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Abstract We present an experimental study of the inﬂuence of the inner cladding geometry on pump power absorption in double clad ﬁbres. The experimental results are analyzed by taking into consideration the spatial intensity distribution of the modes in the inner cladding. Six diﬀerent geometries and core dopant are investigated. By comparing the pump power absorption evolution along each ﬁbre, we show that using a chaotic inner cladding geometry, a constant absorption coeﬃcient is achieved independently of the launching light condition. Ó 2003 Published by Elsevier Science B.V. PACS: 42.81.)i; 42.25.Bs; 42.60.Da Keywords: Double-clad ﬁber ampliﬁer; Inner cladding shape; Pump absorption



1. Introduction Thanks to their low cost, compactness, large wavelength operating range and high eﬃciency, ﬁbre ampliﬁers have been widely studied and developed in the past few years. For many applications, in particular DWDM optical communication systems, high output power is required. To achieve this *
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goal, the pumping process must be operated by multimode laser diodes (LDs) emitting tens of watts, instead of single-mode LDs, whose emitting power is limited to a few hundred milliwatts [1]. Double clad ﬁbres (DCFs) have been designed to ensure both a high coupling eﬃciency of the multimode pump wave into the ﬁbre and a singlemode propagation of the signal [2]. They are made of a single-mode rare-earth-doped core surrounded by a large-cross-section-area high-numerical-aperture silica inner cladding. A low refractive index polymer around the inner cladding constitutes the outer cladding. The transverse cross-section of a circular DCF is shown in Fig. 1. The pump power
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Fig. 1. Transverse cross-section of a circular DCF.



is launched into the inner cladding either at the input end [3] or with lateral injection techniques [4,5]. One can deﬁne Cp ðzÞ as the overlap integral between the pump power distribution and the doped area, at a distance z from the input face of the ﬁbre. Over an elementary length of ﬁbre dz located at a distance z, the higher Cp ðzÞ is, the stronger the pump absorption by the rare-earth ions is (i.e., the more eﬃcient the pumping process is), and consequently the more signiﬁcant the ampliﬁcation can be. Each mode of the inner cladding is absorbed proportionally to the overlap integral between its own power distribution and the rare-earth-doped region. Therefore, due to the diﬀerential mode absorption and to the evolution of the modal population in the inner cladding, the overlap integral between the pump power distribution and the doped area may change with z, inducing a longitudinal non-trivial dependence for Cp ðzÞ and the pumping eﬃciency. Furthermore, as the intensity distribution of the modes depends on the shape of the inner cladding, the geometry of the ﬁbre may have a strong inﬂuence on the evolution of the pump absorption [6]. In [7,8], it is theoretically demonstrated that the overall pumping process is optimized when a uniform signiﬁcant absorption of the pump is



achieved all along the ﬁbre. To reach this goal, the energy of each mode should be equally distributed over the doped area. This condition can be fulﬁlled using a doubly truncated circular inner cladding in which the intensity distribution of the modes has been proved to look like a uniform speckle pattern all over the transverse cross-section of the ﬁbre [9]. Even if experimental measurements of the performances of lasers and ampliﬁers with diﬀerent inner cladding shapes have already been published [10– 12], no precise attention has been paid to the measurement of the actual pump absorption along these DCFs. In this paper, we report an experimental study of the evolution of the pump power absorption along DCFs, for diﬀerent inner cladding geometries. The inﬂuence of the intensity distribution of the modes and of the diﬀerential mode absorption is pointed out. The experimental results are compared with numerical predictions and some practical conclusions are drawn.



2. Measurement set-up The aim of the measurement is to evaluate the inﬂuence of two parameters on the pump power absorption into DCFs: on the one hand the shape of the inner cladding, on the other hand the launching conditions. Six various DCFs with different cladding geometry and core dopant have been studied in order to draw general conclusions about the behaviour of the longitudinal evolution of the pump absorption. The core dopant is either active (Er/Yb or Nd) or purely absorbent (Cr3þ ) at the operating wavelength. Four diﬀerent shapes of the inner cladding are considered (circular, circular with two parallel truncations, circular with two non-parallel truncations, stadium shape). The main characteristics of each ﬁbre are reported in Table 1. To measure the pump absorption along a DCF, we use a very simple method derived from the wellknown cutback method [13]. The pump power is launched at the input end of the tested ﬁbre, with unchanged launching conditions during the measurement process. The tested ﬁbre is successively cut at diﬀerent points Mi located at a distance zi from the input end, and the output power Pp ðzi Þ is
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Table 1 Optical and geometric characteristics of the studied DCFs Fibre number



Shape – dopant



Core diameter (lm)



Inner cladding diameter (lm)



NAcore



NAcladding



Number of modes in the inner cladding



Fibre 1 Fibre 2 Fibre 3



Circular – Er/Yb Circular – Nd Circular with 2 non// truncations – Nd



8 4.5 7



26 18 111



0.14 0.14 0.1



0.17 0.11 0.37



100 (@980 nm) 30 (@800 nm) 10,500 (@800 nm)



Fibre 4



Stadium – Er/Yb



5



125  160



0.15



0.4



17,500 (@972 nm)



Fibre 5



Circular with 2 non// truncations – Cr 3+



10



112



0.13



0.37



12,500 (@633 nm)



Fibre 6



Circular with 2// truncations Cr 3+



10



70  125



0.13



0.37



17,400 (@633 nm)



Fig. 2. Experimental set-up of the pump absorption measurement.



measured at each point Mi (Fig. 2). Finally, each value Pp ðzi ) is normalized to the value of the pump power measured for the smallest ﬁbre length z0 , very close to the input. The evolution of the pump absorption from M0 to Mi is given in dB by the global expression Aðzi Þ ¼ 10 log



Pp ðz0 Þ : Pp ðzi Þ



ð1Þ



The slope of the curve AðzÞ is the local absorption in dB per unit length. Let us note that, in optically active ﬁbres, the absorption rate of the pump wave at one point depends on the local rate of population inversion and consequently on the local ﬂuorescence. To avoid this ﬂuorescence eﬀect, suitable experimental conditions must be operated: The launched power level must be suﬃciently low so that the population inversion remains negligible. Three methods have been implemented to launch light into the tested DCFs, depending on



the sources available in the laboratory for the desired operating wavelengths. The ﬁrst method (called ‘‘Method A’’ in the following), simply consists in focusing the light from a laser source onto the input face of the ﬁbre, using a 40 microscope objective. In the second method (‘‘Method B’’), the pump power is provided by a laser diode pigtailed with a single-mode ﬁbre. In this case, the pigtail is directly spliced to the input face of the DCF under test, with or without transverse oﬀset. For both Methods A and B, a micro-positioning system is used to precisely select the launching point on the crosssection of the tested ﬁbre. Two cases are considered: in case 1, the beam is carefully centered on the single-mode core of the DCF; in case 2, a transverse oﬀset is operated and the beam is launched into the inner cladding. The third launching method (‘‘Method C’’) deals with a lateral injection of light from a multimode 100/ 125 ﬁbre, illuminated at its input end by a multimode laser diode.



3. Experimental results 3.1. DCF with a circular inner cladding We ﬁrst consider the case of two DCFs with a circular inner cladding (Fibre 1 and Fibre 2). As
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shown in Table 1, the characteristics of these two ﬁbres are signiﬁcantly diﬀerent in terms of dimensions and dopant concentrations. About 100 modes can propagate into the inner cladding of Fibre 1, whereas only 30 modes are guided in the case of Fibre 2. For Fibre 1 (with an Er/Yb single-mode doped core), Method B is used, where the pump power is provided by the single-mode pigtail of a laser diode at 980 nm. A 300-mW pump power at 800 nm from a Ti:sapphire laser is injected in Fibre 2 (Nddoped) using Method A. Figs. 3 and 4 represent the global absorption of the pump power measured with the technique described in the previous section (Fig. 2) for Fibre 1 and Fibre 2, respectively, in both launching cases 1 and 2. In case 1, the launched power is mainly distributed over low order modes of the inner cladding, which have a large overlap integral (Cp ) with the central single-mode absorbent core. In the ﬁrst centimeters of propagation along



Fig. 3. Pump power absorption in a circular inner cladding DCF with an Er/Yb doped core. The dashed curve is associated to case 1, the solid curve to case 2.



the tested ﬁbre, the slope of the absorption curve reaches high values (>4 dB/m for Fibre 1 and >8 dB/m for Fibre 2) due to the strong absorption of these low order modes. As the distance z increases, the slope decreases, because the remaining modes are high order tubular modes. Indeed, these modes have a smaller overlap integral with the absorbent core than the low order modes, and then suﬀer a slighter absorption ( 3 m for Fibre 2). When the light is launched into the inner cladding (case 2), the proportion of tubular modes excited at the input is signiﬁcantly higher than in case 1: as a consequence, the behaviour of the absorption curves is similar, but with a slope at a given distance z always smaller than in case 1 ( 
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