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Introduction 

Since the First experiments carried out in 1964 [IJ, fiber lasers and amplifiers have encountered 

a tremendous success, mainly du to [he wide range of potential applications in the domain of 

telecommunications, with the well known Erbium doped fiber amplifiers, but also in the 

domain of optical sources for sensors and for medicine. The improvement of the properties of 

the rare earth doped fibers opened the door to a large number of promising applications, such as 

the amplification at 1.3 Jim for the second telecommunication window, or the fabrication of 

efficient high power lasers in the infrared, mainly for material processing and for medical 

purposes. The main interest of active fibers arises from the high confinement of the optical light 

field in the waveguide, which results in very high optical intensities. This in tum allows to 

achieve very high gain even with moderate optical pumping. This property can be used to 

operate radiative transitions with low emission cross-sections and which cannot be used in bulk 

materials. This is the case, for example, for the red transition at 650 nm of Sm3+ISiC^. Another 

advantage of active fiber devices is the intrinsically "all-fiber" structure which can be easily 

implemented in any fiber sensor or fiber link by use of standard splicing techniques. In the 

scope of this thesis, we have focused our interest mainly on two distinct domains. First of all, a 

detailed study of the basic properties of rare earth doped fibers has been carried out in order to 

efficiently optimize and use these fibers. Several measurement setups and techniques have been 

implemented for the characterization of the spectroscopic properties of rare earth doped fibers, 

such as the absorption and fluorescence spectra (emission cross-sections), the fluorescence 

lifetime, and finally the gain properties. These topics will be discussed in Chapt. 1. A 

theoretical model for the gain of active fiber devices will be developed and discussed in Chapt. 

2. The interactions between the active medium and the waveguide will be especially 

emphasized. In Chapt. 3 some of the applications of rare earth doped fibers for broadband 

superfluorescent sources and for lasers will be discussed. Finally, the coherent addition of fiber 

lasers will be extensively investigated in Chapt. 4. A new concept for the coherent addition, 

which involves an intracavity coupling of the individual emitters, will be theoretically analyzed 

and experimentally demonstrated. The coherent coupling of laser cavities is of interest for high 

power sources, as it allows to overcome the limit of the maximum optical power which can be 

supported in the fiber core before destructing die waveguide (thermal lensing). Another domain 

of interest are distributed sensors, since wc have intrinsically a distributed structure of the 

individual cavities. This structure could be an interesting basis for a new family of distributed 

active fiber sensors by considering the dependence of the output characteristics (spectrum, 

power), as a function of the perturbation applied to anyone of the individual cavities. 
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1. Characterization of the fundamental nrnnerties nf rare earth doned fibers 

In this section, we characterize some of the basic properties of rare earth doped fibers, which 

are most relevant for the optimization of the fabrication processes, and which are also 

fundamental for the modeling of the properties of active fiber devices. Most of these 

characteristics do not rely independently on the specific properties of the passive waveguide 

which constitutes the fiber and the active medium but depend on how the guiding and the active 

medium interact. Consequently, these parameters are very difficult to measure separately. For 

that reason, we are usually interested in the characterization of the overall parameters, which 

include the effect of both the waveguide and the active medium. A typical example is given by 

the measurement of the spectral attenuation of the dopant at the pump wavelength. This 

measurement is performed by using a cut-back technique and gives an attenuation that is not 

only a function of the spectral attenuation of the rare earth, but which also depends on the 

overlap between the pump beam and the distribution of the rare earth in the fiber core. The most 

relevant parameters which have been selected are the spectral attenuation, the fluorescence 

spectrum, the fluorescence lifetime, the emission cross-section, and finally the spectral 

unsaturated gain. The implemented measurement techniques are extensively described in the 

next sections. Our main interest has been focused in the characterization of Nd3+ doped fibers, 

and the measurement setups have been optimized for this purpose. Nevertheless, these 

techniques can be easily applied to every other kind of dopant. 

1.1. Spectral attenuation 

The measurement of this parameter is of prime interest to optimize the pump scheme of any 

active fiber device. This spectral attenuation allows to calculate the absorption cross-section, 

which is a relevant parameter for the description of the dynamic of the population in a laser 

transition. 

1.1.1. Measurement of the spectral attenuation of fibers with low and medium 

dopant concentrations 

The power loss is described by 

P(z)=P0exp(-ccz), (1.1) 
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where P0 is the input power and a is the coefficient of absorption of the waveguide, which can 

be written as 

a=H^) (1.2) 

Measuring P0 and P(z) allows to find the coefficient of absorption a. Nevertheless, measuring 

P0 requires an accurate characterization of the coupling efficiency of the probe signal to the fiber 

core. Measuring of the transmission P(z) for two different fiber lengths Li and L2 (cut-back) 

allows to overcome this problem. By calculating the ratio of the optical power P(L2) and P(L)) 

one gets by using Eq. (1.2) 

L1 - L2 P(Li) A L P(L]) 

The attenuation indB.Ads, for a fiber of length z is defined as 

AdB(Z)=IOlOg^)= j ^ !" ( ]¾) = ¾ ¾ ° * (I-*) 

The coefficient of attenuation in dB per unit length, cede, which is commonly used for the 

representation of the attenuation, is obtained from Eq. (1.4) by 

1 . . , 10 .. c , 
OdB=-AdB(Z) = CtJ^JQj. (1.5) 

A standard setup for the measurement of the spectral attenuation is shown in Fig. 1.1.1. It 

consists of a white light source (Quartz Tungsten Halogen lamp) and of a 1/4 meter 

monochromator, to produce a tunable optical source at wavelengths between 400 nm and 

1.6 p.m. The spectral transmission through a short sample of doped fiber is then measured by 

using a synchronous (lock-in) detection. Measuring the transmission for two different fiber 

lengths (cut-back) allows to calculate the absolute spectral attenuation of the doped fiber by 

using Eqs. (1.3) and (1.5). A short wavelength blocking filter is added at the output of the lamp 

to avoid the overlap between successive diffraction orders of die monochromator. The tunable 

source is then coupled into a long piece (a few meters) of standard (undoped) fiber to achieve a 

spatially filtered source and the cladding modes are stripped by using a small diameter fiber 

loop. The sample of doped fiber is spliced to the standard fiber. Index matching oil is also 

applied on the fiber extremities to extract the residual cladding modes from the fibers. The 

transmitted signal is detected with a photomuUiplier (S-20 spectral response). This detector has 

the advantage to be insensitive at the fluorescence wavelengths of Nd3+ (930 nm, 1.08 u,m, 
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1.3 (im); no filtering of the pump induced fluorescence is thus required. The spectral resolution 

for this measurements is typically 0.5 nm. 

white-ligth chopper 
source 

filter t 
monochromator 

20/0.35 

Is, splice PM (S-20) 

undoped fiber doped 
fiber 

Lock-in 

Computer D 
Fig. 1.1.1. Computer controlled white-light spectral attenuation measurement setup. 

An example of such measurements is shown in Fig. 1.1.2 for a fiber doped with a low 

concentration (about 500 ppm) OfNd3+. 

, . . . . , . . . . t . . • • , , . , . , . , , . j , , , , r , , , , , , . . , . , , . 1 , . . , J . . . . , . . . . , . . . . , , 

750 760 770 780 790 800 810 820 830 840 850 860 870 880 890 900 
Wavelength [ nm ] 

Fig. 1.1.2. Spectral attenuation for a Nd^ lightly doped fiber (fiber CSEM 2I0192B). 

This white-light technique is also well adapted for the measurement of highly doped fibers 

(with typical peak attenuations up to 500 dB/m), since it is possible to splice very short samples 

of doped fiber and to perform very short cut-backs. A typical example for the measurement of 

the spectral attenuation of a highly doped fiber is shown in Fig. 1.1.3. A peak attenuation of 

390 dB/m has been measured at 805 nm for the CSEM fiber (180491). For the measurement of 

extremely high attenuation, for which the optical power provided by the white-light source is 

not sufficient, a tunable T1AI2O3 laser is used. 
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Fig. 1.13. Spectral attenuation for an heavily Nd3+ doped fiber (CSEM 180491) measured 

with the white-light technique. A measurement performed with the TÌAI2O3 laser at 832 

nm showed a good agreement with the white-light measurement. 

The major difficulty for the characterization of high attenuation is the necessity to use very 

short samples of doped fiber for the measurement (typical length less than 1 cm). In this case, 

die effect of the residual light which propagates in the cladding modes of the sample strongly 

disturbs the measurement, We have developed a specific multiple cut-back technique to 

overcome this problem and to achieve an accurate measurement of very high attenuation. This 

technique is described in the following section. 

1.1.2. Measurement of the spectral attenuation of fibers with very high dopant 
concentrations 

The optical power detected at the output of the fiber is modeled as die superposition of the 
signal transmitted through the core and the parasitic signal which propagates in the cladding 
modes. The coefficient of absorption of the core and of the cladding are ctCo and ctc|, 
respectively. The distribution of the total optical power at a position z along the fiber is men 
given by 

P(z) = Pofki exp(-C£co z) + k2 exp(-Oci z)], (1.6) 

where P0 is the input power, and ki and k2 are the fractions of the power in the core and the 

cladding modes, respectively. Let us assume that the ratio T) = kj/k2 is independent of z, 

which means that the energy transfer between core and cladding modes is negligible and that 

therefore the power splitting ratio Tj is mainly determined by the input coupling. This 
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assumption is fulfilled for the short samples of fiber which are used for the measurement of the 

spectral attenuation of highly doped fibers. Let us assume that Azc is the length of each cut-back 

used for the measurement. The ratio of the output power measured at z - Az0 and z is given by 

P(z-Azc) _ 1] exp(-qCQ (z - Azc)) + exp(-aci (z - Azc)) 
p(z> r\ exp(-aco z) + exp(-aci z) 

(1-7) 

The measured spectral coefficient of attenuation oya depends on the length z of the fiber. This 

coefficient can be calculated by using Eqs. (1.7) (1.3) and (1.4). This yields 

, . 10 1 l n . n exp(-aCo (z-Azc)) + exp(-ctci (Z-Az0)) 
lnO0) AZc r\ exp(-ac0 z) + exp(-aci z) 

(1.8) 

Fig. 1.1.4 shows OdB as a function of the position z of the cut-back along a fiber, calculated 

from Eq. (1.8), with 175 dB/m of attenuation in the core and 15 dB/m of attenuation in the 

cladding, and a core/cladding power ratio T| = 1 • 105. This characteristic is shown for different 

values of Az0 (5 cm, 10 cm, 15 cm). 

Core attenuation: 175 dB/m 
Cladding attenuation: 15 dB/m 
Core/Cladding distrib.:le5 

' I " ' 1 I " " I 1 ' " I M I I | I I I I | I I I i | n 
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Length before cutback [m] 

Fig. Ì.Ì.4. Attenuation as a function of the position of the cut-back along the fiber, for different 
values of &zc. 

The measurement of this characteristic allows to extrapolate the values of Oc0, ctçi, and r| by 

fitting Eq. (1.8) to the measured OdB as a function of z. The free parameters for the fit are Ot00, 

ocC] and T). The starting value of aC] necessary for the convergence of the fit can be 

immediately found from the graph, by considering the asymptotic value a(z -» «Ode = OcI-

The feasibility of this technique has been theoretically verified by considering a simulated 

measurements, as shown in Fig. 1.1.5. It consists of seven points taken from the curve 
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Azc = 5 cm of Fig. 1.1.4. The results of the fit with Eq. (1.8) are in good agreement with the 

initial values for the three values of interest, namely Oc0,0¾! and T\. 

1111111111 I i 11 • 111111 . h i l l 

Simulation with 7 points of curve (A .̂ = 5 cm) 

Fit: 
core attenuation: 174.99 dB/m 
cladding attenuation: 14.99 dB/m 
core/cladding ratio: le5 

111 (Ii 111111111 m t j i T [ i i " | " l " i i [ n i i 

0.32 0.36 0.40 0.44 0.48 0.52 0.56 0.60 

Length before cut-back [m] 

Fig. 1.1_5. Fit calculated with Eq. (1.8) on a simulated set of seven data taken from Fig. 1.1.4. 

This technique has been used to measure the attenuation at 810 nm of a heavily Nd3+ doped 

fiber (>10000 ppm mol, CSEM 100192B). The pump was a TiAl2C^ laser at 810 nm. 

Fig. 1.1.6 shows the measured values and the fitted curve. An attenuation of 173 dB/m has 

been measured for the core. The attenuation of the cladding modes was found to be 11 dB/m, 

and the core/cladding power ratio was 1.2-105. 

160-

120-

a 8 0 -

4 0 -

Fit: 
Core attenuation: 173 dB/m 
Gadding attenuation: 11 dB/m 
Core/Cladding distrib.:1.218e5 

Measured values 
Fit 

Attenuation at 810 nm: 
Fiber 100192B 

11[1Mi [ I iT i 11 i n | i n 111 r 111 r ( 11T ri T111TI • 11 i n | i i 
0.00 0.10 0.20 0.30 0.40 0.50 

Length before cutback [m] 
0.60 

Fig. 1.1.6. Measurement of the attenuation of a Nd3+ doped fiber. The circles are the measured 

values and the line is the fitted curve. 
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This technique offers a powerful tool to measure very high attenuations (typical attenuations 

larger than 500 dB/m) when the contributions of the cladding modes are not negligible, but it is 

also useful for the measurement of the pump coupling efficiency in double clad fibers, which is 

of interest for high power fiber lasers [1-11]-

1.2. Fluorescence spectrum 
The measurement of fluorescence spectra is very similar to the measurement of absorption 

spectra. The light from a Ti:AÌ2C>3 laser or a laser diode operating at a wavelength near 820 nm 

is launched into the doped fiber. The fluorescence is then analyzed using a 1/4 meter 

monochromator over the range of 8S0 -1160 nm. A photomultiplier with a spectral sensitivity 

adapted for detection in the near infrared (S-I: 0.4 u,m - 1.2 u,m) and a conventional lock-in 

amplifier is used to record the spectrum. The fluorescence spectrum of a typical Nd3+ doped 

fiber is shown in Fig. 1.2.1. The fluorescence peaks corresponding to the transitions 4F3/2-
4l9/2 at 930 nm and 4F3/2 -4Ii 1/2 at 1.06 Lim can be observed. If an absolute measurement of 

the fluorescence spectrum is required, great care must be taken to ensure no reabsorption of the 

three level transition at 930 nm, and no significant amplification of the four level transition at 

1.06 u,m. This problem can be overcome by collecting die fluorescence perpendicular to the 

fiber axis and near the launching end of the fiber, or by using very short samples of doped fiber 

and very weak pump power. 

"1^ I ' I ' I ' 1 • I • I ' I ' I • I ' I • I ' I ' I 
900 920 940 960 980 lOOO 1020 1040 1060 1080 1100 1120 1140 1160 

Wavelength [ nm ] 

Fig. 1.2.1. Fluorescence spectrum of the Nd3+ doped fiber CSEM (180491). 

The measurement of the fluorescence spectrum allows to extrapolate the value of die emission 

cross-section. This parameters is a key element in the evaluation of the gain properties of an 

active fiber device, as it will be derived in Sect. 2. This value can be calculated by using the 
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Fuchtbaucr Ladenburg formula which was derived from the theoretical work of Judd and Offelt 

[1.1]. The basic assumptions which has to be fulfilled to use this technique is that the Stark 

sublevels of each manifold of the laser transition are equally populated. Nevertheless, Krupke 

[1.2] showed that this assumption is never satisfied at room temperature in a crystalline 

structure. But, the low symmetry coordination of the amorphous host material has as 

consequence that this basic assumption on the population of the Stark sublevels is fulfilled for 

amorphous glasses. The Judd Offelt analysis and consequently the Fuchtbauer Ladenburg 

technique are applicable for the characterization of the emission cross-section of silica based 

rare earth doped fibers [1.3], [1.4], in opposition to the statement given in [1.5]. The basic 

equation of the Fuchtbauer Ladenburg method connects the peak emission cross-section to the 

fluorescence spectrum by [1.3] 

Opeak = y C , • 0.9) 
tspom «!ten-«1 AAeff 

where Xpeak is the peak fluorescence wavelength, AXeff is the effective fluorescence spectral 
width. The effective width AXeff is obtained from the relation 

OO 

AXeff fCXpadJ = Jf(MdX, (1.10) 
O 

where f(X) is the line shape, tspont is the spontaneous lifetime, n is the index of refraction of the 
host material. The spontaneous lifetime ispom is connected to the fluorescence lifetime Xf 
through the effective branching ratio pV of the transition of interest by the equation [1.3] 

tspont = —Xf. (1-11) 
Pr 

This effective branching ratio can be experimentally obtained by measuring the fluorescence 

power for all the radiative transitions originating from the upper level of interest. The emission 

cross-section for the transition at 1.06 mm of the fiber CSEM (180491) has been calculated 

from the graph shown in Fig. 1.2.1. The measured fluorescence lifetime (see Sect. 1.3) was 

485 ^s, the peak wavelength was 1.063 [im, the branching ratio ßr = 0.4 was taken from [1.3] 

for the transition, and n = l,46. This gives for the peak emission cross-section 

opeak = (1-8 ± 0.3) • 10'24 m2. This fiber does not contain any Ge co-doping, but has been 

co-doped with phosphorus and aluminum; for that reason the emission wavelength is centered 

around 1.06 Jim instead of the 1.08 u,m which is obtained for Nd^+:Si02 and 

Nd3+: SiOi: Ge02. This fact is also believed to explain the larger measured value for the 

emission cross-section than reported in SÌO2: Ge02 fibers {apeak = (1.3 ± 0.2) -10-24 m2} 

- 9 -



[1.8], As a comparison, we have measured the peak emission cross-section of a 500 ppm 

Nd3 + : S i 0 2 : GeC>2 fiber by using the same technique. The result was 

°ptak = (1-5 ± 0.3) • 10-24 m2, which is in a good agreement with the value given in [1.3]. 

Some other techniques for the measurement of Opeak. which involve the measurement of the 

properties of fiber laser cavities, have been proposed [1.3]. Nevertheless, they suffer from 

some drawbacks, mainly due to the effect of non radiative decay processes which may affect 

the measurement, as shown in [1.3] and [1.5]. 

1.3. Fluorescence decay time 

Wc consider in this section two different techniques for the measurement of the fluorescence 

lifetime which are based on the measurement of the dynamic of the spontaneous emission. 

These techniques are discussed in 1.3.1 and 1.3.2. The measurement of the fluorescence decay 

time provides two important results. First, it gives the measure of the lifetime of the upper level 

of the radiative transition, but it also provides some important indications on the efficiency of 

the ion-ion interactions which may occur in the active medium. The measurement of this 

parameter is particularly of interest to evaluate the effect of the concentration quenching in 

heavily rare earth doped fibers. This effect strongly reduces the efficiency of any active fiber 

device. In the case of Nd^* doped fibers, we are interested in the measurement of the lifetime 

of the upper level 4F3/2 of the laser transition, as it is shown in the partial energy level diagram 

of Fig. 1.2.2. This level is the upper level of the three radiative transitions at 0.93 \im, 1,06 ujn 

and 1.3 |im. 

4F7/2, 4S3/2 
4F5/2, 2H9/2 

4FW 

0.88 \iw 0.81 urn 0.74 ujn 

1.33 Jim 
ESA 

0.93 um 1.06 u.rr 1.33 nrr 

610 cm" 
• " - • --•••"">'•• J-

4Gm 

4F3/2 

4Il5/2 

4113/2 
4IlW 

• y * " - j « : - .K. . . • j I 4I9/2 

Fig. 1.2.2. Partial energy level diagram of Nd3*: SiOi. or NcP+: S1O2: GeÖ2. The transition at 

133 firn suffers from severe excited state absorption (ESA), which strongly limits the 

efficiency of this radiative transition. 
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1.3.1. Determination of the lifetime by measuring the decay of the fluorescence 

The principle of this measurement is to establish an initial inversion N0 of the population 

between the ground level 4Içi/2 and the upper level 4F3/2 by applying a weak initial pumping. 

Then the pump is switched off rapidly and the decay of the fluorescence is measured. The 

switching time used for the measurements is smaller than 1 (is, If we assume a two level 

description of the transition (see Sect. 2) and negligible contributions from stimulated emission 

and from reabsoiption, the decay of the inversion N is given by 

dt T21 
Cl.12) 

where X2i is the fluorescence lifetime. This yields after integration 

N(t) = NDexp(-
T21 

(1.13) 

Since the fluorescence is proportional to the inversion N, we get an exponential decay of the 

fluorescence, from which the decay time can be determined. 

A standard setup for this measurement is shown in Fig. 1.3.1. A short sample of doped fiber 

is pumped with a pulse provided by a laser diode at 810 nm. The induced fluorescence is 

detected with a Si photodiode and processed with a computer, in order to extract the value of 

T2i from the measured fluorescence decay by fitting the measured curve to Eq. (1.13). 

laser diode 

E. 
KM 

doped fiber 

\ 

pump filter 

Photodiode 

power supply 

. 

pulses genarator 

acquisition card 

' 

PC 

Fig. 1.3.1 Setup for the measurement of the fluorescence lifetime. A fiiter is added in front of 

the photodiode to remove any residual pump tight. 
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A critical point is to avoid the effect of amplification of the spontaneous emission and the 

reabsorption along the fiber, which would alter the measurement. This can be achieved either 

by using a very short sample of fiber and a detection of the fluorescence at the fiber end, or by a 

lateral detection of the fluorescence, near the pumping end of the fiber. Fig. 1.3.2 shows a 

typical measurement on a lightly Nd3+ doped fiber. The lifetime obtained by fitting the 

measured decay to Eq. (1.13) gives Tf= (485 ±5) |is. 

I 

600-

4 0 0 -

200-

o-

Decay time, fiber 180491 

Decay lime : 4S5 lis 

Measured decay 
Exponential lit 

• i i ! T ^ W '|'rf I N i i i"i j •> i >v i 
2 4 6 8 10 

time { ms ] 
12 

Fig. 132 Measurement of the fluorescence decay time of fiber CSEM180491. A typical 

lifetime Tf = 485 jtf has been obtained from the exponential fit of the decay. 

When the dopant concentration is very high (typically larger than 10000 ppm) [1.6], the 

distance between the ions is strongly reduced and non radiative processes (concentration 

quenching) due to ion-ion interactions may occur. The fluorescence decay does not remain a 

pure exponential, as extensively described in [1.7]. This can be seen in Fig. 1.3.3, where the 

fluorescence of a heavily doped fiber (concentration > 10000 ppm) has been measured. 

Fig. 133. Fluorescence decay of a heavily doped fiber (CSEM 160491). Evidence of strong 

concentration quenching can be observed. The fast initial decay is due to some clustering 

of the dopant in the fiber core. 
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The delected signa] has been acquired with a Tektronix 7854 digital storage oscilloscope. A real 

time signal processing allows to calculate the logarithm and the derivative of the logarithm to 

determine the decay rate and the deviation from the exponential behavior. It is seen that the 

decay is not a pure exponential. This becomes even more clear by considering the logarithm of 

the decay, which is no longer a straight line. The derivative of the logarithm shows a fast initial 

decay, which is believed to be the effect of an important concentration quenching due to some 

clustering of the dopant in the fiber core. 

1.3.2. Determination of the fluorescence lifetime by measuring the transfer 

function 

We propose in this section another method for the measurement of the fluorescence decay time, 

by measuring the transfer function of the active medium. We have seen in 1.3.2 that the 

impulse response of an ideal active fiber is a pure exponential. This means that the transfer 

function in the frequency domain is identical to the frequency response of a first order low-pass 

filter. This transfer function can be measured by modulating the pump power (input signal) and 

measuring the resulting modulation of the fluorescence (output signal). The modulated pump 

power is 

P(O = P 0 ( I +cos(2nvm(t)t», (1.14) 

where P0 is the mean optical power, vm(t) is the frequency of the modulation. As in standard 

electronic network analysis, the modulation frequency is swept linearly over a certain frequency 

range. The fluorescence decay time is obtained directly from the -3 dB cutoff frequency vc by 

Tf = ̂ - . (1.15) 
2TTVC 

The measurement of the frequency phase response is commonly used for the analysis of the 

fluorescence lifetime in the domain of die chemistry (1.10], On the other hand, this is the first 

time to our knowledge that the measurement of the cutoff frequency is applied to the 

measurement of the fluorescence lifetime of doped fibers. The basic principle for the 

measurement of the MTF is shown in Fig. 1.3.4. 
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Pump 
LIJ I À 

Fluorescence 

TIBër 

¥ h. m 

Fig. 1,3.4. Determination of the fluorescence lifetime by measuring the transfer function. The 

input is the modulated pump power, and the output is the resulting modulation of the 

fluorescence. The fluorescence lifetime is given by y= ll2nvc, where vc is the cutoff 

frequency. 

The experimental setup for the measurement of the transfer function (MTF) is shown in 

Fig. 1.3.5. The pump beam is provided by a laser diode at 825 nm. An optical isolator (01) is 

used to avoid feedback effects, which would distort the linearity of the frequency modulation. 

The detector is a silicon photodiode. An optical filter (F) is used to remove all residual pump 

light. The modulation of the laser diode and the synchronous detection of the transfer function 

are simultaneously provided by a network analyzer (HP 4195). The mean output power of the 

laser diode was very low, typically 500 JiW, in order to avoid any significant amplification 

inside the fiber; for the same reason, the mean value of the modulation (DC signal) was kept as 

low as possible to minimize the DC induced inversion. The pump coupling efficiency into the 

fiber was 30 %, and the Nd3+ doped fiber (NdF) had typically a length of a few centimeters. 

TB" NdF 

01 L n Det 

r 
o s c Network 
ref. analyzer 

Fig. 1.35. Experimental setup for the MTF. LD: modulated pump laser diode, 01: optical 

isolator, F: optical filter, NdF: neodymium doped fiber, Det: silicon detector. The 

fluorescence is detected either at the fiber end or on the fiber side. 

The first fiber which was measured was a 500 ppm Nd3+ doped fiber. The transfer function 

measured between 10 Hz and IkHz is shown in Fig. 1.3.6. 
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Fig. 1.3.6. Transfer function ofa 500 ppm Nd3+ doped fiber. The cutofffrequency is 339 Hi1 

which gives a lifetime of 469 fis. 

The typical behavior of a first order low-pass filter has been observed. The value of the -3 dB 

cutoff frequency was v c = 339 Hz, which gives a lifetime of 469 LIS. The accuracy of the 

measurement has been estimated to be 2 %. The value obtained from the fluorescence decay 

(Sect. 1.3.1) is Xf = 471 JIS, with an accuracy of 1 %. The results for the two methods are in 

excellent agreement. The main limitations in the resolution are given by the feedback into the 

pump laser diode, which distorts the input signal, and by the spectral resolution of the network 

analyzer. 

In a second experiment, a highly doped fiber (10000 ppm) has been measured. The 

fluorescence decay of this fiber has been measured previously (Sect. 1.3.1) and a reduction of 

the lifetime due to concentration quenching was observed. From a simple exponential fit of the 

decay we got Tf = 338 jis, and a double exponential fit showed a fast and a slow component of 

120 p.s and 402 p.s, respectively. The result of the MTF is shown in Fig. 1.3.7. The - 3 dB 

cutoff frequency gives Tf= 336 (is, which is again in good agreement with the single 

exponential fit. It must be pointed out that the slow and fast components of Tf cannot be 

immediately read from the transfer function. However, these values can be extracted from the 

transfer function by using appropriate curve fitting using a second order expression for the 

transfer function. The extraction of the fast component Tf= 120 (is requires a modulation 

frequency which is higher than the maximum frequency of 1 kHz available in the present 

experiment. Consequently the effect of the second cutoff frequency cannot be seen in the 

transfer function of Fig. 1.3.7. 
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Fig. 1.3.7. Transfer function of a concentration quencited fiber, the -3 dB cutoff frequency is 

473 Hz, which gives a lifetime of 338 jLtr. 

The MTF technique is of interest because only low pump power is required for the 

measurement, which allows to minimize the ASE (Amplification of Spontaneous Emission). 

This can be more easily achieved with the MTF than with the impulse response method since 

the MTF is obtained by synchronous detection. A lateral measurement of the weak unguided 

fluorescence allows to minimize the effects of the amplification and the reabsorprion, as 

discussed in 1.3.1. The MTF technique gives a straightforward measurement of the lifetime of 

lightly doped fibers, which do not show concentration quenching effects. Nevertheless, this 

technique can also be applied in other cases, using additional signal processing which involves 

the fitting of the measured transfer function to an analytical model which describes the departure 

from the pure exponential decay of the fluorescence [1.9]. As previously discussed, a simpler 

model which includes two exponential components for the fluorescence decay could also be 

considered. 

1.4. Spectral gain 

In this section, we describe the characterization of the gain of a Nd^+ doped fiber as a function 

of the signal wavelength. This measurement gives important indications on the spectral 

properties of the active medium, such as the effective spectral width of the gain curve and the 

effects of the excited state absorption (ESA), The basic setup for this measurement is shown in 

Fig. 1.4.1. 
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Fig. 1.4. !.Measurement of the spectral gain of a Nd3* doped fiber. The input signal is given 

by a white-light source (tungsten halogen), passed through a short wavelength blocking 

filter to get a spectrum between 900 and 1200 nm. The pump is a laser diode at 810 nm. 

The sample of doped fiber is pumped with a laser diode at 810 nm. The fiber ends are polished 

at an angle of 12° to avoid any cavity effect [1.13]. An anamorphic prism pair (AP) is used to 

correct the ellipticity of the laser diode beam. The input signal is provided by a white light 

source filtered through a short wavelength blocking filter (HWF, 900-1200 nm). The amplified 

signal is measured by synchronous detection (lock-in) of the output from a 1/4 meter 

monochromator (MC). The dichroic mirror (DM) separates the pump beam and the amplified 

signal. The spectral gain properties of a commercially available Nd3+ doped fiber have been 

studied. The fiber is a 500 ppm Nd3+ doped fiber with NA = 0.21 and a core diameter of 

3.5 firn. The spectral gain is obtained by measuring the spectral power at the output of the 

monochromator when the amplifier is pumped (shutter (S) open) and unpumped (shutter (S) 

closed), and by calculating the ratio of these two measurements. Figure 1.4.2 shows the 

measured spectral gain of this amplifier. 

950 1000 1050 1100 1150 1200 
Wavelength [nm] 

Fig. 1.42. Induced spectral gain in a 95 m long Nd3+ doped fiber amplifier. The pump is a 

high power laser diode at 810 nm. The input signal was provided by a filtered white light 

source. 
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This measurement shows that an attenuation of the probe signal is obtained between 970 and 

1050 nm, because of Excited State Absorption (ESA). 

1.5. Conclusions 

The basic techniques which are necessary for the characterization of the fundamental properties 

of rare earth doped fibers have been discussed in this chapter. Most of these measurement use 

well established methods, such as the cut-back for the characterization of the spectral 

attenuation or the analysis of the fluorescence decay for the measurement of the lifetime of the 

upper level of a radiative transition. Nevertheless some important improvements and 

modifications of these techniques have been introduced: 

A method for the measurement of the spectral attenuation of highly doped fibers which allows 

to overcome the problem of the cladding modes has been successively demonstrated 

(Sect. 1.1.2). Attenuations of more than 500 dB/m can be easily measured with this technique. 

The determination of the fluorescence decay time by measuring the transfer function of the 

active fiber has been demonstrated in Sec. 1.3.2. This technique has the advantage to use a 

synchronous detection which allows low pump power for the measurement. Consequently, the 

ASE (amplification of spontaneous emission) which is detrimental to the measurement, can be 

strongly minimized. A typical accuracy of 2 % on the measurement of the fluorescence decay 

rime has been obtained with this technique. 
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2. Gain properties of doped fihers 

2.1. Rate equations for the steady state in a four level homogeneous active 

medium 

As shown in Fig. 2.1.1, a two level approximation of the transitions is considered by assuming 

a fast non radiative decay from the metastabile level 3 to 2 and a fast depopulation of the lower 

level of the laser transition from 1 to 0, 

- 2 

hv 

;z 
Fig. 2.1.1. Simplified energy level diagram of a four level laser system. 

The rate equations for the population of the levels and for the density of the photons at steady 

state can be written as 

dN? N? 
- j r 2 = P - (N2 - N i ) < m c - ^ - = 0 , at T 2 1 

^ = ( N 2 - N 1 ) O T 1 C + ^ - ^ = 0, 
at T21 Tl 

^ = (N2 - Ni) oric + ^2-- ßnc= o, 
û t x2i 

(2.1) 

(2.2) 

(2.3) 

where P is the pumping rate <m~3 s_1), Nj is the density of population (m~3) of level i, a is the 

emission cross-section (m2), T2I is the fluorescence lifetime (s), T) is the signal photon density 

(m~3), ß is the loss coefficient of the material ( n r ' ) and c is the speed of light in vacuum (m/s). 

If we consider a 4 level system, the population Ni of the lower level of the transition can be 

neglected, and the inversion N = N2-N] = N2 at steady state can be written as 

dN „ „ N n 

-^r = P - N O T i C - - = 0. 
0 1 T21 

(2.4) 

- 1 9 -



These equations have to be adapted in the case of a guided structure, which gives a non uniform 

distribution of the inversion and the pump and signal beams inside the active medium. The 

densities of population in Eqs. (2.1), (2.2), (2.3) have to be replaced by the local distribution 

of the densities [4.5], namely p(r,0,z)=Pp(z)P(r,0), n(r,<fi,z) and r|(r,Q,z) = r|o(z) S(r,0) for the 

pumping rate, the inversion and the photon densities, respectively. P(r,$) and S(r,$) represent 

the normalized radial pump and signal distributions inside the fiber core and Pp(z), S(z) the 

corresponding distributions along z. Equations (2.4) and (2.3) can thus be written as 

^ ¾ ^ = P(Mu) - n(r,M X1(XM o c - ^ ^ = 0, (2.5) 

2x I'd 

^ L U [drr [nM,z)oTKr,^z)c + ^ -ß(z)Tio(z)c = 0, (2.6) 

0 0 

where rç is the radius of the active domain (doped pan of the fiber core).The rate equation for 

the population density (2.5) has to be considered locally, because the excited ions are localized 

and diffusion is negligible. On the other hand, the rate equation for the photons (2.6) has to be 

satisfied for the integral over the cross section, since the photons are not localized within the 

waveguide. By introducing (2.5) into (2.6), and by using the definitions of r|(r,<J>,z) and 

p(r,<|>,z), one finds 

2n r j 

L Jd | * | d r r «'*>Sfr*> . PW . (2.7) 
COT2IiIo(Z) S(r,<i>) + 1 Pp(Z)OX2I 

o 0 

By equating y(z) = ß(z), where Y(Z) is the gain coefficient, one finds at steady state 

2JI io* 

T(Z) = Pp(Z)OT21 U fdr r 1 ^ * ) S(r,») ( 2 g ) 

J J COt2ITlO(Z) S(M>) + 1 
O O 

It must be pointed out that the emission cross-section o and the emitted signal are wavelength 

dependent: o = o(v), and X\Q = T(n(v). In that general case, Eq. (2.8) must be written in the form 
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2n I'd 

- r 
Av 

T(Z1V) = Pp(z)o(v>t2l L [drr — P(T'® ^ ' ^ (2.9) 

O O }co(v)T2i llo(z.v) S(r,$) dv + 1 
O 

For the remaining part of this study, only the monochromatic case will be considered, since it is 

relevant for most laser applications. The integral of saturation of Eq. (2.9) can be expressed as 

a function of the signal power Pf(z) = r|n(z)hvc (W) and the saturation intensity, defined as 

Isat = hv/oT2i (W/m2). This yields 

IM = PpWOT21 U fdrr P( r '+?S(rp+L. (2.10) 

oJ oJ 1 + S ( r , « ^ 

By assuming no saturation of the pump absorption and no ground state depletion, the absorbed 
pump power between z = O and z along the fiber is given by 

Pabs(z) = Pin [1 - exp(- ctp Tip z )], (2.11) 

where T|p is the fraction of the pump power contained in the fiber core, given by Eq. 2.26. The 

longitudinal distribution of the pumping rate Pp(z) is thus given by 

where T|c is the pump efficiency connecting the absorbed pump power to the pumping rate of 

the upper level of the radiative transition. The gain coefficient integrated over a fiber length L is 

then given by 

L 

T(L) = Jy(Z) dz. (2.13) 

Equations (2.10), (2.12) and (2.13) are useful to evaluate the gain of single mode amplifiers, 

lasers or superfluorescent sources, based on a four level system. This model allows to 

investigate the effect of the waveguide on the gain properties by considering the exact 

distribution of the signal and pump modes which are guided in the fiber. 
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2.2. Modal properties of the fiber 

The pump and signal distributions S(r,0) and P(r,<I>) which are necessary to calculate the gain 

coefficient T(Z) can be obtained from the solutions of the Maxwell' s equations in a cylindrical 

waveguide. By assuming a weakly guiding fiber (i.e. a small index change between the fiber 

core and cladding), the normalized power distributions for the fundamental LPOl and first 

order LPl 1 modes can be written as (2.1] 

ILP01(M»= — [ VK1(W)J0(U) J ' O S r S p (2.14) 

iLPOl(r.O)= — [ VK1(W)K0(U) J • pS r < » (2.15) 
np 

and 

where p is the fiber core diameter. The angular distribution F(0) is given by the function 

F(4>) = cos2(4>) and F(<j>) = sin2(<}>) for the two configurations of LPl 1 modes. The U, V, W 

parameters are related by V2 = U2 + W 2. The values of U and W are obtained by the 

resolution of the transcendental equations: 

U j 4 S = W I j ^ , f o r t h e L P O l mode, (2.18) 

U j 2 ^ = W ! 2 ^ . for the LPl 1 modes. (2.19) 

The Jm (z) are Bessel functions of the first kind of order m, and Kn(z) are modified Bessel 

functions of the second kind and of order n. The power distributions ILPnI(MO (n = 0,1) are 

normalized to a unity total power, namely 
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2jc fd 

d«t» d r rlLPnl(r.0) = 1. (2.20) 

0 0 

An example of the distribution of the signal and pump modes in a fiber, calculated by using 

Eqs. (2.14) to (2.17), is shown in Fig. 2.2.1. The fiber parameters are NA = 0,21, core radius 

a = 1.75 Jim, pump wavelength Xp = 832.7 nm, signal wavelength X5 = 1088.9 nm. An 

important spreading of the LPl 1 mode into the cladding of the fiber can be observed. In this 

case, only 73.6 % of the total power of the LPl 1 mode is contained in the fiber core. 

• 1 • • • • t ' • ' I • I • . . . 1 . . • I I . I . . I ! 

' - LP01 B [ g n a | 

J-POIpunp 

i|Trnp»Si[irT?filT?TftlipiTipHHM< i p t n p 
1 2 3 4 5 

Position [Hm] 

Fig. 2.2.1. Distribution of the signal and pump modes in a fiber. The fiber parameters are NA 

= 0.21 ,core radius a = 1.75 ftin. The vertical tine shows the boundary of the fiber core. 

2.3. Unsaturated and small signal gains 

The unsaturated gain coefficient T0(L) can be easily obtained from Eqs. (2.10) and (2.13) by 

assuming TJ0(Z) = 0. By using Eq. (2.12) this yields, 

2n I'd 

T0(L) = ~ Pabs île U (dr r P(r,<J>) S(r,4>) = ^ 1 ^ - P a b s lie, (2.21 ) 
hvn J J hvp ^dT 

0 0 

where the inverse of the overlap integral is interpreted as an effective mode area Aeff, namely 
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2K rd 

Ä3r=|d* [drrd$ P ( ^ ) S M ) . (2.22) 

O O 

Acff can be related Io the fiber core area Af [2.2] through a parameter F, which is a function of 

the properties of the pump and signal modes, namely 

Aeff = j?Af. (2.23) 

The unsaturated gain coefficient is then given by 

T0(L) = ^ £ Pabsiv (2.24) 
hvp Af 

It has been shown [2.2] that Eq. (2.24) gives also a good approximation of the small signal 

gain coefficient T(L) of an amplifier where the pump beam is totally confined inside the fiber 

core, In a more general case of a mode which is not totally confined inside the fiber core and by 

using the assumption of a uniform distribution of the signal mode S(r, O) in the denominator of 

Eq. (2.10) [2.3J, the approximation for the small signal gain coefficient T(L) can be written as 

r W - ^ - i - Pabstlc, (2-25) 

hvp Af rip 

where the coefficient 

2R I'd 

T|p= Id(Ji drr P(r,0) (2.26) 
O O 

takes into account die extension of the pump mode into die fiber cladding. The analysis of 

Eq. (2.25) shows that the gain coefficient strongly depends on die ratio F/T|p, which describes 

the mode overlap (F) and the fraction of the pump mode which is contained in the fiber core 

(T|p). This coefficient has been numerically calculated by integrating the overlap integral of 

Eq. (2.22) and by using Eqs. (2.23) and (2.26) for a fiber which is pumped at 810 nm and 

emits at 1.088 \im. The ratio F/r)p is shown in Fig. 2.3.1 for a LPOl and a LPl 1 pump mode. 

The signal is assumed to propagate in a LPO1 mode. It clearly appears that the coefficient FAlp 

is maximum for the LPOl pump mode and that the highest gain will be achieved in a fiber with 

a cutoff allowing both the signal and pump to be singlemode. But this is not always possible, 

since the signal wavelength has also to be sufficiently close to die cutoff wavelength to ensure 

good guiding, and thus to avoid bending losses. 
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Fig. 2.3.1. FlTJp as a function of the V number of the fiber at the signal wavelength. 

V = 2na/X NA, where a is the core radius and NA is the numerical aperture. 

The small signal gain of a 500 ppm Nd3+ doped fiber has been measured by using the setup 

which is described in Fig. 2.3.2. The fiber parameters are NA = 0.21, core radius 

a= 1.75 Jim, fluorescence lifetime x =470 |is, emission cross-section a = 1.3-10*24 m2. A 

weak probe signal provided by a Nd3+ fiber laser (DFL), was coupled into the amplifier. The 

amplifier was 10 m of Nd3+ doped fiber. A piece of glass (AR) was glued onto the fiber end at 

an angle of 12° to avoid any cavity effect. A monochromator (MC) was used to filter the 

residual pump beam and the three level transition at 938 nm. The amplified signal was 

measured by synchronous detection. The amplifier and the DFL were pumped with a TÌAI2O3 

laser at 827 nm. The dichroic mirror (DM) was used to couple the amplified signal into the 

monochromator and to transmit all the pump signal. 

TiAi2O3 

laser 

L m DFLJ OI . - A R 

PC ! S D M L fflAMPLJ 

l-&-7v-ft ^ 7 ' 
PBS 

ref. 

Fig. 23.2. Basic setup for the measurement of the small signal gain of the Nd3* doped fiber. 

DFL: doped fiber laser, OI: optical isolator, L: coupling lenses, AR: angled faces, DM: 

dichroic mirror, T: tunable attenuator, MC: monochromator, AMPL. : doped fiber 

amplifier, PC: polarization controller, PBS -.polarizing beam splitter. 
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The gain as a function of the absorbed pump power is shown in Fig. 2.3.3. A gain slope of 

0.36 dB/mW of absorbed pump power has been measured. 

i • i • I • • • • I • i t I • 1 • I • I I I I I I n I i H • I i • • i I • • r • L 

0 - | M 11 [ I ! 1111 m i 11 ri 1111 r [ M ri J11 • 111 ir I [ 111 M >> 1111 i r r 

0 10 20 30 40 SO 
Absorbed pump power [mW] 

Fig. 233. Small Signal gain of a 500 pptn Nd3* doped fiber. The fiber characteristics are 

NA = 0.21, core radius a = 1.75 fun, fiber length L= 10 m. The pump wavelength was 

832 nm. 

The theoretical value for the gain efficiency, obtained from Eq. (2.25), by assuming a typical 

value of T|c = 66 %, is 0.71 dB/mW for a LPOl pump beam, and 0.41 dB/mW for a LPIl 

pump beam. This indicates that in this case the pump beam was mainly guided in the LPIl 

mode. The difference between the theoretical value of 0.41 dB/mW and the measured value of 

0.32 dB/mW can be explained by the fact that the dopant distribution is not uniform in the fiber 

core, as it was assumed for the calculation of the value. Another explanation could be that the 

approximate solution for the small signal gain given by Eq. (2.25) is less accurate for the LPIl 

, pump mode than for the LPOl mode (2.3]. Nevertheless this model is a powerful tool which 

gives all the basics information necessary for the optimization of active fiber devices. • 

2.4. Conclusions 

A theoretical model for the gain of an active fiber, based on a four level system, has been 

derived in this section. This model includes the properties of the active medium, which are 

mainly determined by the absorption at the pump wavelength, the emission cross-section, and 

the fluorescence decay time. The interaction of the active medium with the guided wave is 
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analyzed by considering the overlapping of the signal and pump mode. A simple analytical 

expression for the unsaturated (small) signal gain has been derived. This model does not 

address the problem of the pump saturation and of the ground state depletion, which becomes 

only important for the analysis of the absolute power properties of fiber lasers. Nevertheless 

this simple model gives all the essential parameters for the optimization of active fiber devices. 

A software package has been developed to calculate the gain properties of an active fiber based 

on this model. The fiber is assumed to be single mode at the signal wavelength. The pump 

propagates in either the LPOl or the LPl 1 mode. 
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3. Overview nf nntical fiber sources and their properties 

In this Section, the fundamental characteristics of some basic Nd3+ doped fiber sources, which 

are of interest for sensor applications, are discussed. The broad spectral width of the gain curve 

(typical FWHM spectral width of more than 40 nm for Nd3+:Si02:Ge02) is very promising 

either for low-coherence sources (mirrorless superfluorescent fiber lasers (SFL)) or for tunable 

fiber lasers. The essentially homogeneous broadening of the gain curve allows to achieve 

efficient laser emission even for very narrow-band (single frequency) lasen. The interaction 

between the biréfringent fiber cavity and the laser field is a very promising domain of research 

for a large family of new active fiber devices as demonstrated for the first time by Kim [3.1]. 

Open cavity fiber lasers are also of a great interest for many applications, such as Q-switching 

or coherently coupled resonators. 

3.1. Mirrorless su per fluorescent fiber laser 

A superfluorescent fiber laser (SFL) consists mainly of a piece of doped fiber which is activated 

by a pump beam. The induced spontaneous emission is amplified all along the propagation in 

the fiber. This results in a smooth broadband emission, given by the amplified spontaneous 

emission (ASE). Such a broadband spectrum is of a great interest for many sensor applications, 

where the coherent effects play a detrimental role in the efficiency of the device. This is 

especially the case for the all-fiber gyroscope and the problem of the coherent backscattering, 

which can be easily avoided by use of a SFL [3.2], [3.3]. The SFL is also of interest for 

sensors based on the so called white-light interferometry techniques [3.4], Thermal stability of 

the emission spectrum of the SFL has been shown to be better than in the case of 

superluminescent semiconductor sources [3.5]; typical temperature sensitivity of 15 ppm/'C for 

the emission spectrum have been reported, which is of great interest for many sensor 

applications. Figure 3.1.1 shows a Nd3+ doped SFL in a double pass configuration. 

input mirror " " - — » - f i b e r 

\ £V" p-""" i-fi- y v 
/ ^ 
' 12° polished fiber end 

focusing objective 

Fig. 3.1.1. Double pass Nd3+ doped superfluorescent fiber laser. An input mirror with 

R = 100 % at the fluorescence wavelength reflects the counter-propagating fluorescence 

to improve the efficiency of the SFL. 
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An input reflector (R = 100 % at 1088 nm) is used to reflect the counter-propagating 

fluorescence in lhe fiber to improve the efficiency of the device [3.6]. The power properties of a 

typical SFL are shown in Fig. 3.1.2. In our experiment, the source was 9 m of 500 ppm Nd^* 

doped fiber with NA = 0.21 and a core radius of 1.75 ^ m . The pump was a TÌAI2O3 laser at 

824 nm. Typically more than 6 mW of superfluorescence were obtained for 140 mW of 

absorbed pump power. These pumping levels can be easily achieved with commercially 

available laser diodes, which makes the double pass SFL attractive for practical sensor 

applications. The efficiency of the SFL can be increased by an optimum design of the 

waveguide (optimization of the numerical aperture and of the core diameter) [2.3]. The output 

power spectrum is shown in Fig. 3.1.3 for different output powers. 

• 1111 r ! • n 1 |i 1 • 1 M • " I • • ' • I ' ' • rp-m i T T Ii ; 
40 60 80 100 120 

Absorbed pump power [mW] 

Fig. 3.1.2. Power characteristics of a double pass SFL. The pump wavelength was 824 nm, 

and the pump coupling efficiency was 60 %. 

1040 1050 1060 1070 1080 1090 1100 1110 1120 1130 1140 1150 1160 1170 

Wavelength [tun] 

Fig. 3.13. Superfluorescence spectrum of a double pass SFL for different output powers, 

showing the power induced spectral narrowing. 
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The spectrum has a smooth structure without any resonance. A narrowing of the spectral width 

can be observed for increasing output power, since the frequencies at the center of the gain 

curve are more amplified. Nevertheless, even for high output powers (more than 6 mW), the 

FWHM spectral width does not decrease below 10 ran, which is always broad enough for most 

of the common applications of SFLs. 

A standard model for the power properties of the SFL [3.6] has been used to analyze the 

measured values which are shown in Fig. 3.1.2. This model assumes an unsaturated gain in the 

fiber and a rectangular distribution of the output spectrum. In this case, the output power is 

given by 

Pom = P0 exp[2 r0(Pabs) - 1], (3.1) 

where P0 is the energy of one photon which is contained in the emitted mode, namely 

P0 = mhvsAv0, (3.2) 

where m is the number of polarizations, hvs is the energy of the emitted photon and Av0 is 

the FWHM spectral width of the fluorescence. T0 is die unsaturated (small) gain coefficient, 

which is given by Eq. (2.25). The dashed line in Fig. 3.1.2 shows the best fit of Eq. (3.1) to 

the measured values (dots). This yields P0 = 370 JiW, and an unsaturated gain slope 

G = exp(F0) =0.043 dB/mW. A typical value for P0, which is obtained from Eq. (3.2) by 

assuming Aa, = Xs
2/c Av0 = 40 nm, m = 2 and Xs = c/vs = 1088 nm, is P0 = 3.7 JiW. 

Consequently, a large discrepancy appears between the theory and the measurements. This is 

mainly due to the assumption of the negligible gain saturation, which cannot be used for large 

NA fibers. This has been highlighted by considering a qualitative model for the output power of 

the SFL which includes a simple analysis of the gain saturation. This model is given by 

Pout = Po exp(2 rs(Pabs) - 1), (3.3) 

where T5 is now the saturated gain coefficient, approximated by 

rs = r 0—I—, (3.4) 
^sat 

where Psat is the saturation power. The solid line in Fig. 3.1.2 shows the best fit of Eq. (3.3) 

to the measured values. This yields P0 = 38 JiW, P ^ = 12.8 mW, and the unsaturated gain 

slope G = exp(T0) = 0.12 dB/mW. In this case, the fitted curve gives a good description of 

the measured values, which indicates that the gain saturation is significant in our experiment. 

Nevertheless, the fitted values for G, P0 and P581 are still significantly different from the 
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theoretical values, which are G = 0.41 dB/mW (see p. 26), P0 = 3.7 \iW (Eq. (3.2), with 

X5 = 1088 nm, AA, = 40 nm) and P sa t = 2.7 mW (Eqs. (4.3.91) and (4.3.92), with 

NA = 0.21). This is obviously due to the fact that Eq. (3.3) is only a qualitative description of 

the power properties of the SFL. The effect of competition between the two transitions at 

Xs = 1088 nm and Xs = 928 nm is also believed to complicate the analysis of the power 

properties of the SFL. 

3.2. Fiber lasers 

Efficient coherent sources can be easily obtained by considering ihe setup as shown in 

Fig. 3.2.1 for a single-mode fiber laser (FL).The laser cavity is a few meters of Nd3+ doped 

fiber, and the resonator is composed of two mirrors fixed at both fiber ends. The pump beam is 

coupled into die fiber core through the input mirror. The reflectivity of the cavity mirrors are 

optimized to maximize die output power for a given cavity loss and pumping level. Since the 

intrinsic attenuation of the fiber at the signal wavelength is very low (typically 0.1 dB/m), the 

fabrication of ultra low loss cavities is possible, provided that the butt coupling of the mirrors is 

well controlled. This results in fiber lasers widi very low pump threshold (typically less than 

1 mW of absorbed pump power), and with a very high slope efficiency (up to 33 %, [3.7]). 

pump 
(laser diode) 

\ A 

M1 / M2 

doped fiber 

Fig. 32.1. Typical configuration of a single-mode fiber laser. The pump beam isprovidedby a 

laser diode. The laser cavity is a few meters of doped fiber. 

The typical power curve of a fiber laser is shown in Fig. 3.2.2. The fiber in this experiment 

was 500 ppm Nd3+ doped, with a core diameter of 3.5 u,m and NA = 0.21. The cavity lengdi 

was 1.9 m. The reflectivities of the mirrors were Mi = 100 % and M2 = 96 % at the 

fluorescence wavelength (Kp = 1088 nm). The two mirrors were glued onto the fiber ends. The 

fiber extremities were cleaved using a commercially available system (York FKlO), which 

produces high quality cuts {typically less than 0.1° of uncertainty on die perpendicularity of the 

cut). The power spectrum of the laser is shown in Fig. 3.2.3. The structures of resonances in 

the spectrum are given by the input and output mirrors, which act as a Fabry-Perot étalons 

[3.8]. The thickness of the input and output mirrors were 170 Jim and 1 mm, respectively. 

output 
X = 1088 nm 
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These two Fabry-Perot resonators arc responsible for the broad and narrow structure which can 

be seen in the spectrum. The slope efficiency and the pump threshold do strongly depend on the 

guiding properties of the fiber at the pump and at the laser wavelength, as extensively described 

in [2.1 ] and [2.9], An optimization of the waveguide properties (numerical aperture and core 

radius) and of the transmission of the output mirror M2 allows to improve the power 

characteristics of this laser [4.3]. 

4 6 8 
Absorbed pump power [mW] 

Fig. 3.2.2 Laser output at 1088 nm as a function of the absorbed pump power. The laser was 

1.9 m of doped fiber with NA = 0.21 and core radius = 1.75 pm. The pump wavelength 

was 810 nm. The mirror reflectivities were Mt = 100 %. M2 = 96% at the laser 

wavelength. A laser threshold of 0.75 mW and a slope efficiency of 18 %were measured. 

AX = 9.8 nm 

t 1 1 1 1 1 1 1 1 1 1 1 ^ 

1088 X [nm] 

Fig. 3.2.3. Power spectrum of the fiber laser. The envelope of the spectrum has a spectral 

width of typically 10 nm. The structures are given by the input and output mirrors, which 

act as a Fabry-Perot étalons. The peak emission wavelength was 1088 nm. 
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The broad spectral emission of the FL can be easily reduced by intracavity filtering (e.g. with a 

grating engraved in the fiber core by UV illumination [3.9]), or by using a very narrow-band 

filter as a mirror. A well known technique [3.10] consists of replacing one of the mirrors by a 

grating, as shown in Fig. 3.2.4. The emission wavelength can then be easily tuned over a 

broad spectral range (typically AX = 59 nm) by a small tilt of the grating. The emission 

spectrum of a tunable Nd3+ doped fiber laser is shown in Fig. 3.2.5. For this measurement, the 

laser was 1.9 m of 500 ppm Nd3+ doped fiber (NA = 0.21, 3.5 (im core diameter), pumped 

with a laser diode at 810 nm. The end mirror was a holographic grating blazed at 1 Jim, used in 

the Littrow configuration. A fraction of the signal power was extracted by use of a pellicle 

beam-splitter (reflectivity 10 %). A typical spectral width of 0.16 nm has been measured. The 

laser threshold was at 12 mW of absorbed pump power. The operation of the open-cavity 

configuration, which results in high cavity losses (typical single pass loss > 25 %), is only 

possible because of the very high unsaturated gain (typically > 30 dB) available in standard 

Nd3+ doped fibers. The open cavity fiber laser allows to investigate a large number of 

promising devices such as Q-switched lasers, tunable lasers, or intracavity coupled fiber lasers 

[3.11]. The coherent coupling of fiber lasers will be discussed in Sect 4. 

1.9 m doped fiber Output 

Input mirror 

Laser 
diode \ 

\ 

£]fr-
J T grating 

beam shaping and coupling collimating lens 

Fig. 3.2.4. Tunable Nd fiber laser. LD is the pump laser diode at 810 nm. The characteristics 

of the fiber are NA - 021, dopant concentration SOOppm, corediameter 3JpJn. The 

end reflector is a 600 llmm holographic grating blazed at 1 pm. The diffraction efficiency 

in the +i diffraction order is 75 %. 

The fiber length was 1.9 m which yields a longitudinal mode separation of 

SVF = c/(2nL) = 53 MHz. The measured spectral width of 0.16 nm (Fig. 3.2.5) corresponds 

to Sv = cfk2b\ = 40.5 GHz and to acoherence length of about 7.5 mm. 
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I I 
1087.8 1088.0 

I " " ' 
1088.4 1088.2 

Wavelength [nra] 

1088.6 

Fig. 32.5. Power spectrum of the tunable fiber laser. A spectral width of 0.16 nm was 

measured. The typical tuning range was 59 nm. The solid line is a Gaussianfit of the 

lineshape. 

3.3. Conclusions 

Two most important and well known applications of rare earth doped fibers have been 

experimented in this section. The principle of the amplification of die spontaneous emission 

(ASE) has been investigated for the fabrication of low coherence superfluorescent sources, 

which are of interest for a certain class of sensors, such as the all fiber gyroscope, where 

coherent back-scattering can be minimized by using sources having a low temporal coherence. 

Another domain of applications of the SFL is white-light interferometry. The power 

characterisdcs of a double pass SFL have been analyzed by use of a standard theoretical model 

which assumes an unsaturated gain in the SFL. A large discrepancy between the measured 

output powers and the model have been observed. The main reason lies in the approximation of 

unsaturated gains, which cannot be used with large NA fibers (NA = 0.21 in our case). 

Another explanation is that the competition between the two main transition at X5 = 938 nm and 

A-s = 1088 nm in Nd^+ complicates the modeling of the SFL. Two fiber lasers have been 

studied. For the first time to our knowledge the Fabry Perot effect of me cavity mirrors on the 

power spectrum of a fiber laser has been observed and explained [3.8], [1.3]. The narrowing 

of the power spectrum of a fiber laser by use of a selective mirror (diffraction grating) has been 

experimented. The open-cavity which is used for the fabrication of the tunable fiber laser is of a 

strong interest since it is the basic element for the fabrication of the coupled cavity fiber lasers, 

as discussed in Sect. 4. 
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4. Coherent counting of sinple-mode fiber lasers 

4 .1 . Motivation 

The coherent coupling of lasers is of a strong interest for high power sources since this 

technique allows to increase the total emitted output power beyond the physical limitation of the 

individual emitters, achieving a high quality (diffraction limited) output beam. These coupled 

sources are very attractive for the realization of cheap and compact high power sources for 

telecommunications, for pumping of solid-state and fiber lasers, for material processing, for 

medical applications or for sensors. The most important requirement for the coherent addition is 

to achieve stable in-phase coupling between the individual emitters. Depending on the basic 

properties of these sources, different coupling techniques can be considered. A first category is 

concerned with inherently coupled laser arrays. In this case, the emitters are so close to each 

other that an intrinsic coupling through the evanescent waves is established, which fixes stable 

mutual phases between the elements of the array. This is the case for semiconductor laser diode 

arrays. For these sources an efficient coherent addition can be achieved by beam-shaping of the 

emitted supermode [4.1]. This coupling is schematically shown in Fig. 4.1.1. 

. Beam shaping 

Diffraction limited output beam 

Inherently coupled emitters (laser cavities) 

Fig. 4.1.1. Beam shaping for the coherent addition of inherently coupled emitters. The crossed 

lines symbolize the inherent coupling between the sources. The resulting supermode is 

converted into a single lobed diffraction limited output beam by use of a diffractive optical 

element. 

The second category of sources is concerned with strictly independent emitters. In this 

situation, no stable mutual phases exist and a strong coupling between the cavities must be 

established to fix these mutual phases. This can be achieved by use of a coupling (fan-in) 

element added to a compound laser cavity, as shown in Fig. 4.1.2. The most important 

advantage of the intra-cavity coupling technique lies in the self adjustment of the mutual phases 

and amplitudes for the most efficient concentration of the output power into the diffraction 

E3 
/ 
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limited output beam. This coupling technique will be extensively discussed in the next section 

for the coherent addition of Nd^+ doped fiber lasers. 

Input mirrors 

\ / 
Coupling element (3 to 1 fan-in) 

\ 
Uncoupled emitters 

Diffraction limited output beam 

Common output mirror 

Fig. 4.1.2. Coherent addition of inherently uncoupled emitters. The fan-in element provides the 

coupling of the output beams into a single diffraction limited beam. The output mirror is 

Common to all the emitters. 

4.2. Basic principle 

The basic scheme of an intracavity coupled fiber laser array is shown in Fig. 4.2.1 for three 

cavities. It consists of three fiber lasers which are longitudinally pumped through their 

individual input mirrors M. 

Longitudinally pumped 
fiber lasers 

zero order 

Fig. 4.2.1. Basic configuration for the coherent coupling of three single-mode fiber lasers. M 

are cavity mirrors, Af, ^ are the amplitudes anaphases of each laser, respectively. 
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The fan-in element is a phase grating whose purpose is to simultaneously provide the coupling 

between the laser cavities (beam splitting) and the beam shaping. This element combines the 

beams of each laser into a single beam with an efficiency which depends on the relative 

amplitudes and phases of these beams. The output of each fiber with amplitude Aj and phase <i>i 

passes through the 3 to 1 fan-in element which combines the beams into a single diffraction 

order when the correct amplitudes and phases are established. The output mirror is thus 

common to all three lasers and provides optimum cavity feedback. For unmatched Aj and <l>i, 

the output of the system consists of 5 diffraction orders, resulting in high cavity losses. The 

relative amplitudes and phases of the coupled lasers will be automatically adjusted in order to 

get minimum threshold for the system. The key element which defines the characteristics of the 

coupled laser is the fan-in plate. This element is essentially a phase grating (continuous surface 

relief grating) which is designed to give three diffraction orders of equal amplitudes Aj = Ao 

when illuminated with a collimated beam (fan-out), as shown in Fig. 4.2.2. 

Fig. 422. The coupling element is designed to produce three output beams of equal 

amplitudes A0 and with fixed mutual phases when illuminated with a collimated beam. 

The fixed mutual phases depend on the optimization process used for the fabrication ofthe 

phase grating. 

The mutual phases between the three diffraction orders is fixed by the optimization process of 

the fan-in; this yields for example 3>i = 0, ¢ 2 = 0. 4*3 = ^, or ¢ ( = 0, <I>2 =Jt/2, ¢ 3 = 0. In 

the coupled cavity laser, this fan-out is then played as a fan-in by illuminating it with me diree 

beams of amplitudes Ai and phases <I>i produced by the three fiber lasers. The efficiency 

(power in the zero order divided by the total output power) of the fan-in can be theoretically 

calculated for different Ai and Oi, by using the models described in [4.2]. In the ideal case 

(Ai = AQ, C»i = 0, ij>2 = 0, <t>3 = Jt), a maximum efficiency of 93.8 % is achieved for a losseless 

element This is the best coherent coupling efficiency one can expect to get in the three coupled 

cavity lasers (Fig. 4.2.3 (left)). 
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diffraction order 
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diffraction order 

Fig. 42.3. Calculated distribution of the output power in the 5 diffraction orders of the fan-in 

element for different relative amplitudes and phases of the three laser beams. Left: optimal 

situation, with Ai = AQ and 0j= 0,02 = 0, 03 = it the efficiency is 93.8 %. Center: for 

Ai = Ao and <P/ = n, 02 - 0, * j = 0 the efficiency is 5.13 %. Right: for 0j = 0, 02 = O1 

03 = n (ideal) and A] = 2,Ai= 1.A3 = 1 the efficiency is 803 %. 

The efficiency decreases rapidly if the phases 0\ or the amplitudes Ai do not match the ideal Ai 

and <I>i. For example, a uniform illumination with the non-ideal phases ¢1 = n, ¢2 = 0, 

¢3=0 reduces the efficiency to 5.13 % (Fig. 4.2.3. (center)). A non-uniform illumination 

(Ai =2, A2 = 1, A3 = 1) with the ideal phases (¢1 =0, ¢2 = 0, ¢3 = n) gives an 

efficiency of only 80.3 % (Fig. 4.2.3 (right)). The main advantage of this coupling technique 

is the self adjustment of the mutual amplitudes and phases of all the individual emitters for the 

condition of minimum losses, which results in a very simple and efficient way to achieve a 

coherent addition of laser beams. We have demonstrated this intra-cavity coupling technique by 

considering the experimental setup which is described in Fig. 4.2.4 for three Nd3+ doped fiber 

lasers using the four level system at 1088 nm. Each emitter was a 2.91 m long fiber with 

NA = 0.21, fiber core radius = 1.75 |im and 500 ppm of Nd3+ concentration. Each laser had 

its own input mirror (R =100 % at X = 1088 nm) and was longitudinally pumped with a high 

power laser diode (150 mW CW) at a wavelength around 810 nm. The bare fiber ends of the 

three cavities were fixed onto a triple V-groove anisotropically etched on a silicon wafer. The 

period between die fibers was (315.5 ±0.1) |i.m. This high accuracy on the periodicity is 

necessary to optimize the coupling efficiency of the fan-in element. The output beams coming 

out from the three fibers were collimated by use of a high quality (low aberrations) collimating 

triplet (Melles Griot 06 GLC 003) with f = 14.5 mm. The fan-in platt was placed at the Fourier 

plane of the lens. An output mirror (Reflectivity 96 % at X = 1088 nm) was used for the optical 

feedback in the three cavities. Fiber loop polarization controllers (PC) were added on each laser 
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cavity to adjust the output polarization state in order to optimize the interference of the diffracted 

beams from the fan-in. 

/ / \ 
/ I N Output 

pu / mirror 
CE 

Fig. 42.4. Coupled cavity Nd3* doped fiber lasers. A; input mirrors, M: output mirrorrPC: 

polarization controllers, FH: fiber holder, CL: collimating lens, CE: fan-in plate. Each 

laser has its own input mirror and is longitudinally pumped with a high power laser diode 

at 810 nm. The output mirror provides the feedback in the three cavities. 

A typical distribution of the laser output power measured in the five diffraction orders is shown 

in Fig. 4.2.5. A coupling efficiency of the total emitted power into the zero diffraction order of 

77 % has been achieved. 

-1 0 +1 
Diffraction order 

Fig. 42 5. Distribution of the power at the output of the coupled cavity fiber laser. 77 % of the 

total emitted power is concentrated in the zero diffraction order. 
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This coupling efficiency of 77 % compares favorably with the maximum efficiency of 93.8 % 

fixed by the best theoretical efficiency of the fan-in plate. The discrepancy between the 

theoretical and measured values depends on the cavity design, as will be discussed in 

Sect. 4.3.8. 

4.3. Theoretical and experimental investigation of the intracavity coupled fiber 
laser 

In this section the fundamental .properties of the coupled cavity lasers are investigated by 

considering a linear description of the system. This yields a simple model allowing to explain 

the coupling between the individual emitters and to demonstrate the self adjustment of the 

mutual amplitudes and phases between the emitters which arc necessary for an efficient 

coupling. The conditions for the laser threshold and for the steady state will be established by 

use of this model. 

4.3.1. Linear analysis 

A system of three coupled emitters will be considered as shown in Fig. 4.2.4. The basic 

concept consists of a linear modeling of each element of the coupled cavity laser. This can only 

be achieved by making some basic assumptions. First, the distribution of the optical power in 

each cavity is homogeneous, which is a good approximation if the spatial hole burning of the 

standing waves in the cavity is negligible. This is especially true if the emission spectrum of the 

lasers is broad enough to produce an averaging of a large number of longitudinal modes. 

Fig. 43.1. Linear description of the coupled cavity fiber lasers. Each constituting element is 

modeled by a 6 by 6 ports module which describes the transformations of the electrical 

fields propagating in both directions through the element. Each module is described by a 

6x6 matrixMm. 
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Second, the gain and the gain saturation in each fiber laser are assumed to be homogeneous. 

This is valid if a uniform longitudinal distribution of the pump and signal beams is assumed in 

each fiber. 

Each component of the coupled lasers is now described by a 6 x 6 port element, as shown in 

Fig. 4.3.1. Each element is fully represented by a 6 x 6 matrix Mm . The three channels 

propagating from left to right (XJ -* Xj) describe the electrical field of the individual i-th emitter 

and its transformation through the element. The three channels (Yi —* yi) describe the same 

electrical field transformation for the beams propagating from right to left. The overall matrix of 

the coupled cavity lasers is then given by 

s=nMm. (4.3.1) 

where m is the number of the elements in the coupled cavity laser. The linear modules which 

constitute the coupled cavity laser are shown in Fig. 4.3.2. The matrix Mjn describes the 

propagation through the input mirrors of the three cavities- The saturated gains in the three 

active fibers are represented by a matrix MG. the coupling element is modeled by a matrix Mn. 

and the output mirror by M0ut-

Min M0 Mn M0Ui 

Fig. 432. Modeling of the elements constituting the coupled cavity fiber lasers. The matrices 

Mm describe the properties of each cavity element. 
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4.3.2. Matrices or the resonator elements 

4.3.2.1 Input mirror 

The matrix Mjn describes the reflection and transmission of the laser beams on the input mirror 

for the three individual cavities. The propagation in both directions of the three beams through 

the input mirror is governed by Eqs. (4.3.2) and (4.3.3), which can be written by using the 

formalism stated in Fig. 4.3.1, namely 

Xk = i t | X k + riyk 
Yk = itiyk + riX|c, 

(4.3.2) 
(4.3.3) 

where i =V-Ï, n and tj are the amplitude reflectivity and transmission of the mirror, 

respectively. The factor i has io be added in Eqs. (4.3.2) and (4.3.3) for energy conservation. 

No extra phase shift is considered for die reflection, since this can be included in the external 

optical path length. From Eqs. (4.3.3) and (4.3.2) one gets 

(4.3.4) 

(4.3.5) 

The matrix Min becomes then 

M1. = 

Kt,+11-) 
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0 

i 
t, 
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0 

_Hi 

0 

0 

i 
t. 

(4.3.6) 

This matrix is not diagonal, since the minors produce a coupling between the input and output 

components for each cavity. 
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4.3.2.2 Gain medium 

The gain is modeled by considering a saturated homogeneous amplitude gain gi in each fiber. 

The propagation through a fiber of length L gives an accumulated phase ¢^ = k n L in each 

cavity, where k is the wave number and n is the effective index of refraction of the signal mode. 

The amplification and the phase shift of the optical field which propagates in both directions is 

given by 

Xk = gk exp (i tjik) Xk 

Yk= — exp (- i <j*) Yk. 

The diagonal matrix MQ for the gain becomes then 

(4.3.7) 

(4.3.8) 

M„ = 

fg/'' 
0 

0 

0 

0 

0 

0 

gì**1 

0 

0 

0 

0 

0 

0 

B ^ 
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0 

0 

0 

0 

0 

S1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 . 
—e 
Si 

(4.3.9) 

As mentioned in Sect. 4.3.1, this description of the gain medium is only valid if the 

assumptions of uniform distribution of the signal and pump wave in each fiber are fulfilled. 

Nevertheless, this model allows a complete modeling of the coupling principle between the 

emitters without any loss of generality even if these requirements are not perfectly satisfied. The 

only drawback will be a less accurate description of the absolute power characteristics of the 

coupled lasers, especially in the case of single frequency lasers where spatial hole burning 

becomes important. 

4.3.2.3 Coupling element ffan-inì 

The coupling element which combines the signals provided by the three individual emitters into 

the single output beam is a continuous surface relief grating (fan-in). This fan-in is essentially a 

phase grating whose phase profile is shown in Fig. 4.3.3. The optimization and fabrication 

processes of these elements are extensively described in [4.2]. 
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Fig. 433. Typical phase profile of a 3 to 1 fan-in continuous surface relief phase grating. In 

this case, the period of the profile is 50 firn. 

The linear matrix modeling of the 3 to 1 fan-in element is obtained by using the technique which 

is shown in Fig. 4.3.4. The fan-in is considered as a fan-out which is successively illuminated 

by an individual collimated beam launched in one of the three diffraction orders (-1,0, +1). 

For each illumination the fan-out produces three diffraction orders with amplitude distribution 

ratios Asp and with mutual phases 1>sp given by the properties of the phase grating. The 

coupling (fan-in) is then obtained by considering the superposition of the three diffraction 

orders produced by the three individual illuminations; this results in five output diffraction 

orders as shown in Fig. 4.2.1. For perfectly matched amplitudes and mutual phases of the three 

illuminating beams, all the power will be concentrated in the zero diffraction order. The phase 

Ok are a function of the optimization process which was used for the design of the continuous 

surface relief grating. For a 3 to 1 fan-in, the typical values for O^ are ¢1 = 0, <I>2 = ̂ /2, 

<I>3 = 0), or q>i = 0, <I>2 = 0, ¢3 = it. 

A_+exp(-iO+) 

A_o exp C-i <U0) 

A., exp (-i O.) 

A0+ exp (-i <L>+) 

Aoo exp (-i <I>o) 

A0. exp (-i O.) 
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A++ cxp (-i O+) 

A + 0 exp (-i O0) 

- A+.exp(-iO.) 

Fig. 4.3.4. Amplitudes and mutual phases of the diffracted beams when the fan-in is 

illuminated with a single collimated beam in one of the diffraction orders. The fan-in is 

obtained by the superposition of the diffraction orders obtained from the individual 

illuminations in the three diffraction orders (+1), (0) and (-1). 

The matrix Mpi is obtained by considering the structure as shown in Fig. 4.3.5. The inputs 

and outputs on the left side of the module correspond to the inputs and outputs of the three 

emitters. The channels on the right side are the first three diffraction orders of the fan-in 

element, considered in both directions. 

Fig. 435. Modeling of the fan-in element. The channels on the left side correspond to the 

inputs and the outputs of the fiber lasers. The channels on the right side are the first three 

diffraction orders of the fan-in, in both directions. 

The three diffraction orders x, arc calculaled by considering the superposition of the sets of 

three diffraction orders given by each incident amplitude Xi, which yields 

xi = Ao*. exp (-i *+) X 2 + A+ 0 cxp(-i O0) X3 (4.3.10) 

X2 = A0O exp (-i O0) X2 + A+ exp (-i ¢+) Xi + A+ . exp (-i <1>.) X3 (4.3.11) 

X3 = A0 . exp (-i O.) X2 + A-o exp(-i O0) Xi. (4.3.12) 

The same operation is performed for the three diffraction orders Yj obtained from the 

superposition of the yi, namely 
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Yi = A0- exp (i ¢-) Y2 + A-o exp(i (D0) y3 
Y2 = Aoo cxp (i <D0) y2 + A+. exp (i O.) yi + A+ exp (i <I>+) y3 

Y3 = A(U- exp (i O+) n + A+0 cxp(i O0) yi 

.(4.3.13) 
(4.3.14) 
(4.3.15) 

Equations (4.3.13) to (4.3.15) can be rearranged to express the yi as a function of the Yj, 
which give 

y i = A^o+D CXP ( 2 i ( * + ~ ®o)) Y l 

- ^ D « P ( i ( * + - « » b ) ) Y 2 

+ feE^^+^i^exp(i(0+ + ¢ . . 2 O0J)JY3 . (4.3.16) 

y2 = 5 ( - ^ e x P <i(4> + - *«)) Y l + Y 2 - £ ^ e x p ( i ( * . - * o ) ) Y 3 \ (4.3.17) 

jça&M+A^ cxp( i (0+ + 0_. 2 ^ 
" " ' A 0

 T A ^ 2 D 

+ A^AC^D exp (2i (<I>- " ° o ) ) Y3 • C4318) 

with 

D = A00 cxp (i C>0) - ^ t ^ a t e x p j ( o . . O o + ¢ ^ - A - ^ o - exp i(<l>+ - * 0 + «>-)• 

The matrix Mp] becomes then 

M n = 

O 
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Hi4J 

ms, 
" I 6 J 

O ^ 

O 

O 
IH46 

" 1 M 

" 1 W , 

(4.3.19) 

with the non zero mjk listed in Tab. 1. 
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mi2 = A0+ cxp (-i ¢+), m]3 = A+0 exp (-i O0), m2i = A.+. exp (-4 ¢+), 

m22 = Aoo cxp (-i O0). !"23 = A+- « p {-i ¢.). 11131 = A-o cxp (-i O0), 

nv}2 = Ao- C p̂ C-i 0_), 

«M4 = A
A ^ A ^ +

D exp (2i (O+ - O0)), OV45 = - - 5 ^ ¾ exp (i (O+ - O0)). 

^ 6 = ç x p ^ + A^ e x p ( i ( 0 + + <Ii _2C(o))i 

11154 = - p ^ exp (i(0+ - O0)), ms5 = g, 

ms6 = - p £ exp (i(0. - O0)) 

^ - ^ ^ ^ ^ c x p ü t O . + O.^Oo)) , 

mes = - X^u exp (i(0. - O0)), W66 = A * n
A * + p cxp (2i (¢- - *o». 

Tab. l.Non zero mß ofthe matrixMpI-

This model considers that only three diffraction orders are generated by each illuminating beam, 

and that the resulting output beams are given by the superposition of the three sets of diffraction 

orders. This is only an approximation since many higher diffraction orders are involved in a 

real case. This can be easily understood by considering the diffraction orders +2 and -2 at the 

output of the fan-in which cannot be minimized by considering this model, since they are only 

produced by a single contribution of the two lateral emitters and that no interferences can be 

used to cancel these diffraction orders. Nevertheless this limitation of the model is not critical, 

since only the first three diffraction orders (+1, O, -1) are of interest in our application. A 

careful adjustment of the amplitude distribution ratios Ay in the diffraction orders allows to 

consider any power distribution and any intrinsic absorption in the material which constitutes 

the fan-in. As an example Ay = 1A/3 gives a losseless element with a uniform power 

distribution in the three diffraction orders when illuminated with a collimated beam. Under 

these conditions, 100 % of the total incident power which is launched in the three input beams 

of the fan-in is diffracted in the three output diffraction orders. The power distribution ratios are 

then a function of the distribution of the incident mutual amplitudes and phases. 
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4.3.2.4 Output mirror 

The only beam which is transmitted and reflected is the zero diffraction order, which is then 

responsible for the cavity feedback. The higher diffraction orders +1 and -1 provided by the 

fan-in element yield cavity losses, as shown in Fig. 4.2.1. The propagation of the beams in 

both directions is given by 

xi=i t2Xi, 

X2 = i t2 X2 + T2 y2, 
X3 = i t2 X3, 

(4.3.20) 
(4.3.21) 
(4.3.22) 

Yl = it2yi, 

Y2 = i t2 y2 + n X2, 
Y3 = i t2 y3> 

(4.3.23) 

(4.3.24) 

(4.3.25) 

where rç and t2 are the amplitude reflectivity and transmission of the mirror respectively. 

Equations (4.3.20) and (4.3.23) to (4.3.25) can be rearranged in the form 

x2 = iX2(t2 + ^ - ) - ^ Y 2 

y i - 5 Y , 

W = -5 (Y 2 -F 2 X 2 ) 

V3 = ^ Y 3 

(4.3.26) 

(4.3.27) 

(4.3.28) 

(4.3.29) 

The matrix M0U[ of the output mirror becomes then 

M_ = 

it, 

0 

0 

0 

0 

0 

0 

0 

0 

ìli 

0 

0 

0 

it, 

0 

0 

0 

0 

0 

0 
i 

I1 

0 

0 

0 

0 

0 

i 
I1 

0' 

0 ^ 

0 

0 

0 

0 

i 

(4.3.30) 

i i y 
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4.3.2.5 Matrix of the coupled cavity fiber lasers 

The resultant matrix S of the coupled lasers is given by Eq. 4.3.1, namely 

S = M0Ui • M F I • M G Mjn. (4.3.31) 

The 36 components Sjk of the matrix S are lengthy expressions. For the sake of clarity, only 

the most important components which are necessary for the modeling of the coupled lasers are 

shown in the table below. The detailed expression of S is given in Annex A.l. 

s l 5 - m " g r i B « P ito s16-mi3ff r iM«p ifc. 

5 2 4 M 2 S Z l i m ( l a 2 + I5a)eXp ^ . H H J ^ p .J+11 

5 2 5 . j n a n j a ( t 2 2 + ^ , e x p i^-^^cxp -it,, 

S 2 6 B j s a a Ä ( t f + i a 2 ) e x p i^_Ji56i2_C ) t p ^ 0 3 . 

S 3 4 - m " g r " " exp i«i. S 3 5 - m M g r " » c x p ite 

S44 = - ifnVxp -1*'' S45 = - i2lfï7cxp- i02 ' 

5 5 4 „mgi^ra fil e x p i 4 > 1 _ _ n i a _ c x p ^ 

p m22 r l r2 Ë2 • J.
 m55 • A 

5 5 5 = \ \ 2 * M exp , f e - ^ - e x p -.0)2, 

556 . « » J l ^ B exp H s - J U L 0 P _ i ^ 

S W = - iflfüeXp -4*1' S65 = " g^Ì2"exp " ^ ' 

Toft. 2. Components Sa of the matrix S of the coupled lasers. 
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4.3.3. Conditions for the laser threshold 

The condition for the laser threshold is established by assuming a non zero output power of the 

system for zero input signals. This situation is depicted in Fig. 4.3.6. 

Xi=O 

Yi 

* • ^ -

* • ^ -

+• *-
S 

- * 4 
^ ^ 
- ^ ^ 

Xi 

yi = o 

(V 
* 1 

0 
0 

UJ 

= s-

(0I 
0 
0 

Yi 

W 

Fig. 4.3.6. The conditions for the laser threshold is given by x,- #0 and Yi #0 for Xi = Oand 

This condition can be expressed as a function of the matrix S of the couple lasers, namely 

(4.3.32) 

The first three equations 

*k = Su Yi, k = l, 2, 3 and i = 4, 5, 6, (4.3.33) 

connect the output signals on both laser extremities. The other set of three equations, given by 

Ski Yj = 0, k = 4, 5, 6 and i = 4, 5, 6, " (4.3.34) 

gives the conditions for the laser threshold. Equation (4.3.34) can be written in a more 

convenient way by defining a new 3 by 3 matrix A with components anm = SjK, for i = 4, 5,6 

and k = 4, 5, 6. This yields 
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A-
fYlì 

= 0 (4.3.35) 

Equation (4.3.35) has a non trivial solution (other than Yj = 0, Vi) only if the determinant of 

A, dct(A), is equal to zero. This condition can be written as a function of the matrix 

components S&, namely 

det(A) = Ci exp -i($i + ¢2 + ¢3) + C2 exp i(-ty\ - ¢2 + ^ ) 

+ C3 exp i(<pi - ¢2 - O3) + C4 exp -i«ii - ¢2 + *3> = 0- (4.3.36) 

The Ci arc complex constants for a given fan-in element, namely 

Ci = - m« "MS ni« - 01W ni55 mas + "14511154 mas + "144 m« '"65 

+ m4611155 m64 - m46 ni54 m«, 

C2 = - n 12 m23 g32 (ni44 m« -1145 m«), 

C3 = - H n m2i g]2 (rots meo - rajö ^65). 

C4 = - ri I2 m22 g22 (m44 ™66 - m64 "He)-

Figure 4.3.7 shows the evolution of det(A) when the two lateral cavities have fixed gains 

gl = ' . g3 = 1 and phases ¢1 = 0, ¢3 = 0. The gain g2 and the phase ¢2 of the center cavity 

are variables. The fan-in is assumed to be losseless and symmetrical (A$p = 1/V5). 

Fig. 43.7, Determinarti of the matrix A as a function of the saturated gain g2 anaphase ¢2 in 

the central cavity for gi =g3 = I and ¢1 = 03 = 0. The saturated gain g2 varies between 0 

and 2 5, and the phase ¢2 varies between 0 and 4 rad. Weflnddet(A) = Ofor 

g2 = 1.046 and ¢2 = m jr(m= 0, I1 ...). 
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A zero crossing of det(A) is obtained forg2 = 1.046 and ¢ 2 0 n. This gain compensates the 

cavity losses and allows to reach the laser threshold. An analysis of Eq. (4.3.36} shows that a 

solution can be found only when the accumulated phases in each cavity satisfy the conditions 

0J = IiIiTt, (4.3.37) 

where mi is an integer ( m; = 0, 1, ...). This unique set of mutual phases $\ for the laser 

threshold corresponds also to the phases which are required for minimum cavity losses, as will 

be shown later by considering the eigen-solutions of the open-cavity coupled lasers. Under the 

assumption of matched mutual phases, as requested by Eq. (4.3.37), and by considering a 

typical symmetrical fan-in element with Agp = A, <!>+ = O100 = n/2, <J>. = 0, the condition for 

the laser threshold given by Eq. (4.3.36) can be written in a simpler way by replacing the m^ 

given in Tab. 1. This yields 

i 

The laser threshold is reached when the sum of the saturated power gains gi2 compensates the 

losses introduced by me laser mirrors and by die power splitting ratio A2 of the fan-in. 

Consequently, an infinite number of combinations for the saturated gains exist to satisfy the 

threshold condition. It is important to emphasize that Eqs (4.3.37) and (4.3.38) determine only 

the conditions for the threshold, but do not give any information on the steady state of the 

coupled lasers. The steady state is only one particular solution of Eq. (4.3.38), selected 

automatically by the coupled cavity laser to achieve minimum cavity losses. The parameters 

which are required for minimum intracavity losses can be calculated by considering the eigen-

solutions of the open cavity coupled fiber lasers, as shown in Fig, 4.3:8. 

4.3.4. Eigenstat es of the coupled cavity, lasers 

4.3.4.) Principle 

The eigcnstates of the coupled cavity lasers are studied by considering an open configuration as 

shown in Fig. 4.3.8. We assume a system where the input mirrors are removed and the 

backward signal Yj is calculated as a function of the forward signal Xj for zero external signals, 

namely yi = 0. The family of all the eigcnstates Yj = X Xj which can be calculated includes the 

more restrictive sets of eigen-solutions for the laser threshold and for the steady state 
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oscillation. This analysis allows to show that the phases for the laser threshold, which are given 

by Eq. (4.3.37), correspond to a configuration with the lowest intracavity losses and are the 

phases which are required for the steady state. The optimum set of saturated gains and optical 

power for the lowest losses will also be derived 

MFI Mout Yj 

D 

yi = 0 

D = M o u t MFI MG 

Fig. 43.8. Basic system for the analysis of the eigen-solutions Yi = XXi of the open cavity 

coupled fiber laser. 

The matrix of the system is given by D = dik = Mout * Mpi • Mc and it is of the form 

D = 

(° 
d2l 

d31 

0 

d» 

o 

d» 
dn 

d32 

0 

d» 
0 

d|3 

dM 

0 
0 

d„ 
0 

0 

dM 

0 

d« 

dM 

d* 

0 

dM 

0 

d« 

d» 
dM 

0I 
d* 
0 

d« 

d* 

d« 

(4.3.39) 

The entire list of the elements dik is given in details in Annex A.2. Only the elements which are 

relevant for our study are reported in the table below. 

0 4 4 = - 1 
»"44 

gl t2 exp - i ¢1, d45 = - i "?** exp - i ¢2, d46 = - i ^ f . exp - i fo, 
g2 t2 g3 12 

d 5 1 = i m 2 L p i e x p i ^ d52 = ijn2111£lcxpi^ d 5 3 = i J S 2 3 _ p i e x p i ^ 

d54 = - i "^TT exp - i ¢1, d55 = - i ° °^ exp - i ¢2, d56 = - i "ffi e x p _ j fa 
El t2 g2 t2 Ê3 t2 

d 6 4 = - i - 5 ^ e X p - i < ) i , d65=-i-^^-exp-i^>2, A66 = - i - g ^ e x p - i fo. 

Tab. 3. Components d& of the matrix D of the open-caviry coupled fiber laser. 
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The xj and y, can be expressed as a function of the Xj and Y,, namely 

V 
X1 

*3 

0 

0 

, 0 , 

= D 

fX , l 
X2 

X1 

Yi 

\?>) 

(4.3.40) 

By solving this system of linear equations and by rearranging the resulting expressions, one 

gets for the outputs Yj as a function of the inputs Xj 

Y 1 = - Y 3 C, 

Y2 = HY3, 

1 

where 

Y 3 = - £ ( d 5 i X 1 + d 5 2 X 2 + d 5 3 X 3 > , 

ld&4 044 J 
H = j — , 

(9& _ d6 5^ 
^44 

d « d 
F - K ^ - ^ ^ - t « . 

and 

C = d47 ^ ^ 5 + 046). 

Equations (4.3.41) to (4.3.45) can be written in a matrix form, namely 

Y = E X = -
F 

djjC djjC d^C 

-ds,H d„H d„H 

-d„ -de i S I ; 

X. 

The eigenvalues and eigenvectors are obtained by solving the equation 

de t (E-XI ) = 0. 

where I is the identity matrix. This yields 

(4.3.41) 

(4.3.42) 

(4.3.43) 

(4.3.44) 

(4.3.45) 

(4.3.46) 

(4.3.47) 

(4.3.48) 
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— ( - d 5 i C + d 5 2 H +d 5 3 + XF)=O. (4.3.49) 

Equation (4.3.49) has only one non trivial solution which is given by 

X = p ( d 5 i C - d 5 2 H - d 5 3 ) . (4.3.50) 

For each X the corresponding eigenvector can be easily calculated by using Eqs. (4.3.47) and 

(4.3.48). The steady state for the coupled cavity fiber lasers is only achieved for one specific 

eigenvalue and eigenvector, which gives maximum coupling efficiency of the power produced 

by the individual emitters in the zero diffraction order. This coupling efficiency can be 

calculated for each eigen-solution by considering the model shown in Fig. 4.3.9. The three 

beams of amplitudes Xj and phases ¢, which correspond to a given eigenvector are launched 

into the three open cavities. 

Fig. 4.3.9 Model for the calculation of the coupling efficiency of the fan-in for a given 

eigenstate characterized by an eigenvalue X and an eigenvector with the components Xj. 

The total amplitude coupled into the zero diffraction order for the most important case of 

matched phases <|>j = irij ic is given by (see Fig. (4.3.4) 

Ec = A.+ Xi gi + A00 X2 g2 + A+. X3 g3> (4.3.51) 

where gi is the amplitude saturated gain in each cavity for the considered eigenstate. The 
effective coupling efficiency Eeff of the incident amplitudes in me zero diffraction order for any 
Xj is characterized by a coefficient a which is a function of X,, namely Eeff = a Ec. The 
reflected amplitude is given by Erefi = n Eeff, where' rç is the amplitude reflectivity of the 
output mirror. The signal Yi which is coupled back into the first fiber is calculated as 

Yi = gi A0. Eren = a rz gi A0. (A.+ X] gi + A00 X2 g2 + A+. X3 g3). (4.3.52) 
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The amplitude of the first component of the output vector Y, is also given by 

Yi=XXi (4.3.53) 

The amplitude coupling efficiency a is obtained by introducing Eq. (4.3.53) in Eq. (4.3.52). 

This yields 

a = 
XXi 

n gl A0 . (A.+ Xi gi + A00 X2 g2 + A+ . X3 g3)' 
(4.3.54) 

4,3,4,2 Analysis of the eipen-solutions for the condition Qf minjmum losses 

In order to investigate the conditions which are necessary for the most efficient coupling of the 

beams into the zero diffraction order, we will first consider an ideal case with transparent 

(losseless) fibers by assuming gj = 1, Vi. Under this condition the eigenvalue X gives a 

straightforward information of the cavity losses. The effect of the accumulated phases <h on the 

eigenvalue X is shown in Fig. 4.3.10 for transparent fibers. 

Fig. 43.10 Eigenvalue X as a Junction of the accumulated phases <p] and #j of the lateral 

cavities in the case of losseless fibers (gi = 1). The graph on the left side is calculated with 

$2 = 0, and the graph on the right side is calculated with ¢2 = it!2. 

The graph on the left side shows the eigenvalue X as a function of ¢1 and ¢3; the phase of the 

central cavity is fixed at ¢2 = 0. The phases ¢1 and ¢3 of the lateral cavities vary over 

approximately two periods. The maximum value (X = 0.975) is obtained whenever the phase 

difference is given by 
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<f>i-<t>j = mjr,(Vij), {4.3.55) 

where m is an integer (m = 0,1,. . .) . The same behavior is observed when the initial phase ¢2 

is set to any other value, as shown in the graph on the right for ¢2 = it/2. This result confirms 

that the only possible set of phases 4>i for maximum coupling efficiency is given by 

Eq. (4.3.55). Consequently, the more restrictive set of phases 0j = mj 71 given by 

Eq. (4.3.37) for the laser threshold represents the only possible solution for the steady state 

oscillation. The eigenvector associated with the optimum eigenvalue X = 0.975 is easily 

calculated using the matrix E - XI as defined by Eqs. (4.3.47) and (4.3.48). This yields 

X 1 = (4.3.56) 

The coupling efficiency a calculated by using Eq. (4.3.54) gives a = 1 for the eigen-solution 

(X = 0.975, Xx).Therefore the eigenvector (1, i, 1) describes the ideal illuminations Xj 

(amplitudes) of the fan-in for an optimum coupling of the power of the individual emitters in 

the zero diffraction order. If a fan-in with Aij = A is considered, the solution given by 

Eq. (4.3.56) assumes that any uniform illumination in the three diffraction orders gives the 

most efficient coupling in the zero diffraction order. The conditions for the steady state can then 

be summarized in term of accumulated phases <|>i and optical power Pj = X , 2 at the input of the 

fan-in, namely 

1. <J>i = mi7t, (4 .3.57) 

2. P j = P , Vi. (4.3.58) 

This set of two equations fully characterizes the steady state of the coupled cavity fiber laser. 

These two conditions will be self established by the coupled lasers since they correspond to a 

situation of minimum intracavity losses. The adjustment of the mutual phases is achieved by a 

self adaptation of the optical frequency of the coupled lasers. The optimum distribution of the 

optical power Pj is given by the power splitting ratio of the fan-in and by the gain saturation, as 

will be shown in the next section. These equations can be generalized for a system with non 

uniform fan-in element. In this case the Ay are different for each i and j . It is straightforward to 

show that condition 1 remains valid, and that condition 2 can be expressed as follows: 

The power distribution in the three input laser beams must be identical to the power distribution 

fixed by die power splitting ratio of the fan-in. . 
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4.3.5. Modeling and effect of the gain saturation 

The exact modeling of the gain saturation involves the calculation of the longitudinal 

distribution of the laser fields which propagate in the forward and backward directions in the 

active medium, since the local gain saturation is a function of the total local (forward and 

backward) propagating optical power. The integration of these longitudinal distributions gives a 

set of non-linear coupled differential equations for die gain and the optical powers, as will be 

shown in Sect. 4.3.7. The effect of the gain saturation on the self adjustment of the mutual 

optical powers in the emitters will be more easily understood by considering a simple 

approximation. The active medium of each cavity is modeled as a two ports device which 

amplifies an input signal power Pu by a factor G5;, which yields P2i = Gsi Pn at the output of 

each amplifier. GSi is the saturated gain in the i-th emitter which can be calculated by 

considering the amplification through a gain medium of length L and by assuming an 

homogenous line broadening [4.8]. The differential equation for the single pass gain in the i-th 

cavity can be written as 

^ - Y 1 ( Z ) P i G O . (4.3.59) 

where the gain coefficient Yi(z) for a homogeneously broadened gain curve is given by 

I 
"PT" Yi(z) = Y o i — ^ . (4.3.60) 

1 + 

Psat is the saturation power and Y0J is the unsaturated gain coefficient in the i* cavity. By 

introducing Eq. (4.3.60) into Eq. (4.3.59), one gets 

Yoi dz = dPi(z) (VT-T + = M . (4.3.60) (Pi<z) + PsJ • 

By integrating the left side of Eq. (4.3.60) between 0 and L and the right part between Pu and 

P2i, the unsaturated power gain G0j = exp (Yoi L.) can be written as 

Goi = Gsi exp fP 2 ip~ t
P l i] • (4-361) 

By using the relation GSi = P2i / Pn, one gets 

Goi = G« exp f - ^ , - 1 * g * i . . (4.3.62) *—^¾^¾ 
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This implicit equation allows to calculate the saturated gain G5J as a function of the output 

power P2i for a given unsaturated gain G0i- An example of the signal induced gain saturation is 

shown in Fig. 4.3.11 for a typical Nd3+ doped fiber amplifier with G0i = 30 dB and with 

Psat = 2.5 mW. 

1000-fc 

.= 8 0 0 -
n 
a> 

"B G 0 ° " 
1 400-
«3 

m 2 0 0 -

0 - • 

0 

Fig. 43.11. Saturated gain as a function of the output power of a typical a Nd?+ doped fiber 

amplifier with an unsaturated gain G0i = 30 dB and PSai = 2 .5 mW. 

The onset of the gain saturation in the i-th laser cavity is approximated by using Eq. (4.3.62). 

In this condition P2i has to be replaced by Pj, where P; is the optical power at steady state in 

the i-th cavity. The condition for the laser threshold connects the power saturated gains 

gi2 = GSi in the three cavities as shown in Eq. (4.3.38) for matched cavity phases and 

symmetrical fan-in, namely 

X 0 S i = T T ^ • <4-3.63) 
A^ n T2 

The unsaturated gains G0i are function of the absorbed pump powers and can be written by 

using Eq. (2.25), namely G0i = exp (r0(L)). Therefore, for a given set of G0i, Eq. (4.3.63) 

gives a relationship between the individual optical powers Pj in the cavities. The self-

distribution of the mutual powers P, for the steady state given by Eq. (4.3.57) will be 

established by means of the gain saturation. This can be understood by considering the onset of 

the saturation when the lasers are switched on. Let us assume a symmetrical fan-in and different 

unsaturated gains G0i in each cavity. This yields a non uniform initial illumination of the fan-in 

which gives intracavity losses in the higher diffraction orders. Nevertheless, the zero order 

which is reflected by the output mirror is coupled back with a uniform power distribution in 

each cavity. Depending on the unsaturated gain, die power in each cavity reaches the value at 

steady state more or less rapidly. As an example, (he fastest initial increase of the optical power 

will be observed in the cavity with the highest unsaturated gain G0], to reach the steady state 

I 
2 

I I I I 
4 6 8 10 

Outpul power [mW] 

I 
12 

I 
14 
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fixed by the saturation and Eq. (4.3.63). The splitting ratio of the optical power in the three 

emitters at steady state is then fixed by the power splitting ratio of the fan-in. The self 

adjustment of the mutual cavity optical powers Pi results in a distribution of the output power 

in the diffraction orders at steady state which is independent of the distribution of the 

unsaturated gains in each cavity. Any distribution of the pump power in the individual emitters 

can be applied without a change in the coupling efficiency. The coupling efficiency is defined as 

the ratio of the power in the zero diffraction order and die total power in all five diffraction 

orders, as shown in Fig. 4.2.1. The gain saturation in the three fiber lasers and the steady state 

condition are shown in Fig. 4.3.12. 

J I L _ -

= 1 -
A 2 r i r 2 

I I I 
10 12 U 
iW] 

Fig. 43.12. Saturated gains as a function of the output power in the three cavities. Since the 

fan-in is assumed to be symmetrical, the output power Pi of each cavity must be the same 

(Pi = Po)- The steady state condition is fulfilled when the sum of the saturated gains GB-

meets the threshold condition. 

The stability of the coupling efficiency has been experimentally verified by considering the 

setup of three coupled fiber lasers as shown in Fig. 4.2.4. The coupling efficiency r]c of the 

output power in the zero diffraction order has been measured for several distributions of the 

pump power absorbed in each cavity. This efficiency TIC is calculated as the ratio of the power 

which is measured in the zero order with the total output power measured in the five diffraction 

orders (± 1, 0, ± 2). The measurements were performed by using a large area silicon detector 

and by measuring successively the power in the five diffraction orders for each set of pump 

levels. These measurements gave a mean coupling efficiency of r|c = (67.7 ± 1.4) %, which 

proves the stability of the coupling in the zero order considering the accuracy of the 

measurement of T|c. The results of these measurements are shown in Fig. 4.3.13. The 

unsaturated gains in each cavity are shown in the table below for these measurements. These 

gains have been calculated by assuming a typical gain of 0.37 dB/mW and a pump coupling 

efficiency of 30 %. 

1000 

G 8 
Output power [m 
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Graph Nn 

G0, [dB] 

Go2 [dB] 

G03 [dB] 

1 

10.5 

11.8 

10.3 

2 

10.5 

10.7 

9 

3 

10.5 

8.3 

10.3 

4 

10.5 

6.1 

10.3 

5 

7.3 

6.1 

10.3 

6 

6.6 

10 

8 

7 

7.3 

10 

0 

The unsaturated gain G02 of the center cavity is changed from 11.8 dB (15 x) in graph 1 to 6.1 

dB (4 x) in graph 4 without any change in the coupling efficiency. The same behavior has been 

obtained for an extreme case where the pump of one of the lateral cavities was switched off. 

! # 2 • 3 • 

*^E^ÄM^^3^L> 

-2 -1 0 +1 +2 -2 -1 0 +1 +2 -2 -1 0 +1 +2 

4 • 5 • « • 

^J' 
-2 -1 0 +1 +2 -2 -1 0 +1 +2 -2 -1 0 +1 +2 

~sJ 
•2 -1 0 +1 +2 

/¾. 43.13. Distribution of the output power in the five diffraction orders for several sets of 

pump levels in the three fiber lasers. Graphs 1,2,3,4 show the power distribution when 

the unsaturated gain of the center cavity is changed, while the two lateral cavities have 

fixed unsaturated gains. Graphs 5 and 6 show the same distribution when the gains of the 

lateral cavities are changed. A coupling efficiency oft]c = (67.7 ±15)% was obtained. 

Graph 7 shows the power distribution when only two of the three emitters are pumped 

(G0I - 7.3 dB, G02 = 10 dB, G03 ~ 0 dB). The same coupling efficiency was obtained. 
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4.3.6. Measurement of the cavity losses by considering the dynamic of the 

coupled cavity laser 

The characterization of the intracavity losses is important for the optimization of the power 

properties of a laser, since the pump laser threshold and the slope efficiency strongly depend on 

this parameter. In this section, the losses of the coupled cavity system are analyzed by 

considering the dynamic properties of the slightly perturbed laser cavity. A small perturbation 

of the pump beam is used to produce oscillations of relaxation. The dependence of the 

frequency of the oscillations on the pumping level allows to extract information on the cavity 

losses. 

4.3.6.1 Basic principle 

If we consider a four level system, and by assuming no ground state depletion due to the CW 

pump beam, it can be shown with perturbation calculation [4.3] that the fluctuation of the 

photon number <J>(t) around the steady state is given by 

¢(0 = (D0 exp(-rt/2i) cos (tot) = <D0 exp(-at) cos (cot), (4.3.64) 

where a = r/2i gives the exponential decay of the induced oscillations, t is the fluorescence 

lifetime, and r is the relative pumping rate which is given by 

r = 4 <4-3-65) 

where P1J, is the pump power at threshold. The circular frequency <a of the oscillations of 
relaxation is given by 

(0 = V(r-l)/tcT, (4.3.66) 

where tc is the cavity lifetime, which can be written as a function of the cavity losses, namely 

* = - c l n W <4-3-67> 

where L is the cavity length, c is the speed of light in vacuum, n is the index of refraction of the 

material, and A is given by 

A = RiR2( l-p)2, (4.3.68) 
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where Ri and R2 are the reflectivities of the input and output mirrors, respectively, and p is the 

single pass cavity loss. By introducing Eq. (4.3.65) in Eq. (4.3.66), one gets 

(O2 = — ( £ - - l V (4.3.69) 
«clP* 

This expression is only valid for a plane wave laser. In the more general case of a waveguide 

structure, Eq. (4.3.69) must be slightly modified [4.4], in order to take into account the overlap 

of signal and pump modes. This results in an additional factor ß, which is an overlap integral as 

described in [4.5]. Equation (4.3.69) reads now 

*-*i{&- •)• (4"0) 

where ß for small signal power (i.e. negligible saturation) is defined as 

2 

with 

ß=j}p (4.3.71) 

2it °° L 

Il = [<ty fdr r dz P(r.*,z) S(r,0,z), (4.3.72) 

0 0 0 

and 

2n « L 

111= Id* fdr r |dz S2(r,*,z) P(r,<I>,z), (4.3.73) 

0 0 0 

where L is the length of the fiber, P(r,0,z) is the pump and S(r,0, z) is the signal power 

distribution. Equations (4.3.72) and (4.3.73) can be rewritten by separating the radial and 

longitudinal terms, namely P(r,4>,z) = P(r,<I>)P(z), and Sfr.O.z) = S(r,«I>)S(z). S(z) and P(z) 

are normalized in such a way that their integration over the fiber length L gives 1. For uniform 

longitudinal distribution of the laser and pump modes, S(z) and P(z) are thus given by 

S(z) = 1/L and P(z) = 1/L. This yields 
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2it 

Il = ^ [dit) |dr r P(r,*) Str.O) (4.3.72b) 

0 0 

2n « 

I 1 I = ^ U JdT r SHT,0) P(r,(D). (4.3.73b) 

0 0 

This approximation has shown to be in very good agreement with the exact solutions calculated 

in [4.6] for a typical Nd^+ doped fiber. The graph of co2 as a function of P is a straight line 

which is given by 

<£<?) = <%?+—P. (4.3.74) 

This yield, by using Eq. (4.3.70), 

û)2(P) = - -H- + —Ï— P. (4.3.75) 
fct 'e t Pih 

By introducing Eq. (4.3.75) into Eqs. (4.3.67) and (4.3.68), one gets for the single-pass 

cavity losses 

p = 1 - v è H f W l ì <4"6) 

The ratio of Eq. (4.4.12) and Eq. (4.4.11 ) gives for the pump power at laser threshold 

P * - - ^ - . • (4.3.77) 
(dcoVdP) 

Measuring (û2 as a function of the absorbed pump power P gives immediately the value of (O0
2. 

This parameter does not depend on the absolute scaling of the absorbed pump power, which is 

of a great practical interest since the pump coupling efficiency is not easily measured with high 

accuracy. 
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4.3.6.2 Measurements on the coupled cavity lasers 

The frequency of the oscillations has been measured as a function of the absorbed pump power 

by using the experimental setup which is shown in Fig. 4.2.4. For each measurement, the 

relaxation has been produced by a small mechanical perturbation (single shock) applied to the 

output mirror. The graph of the square of the circular frequency of the relaxation oscillations as 

a function of the absorbed pump power is shown in Fig. 4.3.14. The absorbed pump power is 

calculated as the sum of the power which is absorbed in each cavity. The pump coupling 

efficiency was estimated to be 30 %. 

Absorbed pump power [mW) 

Fig. 4.3.14. 0¼2 as a function ofthe absorbed pump power for the three coupled cavity lasers. 
The pump coupling efficiency was 30 %. 

The characteristics of the doped fiber were NA = 0.21 and core diameter = 3.5 (im. This yields 

a cutoff wavelength of 960 nm. The mean pump wavelength was 817 nm. The fiber supports 

two modes at this wavelength. Nevertheless, by carefully adjusting the pump coupling 

efficiency, almost all the pump power was coupled into the fundamental mode. By introducing 

these parameters in Eq. (4.3.71) and (4.3.76), the overlap integral calculated for fundamental 

signal and pump modes gives ß = 0.8. The effective length of the coupled cavity lasers was 

determined by measuring the beat frequency between the successive longitudinal modes of the 

lasers, as shown in Fig. 4.3.15. An effective optical length Leff = 4.31 m was obtained. By 

assuming an index of refraction n = 1.46 for the fiber core, this yields a cavity length of 

Lc = Lefr/n = 2.95 m. This length corresponds to the length of the individual fibers. The 

single pas losses, calculated form the measured value of O)0
2 = -1.20891 -1011 s-2, and by 

using Eq. (4.3.76), is then p = 63 %. The parameters which are necessary for the 

determination of p with Eq. (4.3.76) are Ri = 100 %, R2 = 96 %, and T = 470 u,s. 
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Fig. 43.15. measured beai frequency signal between successive longitudinal modes of the 

coupled cavity lasers. The signal was detected by a high speed photodetector (bandwidth 

250 MHz). The fundamental beat frequency was 34.8 MHz, which yields an effective 

cavity length of Lc =Leff/n = 2.95 m for an index of refraction n = 1.46 in the fiber core. 

The pump laser threshold obtained from Eq. 4.3.77 gives a value of P1J1 = 49 mW, which is in 

a good agreement with the threshold of Pth = 51 mW extrapolated from the power 

characteristics of the coupled lasers shown in Fig. 4.3.21 (Sect. 4.3.7). The high single-pass 

cavity losses of 63 % are in good agreement with the theoretical estimation, which will be more 

extensively described in the next section. 

4.3.6.3 Theoretical estimation of the intra-cavitv losses 

The schematic structure of the coupled cavity lasers is shown again in Fig. 4.3.16. The main 

contributions to the intracavity losses are the back-coupling efficiency iif of the laser beam into 

the three fibers, the transmission efficiency r\c\ through the colliraation lens, the transmission 

efficiency 1¼ through the photoresist of the fan-in element, the coupling efficiency 1¾¾ of the 

fan-in, and all the transmission efficiencies TiFr reduced by Fresnel reflection on the interfaces. 

Considering the transmission from the left to the right in Fig. 4.3.16, the total transmission Tim 

becomes 

Tltot = î l f • Tlcl • TlFr HmTlCC- TlFr. (4.3.78) 

The typical values were T|f = 60 %, TIC] = 92 %, Ti,m = 98 %, TI^ = 77 %, TiFr = 96 %, which 

gives a transmission OfTi10, = 38 %. The single-pass losses are then given by pai = 1-Tltoi 

= 62 %. This value is in very good agreement with the measured single-pass losses 

Pmes = 63 %. 
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Fig. 43.16. Schematic structure of the coupled cavity lasers and the distribution of the 

intracavity losses. r\f is the fiber coupling efficiency, r/c/ is the transmission through the 

collimating lens, IiFr " the transmission through an airlglass interface {Fresnel), rjm is the 

transmission through the photoresist, and Tfce is the coupling efficiency of the fan-in 

element. 

4.3.7. Power properties or the coupled cavity fiber lasers 

The output power of the coupled lasers can be modeled for thè steady state by considering that 

the total output power is given by the coherent addition of the contribution provided by the 

individual emitters. If we assume a symmetrical coupling element and matched mutual phases 

4>j, the total output power can be written as 

P0Ut = N2A2TPi, (4.3.79) 

where N is the number of emitters. A2 is the power splitting ratio of the symmetrical fan-in, and 

Pj = P0 is the output power of each laser. This well known equation states that the total output 

power increases with the square of the number of coherently coupled emitters. Nevertheless, 

for energy conservation, the maximum value for the power coupling efficiency of a losseless 

symmetrical fan-in is A2 = 1/N. Consequently, Poui increases linearly with the number N of 

emitters- If we assume identical pumping of the individual emitters, which yields identical gain 

saturation, the analysis of the coupled lasers can be simplified by considering die modeling of 

three individual lasers with identical gain saturation and output power. The total output power 

of the coherently added emitters is then given by Eq. (4.3.79). 
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4,3,7.1 Modct'"g of the individuiti emitters 

Each source is a fiber laser of length L with and input and output mirror of power reflectivities 

Rl and R2, respectively. The single pass cavity loss L0, which is mainly due to the coupling 

efficiency of the fan-in and to the fiber back-coupling efficiency, is modeled by considering an 

effective reflectivity R2cff of the mirror 14,8] which is given by 

R2cfr=(l-P)2R2. (4.3.80) 

where the term (1-p)2 stems for the round trip cavity loss. The effective transmission is given 

by 

TcTT=(I-Ri) (4.3.81) 

This in turn allows to simplify the propagation equations for the forward and backward optical 

power in the resonator by considering a losscless resonator and by including the effect of the 

cavity losses in the effective reflectivity Reff. This assumption has also the advantage to 

preserve the correct power distribution in the laser cavity, since the lossy element is modeled at 

the output of the laser cavity as it is in the coupled cavity lasers. The forward and backward 

optical powers P+(z) and P"(z) in the laser cavity are given by 

4 ^ = T(Z)PMz)1 (4.3.82) 

^ ¾ ^ = -Ki)P-(Z), (4.3.83) 

where Y(Z) is the gain coefficient for homogeneously broadened gain curve which is given by 

Psai 

wherePsaiis the saturation power, namely Psa[ = hv/crt2i Ax^ [3.6]. Aseff is the effective area 

of the signal mode which is given by Eq. (4.3.92). The differential equations (4.3.82) and 

(4.3.83) are coupled through the saturation term of y<z), which depends on the total forward 

and backward propagating power. Nevertheless, these equations can be decoupled by 

considering that 
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£ (P+(Z)P -(Z)) = O, (4.3.85) 

which yields 

P+(z) P-(Z)) = C, (4.3.86) 

where C is a constant. The differential equations are decoupled by introducing Eq. (4.3.86) in 

Eq. (4.3.84). By using this technique Eqs. (4.3.82) and (4.3.83) can be solved by considering 

the boundaiy conditions fixed by the cavity mirrors, as shown in Fig. 4.3.17. 

I 

K l 

.0-

. 

P-(z) 

P + ( z ) ^ 

*2 

0 

P+(O) = Ri P-(O) P-(L) = ( I - P ) R 2 P + ( L ) 

Fig. 43.17. Distribution of the forward and backward propagating power in the laser cavity 

and the boundary conditions on tlte two mirrors. 

Equation (4.3.85) can be written as 

(4.3.87) 

The same expression can be found for P~(z), namely 

d P -
1 1 f 

(F(z) + T?al + p^Rz?)=-* dz- (4.3.Î 

The left side parts of Eqs. (4.3.87) and (4.3.88) are integrated between P+(O) and P+(L) and 

between P-(L) and P-(O), respectively, and the right side parts are integrated between 0 and L. 

By using the boundary conditions, as defined in Fig. 4.3.15, and by using Eq. (4.3.85), the 

forward power P+(L) can be written as 
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where T0is (he unsaturated (small) gain coefficient, as defined in Eq. (2.25), and rj = "V Ri, 

r2cff = V R2cff a r e t n e amplitude reflectivities of the input and output cavity mirrors, 

respectively. Psat is the saturation power which is given by P50I = Isai Aeff, where Isat is the 

saturation intensity as defined in Chapt. 2, and A^f is the effective mode area. The laser output 

power is given by 

I Po,.. = Tfff P+(D = (1 -R2) P*(L). (4.3.90) 

4.3.7.2 Output power of the coupled emitters 

The output power of the coupled cavity lasers is obtained by using Eqs. (4.3.79) and (4.3.90). 

A typical result is shown in Fig. 4.3.18 for three coupled lasers. The unsaturated gain 

coefficient is 0.52 dB/mW and the pump efficiency is TJq = 0.66 %, as defined in ChapL 2. 

The saturation power is P5St = 2.5 mW. The output power is shown for different single pass 

intracavity losses p, namely p = 0 %, p = 16 %, p = 72 %. The fan-in is assumed to be 

symmetrical and losseiess (Aij = A = 11V3). The absorbed pump power is the total pump 

power which is absorbed in the three cavities. The pump power is assumed to be identical in the 

three lasers. 

Absorbed pump power [mWJ 

Fig. 4 3.18. Output power as a function ofthe absorbed pump power ofthe coupled cavity 

fiber lasers for different single pass intracavity losses p. The mirror reflectivities are 

R] = 99% and Ä2 = 85 %. The gain coefficient is r0 = 052 dB/mW. 
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The laser thresholds are Pth = 3.2 mW for p = 0 %, P(h = 10 mW for p = 16 %, and 

Pth = 51.2 mW for p = 72 %. The maximum output power which can be obtained for a given 

set of p, Psat and pump levels Ptìbs can be optimized by a careful adjusting of the transmission 

Tcff of the output mirror. This can be calculated by solving Eq. (4.3.90) as a function of 

Teff = 1 - R2 for a given set of gain coefficient T0 and intracavity single pass loss p. This 

optimization is shown in Fig. 4.3.19. For this example the absorbed pump power is 

Pabs = 50 mW in each cavity. 

3 0 - 1111.1 .1 . .1 I i i i i t n n l 

Output mirror transmission [%] 

Fig. 43.19 Output power as a function of the transmission T^ of the output mirror for 

different single pass intracavity losses p. The pump power is Pabs = SO mW in each laser. 

For small intracavity losses, the maximum output power is achieved for low output coupling, 

namely T « 20 %, which yields a laser output power of 28 mW. 

0 f i i . | • M | i i i p 1 1 1 1 1 1 I 0 T i 111 1 11 11 1 11 11 1 11 11 -

0 20 40 60 80 100 0 20 40 GO SO 100 
Output mirror transmission [%] Output mirror transmission [%] 

Fig. 4320 Output power as a function of the transmission Tgffofthe output mirror for high 

pump levels. The absorbed pump power in each cavity is P^s = 300 mW (left) and 

Pabs = 1 W (right). 
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The adjustment of the transmission is not critical, since the slope of the curve is very small. For 

p = 72 % the optimum output coupling is obtained for Tcff •= 78 %, with an output power of 

13 mW. In thiscase, the adjustment ofTefl-becomes more critical, since the slope of the curve 

increases near the optimum value. This behavior becomes more evident for higher pumping 

levels, as shown in Fig. (4.3.20). For large values of p the maximum output power is 

achieved for a very large TCff, namely Teff = 98 %, which yields obviously a very high laser 

threshold. Nevertheless, the maximum output power becomes almost as large as the output 

power of the losseless cavity (p = 0 %). This is due to the very high unsaturated gains which 

can be achieved, since this model assumes that all the pump power remains absorbed and that 

ground state depletion is negligible. A second limitation of the maximum output power is fixed 

by the properties of the waveguide, through the saturation power PSM and the gain coefficient 

T0- Psat is given by [3.6] 

Prat = Isat Aseff = — Ascff, (4.3.91 ) 
OX2I 

where hvs is the signal photon energy, O is the emission cross-section, T2i is the fluorescence 

lifetime, and Ascff is the effective signal mode area, which depends on the numerical aperture 

NA of the fiber, namely 

^-"GnfcJ- (4"2) 

Consequently the saturation power P831 decreases for increasing numerical aperture. The gain 

coefficient T0, as defined by Eqs. (2.25), depends mainly on the parameter FAlp, which 

describes the signal and pump modes overlap, and on the fiber core area Af. For a given core 

diameter, the coefficient FAip increases when the numerical aperture is increased, as shown in 

Fig. 2.3. The output power of the coupled lasers, as given by Eq. (4.3.90), is proportional to 

the saturation power P501 and to the gain coefficient Y0. Therefore, for a given core diameter the 

maximum output power will be achieved only for a specific value of NA, as shown in Fig. 

4.3.21 (dashed line) for a core diameter <I>C = 3.5 u.m, a signal wavelength Xs = 1088 nm and 

a pump wavelength Xp = 817 nm. The single pass loss is p = 70 %, the gain coefficient is 

given by Eq. (2.25), with the typical values for the cross section, pump efficiency and 

fluorescence lifetime measured in Chapt. 2. The absorbed pump power in each cavity is 

Pabs = 50 mW. The maximum output power is achieved with NA = 0.14 for this core 

diameter. In the same way, the output power can be considered as a function of the core 

diameter, for a given NA. In this case the saturation power remains constant when the core 

diameter is changed, since it does only depend on the mode confinement, which is fixed by the 

numerical aperture NA. The gain coefficient T0 shows a fast initial increase when $ c increases 
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from small starting values, since the overlap coefficient FAlp increases more rapidly than the 

core area Af. For larger 4>c, Af increases more rapidly than FAlp, which yields a reduction of 

T0, as seen in Fig. 4.3.22. Consequently, for a given NA the maximum output power is again 

achieved only for one specific core diameter, as shown in Fig. 4.3.21 (solid line) for the same 

set of parameters as described in Fig. 4.3.21. 
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Fig. 4321. Output power as a function of the core radius (solid line) and as a function of the 

numerical aperture NA (dashed line). For the solid line the NA is fixed at NA =0.2], and for 

the dashed line, the core radius is fixed at0c/2 = 1.75 pm. The absorbed pump power in each 

cavity is Pabs = 50 mW. The reflectivities of the input and output mirrors are Ri = 1(X) % and 

R2 = 85 %, respectively. The gain coefficient is given by Eq. (225), with the typical values for 

the cross section, pump efficiency and fluorescence lifetime measured in Chapt. 2. 
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Fig. 4.3 22. Gain coefficient as a function of the core radius for NA = 021.The other 

parameters of the coupled lasers are described in Fig. 4321. 
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Consequently, the fiber core diameter * c and the numerical aperture NA have to be carefully 

adjusted to optimize the power properties of the coupled lasers. Nevertheless, three other 

important parameters have to be considered. First of all, the V number of the fiber has to be 

kept within a range allowing both the signal and pump light to be single mode for maximum 

unsaturated gain, which yields for the case of a Nd3+ doped fiber pumped at 817 nm a 

Vina* = 1.8 at X5 = 1088 nm. The second limit is fixed by the efficiency of the guiding in the 

fiber. A typical minimum value for reasonably good guiding is V = 1.3. Consequently, the 

optimum V will be chosen in the range 1.3 < V< 1.8. The trade-off between the core diameter 

d>c and the numerical aperture NA has to be chosen as a function of the specific interest As an 

example, a low core diameter and a large NA results in a high gain but with the draw back of a 

low saturation power. 

4.3.7.3 Measurement of the power properties of the coupled lasers 

The output power of the coupled lasers has been measured by using the experimental setup 

shown in Fig. 4.2.4. The pump wavelength in the three cavities was 810 nm, 818 nm and 

824 nm, respectively. The pump coupling efficiency was 30 %. The reflectivities of the input 

and output mirrors were R] = 99 % and R2 = 96 % at Xs = 1088 nm. The graph in Fig. 4.3.23 

shows the output power in the zero diffraction order as a function of the total pump power 

absorbed in the three fibers. The three fibers are 500 ppm Nd3+ doped and have an attenuation 

of typically 14 dB/m at Xp = 810 nm. Each cavity is 2.95 m long, which allows that all the 

pump power in the fibers is absorbed. A typical slope efficiency of 3 % and a laser threshold 

of Pu, = 51 mW have been measured. 
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Fig. 4.323. Output power as a function of the total absorbedpump power in the three lasers. 
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The circles are the experimental data and the solid line shows a best fit, calculated with 

Eq. (4.3.90) and assuming a typical pump efficiency T|p of 0.66. The free parameters for the fit 

were the reflectivity R2 of the output mirror, the cavity losses p and the unsaturated gain 

coefficient T0. This yields T 0 = 0.52 dB/mW, p = 71 % and R2 = 85 %. The theoretical 

values for T 0 can be calculated by using Eq. (2.25) for a fiber with NA = 0.21 and core 

radius = 1.75 Jim. The pump and the signal wavelengths are Xp = 817 nm (mean value) and 

Xs = 1088 nm, respectively. This yields T 0 = 1.06 dB/mW for a LPOl pump mode and 

T0 = 0.55 dB/mW for a LPl 1 pump mode. The measured value T0 = 0.52 dB/mW is in good 

agreement with these theoretical values, if we admit that the pump light was in the LPIl mode. 

The reflectivity of the output mirror R2 = 85 %, which has been obtained from the best fit, is 

somewhat lower than the real value of R2 = 95 %. This difference is attributed to the changes of 

the reflectivity of the mirror due to the Fabry-Perot effect in the thickness of the output mirror. 

This effect is particularly important in the coupled lasers because of the frequency changes 

which are necessary for the steady state. Finally, the single-pass losses p obtained from the fil 

is p = 71%. This value is in good agreement with the single pass loss p = 63 % measured in 

Sect. 4.3.6. Consequently, this simplified model for the output power of the coupled lasers 

gives an accurate description, which allows to describe all the basic optimizations for an 

improved output power, considering the properties of the waveguide and the intracavity and 

output coupling losses. It must be pointed out that this model does not take into account the 

saturation of the pump beam and the ground state depletion. Therefore, the exact 

characterization of the output power of very high power lasers would require an improvement 

of this model to address these two effects. Nevertheless, even in this case, this simple model 

allows to investigate most of the relevant parameters for the optimization of the coupled lasers. 

4.3.7.4 Output power stability 

The power stability of the coupled cavity fiber lasers does mainly depend on the stability of the 

amplitude and phase matching between die individual emitters, which is self established in the 

coupled cavities. This stability has been measured by using the experimental setup as described 

in Fig. 4.2.4. The output power in the zero diffraction order was measured as a function of 

time, during a period of typically 500 seconds. The fiber laser cavities were left unperturbed 

during the measurements. A maximum peak to peak fluctuation of the output power of 5 % has 

been measured, as shown in Fig. 4.3.24. The principal sources of power fluctuations are given 

by the mechanical instabilities of the laser resonators, which may produce oscillations of 

relaxation, and also by the Fresnel back-reflections, which result in the build up of parasitic 

coupled Fabry-Perot cavities. These cavities act as Fabry Perot étalons with a transmission 

which depends on the optical frequency. This results in a power modulation when die optical 

frequency adjusts itself in the coupled cavity laser to fulfill the condition of minimum losses. 
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Nevertheless, these power instabilities can be minimized by using antireflection coatings and by 

a careful design of a compact and stable structure for the coupled lasers. 
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Fig. 4324. Output power stability of the coupled lasers. The mean output power was 

Pout = 0.32 mW. A maximum peak to peak power fluctuation of 5 % has been measured 

during 500 sec. 

Another source of power fluctuations is given by the changes of the polarization states of the 

beam incident to the fiber grating, since the contrast of the interferences, and thus the coupling 

efficiency, depends on the mutual polarization states. When the geometry of the fiber laser 

cavities is left fixed, the fluctuations of the output polarization states can be attributed to thermal 

effects. Nevertheless, these effects have been shown to be negligible, as can be seen in 

Fig. 4.3.25. 
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Fig. 43.25. Output power when the temperature of one of the fiber is changed between 27 0C 

and 70 0C. No significant effects have been measured. 
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In this figure the output power of the coupled lasers is shown when the temperature of one of 

the cavities is locally changed between 27 0C and 70 0 C. No significant changes have been 

measured and the typical peak to peak power fluctuations remain within the range of 5%. 

4.3.8. Discussion of the coupling efficiency and evidence of the coherent 

addition 

4.3.8.1 Coupling efficiency 

The coupling efficiency of the three laser beams in the zero diffraction orders is fixed by the self 

adjustment of the mutual amplitudes and phases of the individual emitters as shown in 

Eqs. (4.3.57) and (4.3.58) and by the efficiency of the fan-in element. The maximum 

efficiency of the fan-in depends on the optimization process which is used for the design [4.2]. 

As an example, a 3 to 1 continuous surface relief grating fan-in (phase grating) with a power 

splitting ratio of 1:1:1 yields a coupling efficiency of 93.8 % when illuminated with the 

optimum amplitudes and mutual phases. This maximum coupling efficiency depends on the 

number of input beams and on the power splitting ratios A\p- of the fan-in. Consequently, a 

trade-off can be found for a given configuration of coupled lasers which allows to achieve the 

best coupling efficiency and the maximum output power. As an example, a 3 to 1 fan-in 

element with a power splitting ratio of 1: 4: 1 and mutual phases 0, n/2, 0 gives a coupling 

efficiency of 98.6 %. In this case the coupling efficiency is slightly improved, but the power 

distribution is non uniform and the maximum output power of the coupled lasers is lower. In 

our experiment, we have achieved a maximum coupling efficiency of 77 %, as shown in 

Fig. 4.2.5. The setup which was used for this measurement is shown in Fig. 4.2.4. For this 

experiment the power splitting ratio of the fan-in was 0.55: 1: 0.55, which results in a 

maximum theoretical coupling efficiency of 96.3 %. The discrepancy between the measured 

value and the theoretical coupling efficiency is explained mainly by two considerations. First of 

all, the quality of the wavefronts which interfere in the fan-in plate must be carefully controlled 

to achieve a uniform interference pattern in each diffraction order. Any distortion of the 

wavefront results in structures of fringes in the output diffraction orders which reduce the 

coupling efficiency. This problem can be solved by using low aberration collimating lenses and 

output couplers and by minimizing the Fresnel reflections on each interface which may give 

Fabry-Perot systems and may change the phase profile of the beams which propagate in the 

open cavity. The second limit in the coupling efficiency is given by the polarization properties 

of the beams which interfere in the fan-in plate. The maximum coupling efficiency will be only 

achieved for identical incident polarization states. In our experiment the adjustment of the 

polarization states is achieved by using all fiber polarization controllers (fiber loops). The 

polarization state and the degree of polarization at the output of each laser depends on the 
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polarization of the pump beam and on the birefringence of the active fiber (4.7]. Consequently, 

an adjustment of the output polarization state can also be achieved by adjusting the polarization 

state of the pump beam. As an example, a linear polarization state of the pump beam which is 

aligned parallel to one of the eigen polarizations of the fiber results in a nearly linear output 

polarization of the fiber laser. This dependence of the coupling efficiency on the mutual 

polarization yields power fluctuations when the birefringence of the fiber changes. Therefore, 

single polarization or polarizing fibers should be used for the realization of coupled lasers, if the 

fibers will be subjected to movement, as it is the case for a laser which would be embedded into 

an endoscope for surgical purposes. The mechanical adjustment of the fan-in plate in the laser is 

not so critical, since it is placed in the Fourier plane of the lens, where the divergence of the 

beams is low. Consequently, a mismatch in the position of the fan-in does only slightly change 

the coupling efficiency. The main effect will be a lower back-coupling efficiency into each 

fiber, which results in a lower output power of the coupled lasers because of the larger 

intracavity losses. 

4.3.8.2 Evidence of the coherent addition 

The principle of the coherent addition can be easily demonstrated by considering the 

experimental setup shown in Fig. 4.3.26. The three laser cavities are simultaneously pumped, 

but the output of one of the fiber lasers is blocked with a small mask placed at the output of the 

fiber. 

™ a 
output 
mirror 

Fig. 4.3. 26. Setup for the demonstration of the coherent addition. MC is a mask which can be 

displaced to block one of the lateral cavities. The other elements are the same as explained 

in Fig. 4.2.4. 
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The distribution of the output power in the diffraction orders is shown in Fig. 4.3.27 under 

different coupling conditions. The graph on die left side shows the output power distribution 

when the left cavity is blocked. In this case the -1st diffraction order cannot be minimized, 

since it receives only light by diffraction from the central laser. The graph in the center shows 

the output power distribution when the right cavity is blocked. In this cases die +1st diffraction 

order cannot be minimized. The graph on the right side of the figure shows the distribution of 

the output power when all the three cavities are coupled, allowing the diffraction orders +1st 

and -1 st to be minimized for the maximum coupling efficiency in the zero diffraction order. 

-2 -1 0 +1 +2 
diffraction order 

-2 -1 0 +1 +2 
diffraction order 

-2 -1 0 +1 +2 
diffraction order 

Fig. 43.27. Distribution of the output power in the diffraction orders: The left cavity is blocked 

(left), the right cavity is blocked (center), all three cavities are coupled (right). 

4.3.9. Spectral properties of the coupled cavity fiber laser 

The resonances of the coupled cavity laser are fixed by considering the conditions on the mutual 

phases which are necessary for me steady state, as given by Eq. (4.3.37), namely Oi = mj TI. 

If we assume that the accumulated phases ¢, are the propagation phases, namely 

O i = - n Li, (4.3.93) 

where n is the index of refraction of the fiber core and Li is the fiber length of die i-th cavity. 

Eq. (4.3.37) can be written as 

Li Ç.Vi* (4.3.94) 
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This equation fixes the resonances as a function of the mutual lengths Lj of the laser cavities. 

Nevertheless, this model cannot reasonably describe the full spectral properties of the coupled 

lasers. The main reason lies in the very large spectral width of the gain curve (FWHM typically 

larger than 50 nm) which allows a very large number of resonances to oscillate (typically more 

than 105 resonances). Complicated competition occurs between these resonances, mainly due to 

the mixed homogeneous and inhomogeneous broadening of the gain curve. The dynamic 

behavior of the laser spectrum which is necessary for the steady state makes a detailed analysis 

of the spectrum extremely difficult. For these reasons, the power spectrum has been analyzed 

by considering only the envelope of the resonances. Figure 4.3.28 shows the emission 

spectrum of a typical Nd3+: Si02: Ge02 doped fiber laser, which was obtained by blocking the 

two lateral cavities of the coupled lasers. The peak wavelength is Xs = 1088 nm and the 

spectral width is about 5 nm. The spiky structure of the observed spectrum shown in 

Fig. 3.2.3 is given by the cavity mirrors, which act as Fabry Perot étalons. The power 

spectrum remains stable since no phase adjustments are required for the steady state of the 

central cavity alone. 

1070 1075 1080 1085 1090 

Wavelength [nm) 

1095 1100 

Fig. 43.28. Power spectrum when the two lateral cavities are blocked. The spectrum of a 

typical fiber laser can be observed. The peak wavelength is Xs = 1088 nm, 

The effect of the coherent coupling between the three individual emitters yields a shift of the 

emission spectrum towards shorter wavelengths, as seen in Fig. 4.3.29, where the peak 

wavelength is measured at X8 = 1078 nm. This wavelength shift is explained by the dispersion 

of the fan-in. This can be understood by considering the coupling of the reflected beam in the 

three fibers, as shown in Fig. 4.3.30. The separation d between the collimated beams is fixed 

by the diffraction through the fan-in, namely 

d = ccf = 
X.f 

(4.3.95) 
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where a is the angle of diffraction, fis the focal length of the collimating lens and A is the 

period of the grating. 

1.0-

>. 0 .8-

Z 0.6-
J3 

^ 0.4-

0.2-

. . . . I . , 

J 

. I . . . . I . . . . I . . . . I , , , . 

I 

L 
IL 
• \mi 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

-
-

1070 1075 1080 1085 1090 1095 1100 
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Fig. 4329. Power spectrum of the couple cavity fiber lasers. The peak wavelength is shifted 

to Xs= 1078 nm. 

The dispersion of the grating yields a change of the diffraction angle a as a function of the 

wavelength X5. Consequently, the coupling efficiency in the lateral fibers strongly depends on 

the wavelength. 

I Û 

Fig. 4330. Diffraction of the reflected beam on the fan-in and coupling in the three fibers. 

The coupling in the central fiber does not depend on the wavelength, since it is achieved by the 

zero diffraction order of the fan-in. The fiber spacing d has been adapted for a wavelength of 

X8 = 1088 nm, and for a period of the grating A = 50 |i.m. The focal length was f = 14.5 mm. 

This gives, by using Eq. (4.3.95), a separation d = 315.51 (im. In this case, the maximum 

coupling efficiency is achieved in the three fibers. Nevertheless, a small error AA in the period 

A of the grating results in a reduction of the coupling efficiency in the lateral fibers, due to the 

change of the spacing d. This forces the coupled lasers to oscillate at another wavelength which 
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allows to optimize ihc coupling. This effect explains the shift of the emission wavelength 

between the central cavity alone which oscillates at X3 = 1088nm(centerof thegain curve) and 

the coupled cavity laser which emit at X5 = 1078 nm. The error AA which is necessary to 

achieve a wavelength change OfAX5 is calculated by deriving Eq. (4.3.95). This yields 

AX5 = ̂ AA. (4.3.96) 

A typical mean value for the error on the period of thé grating is AA = 0.4 urn This gives, by 

using Eq. (4.3.96), a wavelength shift OfAX5 - 9 nm. This value is in excellent agreement with 

the wavelength shift OfAX5 = 10 nm which has been measured between the peak wavelengths 

in Figs. 4.3.28 and 4.3.29. The spectrum shows a dynamic behavior when one of the cavities 

is slightly perturbed, for example by heating the fiber, This is due to the adjustment of the 

emission frequency, which is necessary for the steady state of the coupled lasers, as required 

by Eq. (4.3.57). The frequency change has been demonstrated by analyzing the power 

spectrum of the coupled lasers with a plate of glass (shearing plate) placed in the output beam. 

The interferences between the beams which are reflected by the two interfaces of the plate yield 

fringes. The displacements of the fringes due to the frequency change are analyzed with a small 

aperture detector (diameter of 0.2 mm), as shown in Fig. 4.3.31. The thickness of the plate 

was of Ip = 1 mm, which gives a wavelength separation of AX = 0.28 nm between successive 

fringes. 

Coupled cavity 
fiber lasers 

Shearing plate 

Small aperture detector 

Fig. 43.31. Setup for the demonstration of the frequency changes in the coupled lasers. The 

displacement of the fringes is measured with a low aperture detector, 

The intensity which was measured on the detector is shown in Fig. 4.3.32 when one of the 

laser cavity was slightly heated. The large modulation depth which can be seen in Fig. 4.3.32 

indicates that the coherence length of the coupled lasers is larger than twice the optical thickness 

of the plate, namely 2nlp >= 3 mm. This yields a maximum spectral width of AX = 0.4 nm, 

which is smaller than the FWHM spectral width of AX = 2 nm which can be seen in 

Fig. 4.3.30. This is explained by the fact that the spectrum of Fig. 4.3.29 has been integrated 
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with a long time constant (typically 10 minutes). Therefore, it represents a distribution of the 

output spectrum of the coupled lasers. Consequently, the instantaneous spectral width of the 

coupled lasers is much narrower (typical spectral width AA, < 0.4 nm). 

Fig. 4332. Intensity detected on the small aperture detector. The modulation is given by the 
displacement of the fringes in front of the detector which is produced by the frequency 
change which is necessary for maintaining the steady state phase condition. 

4.3.10. Transfer function of the coupled lasers 

The formalism which has been developed for the modeling of the coupled cavity lasers allows 

to calculate the transfer function of this system. The transfer function gives an interesting 

description of the basic properties of the coupled resonators, such as the influence of the phase 

matching on the cavity losses. 

4.3.10.1 Basic principle 

The transfer function is analyzed by considering a probe signal which enters the coupled lasers 
through the output mirror. The reflected signal is calculated as a function of a common phase 

shift y applied on all laser cavities. This principle is schematically shown in Fig. 4.3.33. 
t 

Xi = O 

Yi 

> • * 

• - . ft» 
ft» ft. 

S 
^ * 
-41 *fl 
-«I «fl 

Fig. 4333. Block diagram for the modeling of the transfer function of the coupled lasers. 
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The output vector x is calculated as a function of the input vector y for Xj = 0. The input and 

output vectors are connected through the matrix S of the coupled lasers given in Eq. (4.3.31). 

The system which is shown in Fig. 4.3.33 can be written as 

(4.3.97) 

The output vector x can be easily written as a function of the vector y by considering the two 

3 x 3 sub-matrices Si and S2 of S, namely 

V 
X1 

Ï2 

,y*. 

=s-

' 0 ' 

0 

0 

Y1 

Y2 

^Y3J 

S1 = 

S1 = 

(S1, 
S14 

,Sj4 

(S«4 

Su 

J*M 

S1, 
S15 

s* 

s« 
S55 

S0 

316 

s* 
Sj6> 

S ^ 
S* 

s«, 

(4.3.98) 

(4.3.99) 

The vectors y and x can then be written as a function of the vector Y 

y = s 2 Y 
x =Si Y. 

(4.3.100) 

(4.3.101) 

Equations (4.3.100) and (4.3.101) ca be combined to give x as a function of y,namely 

x = S i S 2 - 1 J s K y . (4.3.102) 

The elements of matrix K are listed in Annex A.3. We are mainly interested in the transfer 
function of the zero diffraction order. This means that only the x2 and y2 components have to 
be considered. Consequently, Eq. (4.3.102) can be reduced to 

X2 = K 22 y2. (4.3.103) 

where K22 is the corresponding matrix component of K. This element can be written as a 

function of the elements Sjj of the matrix S of the coupled lasers given in Sect. 4.3.2, namely 
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K22 = - M (S24 S45 Sö6 - S24 S46 S65 - S25 S44 Sö6 + S25 S46 S64 

+ S26 S44 Sâ5 - S26 S45 S64). (4.3.104) 

where 

N = S44 S55 SÔ6 - S44 S56 Ses - S54 S45 SÖ6 + S54 S46 S§5 

+ S64 S45 S56 - S64 S46 S55. (4.3.105) 

4.3.10.2 Transfer function of the coupled lasers with transparent fibers 

The analysis of the transfer function of the coupled lasers by considering transparent (losseless 

and gainless) fibers gives interesting information on the cavity losses which are produced by a 

phase mismatch between the individual emitters. Figure 4.3.34 shows the power transfer 

function and the phase of the reflection of the coupled lasers with gj = 1, Ri = 99 %, 

R2 = 95 % and 4>i = 0. In this case the coupled lasers are identical to a single losseless 

Fabry-Perot resonator with two mirrors of reflectivities Ri and R2, respectively. This 

equivalence can be verified by comparing the minimum value of the reflected signal with the 

minimum reflection 

"min — 1 — ' 
T l T 2 

(i - ^TRTRT)2 
(4.3.106) 

of a single Fabry-Perot. The same value Rmin = 0.452 is obtained with the two models. 
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Accumulated phase [rad] 
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Accumulated phase [rad] 

Fig. 4334. Power anaphase transfer function of the coupled fiber lasers with losseless fibers 

(gì = I). A minimum reflectivity of 0.452 is obtained at resonance which is exactly the 

minimum reflectivity of a single equivalent resonator with reflectivities R} and R2. 
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The finesse of the coupled resonators decreases when the mutual phases between the emitters 

are not matched. Figure 4.3.35 shows the power transfer function for unmatched phases, 

namely O] = n/4, <I>2 = O, ¢3 = it/4. 

rTiTryrt r 1 [ 1 r 11 11 1 1 11 ' 1 1 ' 11 ' 1 1 1 
1 2 3 4 
Accumulated phase [rad] 

Fig. 4.3.35. Power transfer function of the coupled cavity fiber lasers for unmatched mutual 

phases, namely #/ = 04, 4% = O, &3 = lti4. The other parameters are the same than for 

Fig. 4.3.32. 

This analysis of the transfer function allows 10 characterize the cavity losses due to a phase 

mismatch, but can also be extended to the analysis of the losses produced by an unmatched 

distribution of the incident optical power on the fan-in element. The effect of the intracavity 

losses can also be analyzed by considering an effective reflectivity R2eff of the output mirror as 

defined in Eq. {4.3.80). This model is also the basis for an analysis of the detailed spectral 

properties of the coupled lasers, since it gives the informadon of the finesse of the resonances. 

This kind of analysis becomes of interest if the spectral properties of the coupled lasers are 

perfectly well controlled as it is the case for a single frequency fiber laser. 

4.4. Conclusions 

In this Chapter, the coherent addition of independent fiber lasers has been experimentally and 

theoretically demonstrated, for the first time to our knowledge, by using an intracavity fan-in 

element for the coupling. A typical coupling efficiency of 77 % has been obtained for three 

Nd^+ doped coupled fiber lasers. A dedicated linear theoretical model has been developed to 

analyze the basic properties of the coupled lasers, and to demonstrate the self adjustment of the 

mutual amplitudes and phases between the emitters, which are necessary for steady state 
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oscillation. This analysis was carried out by considering first the conditions for the laser 

threshold. The comparison with the eigensolutìons of the open coupled resonators allowed to 

find the conditions for steady state oscillation. The analysis of the gain saturation showed that 

the coupling efficiency of the output power in the zero diffraction order was independent of the 

mutual pumping level in the individual lasers. This stability of the coupling efficiency has been 

experimentally confirmed. Theoretical and experimental investigations demonstrated the 

dynamic of the spectrum which is necessary for steady state oscillation. The effect of the 

dispersion of the fan-in on the spectrum has been theoretically and experimentally verified. The 

study of the transfer function of the coupled resonators has been carried out to demonstrate the 

effect of a phase mismatch on the cavity losses. The analysis of the transfer function is of a 

fundamental interest for a detailed analysis of the spectral properties of the coupled cavity laser. 

The power properties of the coupled lasers have been theoretically analyzed by considering a 

approximate model for the output power of the individual emitters. This model was developed 

by adapting to a guided system the so called "Rigrod analysis" [4.8], which allows to calculate 

the power properties of bulk lasers with large output coupling. This model showed a very good 

agreement with the experimental results. This model demonstrates that the design of the active 

fiber is fundamental for an efficient laser. Optimum numerical aperture and fiber core radius 

have to be carefully chosen to achieve simultaneously the highest efficiency and an effective 

guiding of the laser light in the fibers [2.4], Nevertheless, this simple model does not consider 

the saturation of the pump and the ground state depletion, which arise for high pumping levels. 

Further improvements of these models would be to include the effects of the ground state 

depletion and of the pump saturation for a better description of very high power coupled cavity 

fiber lasers. A detailed analysis of the power spectrum of the coupled lasers could be performed 

by considering the spectral selectivity of the coupled resonators, which can be modeled by use 

of the transfer function of the coupled lasers. The interaction between the coupled resonators 

and die mixed homogeneously and inhomogeneously broadened gain medium could be then 

investigated for a better understanding of the spectrum. \ 

The theoretical models which have been developed can be straightforwardly extended to any 

larger number N of resonators by using 2N x 2N matrices for the description of the cavity 

elements. The conditions for steady-state oscillation and for the laser threshold will have the 

same structure as discussed in Sect. 4.3, for N = 3. This model can also be easily adapted to 

the analysis of coupled lasers with different input mirrors. Nevertheless this yields more 

complicated expressions for die steady state and for the threshold, which do not bring 

significantly new information. 
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The described intracavity coupling technique is well adapted to realize high power fiber lasers 

and for distributed active fiber sensors. Nevertheless, the main difficulty for the fabrication of 

an efficient high power coupled cavity fiber laser lies in the intracavity losses which result of 

the open cavity configuration. Typical single pass losses p = 63 % have been measured in our 

experimental system, which limit strongly the efficiency of the coupled lasers. This high single 

pass loss requires very high transmission (typically more than 90 %) of the output mirror to 

compensate for the best efficiency. The intracavity loss p can be efficiently minimized by a 

careful design of the open cavity. The Fresnel reflections can be strongly reduced by use of 

efficient anti-reflection coatings on each interface. The use of microoptics and of dedicated 

diffractive optical elements can be a good approach for the fabrication of a compact and stable 

coupled cavity fiber laser. A basic structure of a fiber laser bundle is shown in the figure below. 

This configuration could be of strong interest for medical applications, by embedding a fiber 

laser bundle into an endoscope. The use of multicore active fibers could be very attractive for 

this application. 

The analysis of the optical frequency change in the coupled lasers, when an external 

perturbation is applied, is an interesting approach for new active distributed fiber sensors, as it 

has been demonstrated for a single fiber laser sensor [4.9]. Nevertheless, single frequency 

individual emitters should be considered to avoid the complex mode competition which 

complicates the signal processing. This could be easily achieved by using selective Bragg 

gratings, which can be directly engraved into the fiber core of each emitter by U.V. lithography 

[4.10]. 
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Annex A. l 

Components of the matrix S of the coupled lasers (See Sect. 4.3.2.5) 

Sn = O 

512 = - -^- (H2 + H2) mi2 g2 exp i fo 

513 = - -^- Ol2 + H2) mu g3 cxp i ¢3 

Su = O 

S2i = - - r r (gi2 m2i [ti2t22 + t22 ri2 + r2
2 H2 + T2

2 ri2] cxp i ¢1 - n T2 11154 -i ¢1) 

522 = - : r ^ (g22 "122 [11½2 + I22 rj2 + r2
2 t]2 + T2

2 fl2] exp i ¢2 - H T2 m55 -i ¢2) 

523 = - T ^ (S32 m23 (11¾2 + t22 ri2 + r2
2 ti2 + r2

2 n2] exp i ¢3 - rj T2 m56 -i ¢3) 

524 = - ^ ^ 0 2 2 +^)cxp i O l - " 5 J r 2 ^ P -1*' ' 

5 2 5 = "!22Im ^ 2 + ̂ 2) e x p ^ . . B ^ ^ _ ^ 

526=-212^1^2^2) exp ife.^KJLttp.ito 

531 = - - ^ ( t i 2 + ri2)m3i gi expiai 

532 = - -^ (ti2 + n2) "I132 g2 cxp i fo 

53 3 = O 

S 3 4 = * " ^ 1 6 1 C X P i O i 

S s s ^ i ^ e x p i f c 
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S36 = 0 

S 4 2 = ï ï ^ i e X H < t > 2 

S44 = - jfM%cxp_i<t>1 

S 4 5 = -gfnV x P- ì < t e 

S 4 6 =-iMfïï e x p- i*3 

551 = - ^ ^ (gl2 ni2i rt [ti2 + n2] exp i ¢1 - m54 ri exp-i ¢1) 

552 = - £ ^ (g22 m22 r2 fil2 + ri2] exp i ¢2 - m55 ri exp -i ¢2) 

553 = - ^ ^ (g32 m23 r2 [ti2 + n2] exp i ¢3 - ra^ T1 exp -i ¢3) 

S 5 4 =^lj2PUxpi»1-1ff4
1 IexP-i< l l 

S55 =^2SLOH c x p i ( t e __015i_ e x p ^ 

S56 ,jsaiapi exp i^ . -m^e.p _i<J3 

S 6 1 = ï m g ^ e x p - H l 

S 6 4 =-iT^Ve x p- i*1 
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Annex A.2 

Components of the matrix D of the open cavity fiber laser (See Sect. 4.3.4.1) 

d „ = 0 d 4 i = 0 

di2 - i t2 mi2 g2 « p i * 2 042 = 0 

di3 = i t2 n»i3 g3 cxp i ¢ 3 0*43 = 0 

dl4 = 0 , nud . . 
d M S " ' " g I t 2 a p " 1 * 1 

^ 5 " " 1 g 2 t 2 e X p _ I < J > 2 

di6 = 0 . nüA . . 
d46 = "'"gf^'eXp"1*3 

d l i - ^ f ^ t o ï + ̂ e x p i « , d5i=im2\;2Ë1exp ifc 

d22=
£2f22<t22

+r22)expi«>2 d52 = i ^ ^ CTp j fc 

d 2 3 = £ 1 f a ( l 2 2 + r22)expi1>3 d5 3 = i i î l 2 3
ï f £ 1 c x p i ¢3 

d 2 4 = - i - ^ J | ^ e x p - i < ? i d 5 4 = - i - ^ - e x p - i < ) i i 

d 2 5 = - i ^ ^ S C x p - 4 * 2 d 5 S = ~ i - ^ c x p - i * 2 

^ = " 1 ¾ ¾ 6 e x p - i ^ d 5 6 = - i - ^ - c x p - i * 3 

d3i = i t2 m3i gi cxp i <I»i dei = 0 

d32 = i t2 0132 g2 exp i C>2 dg2 = 0 

d33 = 0 d63=0 

d34 = 0 . mod 

^-'"glV'*- '* ' 
d35 = 0 . mfi5 . . 

dó5 = - i - ^ - e x p - i < t a 

066 = -1-^ 0¾-exp-!¢3. 

- 9 4 -



A n n e x A . 3 

Components of the matrix K of the transfer function (See Sec t 4.3.10.1) 

N = S44 S55 S 6 6 - S44 S56 S6S - S54 S45 S66 + S54 S46 S65 

+ S « S45 S56 - SÖ4 S40 S5 5 

Kl 1 = - 5jf (-Sl4 S55 S66 + S14 S56 S65 + S15 S54 S 6 6 - S15 S56 S 6 4 

- S16 S54 S6S + Sie S55 S64) 

Kl2 = - ^ (Sl4 S45 S 6 6 - S14 S46 S6S - S15 S44 S 6 6 + S15 S46 S64 

+ S16S44 S65-S16S45S64) 

Kl3 = N (Sl4 S45 S56 - S « S46 S55 - S)5 S44 S56 + S15 S 4 6 S54 

+ S16S44 S55-S16S45S54) 

K2I = - ^ j - (-S24 S55 S66 + S24 S56 S65 + S25 S54 S6O - S25 S56 S M 

- S26 S54 SÖ5 + S26 SjS S64) 

K22 = - ^- (S24 S45 S 6 6 - S24 S 4 6 S65 - S25 S44 S6 6 + S25 S46 S64 

+ S26 S44 S65 - S26 S45 S&4) 

K23 - j j (S24 S45 S56 - S24 S46 S55 - S25 S44 S56 + S25 S46 S54 

+ S26 S44 S55 - S26 S45 S54) 

i 

K31 = - j ^ (-S34 S55 S 6 6 + S34 S56 S6S + S35 S54 Sg6 - S35 Ss 6 S64 

- S 3 6 S5 4S6S + S 3 6 S55 S64) 

K32 = - N (S34 S45 Sö6 - S34 S46 S65 - S35 S44 S6O + S3S S46 S64 

+ S 3 6 S44 S6S - S36 S45 S64) 

K33 = ^ CS34 S45 S56 - S34 S46 S55 - S35 S44 S56 + S35 S46 S54 

+ S36 S44 S55 - S 3 6 S45 S54). 
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