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Intreduction

Since the first experiments carried out in 1964 [I}, fiber lasers and amplifiers have enconntered
a tremendous success, mainly du to the wide range of potential applications in the domain of
telecommunications, with the well known Erbinm doped fiber amplifiers, bm 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 wm for the second telecommunication window, or the fabrication of
efficient high power lasers in the infrared, mainly for material processing and for roedical
purposes. The main interest of active fibers arises from the high confinement of the optical light
field in the waveguide, which resnlts in very high optical intensities. This in turn 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 nsed in bulk
materials. This is the case, for example, for the red transition at 650 nm of Sm*+:$iO2. 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 technigues. 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 praperties of rare earth doped fibers has been carried out in order to
efficiently optimize and use these fibers. Several measurement setups and technigues have been
implemented for the characterization of the spectroscopic properties of rare earth doped fibers,
such as the ahsorption 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 applicaiions 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 invelves an intracavity coupling of the individual emitiers, will be theoretically analyzed
and experiroentally demonstrated. The coherent coupling of laser cavities is of interest for high
power sources, as it allows to overcome the limit of the roaximurm optical power which can be
supported in the fiber core before destructing the waveguide (thermal lensing). Another domain
of interest are distributed sensors, since we 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 cousidering the dependence of the output characteristics (spectrum,
power), as a function of the perturbation applied (o anyone of the individual cavities.



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 propertics of the passive waveguide
which constitutes the fiber and the active medium but depend on how the gniding and the active
medium interact. Consequently, these parameters are very difficult 1o 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 attenuadon of the dopant at the pump wavelengith. This
measurement is performed by using a cut-back technique and gives an attenuation that is not
only a function of 1he spectral artenuation 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 sclected 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, thesc
techntiques can be casily applicd (o every other kind of dopant.

I.1. Spectral attenuation
The measuremeni 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 spectrol attenuation of fibers with low ard medium
dopont concentrations

The power loss is described by

P(z)=Pyexp(-az), (.



where Pgis the input power and o is the coefTicient of absorption of the waveguide, which can
be written as

= z_l,l P_I;{zzj (1.2)
Measuring Py and P(z) allows to find the coefficient of absorption .. Nevertheless, measuring
Pg requires an accurate characterization of the conpling efficiency of the probe signal to the fiber
core. Measuring of the transmission P{(z) for two different fiber lengths L1 and Ly (cut-back)
allows 1o gvercome this problem. By calenlating the ratio of the optical power P(L7) and P(Ly)
one gets by nsing Eq. (1.2)

L1 PAp) 1, POy)
®=L -1, Ry "5 MRLY (13)

The attenuation in dB, Agp, for a fiber of length z is defined as

P, 10 P 10
Agplz)=10 log(}.,—(gj) = n(10) ln(ﬁgj) = (10 az (1.4)

The coefficiem of anenuation in dB per unit tengih, ogp which is commonly used for the
representation of the anenuation, is obtained fram Eq. (1.4) by

1
ap = Ad(2) = 0 [ (1.5)

A standard setp 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 prodnce a tunable optical source at wavelengths between 400 nm and
1.6 pm. 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 10 calculate the absolute spectral attenuvation of the doped fiber by
using Egs. (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 the monochromator. The tunabte
source is then conpled into a long piece {a few meters) of standard (undoped) fiber to achieve a
spatially filtered sonrce 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 mnarching il is also
applied on the fiber extremities 1o extract the residnal cladding modes from the fibers, The
transmitted signal is detected with a photorultiplier (S-20 spectral response). This detector has
the advantage to be insensitive at the fluorescence wavelengths of Nd3+* (930 nm, 1.08 um,



1.3 umy); no filtering of the pump induced fluorescence is thus required. The spectral resolution
for this measurements is typically 0.5 nm.

white-ligth  chopper 20/0.35
P O * splice PM (5-20)
® -I- = monochromator —ﬁ ordoned iber P prevs:
fil fiber
iter ‘

———— - )
Lock-in

~=-—=1  Computer ::I

Fig. 1.1.1. Computer controlled white-light spectral attenuation measurernent setup.

An example of such measurements is shown in Fig. 1.1.2 for a fiber doped with a low
cancentration {about 500 ppm) of Nd3+.
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Fig. 1.12. Spectral atienuation for o Nd3+ lightly doped fiber (fiber CSEM 210192B}.

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 1o perform very short cut-backs. A typical example for the measurement of
the speciral attenuation of a highly doped fiber is shown in Fig. 1.1.3. A peak aticnuation of
390 dB/m has been measured at 805 nm for the CSEM fiber (180491). For the measurement of
extremely high attennation, for which the optical power provided by the white-light source is
not sufficient, a tunable TiAlxO3 laser is nsed.
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Fig. 1.1.3. Spectral attenuation for an heavily Nd+ doped fiber (CSEM 180491) measured
with the white-light technique. A measurement performed with the TiA 1203 laser a1 832
nm showed a good agreement with the whire-fight measurement.

The major difficulty for the characterization of high anenuation is the necessity 10 nse very
short samples of doped fiber for the measurement {typical length less than 1 cm). In this case,
the effect of the residual light which propagates in the cladding modes of the sample strongly
disturbs the measnrement, We have developed a specific multiple cut-back technique 10
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 fihers with very high dopant
concentrations

The optical power detecied at the output of the fiber is modeled as the 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 Gco and g,
respectively. The distribution of the total optical power at a position z glong the fiber is then
given by

P(z) = Pg[k1 exp(—tica ) + ky exp(—0ic) 2)] , (1.6)

where Py is the input power, and ki and k3 are the fractions of the power in the core and the
cladding modes, respectively. Let us assume that the ratio 1 = kj/k is independent of z,
which means that the energy transfer between core and cladding modes is negligible and that
therefore the power splitting ratio 1 is mainly determined by the input conpling. 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 Az; is the length of each cut-back
used for the measurement. The ratio of the output power measured at z— Azc and z is given by

P(2-Aze) _ M expl-Oeo (2 — AZc)) + exp(~tiel (2~ A2c)) (0.7
b) M exp(-ico 2) + eXP(-tic1 ) ' '

The measured spectral coefficient of attenuation oy 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 In [Tl exp(-Qeg (z-Azp)) + exp(-Og) (z-Az)) 1. (1.8)

AR
oan(z) In(10) A, N exp(—0co Z) + exp(-tig) 2)

Fig. 1.1.4 shows 0tgp as a function of the position z of the cut-back along a fiber, calculated
from Eg. (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 ratia7) = 1-105. This characteristic is shown for different
values of Az; (5 cm, 10 cm, 15cm).

AT IR T T FN ST NS T CUANE FEN S AN T NS U U R T

160 Core atienuation: 175 dB/m
Cladding attenvagion: 13 dB/m

. ing distrib.:]
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Fig. 1.14. Anenuarion as a function of the position of the cur-back along the fiber, for different
values of Az,.

The measurement of this characteristic allows 1o extrapolate the values of g, oy, and 1 by
fitting Eq. (1.8) to the measured ¢tgg as & function of z. The free parameters for the fit are O,
¢ and M. The starting value of oy necessary for the canvergence of the fit can be
immediately found from the graph, by considering the asymptotic value pz = oo)gp = o).
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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Aze = 5 cmoof Fig. 1.1.4. The resolts of the fit with Eq. (1.8) are in good agreement with the
initial values for the three values of interest, namely 0o, O¢) and 1.

140 sl lasbyaasloadesgalaetaapalaadanadaalasnclaalosiy
- =1
3 Simulation with 7 points of curve (Az, =5 cm) F
120 -
100 5
§ 80 Fit: -
8 g0 core attenuation: 17499dB/m F
E cladding attennation: 14.99dB/m [
404 core/cladding matio:  le5 =
204 o Sampled dan E

1 —Fi C

0 II'Il|lIT'!'l'l'l'[I'['Ill'lTl'l'l'l'll"'lllll'll'l'l'['l'llliIllll'll'lllill!l
¢.32 0.36 040 0.44 (©.48 0.52 0.56 0.60

Length before cut-back [m]

Fig. 1.1.5. Fit caiculated 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 TiAl,O3 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,
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Attenuation at 810 nm:
Fiber 100192B

1 Fic
Core attenuation:
Cladding attennation: 11 dB/m

173 dB/m

TTT LT[ T [T rr[T

80 Core/Cladding distrib.:1.218¢5
50
1 ©  Measured values
1— Fu
0 llll[lll'lll'l|lIlllll‘ll‘(l']llllil‘lllllilllIllIlIlI[lll1
0.00 0.10 0.20 0.30 0.40 0.50 0.60
Length before cutback [m]

Fig. 1.1.6. Measurement of the attenuation of a N&&+ doped fiber. The circles are the measured
values and the fine is the fitted curve.



This technique offers a powerful tool to measure very high attenuations (typical atienuations
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 specrra is very similar to the measurement of absorption
spectra. The light from & Ti: Al2O3 laser or a laser diode operating at a wavelength near 220 nm
is launched into the doped fiber. The fluorescence is then analyzed using a 1/4 meter
manechromator aver the range of 280 - 1160 vm. A photomultiplier with a spectral sensitivity
adapted for detection in the vear iofrared (5-1: 0.4 wm — 1.2 pm) and a conventioval 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 4Fsz -
41912 a1 930 vm and 4F3p 4142 at 1.06 um can be obscrved. 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 ym. This problem can be overcome by collecting the fluarescence perpendicular to the
fiber axis and pear the launching end of the fiber, or by using very short samples of doped fiber
and very weak pump power.

1.1
1.0~
0.9
0.8+
E 0.7 =
0.6 —
E 0354
E 0.4
0.3
02—
0.1
R L L S B S S B L E SN S B L B
880 900 920 940 960 980 1000 1020 1040 1060 LOBD 5100 1120 1140 1160
Wavelength [ nm ]

Fig. 1.2.1, Fluorescence spectrum aof the Nd3+ doped fiber CSEM (180491},

The measurement of the fluorescence spectrum allows to extrapolate the valve of the emission
cross-section. This paramecers 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



Fuchtbaver Ladenburg formula which was derived from the theoretical work of Judd and Offelt
[1.1]. The basic assumptions which has to be fulfilled 10 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 symmeury 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
rarg carth doped fibers [1.3], [1.4], in opposition to the statement given in [1.5]. The basic
equation of the Fuchtbaver Ladenburg method connects the peak emission cross-section to the
fluorescence spectrum by [1.3]

_ hpead
(1.9)

Tspont 8mcn2 Alegr

where Apeay is the peak fluorescence wavelength, Algfyis the effective fluorescence spectral
widtch. The effective width Aderris obtained from the relation

Ahetr fpead = [fR) A, (110)
0

where f(A) is the line shape, tgpont is the spontaneous lifetime, nis the index of refraction of the
host material. The spontancous lifetime Tspom is connected to the flnorescence lifetime 1¢
throngh the effective branching ratio 8; of the transition of interest by the equation [1.3]

(1.11)

1
151)0“1 =—1Tf.
Br

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 Br = 0.4 was taken from [1.3]
for the transition, and n = 1.46. This gives for the peak cmission cross-section
Opeak = (1.820.3) - 1024 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 pm instead of the 1.08 pm which is obtained for Nd3+:5i0s and
Nd3+: §i02: GeQa. This fact is also believed to explain the larger measured value for the
emission cross-section than reported in $iO2: GeOs fibers {Gpeak = (1.310.2) -10-%# m?)
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[1.8]. As a comparison, we have measured the peak emission cross-section of a 500 ppm
Nd3+:5i03: GeQ; fiber by using the same tcchnique. The result was
Opeak = (1.5 0.3) - 10-24 m?, which is in 8 good agreement with the value given in [1.3].
Some other techniques for the measurement of Gpeak. 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

We 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 spontancous 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 1 particularly of interest to evaluate the effect of the concentration quenching in
heavily rare earth doped fibers. This effect srongly reduces the efficiency of any active fiber
device, In the case of Nd3+ doped fibers, we are interested in the measurement of the lifetime
of the upper level 4F32 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 pum, 1,06 um
and 1.3 pm.

4Gn
4Frp, 4832 - __ 1.33 pm
4Fsp, 2Hop - e L ESA

“Fm"""L" - 4Fin

093 pm| 1.06 pry 1.33
“Iisp
0.88 pm| (.81 pm| 0.74 pm) ¥ )
N3z
! *hip
610cm-!
t e TR ) 4lgp

Fig. 1.22. Partial energy level diagram of Nd3+: $i02, ar N&¥+: $i0z: GeQx. The transition at
1.33 pm syffers from severe excited state absorption (ESA), which sirongly 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 Ny of the population
between the ground level 42 and the upper leve! 4F3p by applying a weak initial pamping.
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 ) ps. If we assume a two level
description of the transition (see Sect. 2) and negligible contributions from stimulated emission
and from reabsorption, the decay of the inversion N is given by

dN i
R='N s (1.12)

21

where 121 is the fluorescence lifetime. This yields after integration
N(t) = Ng exp(- ~). (1.13)
721

Since the fluorescence is proportional 10 the inversion N, we get an exponential decay of the
flnorescence, 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
121 from the measured fluorescence decay by fitting the measured curve to Eq. (1.13).

doped fiber

filter
/ pump
laser diode \

i Photodiode

power supply ——=| acquisition card
pulses genarator PC

Fig. 1.3.1 Setup for the measurement of the fluorescence lifetime. A filter is added in front of
the photodiode to remove any residual pump light.
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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 atter the measurement. This can be achieved either
by using a very short sample of fiber and a detection of the fluorescence at the fiberend, 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
reasured decay to Eq. (1.13) gives 7= (4851 5) ps.

MU I N R W N R R S S S U N N U T T S
600 [Decay time, fiber 180491] -
a L
g
é‘ 400 Dscay lime : 485 ps -
'5 200 o
weme Measured decay
) —— Exponential it
e B A B o
0 2 4 6 8 19 12
tene { ms ]

Fig. 1.3.2 Measurement of the fluorescence decay time of fiber CSEM 180491, A rypical
Iifetime tr = 485 us 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 jon-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.

o diﬂl'[ In(decay) 1

decay

250 E§ time In{decay)

Fig. 1.3.3. Fluorescence decay of o heavily doped fiber (CSEM 160491). Evidence of strong
concentration quenching con be observed. The fast initial decay is due to some clustering
of the dopant in the fiber core.
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The detected signal has been acquired with a Tektronix 7854 digital storage oscilloscope. A real
time signal processing allows to calcolate 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 1o 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(t} = P {1 + 60s(21 vin(0) 1)), (1.14)

where Py is the mean optical power, vi(1) 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 v¢ by

1

. 1.15
2n ve ¢ )

U

The measuremen! of the frequency phase response is commonly used for the analysis of the
fluorescence lifetime in the domain of the chemistry {1.10). On the other hand, this is the first
time 1o our knowledge that the measurement of the cutoff frequency is applied to the
measurement of the flnorescence lifetime of doped fibers. The basic principle for the
measurement of the MTF is shown in Fig. 1.3.4.

13-



v Pump Fluorescence
m

1

P .. [dB]

N
3

Fig. 1.3.4. Determination of the fluorescence lifetime by measuring the transfer function. The
input is the modulated pump power, ond the autput is the resuiting modulation of the
fluorescence. The fluorescence lifetime is given by 7= 11271v,, where v, is the cutoff
frequency.

The experimental setp for the measurement of the transfer function (MTF) is shown in
Fig. 1.3.5. The pump beam is provided by a laser diocde at 825 nm. An optical isolator (OI) is
vsed 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 remave 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 uW, 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 centimetess.

NdF ] .
iy

05C. Network ?D.‘—
ref. analyzer ‘B

Fig. 1.35. Experimental setup for the MTF, LD: moduloted pump laser diode, O1: oprical
isolator, F: optical filter, NdF: neodymium doped fiber, Det: silicon detector. The
Jfluorescence 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 1-kHz is shown in Fig. 1.3.6.
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Fig. 1.3.6. Transfer function of a S00 ppm Nd3+ doped fiber. The cutoff frequency is 339 Hi,
which gives a lifetime of 469 ys.

The typical behavior of a first order low-pass filter has been observed. The value of the -3 dB
cutoff frequency was v = 339 Hz, which gives a lifetime of 469 us. The accuracy of the
measurement has been estimated to be 2 %. The value obtained from the fluorescence decay
(Sect. 1.3.1) is 1¢ = 471 ps, 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 T = 338 us, and a double exponential fit showed a fast and a slow component of
120 ps and 402 ps, respectively. The result of the MTF is shown in Fig. 1.3.7. The -3 dB
cutoff frequency gives tg= 336 us, which is again in good agreement with the single
exponential fit. It must be pointed out that the slow and fast components of Ty cannot be
immediately read from the transfer function, However, these values can be extracted from the
ransfer function by using appropriate curve fitting nsing a second order expression for the
transfer function. The extraction of the fast component Tf = 120 Us 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 quenched fiber, the =3 dB cutaff frequency is
473 Mz, which gives a lifetime of 338 ps.

The MTF technigne is of interest because only low pump power is required for the
measurement, which allows to minimize the ASE (Amplification of Spontancous 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
floorescence allows to minimize the effects of the amplification and the reabsorption, as
discassed in 1.3.1. The MTF technigue 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 Nd3+ 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 exciled state absorption (ESA). The basic setup for this measurement is shown in
Fig. 1.4.1.
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Fig. 14.1. Measurement of the spectral gain af a N&®+ doped fiber. The input signal is given
by a white-light source (tungsten hatogen), passed through a short wavelength blocking
filter to get a spectrum between 900 and 1200 nem. 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 129 to avoid any cavity effect [1.13]. An anamorphic prism pair (AP) is used to
correct the elipticity 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 & 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 um. 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 (shutier (5)
closed), and by calculating the ratio of these two measurements. Figure 1.4.2 shows the
measured spectral gain of this amplifier.

| U VOV S TS TR T TR TN S0 S (Y JH T T T S N

[T I o VR I

Induced gain [dB]

_lg W msane e A enuation %

950 1000 1050 1100 1150 1200
Wavelength [nm]

Fig. 14.2. Induced spectral gain in @ 9.5 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 actenvation of the probe signal is obfaincd between 970 and
1050 nm, because of Excited State Absorption (ESA).

1.5. Conclasions

The basic technigues which are necessary for the characterization of the fundamental propertics
of rare earth doped fibers have been discussed in this chapter. Most of these measurement nse
well established methods, such as the cut-back for the characterization of the spectral
attenuation or the analysis of the flucrescence 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 aliows
10 pvercome the problem of the cladding modes has been successively demonstrated
(Sect. 1,1.2). Auenuations of more than 500 dB/m can be easily measured with this technigue.

The determination of the fluorescence decay time by measuring the transfer function of the
active fiber has been dcmonslritcd in Sec. 1.3.2, This technique has the advantage to us¢ a
synchronons 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
time has been obtained with this technique.
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2 Gai ies of doped fil

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 considersd by assuming
a fast non radiative decay from the metastable level 3 to 2 and a fast depopulation of the lower
level of the laser ransition from 110 0,

3
2
[=1
£ hy
1
0

Fig. 2 1.1 Simplified energy level diagram af a four level laser system.

The rate equations for the population of the levels and for the density of the photons at sieady
state can be written as

C2=p-y-Npone- =, @
™

dN N

Ql=0u-Npone+ T2 N_g, @2)
21 T

d

@ = M2-Noone+ T2 pro=0, @3)
1

where P is the pumping raie {m-3 1), N is the density of population (m-3) of level i, o is the
emission cross-section (m?2), 12; is the fluorescence lifetime (), 7 is the signal phaton density
(m3), B is the loss coefficient of the material (m~1) and c is the speed of light in vacuum (my/s).
If we consider a 4 lcvel system, the population N of the lower level of the transition can be

neglected, and the inversion N =N2-Nj = N7 ai steady state can be written as

%?:P—Nonc——N—= X 24)
LY
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These equations have to be adapted in the case of a guided structure, which gives a non nniform
distribotion of the inversion and the pump and signal beams inside the active medinm. The
densities of population in Eqgs. (2.1), (2.2}, (2.3) have to be replaced by the local distribution
of the densities [4.5], namely p(r,$,2)=Pp(2)P(r.$), n(r,¢,z) and n(r,6,z) = No(z) S(r.9} for the
pumping rate, the inversion and the photon densities, respectively. P(r,¢) and S(r,$} represent
the normalized radial pomp &nd signal distributions inside the fiber core and Pp(z), S(z} the
comresponding distributians along z. Equations (2.4) and (2.3) can thus be written as

DL _ 11 9.2) - n(r,02) N(c.d.2) oo - 2022 g 25)
dt T2
2 W :
dno(z) Jd'b '[dr r [n(r.$,z) M(r.¢,2)c + (‘tz =Blzmo(2)e = (2.6)
1
0

where 1y is the radius of the active domain (daped part of the fiber core). The rate equation far
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 photors (2.6) has 1o be
satisfied for the integral over the cross section, since the photons are nat localized within the
wavepuide, By introducing (2.5) into (2.6), and by using the definitions of n(r,$,z) and
p(r.$,2), one finds '

n 14

J“”’ jd” Pd)Sre)  _ _B@® 27
c0tNe(z) S{rng) + 1 Ppl2dotz

0 0
By eguating y{z) = P(z), where ¥(z) is the pain coefficient, one finds at steady state

2Zn T¢
¥z) = Ppl)on qu: Idr r — 28 $G.0) (2.8)
¢ 9

cotiMolz) S(re) + 1

It must be pointed out that the emission cross-section ¢ and the emitted signal are wavelength
dependent: ¢ = a(v), and ng = Ng(v). In that penerl case, Eq. (2.8) must be written in the form
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Yzv) = Ppz)o(vta1 qu; Jdrr = Pir.9) $(r,0) : 2.9)

0 0 [eo(v)tai nozv) S(re) dv + 1
g

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 sawration of Eq. (2.9) can be expressed as
a function of the signal power Pi(z) = ng(z}hve (W) and the satnration intensity, defined ag
15 = /ot (W/m2), This yields

L]

n
z) = Pplz)atzy jdtb drr Po) S (2.10}
0 0

1+ S(r,) P—I‘;—)'

By assuming no saturation of the pump absorption and ne ground state depletion, the absorbed
pump power between z = 0 and z along the fiber is given by

Pabs(z) = Pin [1 — expl—apTip 2], (2.11)

where 1, is the fraction of the pump power contained in the fiber core, given by Eq. 2.26. The
longitudinal distribution of the pumping rate Py(z) is thus given by

1 dP,
P(z) = —biq 212
p(2Z) hvg dz e ( )

where T is the pomp efficiency connecting the absorbed pump power to the pumping rate of
the npper level of the radiative transition. The gain cocfficient integrated over a fiber length L is
then given by

L
T = [ ¥(2) da. (2.13)
0

Equations {2.10), (2.12) and (2.13) are useful 1o evaluate the gain of single mode amplifiers,
lasers or superfluoreseent 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 pnmp 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,®) and P(r,®) which are necessary to calculate the gain
coefficient 1(z) can be obtained from the solutions of the Maxwell' s equations in a cylindrical
wavegnide. By assuming 8 weakly guiding fiber {i.e. a small index change between the fiber
core znd cladding), the normalized power distributions for the fundamental LPO! and first
order LP11 modes can be written as [2.1]

U Ko(W) Jo(U r/p ))2

1
Iu>01(r.¢)=gi( VK (W) Jo(0) 0srsp (2.14)

I (U Ko(W) Ko(U nfp))2

ILPOl(Y.¢)=E'2' VKW Ko(0) pEr<e  (215)

and

Ip11(rg) = ——K W) hvx "))2 F2(9), 0srsp  (216)
7p2 KglW) Kp(w) ¥ 1ilU)

ILp11(d) = L (U Xluo p))2 F2(¢), pSree=  (217)
np2 Ko(W) Ka(W) v

where p is the fiber core diameter, The angolar distribution F(é) is given by the function
F($} = cosZ(4) and F(é) = sin%(¢) for the two configurations of LP11 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 manscendental equations:

) _ o Kitw)

v TolU) =W KotW) , for the LPG1 mode, (2.18)
I2U) ., K2(W)

U 710) =W Ki(W) ' for the LP11 modes. (2.19)

The Jm (z) are Bessel functions of the first kind of order m, and Kp(z) are modified Bessel
functions of the second kind and of order n. The power distributions I pni(t,¢) (n =0, 1) are
normalized to a unity total power, namely
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2 W
Jd¢ Idrr ILpni(r.¢) = 1. (2.20)
0 [}

An example of the distribution of the signal and pump modes in a fiber, calculated by using
Eqs. (2.14) 1o (2.17), is shown in Fig. 2.2.1. The fiber parameters are NA = 0.21, core radius
a =175 pum, pump wavelength Ay = 8327 nm, signal wavelength A5 = 1088.9 nm. An
important spreading of the LP11 mode into the cladding of the fiber can be observed. In this
case, only 73.6 % of the total power of the LP11 mode is contained in the fiber core.
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Fig 221 Distribution of the signal and pump modes in a fiber. The fiber parameters are NA
=0.21, core radius a = 1.75 pm. The vertical line shows the boundary of the fiber core.

2.3. Unsaturated and small signal gains

The unsaturated gain coefficient ['y(L} can be easily obtained from Egs. (2.10) and (2.13) by
assuming TNe(z) = 0. By using Eq. {2.12) this yields,

2n W
oLy = T2y ﬂchq? Jdrr P(ro) Srp)= 2k ﬁr’abs e, @21)
hvp G G hvp

where the inverse of the overlap integral is interpreted as an effective mode area Aegr, namely
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| 2 M
Y J-d¢ drr d¢ P(r.$} Sr.9), (222)
1] 0

Acgrcan be related to the fiber core area A [2.2] through a parameter F, which is a function of
the properties of the pump and signal modes, namely

Adr=1 At - (2.23)

The unsatorated gain coefficient is then given by
on F
FoL)==21 4= Paps . (2.24)
vy Af

It has been shown [2.2] that Eq. (2.24) gives also a good approximation of the small signal
gain coefficient I'(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, <) in the denominator of
Eqg. (2.10) [2.3], the approximation for the small signal gain coefficient I'(L) can be written as

I =TTZ,,1 & nip Pabs N (2.25)
where the coefficient
2 W
Mp= Jd¢ J’dr r P(r,d) _(2.26)
0 i}

takes into account the extension of the pump mode into the fiber cladding. The analysis of
Eq. (2.25) shows that the gain coefficient strongly depends on the ratio F/np, which describes
the mode overlap (F} and the fraction of the pump mode which is contained in the fiber core
(Mp). This coefficient has been numerically calculated by integrating the overlap integral of
Eq. (2.22) and by using Egs. (2.23) and (2.26) for a fiber which is pumped at 810 nm and
emits at 1.088 pm. The ratio F/myis shown in Fig, 2.3.1 for a LPO! and a LP11 pump mode.
The signal is assumed to propagate in a LPQ] mode. It clearly appears that the coefficient Ffnp
is maximum for the LP01 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 1o be sufficiently close to the cutofi wavelength to ensure
good guiding, and thus to avoid bending losses.
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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 um, fluorescence lifetime © = 470 ps, emission cross-section ¢ = 1.3-1024 m2. A
weak probe signal provided by a Nd3+ fiber taser (DFL), was coupled into the amplifier. The
amplifier was 10 m of Nd3+ daped 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 transitdon at 938 nm. The amplified signal was
measured by synchronous detection. The amplifier and the DFL were pumped with a TiAlzO3
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.

PC S pm L ‘
TiALO .l mn. A .. 4. p
las«:l'2 3 m] /“.‘ :

lock-in ref.
amplifier

Fig.2.3.2. Basic setup for the measurement of the small signal goin of the Nd3+ doped fiber.
DFL: doped fiber laser, OF. optical isolator, L: coupling lenses, AR: angled faces, DM:
dichroic mirror, T: tunable attenuator, MC: monachromaior, AMPL.. doped fiber
amplifier, PC. polarization controller, FBS : 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.
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Fip.2.3.3. Small signa! gain of a 500 ppm N3+ doped fiber. The fiber characteristics are
NA =021, coreradius a = 1.75 um, 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 Ne = 66 %, is 0.71 dB/mW for a LPQ1 pump beam, and 0.41 dB/mW for a LP11
pump beam. This indicates that in this case the pump beam was mainly guided in the LP11
mode. The difference between the thearetical 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 calenlation 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 LP11
pump mode than for the LPO1 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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anatyzed by considering the overlapping of the signal and pamp mode. A simple analytical
expression for the unsatwrated (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 LPO1 or the LP11 mode.
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3, Overview of optical fit L thei i

In this Scction, the fundamental characteristics of some basic Nd+ 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+:5i02:GeQ32) is very promising
either for low-coherence sources (mirrorless superfluorescent fiber lasers (SFL)} ot for tunable
fiber lasers. The essentially homogenecus broadening of the gain curve allows 1o achieve
efficient laser emission even for very narrow-band (single frequency) lasers. The interaction
between the birefringent 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 ime by Kim [3.1].
Open cavity fiber lasers are also of a great interest for many applications, such as Q-swiching
or coherently coupled resonators.

3.1. Mirrorless superfluorescent fiber laser

A soperfluorescent fiber laser (SFL) consists mainly of a piece of doped fiber which is activated
by a pump beam. The induced spontancous emission is amplified all along the propagation in
the fiber. This results in a smooth broadband emission, given by the amplified spontaneons
emission (ASE). Such a broadband spectrum is of a great interest for many sensor applications,
where the coherent cffects 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 backscatiering,
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
supetluminescent semiconductor sources [3.5); typical temperature sensitivity of 15 ppm/0C 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 \ doped fiber
Pump 9— I \ - —
/ 12° polished fiber end

focusing objective

Fig.3.1.1. Double pass N&®+ 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
flucrescence in the fiber to improve the efficiency of the device [3.6]. The power properties of a
typica! 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 pm. The pump was a TiAl203 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 commercislly
available laser diodes, which makes the double pass SFL attractive for practical sensor
applications. The efficiency of the SFL can be increased by av 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 ontput powers.

6 FETTTPPETI YUTSRTITARAPCINRTTI PERRACTIVIANTTLANRT] INARATITI SUTTIARRNAINENY

O experimenial points

% 5 - == model with the unsaturated gain -
= —— approxlmate model for tha gain

g 4] saturatlon -
Ty l
g 24 :
§ 14 i
o Czca

0 G ket R L R a g LR RN AL LALEN LERRN RALL) RARL] LALERRLLLN AALL)
0 20 40 60 80 100 120 140

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 %.

1.0
0.9
083
0.7
0.6
0.5
0.4 -3
033

Pﬂw =40 |J.W
Pruo = 225 4W

Arbitrary units

' T T T T T 7T
1040 1050 1060 1070 1080 1090 1100 111¢ 1120 1130 1140 V150 1160 1170
Wavelength [nm]

Fig. 3.13. Superfluorescence spectrum of a double pass SFL for different owtput powers,
showing the power induced spectrol narrowing.
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The spectrum has & smooth scucture 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 outpat powers (more than § mW), the
FWHM spectral width does not decrease below 10 nm, which is always broad enoungh 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
measnred values which are shown in Fig. 3.1.2. This model assumes an unsaturated gain in the
fiber and a rectangular distribution of the outpat spectrum. In this case, the output power is
given by

Pout = Po exp{2 I'y(Pabs) - 1], (3.1}
where Py is the energy of one photon which is contained in the emitted mode, namely
Pg = m hvg Avg, (3.2)

where m is the number of polarizations, hv; is the energy of the emitted photon and Av, is

the FWHM spectral width of the fluorescence. g is the 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 measored values (dois). This yields Pg = 370 pW, and an unsaturated gain slope
G = exp(I’p) = 0.043 dB/mW. A typical value for Py, which is obtained from Eq. (3.2) by
assuming AX = As2fc Avg = 40 nm, m = 2 and A5 = c/vs = 10BB nm, is Pp = 3.7 pW.
Consequently, a large discrepancy appears between the theory and the measurements. This is
mainly due o 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

Pou1 = Po CXP(Z rs(PabS) - 1), (3-3)

where T is now the saturated gain coefficient, approximated by

1

P
1+ 5o

Pea

=T, (3.4)

where Pgg 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 Py = 38 #{W, Psy = 12.8 mW, and the unsantrated gain
slope G = exp(Ty) = 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, Po and Pgy are still significantly different from the
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thearetical values, which are G = 0.41 dB/mW (see p. 26}, Py = 3.7 uW (Eq. (3.2), with
s = 1088 nm, AL = 40 nm) and Pgyy = 2,7 mW (Eqgs. (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 effeci of competition between the two transitions at
Js= 1088 nm and Ag = 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 the 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 compased of two mirrors fixed at both fiber ends. The pump beam is
coupled into the fiber core through the input mirror, The reflectivity of the cavity mirrors are
optimized to maximize the 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 conpling of the mirrors is
well controlled. This results in fiber lasers with very low pump threshold (typically less than
1 mW of absorbed pump power), and with a very high slope efficiency (up to 33 %, [3.7D.

pumip
(laser diode)
output

Lo ] = st e

M / ' M;

doped fiber

Fig. 32.1. Typical configuration of a single-mode fiber laser. The pump beam is provided by a
laser diode. The laser caviry 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 um and NA = 0.21. The cavity length
was 1.9 m. The reflectivities of the mirrors were My = 100 % and My = 96 % at the
fluorescence wavelength (Ap = 1088 nm). The two mirrors were glued onto the fiber ends. The
fiber extremities were cleaved vsing a commercially available system (York FK10), which
produces high quality cuts {typically less than 0.19 of uncertainty on the perpendicnlarity 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 ctalons
[3.8]. The thickness of the input and output mirrors were 170 pm and | mm, respectively.
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These two Fabry-Pcrot resonators are 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 ontput mirror Mz allews to improve the power
characteristics of this laser [4.3].

104 fs=18%
b Pih =1 mW

Output power [mW]

0.0

| SLELELEL SN BLELELELA BLAMELELED SLALAL LS BLELELELAY BLELELEE RN NUNLELELES BN EL LR

0 2 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 mirrar reflectivities were My = 100 %o, M2 = 96 % at the laser
wavelengih. A laser threshold of 0.75 mW and a slope efficiency of 18 % were measured.

Ak =9.8 nm
— —~u—
NN RN ET.
1088 A [nm]

Fig. 3.2.3. Pawer 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 auiput mirrars, which
act as a Fabry-Perot etalans, 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 illnmination [3.9]), or by using & 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 AA = 59 nm) by a small tilt of the grating. The emission
spectrum of a tunable Nd** doped fiber laser is shown in Fig, 3.2.5. For this measurement, the
laser was 1.9 m of 500 pprn Nd3+ doped fiber (NA = (.21, 3.5 um core diameter), pumped
with a laser diode at 810 nm. The end mirror was & holographic grating blazed at 1 lim, nsed in
the Littrow configuration. A fraction of the signal power was extracted by nse 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, tnnabie 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
Input mirror *

o\
Ef}';ﬂﬂ

beam shaping and coupling collimating lens

Fig. 3.2.4. Tunable Nd fiber laser. L.D is the pumnp laser diode at 810 nm_ The characteristics
of the fiber are NA = 0.21, dopant concertration 500 ppm, core diameter 3.5 pm. The
end reflector is a 600 Umm holographic grating blazed at I um. The diffraction efficiency
in the +1 diffraction order is 75 %.

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

SvE =c/2nL) = 53 MHz. The measured spectral width of 0.16 nm (Fig. 3.2.5) corresponds
to 8v = ¢/A? 8X = 40.5 GHz and o a coherence length of about 7.5 mm.
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Fig. 3.2.5. 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 Gaussian fit 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 the 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
characteristics 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 larpe NA fibers (NA = 0.21 in our case).
Another explanation is that the competition between the two main transition at Ag = 938 nen and
As = 1088 nm in Nd3* complicates the modeling of the SFL. Two fiber lasers have been
studied. For the first time to our knowledge the Fabry Perot effect of the 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 Jaser 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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. Col | l [ single-mode fiber |
4.1. Motivation

The coherent coapling of lasets is of a strong interest for high power sources singe this
technique allows to increase the total emitted output power beyond the physical limitation of the
individual emitters, achicving a high quality (diffraction limited) ourpm beam. These coupled
sources are very aitractive 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 cohereni addition is
to achieve stable in-phase coupling between the individual emitiers, Depending on the basic
propenties 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 ta 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 addidon can be achicved by beam-shaping of the
emitted supermode {4.1]. This coupling is schematically shown in Fig. 4.1.1.

Beam shaping

XX

Diffraction limited cutput bearn

JTT

Inheremly coupled emitiers (laser cavities)

Fig. 4.1.1. Beam shaping Jor the cokerent 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 ouput beam by use of a diffractive optical
element.

The second caicgory of sources is concerned with strictly independent emitters. In this
situation, no stable mutual phases exist and a strontg coupling between the cavities must be
established 10 fix these mutual phases. This can be achieved by use of a coupling (fan-in)
clement 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
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limited output beam. This conpling technigue will be extensively discussed in the next section
for the coherent addition of Nd3* doped fiber lasers.

Input mirrors

\

/ Coupling element (3 to 1 fan-in)

—» Diffraction limited output beam

\

Fig. 412, Coherent addition of inherently uncoupled eminters. The fan-in element provides the
coupling of the outpur beams into a single diffraction limited beam. The output mirror is
common to oll the emitters.

. Common output mirror
Uncoupled emiuers P

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

cavities. 1t consists of three fiber lasers which are longitudinaily pumped through their
individnal inpul mirrors M.

Longitudinally pumped
fiber lasers

zeto order

Fig. 4.2.1. Basic configuration for the coherent coupling of three single-mode fiber lasers. M
are cavity mirrors, A;, W, are the amplitudes and phases 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 beamn shaping. This element combines the
beams of each laser infa a single beam with an efficiency which depends on the relative
amplitudes and phases of these beams. The gutput of each fiber with amplitude Aj and phase @j
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
comman (o all three lasers and provides optimum cavity feedback. For unmatched Aj and &,
the cutput 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 arders of equal amplitudes Aj = Ag
when illuminated with a collimated beam (fan-out), as shown in Fig. 4.2.2.

Fig. 4.2.2. The coupling element is designed ro produce shree output beams of equal
amplitudes A; and with fixed mutual phases when illuminated with a collimated beam.
The fixed mutual phases depend on the optimization process used for the fabrication of the
phase grating.

The mutual phases between the three diffraction orders is fixed by the optimization process of
the fan-in; this yiclds for example @1 =0, 92 =0, ®3 =n,0r P =0, Py =n/2, P3=0. In
the coupled cavity laser, this fan-out is then played as a fan-in by illuminating it with the three
beams of amplitudes A and phases @i produced by the three fiber lasers. The efficiency
{power in the zero order divided by the total ourput power) of the fan-in can be theoretically
calculated for different Aj and @i, by using the models described in [4.2). In the ideal case
(Aj=Ag, ©1=0, ¢z =0, $3 = m), 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 (lefi)).
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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 A; = Ag and @y = 0, @ = 0, P3 = n the efficiency is 93.8 %. Center: for
Aj=Apond ®;=u, &= 0, @3 = 0 the efficiency is 5.13 . Right: for @y =0, P2 =0,
@3 = n (ideal) and Ay = 2, A2 =1, Az =1 the efficiency is 80.3 %.

The efficiency decreases rapidly if the phases @ or the amplitides Aj do not match the ideal Aj
and @;. For example, a uniform illumination with the non-ideal phases §1 =nw,92=0,
¢3 =0 reduces the efficiency to 5.13 % (Fig. 4.2.3. (center)). A non-uniform illuminadon
(A1=2, A2 =1, A3 = 1) with the idcal phases (P =0, 2 =0, O3 =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 mumal amplitudes and phases of all the individual emitters for the
condition of minimum losses, which resnlts in & very simple and efficient way to achieve a
coherent addition of 1aser 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 radins = 1.75 um and 500 ppm of Nd* concentration. Each laser had
its own input mirror (R =100 % at A = 1088 nm) and was longitdinally pumped with a high
power laser diode (150 mW CW) at a wavelength aronnd E10 nm. The bare fiber ends of the
three cavities were fixed onto a wiple V-groove anisotropically etched on a silicon wafer. The
period between the fibers was (315.5 £0.1) wm. This high acenracy on the periodicity is
necessary 10 optimize the coupling efficiency of the fan-in clement. The output beams coming
out froin 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 plate was placed at the Fourier
plane of the lens. An output mirror (Reflectivity 96 % at A = 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 autput polanzauon state in order to optimize the interférence of the diffracted
beams from the fan-in

ontput
nurror

Fig.42.4. Coupled cavity Nd3+ doped fiber lasers. A: input mirrors, M: output mirror, PC:
polarization cortrollers, 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 owtpur mirror provides the feedback in the three cavities.

A typical distribntion of the laser outpnt 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.

Fig. 42 5. Distribution of the power ot the output of the coupled cavity fiber laser. 77 % of the
total eminted 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
theoredcal and measured valucs 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 t_hc individual emitters and to demonstrate the self adjustment of the
mutval amplitcudes and phases between the emitters which are necessary for an efficient
coupling. The conditions for the laser threshold and for the steady state will be cstablished by
use of this rodel.

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 g 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
cach cavity is homogencous, 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
lnsers is broad enough to produce an averaging of a large nurober of longitudinal modes.

— -
X —— ESE—
L — .
| M,

e ol —————
Y; ~—— . i
e E— e ——

Fig.4.3.1. Lineor descripnion of the coupled cavity fiber lasers. Each constituting element is
modeled by a 6 by 6 poris module which describes the ransformations of the electrical
fields propagating in both direcrions through the element. Each module is described bya
6 x 6 matrix M. ' o



Second, the gain and the gain saturation in ¢ach fiber laser are assumed to be homogeneous,
This is vatlid if a uniform longitudinal distribution of the pump and signal beams is assumed in
¢ach 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 My,. The three channels
propagating from left to right (x; — Xi} describe the electrical field of the individual i-th emitter
and its transformation through the element. The three channels (Y; — yi) describe the same
electrical field transformation for the beams propagating from right 1o left. The overall matrix of
the coupled cavity lasers is then given by

5=[TMm. (4.3.1)
m

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 marix Min describes the
propagation through the input mirrors of the three cavities. The saturated gains in the three
active fibers are represented by a mawrix Mg, the coupling element is modeled by a matrix Mgy,
and the output mirror by Moyt.
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Mip Mg Mr1 Mow

Fig. 4.32. Modeling of the elements constituting the coupled cavity fiber lasers. The matrices
M describe the properties of each cavity element.
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4.3.2, Matrices of the resonator elements
4.3.2.1 Input mimror

The matrix Miy, 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 Eqgs. (4.3.2) and (4.3.3), which can be written by using the
formalism stated in Fig. 4.3.1, namely

xg=ity Xp+11 ¥k (4.3.2)
Yr=itny+n X (4.3.3)

where i =+/=1, 1) and 1; are the amplitude reflectivity and transmission of the mirvor,
respectively. The factor i has to be added in Egs. (4.3.2) and (4.3.3) for energy conservation,
No extra phase shift is considered for the reflection, since this can be included in the external
optical path length. From Eqgs. (4.3.3) and (4.3.2) one gets

2
Xy = (i f - %) X+ e Y, (4.3.4)
¥k ==Xy "'-_l_Yk- (4.3.5)

1t [ W]

The matrix M;;, becomes then

'8 2 ;
i+=L) 0 0 -+ 0 o
‘l l|
2 .
0 i+L) 0 0 - 90
tl tI
2 -
0 0 i+ o o -4
M, = o . o 4 (4.3.6)
o 0 0 -~ 0 0 :
tl ll
0 D 0 0o -~ o
4 - t, .
0 0 LIt o o -+
L 4 4 J

This matrix is not diagonal, since the mirrors produce a coupling between the input and output
components for each cavity.
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The gain is modeled by considering a sawrated homogeneous amplitude gain g in each fiber,
The propagation throngh a fiber of length L gives an accumulated phase ¢y = k #t L in cach
cavity, where k is the wave number and » 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 = Bk ¢xP (i ¢) Xk 4.3.7)
V= JE exp (- i 6 Y (43.8)

The diagonal matrix Mg for the gain becomes then

ge" 0 0 0 0 0 )
0 ge” 0 0 0 0
] 0 ge™ 0 0 0
M.<| 0 0 o Xem o0 o
< & . (4.3.9)
6 0o o o Lem o
22
0 0 0 0 0o Lo
\ 83 J

As mentioned in Sect. 4.3.1, this description of the gain medivm is only valid if the
assumptions of unifonm distribution of the signal and pump wave in cach fiber are fulfilled.
Nevertheless, this model allows a complete modeling of the coupling principle between the
emitters withont any loss of geaerality even if these requirements are aat 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 sing]é frequency lasers where spatial hale buming
becomes important.

4 in nt (fan-i
The coupling element which combines the signals provided by the three individual emitters into
the single ontput 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. 4.3 3. Typical phase profile of a 3 10 ] fan-in cantinuous surface relief phase grating. In
this case, the period of the prafile is 50 pm.

The lLinear matix 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, G, +1).
For each illumination the fan-out produces three diffraction orders with amplitude distribution
ratios Agp and with mutual phases ©gp 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
@Dy, are a fonction of the optimization process which was vsed for the design of the continuous
surface relief grating. For a 3 to 1 fan-in, the typical values for @y are @ =0, ©2 = /2,
C©3=0),0r 01 =0,T2=0,T3=m.

» Aexp(-idy) Avexp(i D) g
Agexp{-i ¢-'°) Asgexp (1 Dp)
A exp (i @) Agsexp(i 9)
Agy exp (=i @) Agexp(i P.)
— Ago €xp (i Do) Agoexp (i @)
Ag-exp (-1 ) Agrexp (i O4)



Appexp (i dy,) A exp(id)
Ay exp (-i D) Aoexp (i ®p)

- Agexp(id) Apexp(i®d,)

Fig. 434, 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 Mgy 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.

Xl -_.______.. _______’— X]
X2 — X7
X3 ——% M T
Y: - FI — 11
Yy -——— ol o
Y3 | ¥3

Fig.4.3.5. Modeling of the fon-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
diffracrion orders of the fan-in, in both directions.

The three diffraction orders x; are calculated by considering the superposition of the seis of
three diffraction orders given by each incident amplitude X, which yields

X1 = Aot eXp (-1 D) X2 + Ay eXp-i D) X3 (4.3.10)
x2=Agg exp (-1 D} Xo+ A exp (i D) X + A exp (H D) X3 (43.11)
13 = Ag- exp (-1 D) Xz + A expl-i &) X1, (4.3.12)

The same operation is performed for the three diffraction orders Y; obtained from the
superposition of the yj, namely
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Y= Agexp (id.)y: + Agexpli Do) vy (4.3.13)
Yo=ApoexpiDp)ya+ A exp(id)y1 +A  exp(i®)ys (4.3.14)
Y3 = Ags exp (i ©4) y2 + Aso expli To) 11 (4.3.15)

Equations (4.3.13) to (4.3.15) can be rearranged 10 express the y; as a function of the Y;,
which give

A, A ,
yi= 'A—:'O:LA':?,LD exp (21 (D4~ Po)) Y1

22 exp (@4~ 00) V2

exp(-ido) Ay A .
+( v L sz‘]’)* expli(®, +@.- 2 00)))‘{3. (4.3.16)

y2=%(-‘;—'_:exp (i(Ds - D)) Y1 + Yy - %cxp ((®. - Do) Ys) (4.3.17)

exp(-<i Do) A., Ap. .
L —

- A2%5 exp (0.~ Oo) Y

Ag. As- .
R Are D AP (2 (D -D,) Y3, (4.3.18)
with 7
D = Agpexp (i Op) _&A'_:& exp i(®. - @y + DY) -—% exp i@y - Do+ D).

The matrix Mgy becomes then

¢ m, my 0 O 0
my, my my 0 O O
my, mypy 0 O 0 O
0 0. 0 m, mg; mg
0 0 0 my my; my

M, = _ (43.19)

0 0 0 m, my my
with the non zero mjx listed in Tab. 1.

T



mp2 =Agy exp (-1 D), my3 =Asg exp (H Og), m2p = A exp (- ©,),
myzz = Ago exp (- @), mg3 = A, exp (i @), m3p = Agexp (- @),
m32 = Ag. exp (-1 @},

A A . .
my4 = mgjﬁ exp (2i (d, — By)), mys = Tﬁ?ﬁ exp (i (D - Do)

_expl=i®o) Ay Aoy .
mag = A + A2D exp(i(d, + @, - 2D,

A , 1
mss =~ A exp (. - O, mss =5
mss = — =2 exp ((®. - o))

657D Ay P U D0

exp(=i @) | A., Ag .
me4 ET + A_oz D expli(Q; + @ - 2 Oy)),

. Ag_ Ay .
s = ~ 5 xp (0. ~ D)) e = gy AP (21 (.~ o).

Tab. 1. Nan zero mjy of the matrix MFy.

This model considers that only three diffraction orders are generated by each illuminaring beam,
and that the resulting output bearns are given by the superposition of the three sets of diffraction
orders. This is only an approximaton 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, 0, 1) are of interest in our application. A
careful adjustment of the amplitude distribution ratios Ajj in the diffraction orders allows to
consider any power distribntion and any intrinsic absorption in the materia! which constitutes
the fan-in. As an example Ajj = 1/¥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 inpnt beams
of the fan-in is diffracted in the three ontput 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 Outpyt mirror

The only beam which is transmitted and reflected is the zero diffraction order, which is then
responsibte 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

xp=ig Xy, (4.3.20)
x2=ipXg+r2y2, (4.3.21)
x3=ity X3, (4.3.22)
Yi=itzy, (4.3.22)
Ya=itzya+r2 Xp, (4.3.24)
Yi=itay;, (4.3.25)

where rz 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=iXg (t2+ ?;) -% Ys {4.3.26)
v =‘ii£Y' (4327)
Y2 =—%(Yg-mx;) | (4.3.28)
y3= _éya . (4.3.29)

The matrix Mpyy of the output mirror becomes then

(i, 0 0 0 0 0)
r ir
0 i,+%) 0 ¢ -=% 0
t; L
0 0 it, 0 -0 0
i
M_ =0 0 0 -— 0 0
o ) t, . (4.3.30)
o X o o -+~ o
i ’ ty .
0 0 0o 0o o -+
\ Y,
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1.3.2.5 Matrix of led cavity fiber L
The resultant matrix S of the coupled lasers is given by Eq. 4.3.1, namely

§ = Mouw - M1 - MG - Min. (4.3.31)
The 36 components S;i of the matrix 8 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 8 is given in Annex A.1.

. s .
S)s 2212_%_1’1_526“, i, S]6=El3_[2l_'.'l_ﬂiexp i,

S24 =TELLEL (2 4ty exp 101 -2 exp -i )

S2s = ELLEL (2 + Yy exp 10p - D exp i 0n,
=237 B3 (02 4 2 i —M36 T2 -

S26 ="y RErm)exp i3 Srs o i,
S30=RALLHEL ey gy, S35 =BRLIE iy i gy
o 44 45 = 45 _
Sa4 211112 exp —i¢1, Sas 2z exp —i ¢z,

= 46 =
S46 B no? i¢3,
L2171 T2 81 P D34
Ss¢ N X Her—ET exp —id,
amgg T 52 s
855 ™) exp ida— 2 “ Thias i 2,
= mza I'] I‘z E3 56 =
Ss6 Gt SRR ids-poexp -ida
.- S - = 65 i
Sea=— g7 1 &P < Oue Ses == o1y 17 ¥P "1 %2,
= T an
Ses IS exp i ¢3.

Tab. 2. Components Si of the matrix § of the coupled lasers.
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4.3.3. Conditions for the iaser 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.

— e
Xi= 0 —— e X
— ————
8
- p————
Y - poll———  Yi=(
—-— —————

Fig. 4.3.6. The conditions for the laser threshold is given by x; #0 and ¥; #0 for X; = 0 and
yi=0

This condition can be expressed as a function of the matrix S of the couple lasers, namely

X 0
X 0
Xy 0
=5 4.3.32
0 Y, ¢ )
0 Y,
0 Y,
The first three equations
%=8xY;, k=123andi=45,6, (4.3.33)

connect the output signals on both laser extremities. The other set of three equations, given by
SYi=0, k=4,56andi=4,56, $(43.34)
gives the conditions for the laser threshold. Equlation (4.3.34) can be writien in a m-ore

convenient way by defining a new 3 by 3 matrix A with components anm = Sik, fori=4, 5,6
and k=4, 5, 6. This yields
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Aly,|=0 - (4.3.35)

<

3

Equnnon (4.3.35) has a non trivial solation (othcr than Y| =0, Vi) only if the determinant of
A, det(A), is equal to zero. This condition can be written as a function of the matrix
components Si, namely '

det{A) = Cy exp —i(¢y + ¢z + ®3) + Cr exp i(-d1 — 2 + ©3)
+Cyexpi(dr — 62— D3) + Caexp—i(g1 — 2 + B3) = 0. (4.3.36)

The C; are complex canstants for a given fan-in element, namely

C1 = — mgq mys mss — M44 M35 MG + M4 MS4 MG + M44 MG MGS
+ Mg M55 M4 — M4 M54 MeS,

C2 =—r) r2m23 g3% (maa mgs — m4s med),

C3 =—r) rz 21 12 (mas mes — mys mes),

C4 = -1y 12 m22 £32 (M4 Tgg— M4 M4E).

" Figure 4.3.7 shows the evolution of det(A) when the two lateral cavities have fixed gains
g1 =1, ga=1 and phases ¢{ =0, ¢3 = 0. The gain gz and the phase ¢ of the center cavity
are variables. The fan-in is assumed to be losseless and symmetrical (Agp = IN3).

det(A)

ZEIO CTOsSing

Fig.4.3.7. Determinant of the matrix A as a function of the saurated gain g2 and phase ¢ in
the central cavity for g3 = g3 = I and ¢7 = ®3 = 0. The saturated gain g3 varies berween 0
and 2.5, and the phase ¢; varies between 0 and 4 rad. We find det (A) = Ofar
g3 =1046 and P2 = mam=20,1,..).
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A zero crossing of det(A) is obuained for ga = 1.046 and ¢ = n. This gain compensates the
cavity losses and allows 10 reach the laser threshold. An analysis of Eq. (4.3.36) shows thata
solution can be fonnd only when the accumulated phases in each cavity satisfy the conditions

di=mim, ' ' (4.3.37)

where m; 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 cigen-solutions of the open-cavity coupled lasers. Under the
assumption of matched mutval phases, as requested by Eq. (4.3.37), and by considering a
typical symmetrical fan-in clement with Agp = A, @4 = 0, g = 172, . =0, the condition for
the laser threshold given by Eq. (4.3.36) can be written in & simpler way by replacing the myy
given in Tab. 1. This yields

Zgiz = A2:| — . (4.3.38)

i

The laser threshold is reached when the sum of the saturated power gains ;2 compensates the
losses introduced by the laser mirrors and by the 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
antomatically by the coupled cavity laser to achieve minimum cavity losses. The parameters
which are required for minimum intracavity Josses can be calculnted ‘by considering the cigen-
solutions of the open cavity coupled fiber lasers, s shown in Fig 438

¢

4.3.4. Eigenstates of the coupled éavity, lasers

4341 Principl

The cigenstates of the conpled cavity lasers are studied by considering an open configuration as
shown in Fig. 4.3.8. We assme a system where the input mirrors are removed and the
backward signal Yj is calculated a5 a function of the forward signal X for zero external signals,
oamely yj = 0. The family of all the eigenstates Y; = & X;.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.

— -
Xj ———p . e ]
] o
-— P
Mgy Mo i - yi=0
B — bl e
Mg

D=Mgy, -My Mg

Fig. 4.3.8. Basic system for the analysis of the eigen-solutions Yy = L X, of the open cavity
coupled fiber laser.

The matrix of the system is given by D = dix = Mgy - Mpr - Mg and it is of the form

| 4 0 0 0 0
0 0 0 d, d, d
d, dgy dgy dy dy dg
0 0 0 d, dg d

(4.3.39)

The entre list of the elements dj is given in details in Annex A.2. Only the elements which are
relevant for our study are reported in the table below.

dag=—i P exp-igy, das=-i—exp-idn das=—i-exp—ids,

8112 g1 2 Bl L2
dsy -—-immélglexp i oy, d52=i£1tL;ngcxp idg, d53=im3%53-exp i3,

ds4=—ig+’1‘5%2—exp-i¢l. dss=—i?";§f;up—i¢2. dsg =— 1 —236—exp —j ¢,

=i =i %5 =6 5
dga lg”zexp iy, dgs 1g212cxp ify, dgg=-1i exp—1i¢3.

Tab. 3. Components diy of the matrix D of the open-cavity coupled fiber laser.
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The x; and y; can be expressed as a function of the Xj and Y;, namely

b X,
x, X,
x X,

=D- ) 4340
0 Y, ( )
0 ¥,
0 Y,

By solving this system of linear equations and by rearranging the reéulting expressions, one
gets for the outputs Y; as a function of the inputs Xj

Yi=-Y3 C, 4.3.41)

Yo=HYs, (4.3.42)
Y3=—-1]5 (ds1 X1 + dsz2 X2 + ds3 X3) (4.343)
where
e
4
(4344
(d_u dssy )
dag ~ des
F=H (dss - ‘15%&4*1) +dss -Qﬁc%“ﬁ. (4.3.45)
and
1
=da (H dys + dag). (4.3.46)

Equations (4.3.41) 10 (4.3.45) can be written in a matrix form, namely

d,C d,C dyC
~dgH dgH d”H _-X. (4.3.47)
~d;, -d, -dg

It
=
>4
I

The eigenvalues and cigenvectors are obtained by solving the equation
det(E-AI1)=0, (4.3.48)

where I is the identity matrix. This yields



-2

(- ds1C +ds2 H + d53 + AF) =0. (4.3.49)

Equation (4.3.49) has only one nan trivial solution which is given by
1
= glds1 C - ds2 H - ds3). (4.3.50)

For each A the corresponding eigenvector can be easily calculated by using Eqs. (4.3.47) and
(4.3.48). The steady state for the conpled 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 conpling efficiency can be
calculated for each eigen-solution by considering the model shown in Fig. 4.3.9. The three’
beams of amplitudes X; and phases ¢; which correspond to a given eigenvector are launched
into the three open cavities.

X1
Y1
£1
X2 g o
Y2

g3
X3 12

Y3

Fig. 4.3.9 Model for the calculation of the coupling efficiency of the fan-in for a given
eigenstate characterized by an eigenvalue A and an eigenvector with the components X;.

The total ami)litude coupled into the zero diffraction order for the most important case of
matched phases ¢; = m; ris given by (see Fig. (4.3.4)

Ec=A X181 +AgeXzm2+ A Xag3, (4.3.51)
where g; is the amplitude saturated gain in each cavity for the considered eigenstate. The
effective conpling efficiency Eefr of the incident amptlitudes in the zero diffraction order for any
X is characterized by a coefficient o which is a functon of Xj, namely E.¢r = o E. The

reficcted amplitude is given by Ereql = r2 Eefr, where'ry is the amplitude reflectivity of the
output mirror. The signal Y4 which is coupled back into the first fiber is calculated as

Y1=81A0 Enn=armng) Ac (A+ X1 g1+ Ao X282 +A4-X383). (43.52)
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The amplitude of the first component of the ontput veotor Y is also given by

Yi=AXy {4.3.53)

The amplitude coupling efficiency o is obtained by introducing Eq. (4.3.53) in Eq. (4.3.52).
This yields

. A Xy
O =281 Ap. (A.s X1 81 + Agp X2 82 + Ar- X3 £3)

(4.3.54)

4.3,42 Analysi igen- i ndition of minim

In order 0 investigate the conditions which are necessary for the most efficient conpling of the
beams into the zero diffraction order, we will first consider an ideal case with transparent
(losseless) fibers by assuming g; = 1. Vi. Under this condition the eigenvalne A gives a
straightforward information of the cavity losses. The effect of the accumulated phases ¢; on the
eigenvalue A is shown in Fig. 4.3.10 for transparent fibers.

Fig. 4.3.10 Eigenvalue 2, asla Junction of the accumulated phases @1 and ¢3 of the lateral
cavilies in the case of losseless fibers (g; = 1). The graph an the left side is calculated with
2 = 0, and the graph on the right side is calculated with §g = #/2.

The graph on the left side shows the eigenvalue A as a function of ¢ and ds; the phase of the
central cavity is fixed at ¢2 = 0. The phases ¢t and ¢3 of the lateral cavities vary over
approximately two periods. The maximum value (A = 0.975) is obtained whenever the phase
difference is given by
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$i — ¢j = mm, (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. This result confirms
that the only possible set of phases ¢; for maximum coupling efficiency is given by
Eq. (4.3.55). Conseguently, the more restrictive set of phases ¢; = m; m 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 cigenvalue A = 0.975 is casily
calculated using the matrix E — ) I as defined by Eqs. {4.3.47) and (4.3.48). This yiclds

1
X, =|i (4.3.56)
i
The conpling cfficiency ¢ calculated by using Eq. (4.3.54) gives a = 1 for the eigen-solution
(A= 0.975, )E; ). Therefore the eigenvector (1, i, 1) describes the ideal illuminations X;
(amplitdes}) 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 Aj; = A is considered, the solution given by
Eq. (4.3.56) assumes that any uniform illumnination 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 accumnlated phases ¢; and optical power Py = X; 2 at the input of the
fan-in, namely

—

di=mim, (4.3.57)
2. Pi =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 conpled lasers since they correspand 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 P; is given by the power spliting 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 Ajj are different for each i and j. 1tis straightforward to
show that condition 1 remains valid, and that condition 2 can be expressed as follows:

The power disttibution in the three input laser beams must be identical 1o the power distribntion
fixed by the 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 calenlation of the longitudinal
distribution of the laser fields which propagate in the forward and backward directions in the
active medinm, 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 conpled differential equations for the gain and the optical powers, as will be
shown in Sect. 4.3.7. The effect of the gain saturation on the self adjnstment of the mutual
optical powers in the emitters will be more easily understood by considering a simple
approximation. The acrive medinm of each cavity is modeled es a two ports device which
amplifies an input signal power Py; by a factor Gy, which yields Py, = Gy Py; at the output of
each amplifier. Ggi is the saturated gain in the i-th emitter which can be calcnlated 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

B2+ 1) Pi, (43.59)

where the gain coefficient %;(z) for a homogeneously broadened gain curve is given by

1) = Yoi _]F," - (4.3.60)
1

+
]SM.

Py is the saturation power and ¥, is the nnsaturated gain coefficient in the ith cavity. By
introducing Eq. (4.3.60) into Eq. (4.3.59), one gets )

Yoi dz = dPi(z) (E'i"zi + ﬁ) (4.3.60)

By integrating the left side of Eq. (4.3.60) between 0 and L and the right pant between Py; and
P2j, the unsaturated power gain Go; = exp (o3 L) can be wrinen as

Goi = Gsi exp (E-%h) ; 4.3.61)

By using the relation Gg; = Po; / Py, one gets

Goi = Ggi exp (igé-!sf—u Il:—Z'-m) ) (4.3.62)
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This implicit equation allows to calculate the saturated gain Gg as a function of the ontput
power P; for a given unsaturated gain Ggj. An example of the signal induced gain saturation is
shown in Fig. 4.3.11 for a typical Nd3* doped fiber amplifier with Ggi = 30 dB and with
Psar= 2.5 mW.

1000
E B0O0= -
™
o E00 B
j:
m
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0 2 4 6 8 10 12 14
Qutpul power [mW]

Fig. 4.3.11. Saturated gain as a function of the outpwt power of a typical a Nd3+ doped fiber
amplifier with an unsaturated gain Go; = 30 dB and Pgge = 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 P7; has to be replaced by P;, where P; is the optical power at steady state in
the i-th cavity. The condition for the laser threshold canuects the power saturated gaing
gi2 = Gg in the three cavities as shown in Eq. (4.3.38) for matched cavity phases and
symmetrical fan-in, namely

1
2 Gsi = a7r (4.3.63)
i

The unsaturated gains Gy are function of the absorbed pump powers and can be written by
using Eq. (2.25), namely Ggj = exp (To(L)). Therefore, for a given set of Gy, Eq. (4.3.63)
gives a reladonship between the individual optical powers P 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 cousidering the ouser of
the saruration when the lasers are switched on. Let us assume a symmetrical fan-in and different
unsatorated gains Gy 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 unifarm power distribution in
each cavity. Depending on the unsaturated pain, the power in each cavity reaches the value at
steady state more or less rapidly. As an example, the fastest initial increase of the optical power
will be observed in the cavity with the highest unsarurated gain Gg;, to reach the steady state
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fixed by the sawration and Eq. (4.3.63). The splitting ratic of the optical power in the three
emitters at steady siate is then fixed by the power splitting ratio of the fan-in. The self
adjustment of the mutual cavity optical powers P; 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 diswibution of the pump power in the individual emitters
can be applied without a change in the coupling efficiency. The coupling efficicney is defined as
the ratio of the power in the zero diffraction order and the 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.

Saturated gain
o~
[~
<
1
\ .
i
T

200 =

T 1 1 T T ¥
¢ 2 4 6 8 10 12 14
Output power [nW]

Fig. 4.3.12. Samrated gains as a function of the output power in the three cavities. Since the
fan-in is assumed to be symmeirical, the output power P of each cavity must be the same
{Pi = Pp). The sieady state condition is fulfilled when the sum of the saturated gains Gg
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 1 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 ¢ is calculated as the ratio of the power
which is measured in the zero order with the 1otal output power measured in the five difiracton
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 sach set of pump
ievels. These measurements gave a mean coupling efficieney of 1 = (67.7 £ 1.4) %, which
proves the stability of the coupling in the zero order considering the accuracy of the
measurement of T)p. The resuits of these measurements ar¢ 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 caloulated by assuming a typical gain of 0.37 dB/mW and a pump coupling
efficiency of 30 %.



Graph N, | 1 2 3 4 5 6 7
Gy (dB] | 10.5 10.5 10.5 10.5 7.3 6.6 7.3
G2 [dB] [11.8 10.7 8.3 6.1 6.1 10 10
Gg3 [dB] | 10.3 9 10.3 10.3 10.3 8 0

The unsaturated gain Gy of the center cavity is changed from 11.8 dB (15 x) in graph 1 10 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.

1 @ P 3 @
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Fig. 4.3.13. Distribution of the otitput power in the five diffraction orders for several seis of
pump levels in the three fiber lasers. Graphs 1,2, 3, 4 show the pawer distribution when
the unsawurated gain of the center cavity is changed, while the two lateral cavities have
Jixed unsaturated gains. Graphs 5 and 6 show the same disiribution when the gains of the
lareral cavities are changed. A coupling efficiency of 1, = (67.7 £ 1.5) % was obtained.
Graph 7 shows the power distribution when only two of the three eminters are pumped
(Gp1 = 7.3 dB, Gpp = 10 dB, Gp3 = 0 dB). The same coupling efficiency was obrained.

S
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4,36, 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
propertics of a laser, since the pump laser threshold and the slope efficiency strongly depend on
this parameter. in this section, the losses of the conpled cavity system are analyzed by
considering the dynamic properties of the slightly perturbed iaser 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 tevel allows to extract information on the cavity
losses.

4.3.6.1 Basic princil

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 fluetation of the
photon number ®(t) around the steady state is given by

(1) = Qg exp(—11/21) cos () = Dy exp(~at) cos (@), (4.3.64)

where o = 1/21 gives the exponential decay of the induced oscillations, 1 is the fluorescence
lifetime, and r is the relative pumping rate which is given by

r=o5- {4.3.65)

where Py, is the pump power at threshold. The circnlar frequency @ of the oscillations of
relaxation is given by

w= '\) (=Dt 1, (4.3.66)

where t; is the cavity lifetime, which can be written as a function of the cavity losses, namely

) .
=~ m“-(I‘A—), (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=RRy(1-p)2, (4.3.68)
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where R and R are the reflectivities of the input and ontput mirrors, respectively, and p is the
single pass cavity loss. By introducing Eq. (4.3.65) in Eq. (4.3.66), one geis

1 ¢P

&:E(P—m- 1). (4.3.69)

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 acconnt the overlap
of signal and pump modes. This resnlts in an additional factor B, which is an overlap integral as
described in [4.5). Equation (4.3.69) reads now

“’2=Bi(l’£m' ,), (4.3.70)

where B for small signal power (i.e. negligible saturation) is defined as

112 ’
B=pn (4.371)
with
21!; had L
Ij = Jd¢ Jdr rsz Pir®.2) S(r.d,z), 4.3.72)
6 ¢ ¢
and
m e L
In= Jd¢ fdr rfdz 82(r,0,z) P(r,®,2), (4.3.73)
0 6 0

where L is the length of the fiber, P(r,®,2) is the pump and S(r,®, z) is the signal power
diswribntion. Equations (4.3.72) and (4.3.73) can be rewritten by separating the radial and
longitudinal terms, namely P{r,®,z) = P{r,®)P{(z), and S{r,®,z) = S({r,L)5({z). §{z) and P(2)
are normalized in such a way that their integration over the fiber length L gives 1. For nniform
longitndinal diseribution of the laser and pnmp modes, S(z) and P(z) are thus given by
8(z) = 1/L. and P(z) = 1/L. This yields
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2’105

h={ J-d:p Jdr r P(r0) S(r.0) 4.3.72%)
0 )}
n =@
n =$ Jdcp J‘dr r S2(r,0) P(r.D). (4.3.73)
i 0

This approximation has shown 10 be in very good agreement with the exact solutions calculated
in [4.6] for & typical Nd3+ doped fiber. The graph of @2 as & function of P is a straight ling
which is given by

dey?
w2(P) = 2 + 7 P (4.3.74)

This yield, by using Eq. (4,3,70),

coi(P)z-E:f B P, (4.3.75)
LT LetByp

By introducing Eq. (4.3.75) into Eqgs. (4.3.67) and (4.3.68), one gets for the single-pass
cavity losses

—nLt
_""'I moz I

1
p=1 -mcxp[ b ) (4.3.76)

The ratio of Eq. (4.4.12) and Eq. (4.4.11) gives for the pump power &t laser threshold

| ol )

Py = . 43.77
"~ de/ap) ( )

Measvring &% as a function of the absorbed pump power P gives immediately the value of w2,
This parameter does not depend on the absolute scaling of the absorbed pump power, which is
of a great practical interest since the pump cowpling efficiency is not easily measured with high
accuracy.



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 pumnp 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 1o be 30 %.
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Fig.4.3.14. @2 as a function of the absorbed pump power for the three coupled cavity lasers.
The pump coupling efficiency was 30 %.

The characteristics of the doped fiber were NA = (.21 and core diameter = 3.5 pum. This yields
a cutoff wavelength of 960 nm. The mean pump wavelength was 817 nm. The fiber supports
two modes ai 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 calculaied for fundamental
signal and pump modes gives B = 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 Legs = 4.31 m was obtained. By
assuming an index of refraction n = 1.46 for the fiber core, this yields a cavity length of
L¢ =Lere/n =2.95 m. This length corresponds 1o the length of the individual fibers. The
single pas losses, calculated form the measured value of wp? = —1.20891 1011 5-2, 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) arc Rt = 100 %, R2 = 96 %, and T = 470 ps.
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Fig.4.3.15. measured beat frequency signal between successive longitudinol 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 = Leffin = 2.95 m for an index of refroction n = 1.46 in the fiber core,

The pump laser threshold obtained from Eq. 4.3.77 gives a value of Py, = 49 mW, which is in
a good agreement with the threshold of P = 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 ; S intra-

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 1 of the laser beam into
the three fibers, the transmission cfficiency ) through the collimation lens, the transmission
efficiency Tm through the photoresist of the fan-in element, the coupling efficiency T of the
fan-in, and all the transmission efficiencies Ty reduced by Fresnel reflection on the interfaces.
Considering the transmission from the left to the right in Fig. 4.3.16, the total ransmission Ty
becomes

Thot =Tf - TNel * TFe Tim - Tee - NFr - (4.3.78)

The typical values were i = 60 %, N = 92 %, Nm = 98 %, Nee = 77 %, NE: = 96 %, which
gives a transmission of My = 38 %. The single-pass losses are then given by i = 1-To
=62 %. This value is in very good agreement with the measured single-pass losses
Pmes = 63 %, ’
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Fig. 4.3.16. Schematic structure of the coupled cavity lasers and the distribution of the
intracavity losses. T is the fiber coupling efficiency, 1)1 is the transmission through the
collimating lens, TIF, is the ransmission through an airiglass interface (Fresnel), 1, is the
transmission through the photoresist, and 1. Is the coupling efficiency of the fan-in
element.

4.3.7. Power properties of the coupled cavity fiber lasers

The output power of the coupled lasers can be modeled for the steady state by considering that
the total ontput power is given by the coherent addition of the contribution provided by the
individual emitters. If we assume a symmetrical coupling elemeat and matched mutual phases
¢&;, the total output power can be writien as

Pou=NZAZTH,, (4.3.79)

where N is the number of emitters, A2 is the power splitting ratio of the symmetrical fan-in, and
P; = P, is the output power of each laser. This well known equation states that the total output
power increases with the square of the nutmnber of coherently coupled emitters. Nevertheless,
for energy conservation, the maximum value for the power coupling efficiency of a losseless
symmetrical fan-in is AZ = 1/N. Coasequently, Poy increases linearly with the number N of
emitters. If we assume identical pumping of the individual emitters, which yields identical gain
saturation, the anzlysis of the coupled lasers can be simplified by considering the 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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1 ling of the individugl emi

Each source is a fiber laser of length L with and input and output mirror of power reflectivities
Ry and Ra, respectively. The single pass cavity loss Ly, which is mainly due to the coupling
efficiency of the fan-in and 1o the fiber back-coupling efficiency, is modeled by considering an
cffective reflectivity Roeqr of the mirror |4.8] which is given by

Raeff = (1-p)2 Ry, (4.3.80)

where the term (i—p)2 stems for the round trip cavity loss. The effective ransmission is given
by

Tefr = {1-R3) (4.3.81)

This in tum allows to simplify the propagation equations for the forward and backward optical
power in the resonator by considering a losseless resonator and by including the effect of the
cavity losses in the effective reflectivity Rerr. 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

_dlji“z@) = 1(z) P*(z), {4.3.82)
d—':j;z@hm) P(2), (4.3.83)

where Y(z) is the gain coefficient for homogeneously broadened gain curve which is given by

_ Yo
e AR (43.84)

Py

where Py is the saturation power.l namely Peyt = hv / 0131 Agerr [3.6]. Agerr 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) arc coupled through the saturation term of Y(z), which depends on the totl forward
and backward propagating power. Nevertheless, these equations can be decoupled by
considering that
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2 (P P-@) =0, (4.3.85)

which yields
PHz) Pz =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 boundary conditions fixed by the cavity mirrors, as shown in Fig. 4.3.17.

P
'}
P*+(z)
Ry Ro

P-(z) |
0 | -

0 L

PH0)=R) P-(0) P=(L) = (1 —p) Ra P*(L)

Fig.4.3.17. Distribution of the forward and backward propagating power in the laser cavity
and the boundary conditions on the two mirrors.

Equation (4.3.85) can be written as

1 1 C
w (P“(z) " Pt Paar P+(z)2) =Yo dz. (4.3.87)

The sarne expression can be found for PA(z), namely

1 1 C__\_
dP“(P_ i TR p~(z)2)“7° dz. (4.3.88)

The left side parts of Eqs. (4.3.87) and (4.3.88) are integrated between P*(0) and P*(L) and
between P-(L} and P—(0), respectively, and the right side parts are integrated beiween 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

— 69—



P
R Ty S 'r)ﬂ}l T [Fo+1n (i r2emd], (4.3.89)

where [y is the unsaturated (small) gain coefficient, as defined in Eq. (2.25), and 1 =v Ry,
taeir = ¥ Roeir are the amplitude reflectivities of the input and output cavity mimors,
respectively. Pgg is the saturation power which is given by Py = Isa Aeif, where Igy is the
saturation intensity as defined in Chapt. 2, and Ay is the effective mode area. The laser output
power is given by

[ Poy=TerPHU)= 1 -Rp PHQ). (4.3.90)

4.3,7.2 Quiput power of the coupled emitters

The output power of the covpled cavity lasers is obtained by using Egs. (4.3.79) and (4.3.90).
A typical resnlt 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 1y = 0.66 %, as defined in Chapt. 2.
The saturation power is Pggy = 2.5 mW. The ontput 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 losseless (Aij = A = 1 /3). The absorbed pump power is the total pump
power which is absorbed in the three cavities. The pump power is assumned to be identical in the
three lasers.
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Fig. 4.3.18. Quiput power as a function of the absorbed pump power of the coupled cavity
fiber {asers for different single pass intracavity losses p. The mirror reflectivities are
R; =99% and Rz = 85 %. The gain caefficient is [, = 0.52 dBimW.
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The laser thresholds are Py = 3.2 mW for p = 0 %, Py = 10 mW for p = 16 %, and
Pih=51.2 mW for p = 72 %. The maximum output power which can be obtained for & given
set of p, Pey and pump levels Pyps can be optimized by a careful adjusting of the transmission
Terf of the output mirror. This can be calcolated by solving Eq. (4.3.90) as a function of
Tert =1 - Ry for a given set of gain coefficient I'y 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.
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Fig. 4 .3.19 Ouiput power as a function of the transmission T of the output mirror for
different single pass intracavity losses p. The pump power is Paps = 50 mW in each laser.

For small intracavity losses, the maximum output power is achieved for low output conpling,
namely T = 20 %, which yields a laser output power of 28 mW.
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Fig. 4.320 Outpus power as a function of the transmission Tog of the output mirror for high
pump levels. The absorbed pump power in each cavity is P gps = 300 mW (left) and

Paups =

1W (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 Tegp = 78 %, with an output power of
13 mW. In this case, the adjustment of Ter 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 oulpul power is
achieved for a very large Tefr, namely Tepr = 98 95, 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 pawer Py, and the gain coefficient
[g. Psayis given by [3.6]

hv
Psat = dsau Asefr = — - Ageff, (4.3.91)
T2t

where hvy is the signal photon energy, ¢ is the emission cross-section, 1tz is the fluorescence
lifetime, and Ageqris the effective signal mode area, which depends on the numerical aperture
NA of the fiber, namely

2} a
A= z-(ﬂ_ I:IA] i (4.3.92)

Consequently the saturation power Py, decreases for increasing numerical aperture, The gain
cocfficient Ty, as defined by Eqs. (2.25), depends mainly on the parameter Ffnp, which
describes the signal and pump modes overlap, and on the fiber core area Af. For a given core
diameter, the coefficient F/p 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 Py and to the gain coeffictent [p. 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 ¢ = 3.5 um, a signal wavelength &g = 1088 nm and
a pump wavelength Ay = 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
Pgps = 50 mW. The maximufn output power is achieved with NA =0.14 for this core
diameter. 1n the same way, the output power can be considered as a function of the core
diameter, for a given NA. In this case the sawration power remains constant when the core
diameter s changed, since it does only depend on the mode confinement, which is fixed by the
numerical aperture NA. The gain coefficient I'y shows a fast initial increase when @ increases
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from small starting values, since the overlap coefficient F/rp increases more rapidly than the
core area Af. For larger ®c, A increases more rapidly than F/np, which yields a reduction of
I'o, as seen in Fig, 4.3.22. Consequently, for a given NA the maximum output power is again
achieved only for one specific core diameler, as shown in Fig. 4.3.21 (solid lin¢) for the same
set of parameters as described in Fig. 4.3.21.
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Fig. 4321 Outpur power as a function of the core radius (solid line} and as a funcrion of the
numerical aperture NA (dashed line). For the solid line the NA is fixed at NA = 0.21, and for
the dashed line, the core radius is fixed at ./ 2 = 1.75 pum. The absorbed pump power in each
cavity is Pops = 50 mW. The reflectivities of the input and output mirvors are Ry = 100 % and
Rz = 85 %, respectively. 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.
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Fig. 4322 Gain coefficient as a function of the core radius for NA = 021. The other
parameiers of the coupled lasers are described in Fig. 4.3.21.
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Consequently, the fiber core dismeter @ 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 10 be
kept within a range allowing both the signal and pump light 10 be singie mode for maximnm
unsaturated gain, which yields for the case of a Nd3+ doped fiber pumped at 817 nm &
Vmax = 1.B at Ag = 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
optimnm V will be chosen in the range 1.3 < V < 1.8. The rade-off berween the core diameter
&, and the numerical aperture NA hes to be chosen as a function of the specific interest, As an
example, a low core diameter and a large NA results in 4 high gain but with the draw back of a
lew saturation power.

4.3.2.3 Measurement of the power propertics of the coupled lasers

The output power of the coupled lasers has been measured by using the experimental setnp
shown in Fig. 4.2.4. The pump wavelength in the three cavitics was 810 nm, 818 nm and
824 nm, respectively. The pump conpling efficiency was 30 %. The reflecrivities of the input
and output mirrors were Ry = 99 % and R = 96 % at A5 = 1088 nm. The graph in Fig. 4.3.23
shows the output power in the zero diffraction order as & 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 Ay = 810 nm. Each cavity 15 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 Py = 51 mW have been measuored.
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Fig. 4.323. OQutput power as a function of the totol obsorbed pump power in the three lasers.
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The circles are the experimental data and the solid line shows a best fil, calculated with
Eg. (4.3.90) and assuming a typical pump efficiency 1 of 0.66. The frec parameters for the fit
were the reflectivity Rz of the output mirror, the cavity losses p and the unsaturated gain
coefficient Ty, This yields Ty = 0.52 dB/mW, p =71 % and Ry = &5 %. The theoretical
values for 'y can be calculated by using Eq. (2.25) for a fiber with NA = 0.21 and core
radins = 1.75 pm. The pump and the signal wavelengths are Ap = 817 nm (mean value) and
As = 1088 nm, respectively. This yields T’y = 1.06 dB/mW for a LP01 pump mode and
T =0.55 dB/mW for a LP11 pump mode. The measured value [ = 0.52 dB/mW is in good
agreement with these theoretical values, if we admit that the pump light was in the LP11 mode.
The reflectivity of the outpot mirror R2 = 85 %, which has been obtained from the best fit, is
somewhat lower than the real value of Rg = 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 becaunse of the frequency changes
which are necessary for the steady state. Finally, the singlc-péss losses p-obtained from the fit
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
sawration of the pump beam and the ground state depletion. Therefore, the exact
characterization of the cutput power of very high power lasers would require an improvement
of this model 10 address these two effects. Nevertheless, even in this case, this simple model
allows 10 investigate most of the relevant parameters for the optimization of the coupled lasers.

13.7.4 0 bili

The power stability of the conpled cavity fiber lasers does mainly depend on the siability of the
amplitude and phase matching between the individual emitters, which is self established in the
coupled cavities. This stability has been measured by nsing 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 nnperturbed
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 fluctoations are given
by the mechanical instabilities of the laser resonators, which may produce oseillations 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 etalons with a transmission
which depends on the optical frequency. This results in a power modulation when the 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 conpled lasers.
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Fig. 4.3.24. Owpur power stability of the coupled lasers. The mean output power was
Poys = 0.32 mW. A maxinum 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 lefi fixed, the fluctuations of the output polarizaticn 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. Outpus power when the temperature of one of the fiker is changed between 27 °C
and 70 °C. No significant effects have been measured.

-76-



In this figure the output power of the conpled lasers is shown when the temperature of one of
the cavities is locally changed between 27 ¢C and 70 °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 caherent
addition

4.3 8.1 Coupling efficiency

The coupling efficiency of the three laser bearns 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, a3 to 1 continuous surface relicf 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 mutoal phases. This maximum coupling efficiency depends on the
number of input beams and on the pawer splitting ratios Ag.-,2 of the fan-in. Consequently, a
trade-off can be found for a given configuration of ¢oupled lasers which allows to achicve the
best coupling efficiency and the maximum output power. As an example, a 3 to 1 fan-in
clement with a power splitting ratio of 1: 4: | and mutual phases Q, n/2, 0 givcs 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
experimen 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 1two considerations. First of
all, the quality of the wavefronts which interfere in the fan-in plate must be carefully controlled
to achieve a wniform interference pattern in each diffraction order. Auy 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 abermation 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 polanization 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 adjustmem 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 eigenpolarizations 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 i n iti

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.

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 the 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 the +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 diffracton orders +1st
and —1st to be minimized for the maximum coupling efficiency in the zero diffraction onder.
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Fig. 4.3.27. Distribution of the outpuit 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 the steady state, as given by Eq. (4.3.37), namely &; =
If we assume that the accumulated phases ®; are the propagation phases, namely

@; =2T“ n L, C (4.3.93)
where n is the index of refraction of the fiber core and L; is the fiber length of the i-th cavity.
Eq. (4.3.37) can be written as

Tow g 4.3.94
i ) ( )

I—I-‘iz
Li
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This equation fixes the resonances as a function of the mutual lengths L; of the laser cavities.
WNevertheless, 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 Jarge number of resonances to oscillate (typically more
than 107 resonances). Cormplicated 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 stare makes a detailed analysis
of the spectrum extremely difficole. For these reasons, the power specirum has been analyzed
by considering only the envelope of the resonances. Figure 4.3.28 shows the emission
specirum of a typical Nd3+: §i02: GeQ; doped fiber laser, which was obtained by blocking the
two lateral cavities of the coupled lasers. The peak wavelength is Ag = 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 etalons. The power
spectrum remains stable since no phase adjustments are required for the steady state of the
ceniral cavity alone.
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Fig. 4.3.28. Power spectrum when the two lateral cavitics are blocked. The spectrum of a
typical fiber laser can be observed. The peak wavelength is A; = 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 measored at Ay = 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=a f=5j—i—f, ' (4.3.95)
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where o is the angle of diffraction, f is the focal length of the collimating lens and A is the
period of the grating.
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Fig. 4.3.29, Power spectrum of the couple cavity fiber lasers. The peak wavelength is shifted
w0 As = 1078 nm.

The dispersion of the grating yields a change of the diffraction angle ¢ as a funciion of the
wavelength Az, Consequently, the coupling efficiency in the lateral fibers strongly depends on

the wavelength.
E 3
b

Fig. 4.3.30. 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 itis achieved by the
zero diffraction order of the fan-in. The fiber spacing d has been adapted for a wavelength of
Ag = 1088 nm, and for a period of the grating A = 50 um. The focal length was f = 14.5 mm.
This gives, by using Eq. (4.3.95), a separation d = 315.51 pum. In this case, the maximum
coupling efficiency is achieved in the three fibers. Nevertheless, & 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 the coupling. This effect explains the shift of the emission wavelength
berween the central cavity alone which oscillates at Ag = 1088 nm (center of the gain curve) and
the coupled cavity laser which emit at Ag = 1078 nm. The error AA which is necessary to
achieve a wavelength change of Ak is calculated by deriving Eq. (4.3.95). This yields

Mg=FaA. (4.3.96)

A typical mean value for the error on the period of the grating is AA = 0.4 pum. This gives, by
using Eq. {4.3.96), a wavelength shift of Adg ~ 9 nm. This value is in excellent agreement with
the wavelength shift of Adg = 10 nm which has been measnred between the peak wavelengths
in Figs. 4.1.28 and 4.3.29. The spectrum shaws 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 conpled 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 vield
fringes. The displacements of the fringes due to the frequency change are analyzed with a small
aperture detector (dismeter of 0.2 mm), 85 shown in Fig. 4.3.31. The thickness of the plate
was of Iy = | mm, which gives a wavelength separation of Ak = 0.28 nm between successive
fringes.

i lat
Coupled cavity e Shearing plate
fiber lasers
/

O‘___.. Small aperture detector

Fig. 4.3.31. Setup for the demonstration of the frequency changes in the coupled lasers. The
displacement of the fringes is measured with a low aperture detecior,

The intensity which was measured on the detector is shawn 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 2nl, = 3 mm. This yields a maximum spectral width of AA = 0.4 am,
which is smaller than the FWHM spectral width of AL = 2 nm which can be scen 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 lagers is much narrower (typical spectral width AA < 0.4 nm).
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Fig. 4.3.32. Intensity derected on the small apersure 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 siete 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 praperties of the coupled resonators, such as the influence of the phase
matching on the cavity losses,

43.1 si¢ prineipl

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 schemanically shown in Fig. 4.3.33.

i
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Fig.4.3.33. 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 ; for Xi = 0. The input and
ontput vectors are connected through the matrix 8 of the conpled lasers given in Eq. (4.3.31),
The system which is shown in Fig. 4.3.33 can be written as

X, 0
X, 0
Sisl 0 4.397)
Y Y,
Y2 Y.,
Ys Y,

The output vector X can be easily writien as a function of the vector ; by considering the two
3 x 3 sub-matrices 8 and Sz of §, namely

(S Sis S
S, =[S S Sy (4.3.98)
Sl‘ S!S S!ﬁ

(S Sis Se
8, =184 8§ Sg|. (4.3.99)
Sa Se Sk

— - -+
The vectors y and x can then be written as a function of the vector Y

-

y=8 Y (4.3.100)

—

x=8; Y. {4.3.101)
Equations (4.3.100) and (4.3.101) ca be combined to give x as a function of _y', namely

x=818;-1y=Ky. (4.3.102)
The elements of matrix K are listed in Annex A.3. We are mainly interested in the wansfer
function of the zero diffraction order. This means that only the x7 and y2 components have to
be considered. Consequently, Eq. (4.3.102) can be reduced to

xz=Kayz, o (4.3.103)

where Kg3 is the corresponding matrix component of K. This clement can be written as a
function of the clements §;; of the matrix § of the conpled lasers given in Sect. 4.3.2, namely
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1
K32 = 15 (524 S45 S66 ~ 524 S46 Se5 — S25 544 S66 + 525 546 Ses
+ 526 544 S65- 826545 Se4), (4.3.104)

where

N =544 Ss5 Sg6 — S44 556 565 — 554 Sa5 S66 + 554 Sa6 S65
+ 854545 556 — Spa S46 S55. (4.3.105)

2 fer ion 0 coy sers with nt fiber

The analysis of the wransfer 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 gi= 1, Ry = 99 %,
R2=95% and ®; =0. In this case the coupled lasers are identical to a single losseless
Fabry-Perot resonator with two mirrors of reflectivities Ry and Rz, respectively. This
equivalence can be verified by comparing the minimum value of the reflected signal with the

minimum reflectian
T, T
Rmin=1-—-1-2—— 4.3.106

of & single Fabry-Perot. The same value Ryin = 0.452 is obtained with the two models.
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Fig. 4.3.34. Power and phase transfer function of the coupled fiber lasers with losseless fibers
(gi = 1). A minimum reflectivity af 0.452 is obtained at resonance which is exactly the
minimum reflectivity of a single equivalent resonator with reflectivities Ry and Ra.
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The fincsse 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 @) =n/d, D2 =0, ¢y = /4.
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Fig. 4.3.35. Power tronsfer function of the coupled cavity fiber lasers for unmarched mutual
phases, namely Oy = 14, Oy = 0, 3 = wid, The ather parameters are the same than for
Fig. 4.3.32,

This analysis of the transfer function allows w characterize the cavity losses due to a phase
mistmatch, 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
lasses can also be analyzed by considering an effective reflectivity Raegr 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 informatgon of the finesse of the resonances.
This kind of analysis becomes of interest if the spectral properties of the coupled lasers are
perfectly well conwrolled as itis 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 ohtaited for three
Nd3+ doped coupled fiber lnsers. 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 eigensolutions 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 outpur power in the zero diffraction order was independent of the
mmtual 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 carricd 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 propenies of the coupled lasers have been theoretically analyzed by considering a
approximate model for the outpnt 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 radins
have to be carefully chosen to achieve simultanecusly 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 deailed analysis of the power spectrum of the coupled lasers could be performed
by counsidering the spectral selectivity of the coupled resonators, which can be modeied by nse
of the transfer function of the coupled lasers. The interaction between the coupled resonators
and the mixed homogeneously and inhomogencously broadened gain medium could be then

]

investigated for a better understanding of the spectrum. H

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 sieady-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 10
the analysis of conpled lasers with different input mirrors. Nevertheless this yields more
complicated expressions for the steady siate and for the threshold, which do not bring
significantly new informiation.
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The described intracavity coupling technique is well adapted torealize high power fiber lasers
and for distributed active fiber sensors. Neventheless, the main difficulty for the fabrication of
an efficient high power conpled 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 singie
pass loss requires very high transmission {typically more than 30 %} of the output mirror to
compensate for the best efficiency. The intracavity loss p can be efficiently minimized by a
carcful design of the open cavity. The Fresnel reflections can be strongly reduced by use of
efficient anti-reflection coatings on each interface. The nse 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.

Collimating lens Fan-in

N

Py -
mP o Output mirror

DDA

LD

2,

e AR

Input mirror Fiber laser bundle

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, whicb can be directly engraved into the fiber core of each emitier by U.V. lithography
(4.101.
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Annex Al

Components of the matrix S of the coupled lasers (See Sect, 4.3.2.5)
Su=0

t s
S12 =—-;?;(t12+r12)m12 g2expidn

1 .
S13 =‘“12((‘12 +r1)ymapzexpida
S14=0

mpplpr .
SIS=“‘1‘Z_§"LEZCXPI¢2

S16 <30T B3 t“r exp ity

Sa1 =~ g\tm (&2 ma1 (1222 + 1202+ 02 42 + 2 expi ¢ ~ri amsg =i 61)
Spa=- gzmz E2my 2+ t2n2+r22 02+ r2lexpidp - r2mss—i ¢2)
S23=- g:mtz (g2 mp (22 + 22+ u? 22 expidy—r mss -i ¢3)
S24 =TALLEL @2 4 ) exp i g1 -t exp -i 1,

Sa2s __2&_‘;_52 (2 + ) exp id2— —g—;{]—r“{i‘cxp —ida

S26 =2 LEY (2 ) exp i @3- exp —i

' :
S31 =_—t'*;-(t12+r12) m3) g1 exp iy

) Saz=—%(t12+r12)m32gzcwi¢2
S33=0
S34 =M—ttlLrJ—glcxp i¢.l

i .
S35 = DRLEE erp iy
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S36=0

541 =

Sa2=

843 =

S4q4 =

S45=

Sa6 =

Ss51=

Ss2=

Ss3=
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Sq1=
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Sea=
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dyy =0
dip=itampgrexpidy
diz=itampagaexpidn
dig=0

dis=0

dig=0

da; =.EIE“’21 22 +mdexpit
d2y =523m22 (122 +n?)expitn
do3 = B3 (12 + ry2) expi ¢

dog = —j T2 M54
24 1t2 g1 exp—ig)

dos = {12155 ;
=t exp-id

dog =i 12 M56 o
%=, £3 exp-i 4y
d3; =itam3) gy expi P

diz=itamyagrexpid
d3y=10
dys=0

dis=0

dyg=0

Annex A2

Components of the matrix D of the open cavity fiber laser (See Sect. 4.3.4.1)

dy) =0
dg2=0



Annex A3

Components of the matrix K of the transfer function {See Sect, 4.3.10.1)

N =544 S55 866 — S44 556 545 — 854 545 S66 + 554 846 S65
+ 864 845 856 — Se4 S46 Ss5

1
K1y =-1 (-514 555566 + 514 856 S65 + 515 554 Se6 - S15 556 Se4
—S16 554 S5 + 516 S55 Se4)

1
K2 = -5 {814 Sa5 Se5 — 514 546 Se5— 515 544 S66 + 515 546 Sp4
N
+ 816 844 S65 - S16 545 Se4)

1
K13 =15 (S14 545 S56 — 514 846 S55 - S15 S44 S56 + S15 S46 554
+ 816544 8555 — 516 545 554)

K1 = (-S24 855 8s6 + S24 856 S65 + 825 854 Se6 — 525 556 Se4
N
— 826 554 865 + 526 855 S64)

Koy =— L (S24 Sas Sg6 — 524 846 S65 — S25 844 Se6 + S25 546 Se4
N
+ 826 844 865 — 525 845 S64)

Ka3 = L (524 845 556 — 524 S46 555 — 525 844 856 + 825 Sa6 S5
N
+ 826 544 855 — 526 545 S54)

Ky -— (—S34 Ss5 S66 + 534 856 565 + 535 554 Sg6— 815556 S64
N
- 836 854 865 + 536 Ss55 Ss4)

1
K32 = -7 (534 345 S66 — 534 S46 S65 — 535 544 S66 + 535 846 Sp4
+ 836 544 Sg5 — 836 545 S64)

1
K33 = 57 (534 845 S56 — 534 S46 555 — S35 544 556 + 535 Sa6 S54
+ 836 844 855 — S36 Sas S54).
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