the deposition tube was heated by an oxy-hydrogen burner flame at a temperature of ~1300 °C. Then, the Yb2O3/GeO2/P2O5/SiO2 glass layer was fully sintered at a temperature of ~1950 °C into transparent glass in an oxygen atmosphere with the addition of CCl4 flow to remove the majority of the hydrogen-containing impurities formed at the previous gas-phase impregnation stage. A passive layer of the GeO2/P2O5/SiO2 glass composition with a refractive index adjusted to that of the doped glass layer was deposited on top of the Yb-doped glass. Once the deposition of the core material finished, the temperature of the oxy-hydrogen burner was increased to above 2000 °C, and the tube preform was collapsed to maintain an extremely small inner capillary of ~1 mm. Then, the passive layer depleted in P2O5 and GeO2 (evaporated during high temperature collapse process) was almost completely etched with the help of a C2F3Cl3 gas flow. At final stage of the technical process, the tube preform was eventually consolidated into a solid rod at a relatively low temperature (1950 °C) to prevent the excessive evaporation of volatile components and to minimize a central dip the core. Thus, the fiber preform with a homogeneous Yb-doped germanophosphosilicate core glass was manufactured.



To measure the core-cladding refractive index difference in the fabricated preform (Δncore-clad) a Photon Kinetics P2610 preform analyzer was used. The elemental composition of the core glass was determined using X-ray analyzer JEOL 5910LV in the multi-mode fiber.



Multi-mode (core diameter ~20 μm) and single-mode (core diameter ~6 μm) fibers with an outer diameter of 125 μm were drawn from the fabricated preform. Directly during the fiber drawing process, weakly reflecting FBGs were inscribed in the single-mode fiber core using an experimental setup based on an Optosystems CL-5100 KrF excimer laser generating pulsed UV radiation with a wavelength of 248 nm. The inscribing technique for an array of weakly reflecting FBGs distributed over the fiber length and the setup scheme are described in detail in [14,15]. At a constant fiber drawing speed, the distance between the individual gratings is determined by the laser pulse repetition rate. In this work, at a fixed drawing speed of 6 m/min, two FBGs arrays were inscribed, which were located in the fiber sections that were each 100 m long. An array of N1 gratings inscribed at a pulse repetition rate of 10 Hz and using a phase mask with a periodof 729.5 nm covered the entire length of the fiber segment (100% of the fiber length was filled with gratings). An array of N2 gratings only filled half of the length of the fiber section with gratings (50%-filling); to inscribe these gratings, in contrast to array N1, a phase mask with a period of 1070 nm and a pulse repetition rate of 5 Hz were used. The length of each grating in both of the arrays was 10 mm, and the UV irradiation dose was 400 mJ/cm2, which corresponds to the single pulse energy density.



The spectral characteristics of the inscribed FBGs arrays were studied by analyzing their reflection spectra. Thus, to obtain the reflection spectra of the N1 array, a standard technique was used, which was based on recording the radiation spectrum from a broadband source (superluminescent diode) reflected by the grating using an optical spectrum analyzer [14,16]. In this work, we used a Yokogawa AQ6370D optical spectrum analyzer with an optical resolution of 0.05 nm in the wavelength range of ~1 μm. The reflection spectra of the N2 array were studied using a Luna 4400 precision reflectometer designed for the Optical Frequency Domain Reflectometry (OFDR) analysis of an optical signal reflected in a fiber in a narrow spectral range of 1530–1570 nm [17]. Compared to the optical spectrum, in which it is impossible to separate the contribution from single FBGs with close reflection wavelengths, the analysis of reflectograms (OFDR traces) allows one to obtain information about each of the inscribed FBGs in the fiber sample. However, the possibility of using OFDR in practice has hardware limitations; namely, it is typically a narrow spectral range of the reflectometer’s sensitivity.



Apiece of the Yb-doped fiber containing the array of the N1 gratings was investigated for possible use as a laser resonator. In the present work, we used a “backward-pumping” of the laser cavity, which was similar to the pumping scheme of a single-frequency Yb-doped fiber laser that was earlier described in detail in our previous work [18]. The schematic diagram of currently used laser pumping setup is shown on Figure 1. The radiation of a QFLD-905-200S pump laser diode with an output wavelength of 907 nm was injected through the corresponding port of the 915/1064 filter-based wavelength division multiplexer (FWDM) into a segment of the Yb-doped fiber with the array of N1 gratings inscribed in its core. An oblique cleavage was made at the opposite end of the active fiber section in order to prevent possible influence of the reflected radiation on the stability of the laser generation. A Yokogawa AQ6370D spectrum analyzer and a JDSU OLP-85 power meter were used to record the optical spectrum of the laser radiation and to measure the laser output power and the launched pump power.




3. Results


For convenience, we have divided the experimental results presented in this work into two major parts. In the first part, the physicochemical, optical, and waveguide characteristics of the active fiber core are discussed. In the second one, the characteristics of the random-FBG laser based on this fiber are considered.



3.1. Optical and Material Properties of the Developed Active Fiber


The results of measurementsof the refractive index profile (RIP) in the fabricated fiber preform and the radial distribution of the main glass host dopants in the fiber core, P2O5 and GeO2, are presented in Figure 2a,b, respectively. The RIP (Figure 2a) has a narrow dip in the core center, the nature of which is the partial loss of GeO2 and P2O5 components due to evaporation during the high-temperature collapse process of the tube preform [19]. At the same time, it should be noted that the width and depth of the central dip turned out to be noticeably smaller than the dip in preforms with a fluorophosphosilicate glass core manufactured by the same MCVD deposition method [12,13]. As we can see from Figure 2b, in the fiber core region (the range 20–40 µm along the X axis), the glass host dopant concentration is ~4 mol% of P2O5 and ~3 mol% of GeO2. In addition to the core region, a small amount of P2O5 (~1.5 mol%) is also present in the reflective cladding region (fluorophosphosilicate reflective cladding was deposited in the fabricated preform). The Yb dopant content is below the detection limit of the used X-ray analyzer, i.e., less than 0.1 mol%. Consequently, the fiber RIP refractive index profile was completely formed by host glass dopants, namely P2O5 and GeO2.



Optical loss spectra of a single-mode fiber drawn from the fabricated preform are shown in Figure 3. The absorption intensity of the Yb3+ ions in the fiber at a wavelength of 975 nm was measured ~22 dB/m (Figure 3a). At the pump radiation wavelength of 907 nm, the absorption was much lower, only ~3.7 dB/m. However, this active dopant concentration makes it possible to achieve a more uniform level of a Yb3+ ion inversion population in the cavity of the Random FBG laser, which typically has a length of at least several meters. In this work, to fabricate the cavity of such a laser, we used an array of N1 FBGs inscribed using a phase mask with a period of 729.5 nm, therefore having the maximum reflection wavelength of about 1060 nm. As it can be seen from the absorption spectrum in Figure 3b, the absorption value at this particular wavelength is ~0.03 dB/m, which is quite acceptable for the cavity of a Random FBG laser. It should be noted that the extremely low level of losses far from the absorption maximum of the Yb3+ ions in the investigated fiber (we measured optical losses less than 2 dB/km at a wavelength of 1200 nm) also indicates the absence of detrimental impurities in the developed fiber and confirms a highly homogeneous distribution of the host glass dopants (P2O5 and GeO2) in the silica glass of the fiber core.




3.2. Random FBG Fiber Laser Characteristics


The quality and contrast evaluation of the FBGs inscribed in the single-mode fiber developed in this work was performed by analyzing the OFDR traces of the array of N2 gratings, a fragment of which is depicted in Figure 4. Each of the maximums in the given fragment of the OFDR trace was obtained as a result of reflection of the probe signal from a separate FBG. The signal level of −100 dB/mm corresponds to Rayleigh scattering in the fiber. The difference between the maximum of the signal and the level of Rayleigh scattering was taken as the grating contrast value. It can be seen that the contrast of all of the gratings is approximately the same and typically exceeds 50 dB, which is two orders of magnitude higher than the contrast of gratings inscribed using the same technique in a standard germanosilicate fiber [14]. The higher contrast value of the FBGs in the fabricated fiber with germanophosphosilicate glass core indicates the developed glass high photosensitivity to 248-nm-wavelength UV laser radiation.



When evaluating the optimal cavity length of the Random FBG laser, it was assumed that the array of N1 gratings inscribed at the same value of the UV radiation dose per grating (400 mJ/cm2) was at least as good as the array of the N2 gratings in terms of its contrast and homogeneity. The reflection spectrum of the entire array of N1 gratings is depicted in Figure 5 (Curve “1”). The signal intensity at the peak with maximum reflection corresponds to a level of −65.2 dBm. As it can be seen, the maximal reflection of most gratings is located in a rather narrow spectral region: 1060.2 ± 0.05 nm. This means a relatively high selective ability of the array of the gratings in respect to the working length of the laser cavity.



Once this array of gratings was connected to the pump radiation source, lasing was detected with a narrow peak near the wavelength of 1060.15 nm (Figure 5, Curve “2”). The lasing wavelength here corresponds the position of the maximal reflection of the array of gratings. In fact, the presence of a single narrow peak in the laser spectrum, which has a width comparable to the maximal resolution of the spectrum analyzer (0.05 nm), confirms a single-frequency laser operation mode. The optimal length of the laser cavity, at which point the output power had not decreased yet, was found at the maximal allowed pump power value of 100 mW by the gradual shortening of the length of the active fiber with an array of gratings inscribed in it and eventually amounted to 21 m. For this length, the lasing threshold was found to be 25 mW of pump power.



It was found that, over the entire range of pump power values available in our experiments (up to 100 mW), the developed laser was working strictly in a CW mode. The absence of the signs of excitation of the pulsed lasing regime is explained by the simultaneously high and uniform Yb3+ ion inversion population level along the entire length of the laser cavity, which is difficult to achieve in cavities based on highly Yb-doped fibers [5,20]. The dependence of the output power on the pump power introduced into the cavity is shown in Figure 6. According to the results of the measurements, the slope efficiency value was ~32%. The maximal achieved output power of 20 mW corresponds to the level of currently commercially available single-frequency semiconductor lasers.





4. Conclusions


In summary, we reportedarandom single-frequency lasing in the vicinity of 1060 nm wavelength spectral range that was achieved for the first time using a specially developed Yb-doped germanophosphosilicate artificial Rayleigh optical fiber. The fiber preform was fabricated by means of the MCVD method and by utilizing an original all-gas-phase deposition technique developed “in house”. The fiber core glass co-doped with P2O5 and GeO2 was thoroughly investigated and was found to demonstrate improved photosensitivity to 248-nm-laser radiation. This fact has opened up the possibility of manufacturing an effective random-laser cavity directly during the fiber drawing process by means of inscribing an array of weak FBGs uniformly distributed along the fiber length. As a result, the developed fiber laser with a 21-m-long cavity demonstrated the slope efficiency of 32% in the case of using a backward 907 nm pumping scheme.
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Figure 1. Schematic diagram showing the laser pumping setup. 
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Figure 2. The fiber core glass characteristics: (a) refractive index profile (RIP) measured in the fiber preform; (b) radial elemental distribution of the glass host dopants measured in the drawn multi-mode fiber. 
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Figure 3. The optical absorption spectraof a single-mode fiber: (a) in the spectral range of 880–1020 nm; (b) in the spectral range of 1020–1100 nm. 
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Figure 4. Measured OFDR trace of the FBG array N 2. 
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Figure 5. The array of N1 FBGs reflection spectrum (Curve “1”) and Random FBG laser emission spectrum (Curve “2”) measured at the pump power value of 30 mW. 
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Figure 6. Random FBG laser output power versus launched pump power. 






Figure 6. Random FBG laser output power versus launched pump power.



[image: Fibers 09 00053 g006]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Refractive index difference

0.008 +
0.007 4
0.006 4
0.005 4
0.004 -
0.003
0.002

0.001 -

0.000 3

-0.001

—————
0.0
Distance, mm

(a)

Concentration, mol. %

5.0
45 —GeO,
403
3.5
3.0
253
203
154
1.0
0.5
0.0

—PO

275

0 10 20 30 40 50 60
Distance, um

(b)





nav.xhtml


  fibers-09-00053


  
    		
      fibers-09-00053
    


  




  





media/file2.png
907 nmr Yb-doped
Artificial Rayleigh Fiber





media/file5.jpg
O S

Opcat sz, o






media/file3.jpg
(@)





media/file1.jpg
Atificial Rayleigh Fiber





media/file7.jpg
Signal, dB/mm

-100

110

20

40

60

80

100 120 140
Distance, mm

160

180 200 220 240





media/file10.png
Laser signal, m\W

|
1060.0
Wavelength, nm

Gratings array reflection signal, nW





media/file12.png
|
o 9] (@) (9] (@)
N

~— ~—

MW ‘Jamod Jase

100

80

60

40

20

Pump power, m\W





media/file9.jpg
Laser signal, mW

00

10506 1050.8 1080.0

‘Wavelength,

00

1060.4

Gratings array reflection signal, "W





media/file0.png





media/file8.png
Distance, mm





media/file11.jpg
T T T
0 ° ©

MW ‘Jamod Jase]

25
20

Pump power, mW





media/file6.png
Optical losses, dB/m

25

20

|

-

_J

\

\

940

960

Wavelength, nm

(a)

980 10

00 1020

Optical losses, dB/m

0.2

R

P _ SV S

1040

1060

Wavelength, nm

(b)

1080

1100





