
Appl. Phys. B 80, 449–457 (2005) Applied Physics B
DOI: 10.1007/s00340-005-1743-3 Lasers and Optics

A. ESCUER
S. JARABO✉
J.M. ÁLVAREZ
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ABSTRACT A new characterisation method is described us-
ing the new theoretical model for erbium-doped silica fibre
lasers (EDSFLs) based on the energy conservation princi-
ple. Using this method, we obtained absorption and emission
coefficients for the lasing wavelength at lasing operating con-
ditions. After that, an experimental procedure to deduce the
spectral profiles of the absorption and emission coefficients
is also presented. This procedure allows us to obtain the val-
ues of these parameters for the whole fluorescence spectrum
through measurements of gain profiles under the lasing op-
eration. Once the absorption and emission coefficients are
known, the new model can be applied and a comparison with
experimental results for two different laser configurations is
shown. The theoretical model is proved to be accurate and
in addition some equations are developed to allow the design
and optimisation of EDSFLs.

PACS 42.55.Wd; 42.81.Cn

1 Introduction

Erbium-doped silica fibre amplifiers (EDSFAs) and
lasers have been of great interest for applications in optical
fibre communication systems. The importance of EDSFLs
in these systems is based on their possible application as
multiwavelength sources in wavelength division multiplexed
systems for the third window [1]. In order to optimise the
behaviour of these devices it is essential to dispose of accu-
rate theoretical models, which must provide suitable values
for the main features of EDSFLs. Thus, in order to validate a
theoretical model, it is necessary to check its predictions with
experimental features of a high number of EDSFLs. This
number of experimental set-ups developed can be reduced
considering lineal cavities better than ring cavities since the
laser has both forward and backward amplified spontaneous
emission (ASE) powers, which makes the comparison more
general. The comparison is even more useful when pumping
at 1480 nm instead of 980 nm because the behaviour of the
erbium-doped fibre (EDF) is more valuable since the erbium
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laser transition is directly pumped, and then pump stimulated
emission must be considered. Following this reasoning, the
kind of laser cavity and the pump wavelength would be fixed
and the number of different experimental configurations re-
duced; however, it is still possible to build many set-ups just
changing the kind of mirrors, their reflectivities or the length
of EDF, as we will see later. Despite these reasons, the analysis
and experimental comparison of theoretical models is rarely
found in the literature. Moreover, when experimental results
are compared [2–7], the comparison is not general, and papers
dedicated to this subject usually lock the emission wavelength
a priori (by means of optical filters, fibre Bragg gratings, etc)
[5–7].

Recently, we have proposed a theoretical model based on
energy conservation principle [8], which can provide a good
description of the laser behaviour and can predict correctly
the oscillation wavelength (with or without wavelength se-
lector). Furthermore, it could be employed to determine be-
forehand the fibre and cavity parameters that optimise the
laser performance, but first, this model must be checked
comparing its results with experimental efficiencies, thresh-
old pump powers and oscillation wavelengths of some laser
configurations.

In this paper we will carry out this comparison, show-
ing a good agreement between theoretical and experimen-
tal values. However, before doing this comparison, the EDF
employed must be experimentally characterised to determine
its absorption and emission coefficients, which constitute in-
dispensable parameters to apply our model. To do that, we
develop a characterisation method based on our theoretical
model that provides the absorption and emission coefficients
when lasing operation is considered. That is to say, we obtain
coefficients more suitable in order to model a laser device,
while other characterisation methods could provide coeffi-
cients more suitable to explain the behaviour of amplifiers
[9–11]. After that, we will compare experimental and theo-
retical values of efficiencies and threshold pump powers for
several fibre lengths using two kinds of linear cavities: one
with its oscillation wavelength locked by means of a fibre
Bragg grating, and another cavity allowing free oscillation
wavelength. Thus, with the second cavity, we will compare
values of oscillation wavelengths too. Finally, it will be shown
how laser cavities can be designed and optimised employing
our model.
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FIGURE 1 Scheme employed to develop the theoretical description of the
laser

2 Experimental characterisation of EDSFLs
at the oscillation wavelength

Several methods to obtain the erbium cross-
sections in a silica matrix have been published [9–11]. As
a result, we have several similar spectral profiles, but with
high quantitative differences. Moreover, none of these meth-
ods give the cross-sections in lasing conditions. This situation
led us to think of a method that provides these data at our own
working conditions.

To explain the method of experimental characterisation
of EDSFLs at the oscillation wavelength, we will follow
the laser scheme shown in Fig. 1. This scheme is the same
employed by the authors to develop the theoretical model
for EDSFLs reported in Ref. [8]. As in this reference, we
consider effective transmission and reflection factors, which
include the transmission losses of the intracavity devices,
namely ε1(ν) and ε2(ν). Thus, the effective reflection fac-
tors are R1(λ) = R′

1(λ)ε2
1(λ) and R2(λ) = R′

2(λ)ε2
2(λ), and

the effective transmission factors are T1(λ) = T ′
1(λ)ε1(λ) and

T2(λ) = T ′
2(λ)ε2(λ), where R′

1(λ), R′
2(λ), T ′

1(λ) and T ′
2(λ) are

the reflection and transmission factors of mirrors 1 and 2, re-
spectively. Moreover, it is necessary to introduce the following
EDF parameters [12]

γδ(λ) = η0(λ)σδ(λ)N̄T(δ = a, e), (1)

β(λ) = γa(λ) + γe(λ)

γa(λp) + γe(λp)
, (2)

γ (λ) = γa(λp)β(λ) − γa(λ), (3)

where σa(λ) and σe(λ) are respectively the absorption and
emission cross-sections at λ; λp is the pump wavelength; N̄T

is the mean concentration of erbium ions and η0(λ) is an
overlapping factor [12].

Following this notation and taking into account that the
behaviour of the erbium ion is reasonably well described
considering homogeneous broadening mechanisms, it can be
considered that an EDSFL oscillates at the wavelength λl for
which the gain compensates the cavity losses. Thus, neglect-

FIGURE 2 Experimental set-up used to characterise
erbium-doped fibre lasers at oscillation wavelength. PLD:
pump laser diode (1480 nm); VAT: variable attenuator;
WDM: wavelength division multiplexer coupler; FBG: fi-
bre Bragg grating; M : all-fibre mirror; EDF: erbium-doped
fibre; PWM: power meter; OSA: optical spectrum analyser

ing the influence of ASE power, the gain at the oscillation
wavelength λl can be expressed by

G2(L , λl)R1(λl)R2(λl) = 1, (4)

where L is the EDF length. Moreover, the gain G(z, λ) is
related to the pump power P+

p (z, λp) by the expression [12]:

G(z, λ) = exp [γ (λ)z]

[
P+

p (z, λp)

P+
p (0, λp)

]β(λ)

. (5)

So, using Eqs. 4 and 5 at z = L , the non-absorbed pump
power (pump power at z = L) can be written as a function of
cavity and EDF parameters as follows:

β(λl) ln

[
P+

p (L , λp)

P+
p (0, λp)

]
+ γ (λl)L

+ 1

2
ln [R1(λl)R2(λl)] = 0. (6)

As it will be seen later, parameters β(λ) and γ (λ) can be
easily obtained for the whole spectra once they have been
firstly determined for a specific wavelength. Therefore, this
equation is the key of our characterisation method since it
allows the experimental determination of β(λ) and γ (λ) at λ =
λl. The procedure to obtain β(λl) and γ (λl) from expression
(6) is simple, and it consists of measuring coupled as well as
non-absorbed pump power for several EDF lengths. Then, the
coefficients

A = −γ (λl)

β(λl)
and B = − ln[R1(λl)R2(λl)]

2β(λl)
(7)

can be easily determined by linear fitting to the Eq. 6. Note
that this procedure can be erroneously applied if the oscillation
wavelength λl changes. In fact, as the wavelength oscillation
of an EDSFL depends on the EDF length, it is always neces-
sary to include spectral filters (such as Bragg gratings) inside
the laser cavity in order to lock the wavelength oscillation.

It is necessary to point out that the EDF can be fully
characterised by β(λ) and γ (λ) as well as by its absorp-
tion and emission cross-sections, σa(λ) and σe(λ). In fact,
in agreement with Eqs. 1–3, both pairs of parameters are
practically equivalent in order to characterise the fibre. Nev-
ertheless, β(λ) and γ (λ) are preferable because they can be
experimentally obtained and because they are handier than
σa(λ) and σe(λ) when theoretical models based on overlap-
ping factors are employed. So, we can conclude that the
EDSFL is characterised when parameters β(λ) and γ (λ) are
determined.

To apply this characterisation method, the experimental
set-up shown in Fig. 2 was developed. The laser is pumped
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FIGURE 3 Experimental measurements fitted with Eq. 7. The experimental
set-up is shown in Fig. 2

by a laser diode (Anritsu Corp., SD3F411P model) emitting
around 1480 nm with the amount of pump power being reg-
ulated using a variable attenuator. The laser cavity is formed
by an all-fibre mirror (50/50 coupler), a fibre Bragg grating,
an EDF sample and a wavelength division multiplexer
(WDM) coupler (1480/1550 nm), which is used to extract the
non-absorbed pump power. The fibre Bragg grating is centred
at 1556.75 nm with a full width at half-maximum around
0.3 nm and its maximum reflection factor is 0.18. The EDF is
co-doped with Al, Ge and P and has an erbium concentration
of 170 ppm. The core diameter is 3.8 µm, the numerical
aperture is 0.17 and the lifetime of the laser level is 10.5 ms.
Finally, the measurement devices employed in this set-up are
a power meter (Advantest, Q82226 model) and an optical
spectrum analyser (OSA, Hewlett-Packard, 70950A model).

Experimental results obtained with this set-up are shown
in Fig. 3. The oscillation wavelength was λl = 1556.68 nm.
At this wavelength, measured effective reflection factors were
R1(λl) = 0.165 and R2(λl) = 0.400, and fitting coefficients
were A = −0.0859 m−1 and B = 0.535. Therefore, with the
Eq. 7 we get:

β(λl) = 2.54 and γ (λl) = 0.218m−1 (8)

Once β(λ) and γ (λ) have been obtained for a specific
wavelength, we could apply this characterisation method for
every wavelength along the gain spectrum of the erbium ion
to determine the spectral profiles of the parameters β(λ) and
γ (λ). However, in order to do that, it would be necessary to
place very stable tuneable filters with a wide spectral range.

FIGURE 4 Experimental set-up used to carry out the
spectral characterisation of erbium-doped fibre lasers by
mean of gain measurements. PLD: pump laser diode
(1480 nm); LED: light emission diode (signal); VAT: vari-
able attenuator; WDM: wavelength division multiplexer
coupler; FBG: fibre Bragg grating; EDF: erbium-doped
fibre; PWM: power meter; OSA: optical spectrum analyser

Moreover, applying this method to every wavelength of the
erbium spectrum would be excessively tedious. To avoid this
procedure and taking into account that β(λ) and γ (λ) only
depend on EDF features, we will develop in the next section
a simpler experimental procedure to obtain these parameters
based on spectral gain measurements. With these measure-
ments, spectral profiles of β(λ) and γ (λ) will be determined.
Finally, as a correction, we will impose over them the values
obtained previously at the oscillation wavelength λl to obtain
the definitive spectral values of β(λ) and γ (λ).

3 Spectral characterisation of EDSFLs

To measure the spectral profiles of β(λ) and γ (λ),
the experimental set-up shown in Fig. 4 has been used, where
in contrast to Fig. 2, the all-fibre mirror has been substituted by
a fibre Bragg grating. This second fibre Bragg grating works
centred at 1556.60 nm with a full width at half-maximum
around 0.2 nm and maximum reflection factor of 0.86. Since in
this configuration both cavity mirrors are fibre Bragg gratings
and their reflection profiles overlap, the EDSFL will oscillate
at some intermediate wavelength; concretely, at 1556.68 nm.
Finally, a WDM coupler is introduced inside the laser cavity
to avoid the influence of the non-absorbed pump power on the
measurements made by the OSA.

The experimental procedure is based on the spectral gain
measurement of the EDSFL, employing a light emitting diode
(LED) as the signal power source and measuring the ampli-
fied signal power with an OSA. The power emitted by the
LED is low enough to consider populations of the erbium
energy levels unmodified, but high enough to allow accurate
measurements as it was checked by means of synchronous
detection based on the use of a lock-in amplifier. Note that
this method can not provide correct measurements at oscil-
lation wavelength since signal power overlaps laser power.
Thus, it is possible to have the whole gain profile measured,
except around the oscillation wavelength. In fact, the value
of G( L , λ), that is to say, the gain of an EDF sample with
length L for every wavelength λ �= λl, can be easily obtained.
For this purpose, two measurements with a sample of EDF
of length L will be made: the power when the LED is on,
Pon (L , λ) and the power when the LED is off, Poff (L , λ).
Later two similar measurements but introducing an EDF sam-
ple of very short length will be made: the power when the LED
is on, Pon(0, λ) and the power when the LED is off, Poff(0, λ).
Note that these two measurements are necessary to measure
the power emitted by the LED taking into account insertion
losses of fibre splices. Thus, we have:

G(L , λ) = Pon(L , λ) − Poff(L , λ)

Pon(0, λ) − Poff(0, λ)
, ∀λ �= λl. (9)
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FIGURE 5 Gain spectra profiles measured with the experimental set-up
shown in Fig. 4 employing several pump powers. Each spectrum profile is
labelled with its pump power value in milliwatts

Once we have an expression for the gain, we can use Eq. 5,
which can be rewritten as follows:

ln [G(L , λ)] = β(λ) ln

[
P+

p (L , λp)

P+
p (0, λp)

]
+ γ (λ)L . (10)

With this equation, parameters β(λ) and γ (λ) can be easily
determined by linear fitting when gain and ratio between cou-
pled and non-absorbed pump power are measured for several
EDF lengths or for several input pump powers. To simplify the
experimental procedure, it is more interesting to work vary-
ing the input pump powers instead of the EDF length since in
that case laser cavity must not be modified. Thus, choosing
a resolution of 1 nm, several spectral gain measurements for
several input pump powers and an EDF length of 19.5 m are
shown in Fig. 5. Fitting these measurements to Eq. 10 for
every wavelength, the spectral shape of the parameters β(λ)
and γ (λ) is determined. Finally, imposing to these profiles the
values at the oscillation wavelength shown in Eq. 8, which
were obtained through measurements in laser regime condi-
tions, the β(λ) and γ (λ) spectra are obtained. These spectra
are gathered in Fig. 6.

Note that although the experimental procedure exposed
is simple and, as it will be seen later, provides correct val-
ues of the parameters β(λ) and γ (λ), it does not work well
for wavelengths near the oscillation wavelength, where laser
power overlaps LED power. However, this problem affects
only a very narrow wavelength range and on the other hand
values of β(λ) and γ (λ) at oscillation wavelength are well
determined. Therefore, we can conclude that the definitive
profiles of β(λ) and γ (λ) can be corrected by interpolation,
leading to a good characterisation of the EDF.

4 Comparison with experimental results

To check the validity of the obtained profiles as
well as our model’s good operation, a comparison between
theoretical and experimental results will be made. For this
purpose, we will begin by applying the approach of negligible

FIGURE 6 Spectra profiles of parameters β and γ obtained with pump
power at 1480 nm. These profiles were obtained after interpolating at the
oscillation wavelength and after recalculating each spectrum to make values
at oscillation wavelength coincide with those shown in Eq. 8

spontaneous emission to the expressions of the efficiency and
threshold power developed in Ref. [8]. Then, we will apply the
expressions (4) and (6) to obtain simpler analytic equations
of the most important laser features:

η+(L , λ) = λp

λl

1 − P+
p (L)

P+
p (0)[

1 +
√

R2(λ)
R1(λ)

] , (11)

η−(L , λ) = λp

λl

1 − P+
p (L)

P+
p (0)[

1 +
√

R1(λ)
R2(λ)

] , (12)

Pth(L , λ) =
P th

p
γp

γa(λ)+γe(λ)

{
γa(λ)L − 1

2 ln (R1(λ)R2(λ))
}

1 − P+
p (L)

P+
p (0)

,

(13)

where λp is the pumping wavelength, P th
p is the parameter

defined in Refs. [8] and [12] and γp ≡ γa(λp).
Note that to apply any of the expressions (11)–(13),

it is necessary to know, besides the profiles of β(λ) and
γ (λ), the oscillation wavelength. It is important to keep in
mind that the oscillation wavelength cannot be determined
in the approach of negligible ASE, since the spectral shape
of the ASE within the doped fibre is not considered versus the
power values at the oscillation wavelength. For this reason,
when other authors want to verify a theoretical model which
uses this approach, spectral filters or Bragg gratings are
introduced inside the cavity to force the system to oscillate at
a previously determined wavelength. In our case, to solve this
aspect, we will take advantage of the fact that our original
model actually preserves the spectral information, and we
will use the relationship between the spectral profiles of γ

and β and the cavity parameters given by (6).
Since an homogeneous medium is considered, gain can

only achieve losses for λ = λl, and therefore Eq. 4 takes val-
ues under unity for any other wavelength of the spectrum.
Following the same reasoning, function G2(L , λ)R1(λ)R2(λ)
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takes negative values for any wavelength except for the oscil-
lation wavelength, for which it becomes null. So, this function
reaches its maximum at λ = λl, and therefore:

2L
dγ (λ)

dλ
+ 2 ln

Pp(L , λp)

Pp(0, λp)

dβ(λ)

dλ

+ d

dλ
{ln [R1(λ)R2(λ)]}

∣∣∣∣
λ=λl

= 0. (14)

Although it seems that Eq. 6 as well as Eq. 14 could be
used to calculate λl, note that the pump power at the end of
the doped fibre is not known. Thus, using both expressions
we get finally the following expression:

d

dλ

{
2γ (λ)L + ln [R1(λ)R2(λ)]

β(λ)

}∣∣∣∣
λ=λl

= 0, (15)

which gives the oscillation wavelength of a laser configu-
ration starting from the cavity characteristics (L , R1 andR2)
and the doped fibre parameters (γ and β). Once the lasing
wavelength and the spectral profiles of β and γ have been
obtained, analytical Eqs. 11–13 can be applied and compared
with experimental results. First, they will be applied to the
experimental laser configuration of Fig. 2, which was the one
used earlier to obtain the values of β and γ at the oscillation
wavelength. The parameter values of the EDF chosen for ex-
perimental configurations from here on, are: γp = 0.23 m−1,
γe(νp) = 0.11 m−1, τ = 10.5 ms, N̄T = 2.4 × 1024 m−3 and
ρ = 1.9 µm. In Figs. 7–9 it can be seen how the theoretical
model deduced in Ref. [8], describes correctly the experimen-
tal behaviour of the laser even after neglecting the ASE.

Although the values of β(λ) and γ (λ) obviously have an
influence on all the laser features, the best way to prove the
good operation of these profiles is to predict with them the
lasing wavelength in a free oscillation configuration (without
spectral filters). In order to do that, the full model described in
Ref. [8] as well as Eq. 15 can be used. This reasoning comes
from the fact that the spectral resolution considered in the
calculus of the profiles is just 1 nm. Then, a little variation in
the calculus of the oscillation wavelength makes the prediction

FIGURE 7 Comparison between the threshold pump power given by Eq. 13
and the experimental values (circle dots) obtained with the set-up shown in
Fig. 2

FIGURE 8 Theoretical values of forward (η+, Eq. 11, triangle dots) and
backward propagating efficiency (η−, Eq. 12, square dots) compared with
experimental measurements carry out with the set-up of Fig. 2

jump to the next or to the previous nanometer, which results
more remarkable than for instance a slight increase in the
value of the efficiency.

Furthermore, it seems reasonable that the developed equa-
tions give an accurate description for the laser configuration of
Fig. 2, since this is the one used to deduce the values of β and γ

for the oscillation wavelength. Note that this situation would
only indicate that an auto-consistent theoretical model has
been developed, which actually is not the purpose. To prove
that this is not the case, we will apply now our model (together
with the spectral profiles of β(λ) and γ (λ) obtained with the
new method developed in this paper), to another experimental
configuration with free oscillation. This experimental config-
uration was already described in detail in Ref. [13] and it
is the one shown in Fig. 10. Here we will only remember
as its main characteristics that the effective reflectivities at

FIGURE 9 Theoretical (lines) and experimental (dots) values of the pump
power at z = L versus the pump power coupled into the fibre. Theoretical
values were computed by means of Eq. 6 and experimental values were
measured in the set-up of Fig. 2. Each line is labelled with the erbium-doped
fibre length used in the comparison
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FIGURE 10 Experimental set-up employed to check our
model in erbium-doped fibre lasers with free oscillation.
Each mirror (labelled as M) is made with a fibre connec-
tor coated with aluminium (thickness of 100 nm) and the
coupler 95/5 (labelled as C) is necessary to extract the
laser emission power out of the cavity. PLD: pump laser
diode (1480 nm); VAT: variable attenuator; WDM: wave-
length division multiplexer coupler; EDF: erbium-doped
fibre; PWM: power meter; OSA: optical spectrum analyser

FIGURE 11 Comparison between experimental (crossed circles) and theo-
retical (lines) oscillation wavelengths obtained for the set-up shown in Fig. 10.
Theoretical values were deduced using the profiles of parameters β and γ

shown in Fig. 6 (solid line) and also values of parameters β and γ published
by other authors: A Ref. [9]; B Ref. [10]; C Ref. [11]

1556 nm are R1 = 23.7% and R2 = 42.0% and also that the
mirrors used are aluminium-coated fibre connectors with a
layer of 100 nm. These mirrors have no dependence on wave-
length but as a consequence of their thickness, they do not
let pass the laser power outside the cavity (because it is ab-
sorbed), and therefore a 95/5 coupler had to be introduced to
extract it.

Since no spectral filters are introduced in the cavity, every
time the doped fibre length is changed, so does the lasing
wavelength by virtue of (6). In Fig. 11 a comparison between
experimental and theoretical results for the oscillation wave-
length versus EDF length is shown. In this figure we can see
four curves, which correspond to the calculus made with our
model but introducing four different spectral profiles of β(λ)
and γ (λ): firstly the ones deduced in this paper and shown
in Fig. 6, and then another three published by other authors
[9–11]. It can be noticed in Fig. 11, that the curve that better
adjusts to the experimental results is the one obtained using the
β(λ) and γ (λ) profiles deduced in this paper. Using again these
profiles together with Eqs. 11–13, for the new experimental
configuration, we obtain the results plotted in Figs. 12–14.

It is necessary to clarify that all the equations and theo-
retical expressions shown in this paper refer to laser emission
powers and efficiencies inside the cavity, in particular, at the

FIGURE 12 Comparison between experimental (crossed circles) and the-
oretical (solid line) backward propagating efficiency obtained for the set-up
shown in Fig. 10. Theoretical values were obtained employing the spectral
profiles of parameters β and γ shown in Fig. 6

ends of the doped fibre. Thus if we want to know the values
outside the cavity, we must multiply the results obtained in-
side by the effective transmission of the mirrors. However,
in this paper we have proceeded inversely, and the powers

FIGURE 13 Comparison between experimental (crossed circles) and the-
oretical (solid line) threshold pump power obtained for the set-up shown in
Fig. 10. Theoretical values were obtained employing the spectral profiles of
parameters β and γ shown in Fig. 6
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FIGURE 14 Comparison between experimental (crossed circles) and theo-
retical (solid line) back propagating laser power obtained for the set-up shown
in Fig. 10. Theoretical values were obtained employing the spectral profiles
of parameters β and γ shown in Fig. 6

measured outside the cavity have been divided by the ef-
fective transmissions for each laser configuration in order to
compare between theory and experience. Concretely, in the
case of the experimental points obtained for the laser config-
uration of Fig. 10, it has been also kept in mind the influence
of the internal fibre splices, due to the fact that the EDF was
formed by several samples. Since they are internal losses, the
transmission losses produced by this splices were not included
in the effective transmissions or reflections of the mirrors, and
that is the reason why some differences between the experi-
mental points showed here and the ones reported in Ref. [13]
exist.

5 Design and optimisation of laser configurations

Once proved that the new model developed in
Ref. [8] follows satisfactorily the experimental behaviour, we

FIGURE 15 Theoretical threshold EDF length plotted as a function of the
reflection factor of mirror (2) and computed for several reflection values of
mirror (1)

FIGURE 16 Optimum EDF length that maximises laser emission power
plotted as a function of the reflection factor of mirror (2). Several reflection
factors of mirror (1)and pump powers have been considered

can go beyond and try to deduce equations and parameters
useful to design and optimise laser configurations. The idea
consists of knowing a priori as many data as possible of a laser
configuration, and then starting from there, to optimise this
information to build a laser with the wanted characteristics.

Thus, we would begin by defining the threshold doped
fibre length. This parameter is defined as the doped fibre length
below which, whatever the introduced pump power is, laser
oscillation never occurs. The way to obtain an expression for
the threshold length is just to equal to zero the denominator of
the expression of the power threshold (13) and applying (6)
to conclude that:

L th(λl) = − 1

2γ (λl)
ln (R1(λl)R2(λl)) , (16)

where the oscillation wavelength must be deduced starting
from Eq. 15. In Fig. 15 some curves with the dependence of
this parameter on the mirror reflections are shown.

Equation 16 can be physically reasoned too taking into
account that gain grows with input pump power, and there-
fore maximum gain is obtained when P+

p (0, λp) → ∞. This
condition is the most favourable in order to verify the oscil-
lation condition determined by Eq. 4. Then, from Eq. 5, it
is clear that exp [γ (λ)L] is the maximum gain that one sam-
ple of length L can provide. Consequently, as exp [γ (λ)L]
increases with L and as it is necessary that gain reaches the
value [R1(λl)R2(λl)]−1/2 imposed by Eq. 4, then it is easy
to see that a threshold length exists, which is expressed by
Eq. 16.

With the expression of the threshold length, the most im-
portant features of the laser can be rewritten as follows:

G(L , λ) = exp (γ (λ)L) exp

(
−γ (λl)

β(λl)
β(λ)(L − L th)

)
,

(17)

η+(L) = λp

λl

1 − exp
(− γ

β
(L − L th)

)
1 + R2 exp (γ L th)

, (18)
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FIGURE 17 Maximum forward propagating laser power plotted as a func-
tion of the reflection factor of mirror (2). These values of laser power are
obtained outside the cavity considering no internal losses in mirrors and once
the optimum EDF length of Fig. 16 is introduced. Results for several re-
flection factors of mirror (1) and an introduced pump power of 20 mW are
shown

η−(L) = λp

λl

1 − exp
(
− γ

β
(L − L th)

)
1 + R1 exp (γ L th)

, (19)

Pth(L) =
P th

p
γp

γa+γe
[γaL + γ L th]

1 − exp
(
− γ

β
(L − L th)

) , (20)

P±
laser(L) = η±(L) · [P+

p (0) − Pth(L)]. (21)

Starting from these equations, laser configurations can be
optimised, for instance, as a function of the EDF length or
as a function of the reflection factors of the cavity. Logically
enough, laser optimisation will only make sense when os-
cillation wavelength is locked. So, we are going to consider
that our laser cavity has got one filter, which locks λl. Thus,
differentiating Eqs. 18 or 19 over the doped fibre length it
can be seen that both efficiencies reach their maximum when
L → ∞, taking then a value on the whole equivalent to the
quantum efficiency. Working in a similar way but with the
threshold power (20), we get an expression that, although
simple, requires numerical resolution:

exp

(
γ

β
(L − L th)

)
− 1 = γ

β
(L − L th) + γ γp

γa
L th. (22)

However, when we try to optimise the EDF length, which
maximizes the laser emission power, we obtain then an ana-
lytic expression:

Lopt = L th + β

γ
ln

[
P+

p (0)

P th
p

γ

γa

αp

γp

]
, (23)

where αp ≡ γp + γe(νp). This parameter determines for any
laser cavity, which is the doped fibre length that makes max-
imum the laser emission power (as shown in Fig. 16). The
value of this power in the forward case is given by:

FIGURE 18 Total (back plus forward propagating) laser emission power
outside the cavity plotted as a function of the reflection factor of mirror (2).
Several reflection factors of mirror (1) have been considered and no internal
losses in the mirrors have been introduced. The EDF length is in each case:
a 5 m, b 15 m and c 25 m

P+
laser, máx

= λp

λl

Pp(0) − P th
p

γp

αp

[
γpL th + γa

(
1
γ

+ Lopt−L th

β

)]
1 + R2 exp [γ Lth]

,

(24)

where the dependence on the reflection factors of the cavity
is included in L th. In Fig. 17 we have plotted the maximum
forward propagating laser power outside the cavity in the
unusual and hypothetical case that mirror 2 has no internal
losses, that is, the values obtained from Eq. 24 multiplied by



ESCUER et al. Experimental characterisation, optimisation and design of erbium-doped silica fibre lasers 457

FIGURE 19 Spectral gain profiles computed by means of Eq. 17. Reflection
factors of 0.5 for both mirrors and EDF lengths of 5, 10, 15 and 25 m have
been considered

FIGURE 20 Spectral profiles of the function [γ L+0.5 ln(R1 R2)]/β. Re-
flection factors of 0.5 for both mirrors and EDF lengths of 5, 10, 15, 20
and 25 m have been considered. The laser oscillates at the wavelength that
maximises this function

(1 − R2). In the case of laser configurations where forward and
backward propagating powers are extracted simultaneously,
it could be useful to know the total power outside the cavity
obtained as a function of both reflection factors and of the
doped fibre length (Fig. 18). For this purpose, Eqs. 21, 24 and
another similar to 24 but obtained for backward propagating
laser power have been used and no internal losses have been
considered for both mirrors.

As expected, these equations help us to predict the ex-
perimental behaviours of a laser cavity before building it.
However, sometimes it can also be useful to represent not
measurable parameters to have a better knowledge of the
internal working of our laser configuration in order to un-
derstand better the theoretical model or in order to predict
future improvements. Thus, for instance, we can plot the gain

spectra (Fig. 19) or the numerical function whose maximum
determines the oscillation wavelength (Fig. 20).

6 Conclusions

Working with our theoretical model based on en-
ergy conservation principle, we have developed and applied
a new characterisation method to obtain the absorption and
emission coefficients of an erbium doped fibre (EDF), which
is employed as amplifying medium of several linear cavity
lasers. This method is not limited at the oscillation wavelength,
and in consequence absorption and emission coefficients are
determined for every wavelength of the erbium gain profile.
Moreover, our characterisation method provides absorption
and emission coefficients in lasing conditions, that is to say,
at our own working conditions. Thus, it is proved that our
method can be used to characterise EDFs better than other
methods previously published.

Experimental values of efficiencies and threshold pump
powers for several fibre lengths were measured using two
kinds of linear cavities: one with its oscillation wavelength
locked by means of a fibre Bragg grating, and another cav-
ity allowing free oscillation wavelength. So, with the second
cavity, values of oscillation wavelength versus EDF length
were measured. Later, using the EDF coefficients experimen-
tally characterised, we carried out the comparison between
these experimental measurements and the theoretical results
provided by our model, showing a good agreement between
them and, therefore, confirming the correctness of our theo-
retical model based on energy conservation.

Finally, some additional equations based on our model
have been developed to allow the optimisation and design of
EDSFLs.
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