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1 Introduction

Over the last few years, fiber-device technology has reached
a mature status and is continuing to evolve. Although ampli-
fied spontaneous emission (ASE) is considered sometimes a
detrimental component in all-fiber devices, in applications
such as fiber gyroscopes and broadband sources for the
1550 nm Telecomm window, it is convenient for generating
long wavelengths with no longitudinal mode structure and
high power with short coherence lengths. Furthermore,
broadband diode pumped fiber amplifiers with >30-dB
gain have been achieved.! Kilowatt-class single-frequency
fiber sources have been a dot in the dramatic development
curve of these devices. As for broadband devices and their
wide tuning capacity, multimode interference effects,! opti-
cal fiber fattening,” and even laser tuning from 1530 to
1602 nm was reached with an Er**/Yb’* source Just
recently, all-fiber superluminescent sources have become
an option for various sensing and Telecomm applications
due to their thermal stability, wide spectrum at their output,
and their relatively high power handling capacity even at the
prototype stage.ﬂ In this direction, all-fiber lasers and ampli-
fiers doped with rare earths (REs) have contributed to the fast
development of long-haul communication systems. In opti-
cal transport networks, for instance, one of the latest network
developments, the so-called dense wavelength division mul-
tiplexing (DWDM) has attracted great interest for long-haul
and ultra-long-haul reach due to the fact that RE fiber optic
amplifiers and Raman amplifiers are available to amplify the
wavelengths transmitted along the network without requiring
an optoelectrical signal conversion B

From the design point of view, the resulting output spec-
trum of an ASE source is determined by different design
parameters such as absorption and emission cross-section
of the RE-dopant o, o0.,, total doping concentration
N7, core radius a, fiber length L, energy level lifetime z,
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absorption and emission wavelength o,,, 6., and coupled
power P;,. For these purposes, it would indeed be difficult to
change certain proprietary design parameters in commer-
cially available fibers. Consequently, in this work, we
propose to only make use of easy-to-modify design param-
eters, such as fiber length and coupled power, in order to
explore ASE conversion efficiency and output spectrum
both in forward and backward propagation, based on our
recent work but extending it into other REs.

In order to explore the best results from different RE-
doped ASE sources, different input powers were used in the
modeling. In our simulations, it has been observed that in
some cases the lifetime of some energy levels proved to
be too short, and in combination with Einstein’s A = 1/7
coefficient, it makes an impact by limiting the total ASE
level, which causes laser generation to appear just after
very short lengths of fiber. Such limiting behavior could
have been prevented by using another host during the fab-
rication of the studied fibers. The highest-obtained efficien-
cies for the set of REs used are shown, after variations of
fiber length and coupled pump power.

In this piece of work, we present a comparison between
Er’t, Nd&**, Pr3*, Tm**, Tm?*/Yb**, and Er’t/Yb**
broadband sources based on the same variables of design,
with all of them being considered as superluminescent
sources in the different optical communications windows.
For this study, some specific atomic-level processes have
to be considered, as explained below.

For Er’*-doped ASE sources, they are especially impor-
tant due to the fact that their emission spectrum is around
1550 nm, which is coincident with the lowest losses band
for silica fiber. Nevertheless, erbium multilevel energy struc-
ture limits its quantum efficiency required for other 1550 nm
applications.u On the other hand, a codoping technique
where Yb** acts as a sensitizer for Er3* molecules contained
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in the lattice, the Yb* ions in their excited level 2Fs /2. allow
the energetic transfer to the Er’* ions in the exited level
Iy, /2, Via energetic cooperation. Thus having a nonradiative
decay to the lower level *I;4 /2> and finally falling radiatively
to the ground level ;5 /2 (see Fig. [I). Therefore, giving the
system another way for pumping. This system has an
improvement in output power around 1550 nm due to this
process of sensitizing between both REs with a typical con-
centration ratio of 10:1, being 10 for ytterbium and 1 for
erbium.

As for thulium-doped ASE sources at 2 um, due to the
high demand for capacity of WDM systems, the develop-
ment of such devices at a new transmission window will
soon be required. Tm3* is promising in optical communica-
tions systems as it is possible to pump Tm3* at 790 nm,
where efficient, not-so-expensive laser diodes are available.
Furthermore, among the other REs, Tm3*t has the widest
emission band around 1.8 to 2.1 ym.m’u In addition, an alter-
native to increase the efficiency emission from Tm** around
2 um is to codope Tm**+ with Yb** and pump it from 910 to
980 nm. From the so-called cross-relaxation process, effi-
cient 2 um source operation can be achieved by using the
3F, — 3Hg pump transition. Tm3* has its level 3Hs, which
is quasiresonant coincident with the excited Yb’* level
’Fs /2 As already mentioned, Yb** has the advantage of pos-
sessing only two multiplets: the ground-state level °F; /2 and
the excited-state level °Fs /2> resulting in a highly efficient
absorption from 900 nm to 1 gm. This particular energy
level structure is highly desirable for an efficient absorption
using commercially available laser diodes that emit 980 nm
energy, in order to allow sensitization of Tm>*-doped fibers
with Yb**, as shown in Fig. [

All fiber ASE Nd**- and Pr3*-doped ASE sources are
also modeled in this work since such devices could be
used in the second Telecomm window at 1310 nm. Direct
3H, — 'G, pumping could be used in Pr’*-doped fibers
with commercial titanium-sapphire laser at 1005 nm; the
optimum absorption wavelength in this transition is at
1038 nm. The emission around 1310 nm is generated in
the 'G, — 3H; transition. 33 Here we also propose an alter-
native around this window. We propose Nd3>* doping. The
absorption is at 800 nm in order to obtain the desired emis-
sion. The 1310-nm emission is due to the *Fs/, —*I;5,
transition. 30

ASE thulium sources can have applications within the S
optical communications window at 1470 nm. Using the
3F, — *H, pump transition at 800 nm (Refs. [] and [[§),

b+ Er*
Fspe WVDT ‘lun
]
——— '13/2
A 4
n'a'ay 2
Fap “hise

Fig. 1 Er®*/Yb®* energetic transfer process.
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Fig. 2 Tm®* /Yb®" energetic transfer process.

where commercial pump diodes are available, the emission
around 1470 nm is generated in the 3F, — 3Hg transition.

All RE transitions with different single dopants and
codoping schemes are theoretically studied by using a simple
model, explained in the following sections.

2 Theoretical Model

We used a modified version of rate equations model for
three-state laser source considered in ASE regime. BE In
this paper, the model is based on a modified version of
the aforementioned Einstein rate equations, whose solution
allows us to describe the evolution of pump and signal
powers, for fixed pump power level and optimal fiber length
and maximized output power.

dpr,(Z)
SZ - _yl’(Z)Pp(Z), (1)
+

%ﬁ»%) = +{G,(z, 1) [PE(z. ;) + Py

- Ga(z»;{l)P;‘:(Z?/ﬁtl)}’ (2)

where P, (z) is the pump power propagating in z direction
parallel to the doped optical fiber axis, PE(z, 4;) is the output
power in forward and backward directions, y,(z) is the
absorption coefficient, G,(z, ;) is the amplification of spon-
taneous emission, G,(z,4;) is the absorption coefficient of
spontaneous emission, and P, represents an equivalent input
noise power.

Py = 2hv,As, 3)

As — (52) AL @)

)

This analysis is performed in weak signal regime for P, <
P, and by assuming

NTO'
() =55 (5)

h
PR+1

when P,(z) < P, where P!l is the threshold power.
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P = ga®>—L, (6)
0,7
when P,(z) > P From Ref. [], we consider Eq. () as
dpP ,h
ﬂ — NTim ﬁ. 7
dz T

Solving Eq. ({) with boundary conditions, P,(0) = P;,,
where P;, is the initial pump (coupled) power and is
described by

P,(z) = Py — <NT7ra2 h—:”>z ®)

From Eq. (f]) and by considering again weak operation
and under the conditions Pf(z=0,4;) =0 and P;(z =
L,/’{i) = O,

th
Nro. () (1 =) (“525)
Ge(Z,}.i) = ) (9)
Py
P +1
Nro,(4;)(1 —n)1
Gu(z.) = V1%alL=0L (10)
P, +1
Gh(zv Ai) = Ge(Zsli) - Ga(zﬁ/ll)‘ (11)

The overlap factor for ASE propagation in a single-mode
fiber both doped and undoped does depend on wavelength
and mode field diameter. This dependency has been accepted
as being a ratio similar to core-to-cladding geometrical ratio.
In our case, the overlap factor is described by the following
equation, which depends on the fiber core radius a and the
power mode spot size w, on the signal wavelength. This
overlap factor is taken into account in G, and G,. I is
the overlap expressed as

2
erxp( ‘;). (12)
a)S

We therefore obtain

P (z.0) = (%’1;1306@(11)

Ge(zv /1])
St 1)

Gy(z, A1)

~(z. 1) = Ge(z4i) (L-2)Gy(2.4) _ M)
Ps(Z,/L)— (Gb( l)Pe Gb(z’ﬂl) . (14)

For the model presented, three differential equations are
defined. Such equations determine pump power, copropagat-
ing signal power, and also counterpropagating signal power,
for different input powers and fiber lengths, on which the
pump power wavelength is represented via its corresponding
pump frequency, v,. Furthermore, in order to determine for-
ward and backward ASE power levels in the model, we only

take the peak value where emission is maximum and then we
take the corresponding value of 4; in the spectrum.

In Eq. ([3), signal conversion efficiency is defined as out-
put power in terms of the spectral converted signal, divided
by the input (coupled) pump power, depending on the active
material under study. Now, P, (lambda_converted-signal)
is precisely the converted output power of the superlumines-
cent source, resulting from the quantum conversion, whereas
P;, (lambda_pump-signal) is the amount of pump power at
the input point of the superluminescent source at z = 0.
Finally, in order to calculate the signal conversion efficiency
n, we use the following expression:

Pou ﬂconve ed-signal
n= t( rted-sig l)’ (15)
Pin (ﬂpump-signal)

In the figures shown below, the ASE output for Er3t,
Nd3**+, Pr3t, Tm3*, Tm3t/Yb?, and Er’t /YD?* sources is
shown for both counter- and copropagating pump power lev-
els. It has clearly been observed that the ASE efficiency for
codoping schemes is normally higher. The results of the dif-
ferent sources are presented in the curves by varying the fiber
parameters such as fiber length, input power, and doping RE.
We can observe the variation of the pump and output powers
in forward propagation direction and backward propagation
direction, along the length of the fiber and for different input
powers.

For theoretical calculations of pump and signal powers in
Figs. 26-35 in the [AppendiN, we used a total concentration
of Ny = 1.9 x 10% ions/cm?, core radius of @ = 2 um, and
an appropriate pump wavelength, according to the absorp-
tion cross-section of the RE molecules, as shown in the

Appendiy.

2.1 Er3* and Er3*/Yb3t ASE at 1550 nm

Amplified spontaneous emission power and gain simulations
from Er** and Er**/Yb’*-doped fibers are shown in
Figs. B-f in the region of 1550 nm.

7 T T T T T T T T T T T

oo b [ = — - Pin=20mW
AAAAAAAAA Pin=30mw
— — — Pin=40mwW/
Pin=50mw

ASE Power(W)

12 14 16 18 2
Fiber Length(m)

0 i i "
0 02 04 06 08 1

Fig. 3 ASE backward-forward output power versus fiber length with
P, = 20, 30, 40, and 50 mW for Er3t fiber.
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—-—--Pin=20mwW
......... pin=30mw
———Pin40mW
Pin=50mwW

Net Gain{m-1)
ASE Power(¥)

DS L — p|n=20mw ....................................... 4
0 Output Wavelength 1550nm ; ; ; ;
0 05 1 15 2 25 3 35 4 45 5 - o> ; N et
Fiber Length(m) 0 0.2 04 06 0.8 1
Fiber Length(m)

Fig. 4 Net gain versus fiber length with P, =20 mW. Er®* fiber.
Fig. 7 ASE backward-forward output power versus fiber length with
P, =20, 30, 40, and 50 mW. Tm®* fiber.

%10
ST 7 T —T——T——+——
: ¢ i = - Pin=20mw |}
8 i s Pin=30mw |- 2.2 Tm®" ASE at 1900 nm
g )| ———Pin=40mW |: . . .
7 | —— Pin=s0mw |\ § Note that in Figs. [, B, HIJ ASE backward output power is
b N the ASE power level that propagates in the opposite direction
B of the pump power. ASE forward output power is the ASE
z power level that propagates in the same direction of the pump
$ & power. We showed the calculated conversion efficiency val-
o al ues, which depend on absorption and emission cross-sec-
7 tions for each active material studied. Also, in Figs. B, B,
% = [HIT, we showed the efficiency 7,,, as the signal conversion
efficiency in the opposite direction with respect to the pump.
2 As for 7y, it defines the signal conversion efficiency in the
same direction as the pump, i.e., forward.
1 .............
T R S eSS SRS S o M S
0 02 04 06 08 1 12 14 16 18 2 22 24 26 2.3 Na®* ASE at 1310 nm
Fiber Length Fi
et Lenath(m) As we can observe in Figs. [[I], [3, [3, and [[4, the pump
Fig. 5 ASE backward-forward output power versus fiber length with power evolution along the fiber shows a declining behavior
P, =20, 30, 40, and 50 mW for Er3*/Yb3* fiber.
x10°
! ' ; ; ! ! 4 T T T T T y T : T
: : ; | —-—--Pin=20mW |:
35k R T — — — i eesmmene Pin=30mw [
: : : ) : | ———Pin=40mw |:
___________________________________________________ Pins0mw: ..

w

N

ASE Power(W)

=

1 N PPN P S P S 8
Pin=20mwW -
Output Wavelength at 1550nm : : : )
0 I I i 1 1 1 i i 0 : ’ ¢ : E e T :
0 0.5 1 1.5 2 2.5 3 3.5 4 0 01 02 03 04 05 06 07 08 08 1
Fiber Length{m) Fiber Length{m)
Fig. 6 Net gain versus fiber length with P, =20 mW. Er3*/Yb®* Fig. 8 ASE backward-forward output power versus fiber length with
fiber. P, =20, 30, 40, and 50 mW. Tm3*/Yb®* fiber.
Optical Engineering 086110-4 August 2013/Vol. 52(8)

Downloaded From: https://www.spiedigitallibrary.org/journals/Optical-Engineering on 11/27/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Pérez-Sanchez et al.: Rare-earth-doped fiber designs for superluminescent sources

ASE Power(\V)

o
3}

——-Pin=20mW

———Pin40mW |

Pin=50mw

0 0.02

Fig. 9 ASE backward-forward output power versus fiber length with
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P, =20, 30, 40, and 50 mW. Nd®* fiber.
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Fig. 10 ASE backward-forward output power versus fiber length with

0.15 0.2 0.25 0.3 0.3
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Fig. 12 P, versus fiber length with P, = 20, 30, 40, and 50 mW.
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Fig. 11 P, versus fiber length with P, = 20, 30, 40, and 50 mW for

Er+ fiber.

Optical Engineering

1 12 14 16 18 2 22 24 28
Fiber Length{m)

Pump Power(W)

0.05

0.04 f=-

o
o
@

o
o
(]

0.01

0.08

0.07

0.05

0.04

0.03

0.02

0.01

fiber.

086110-5

Downloaded From: https://www.spiedigitallibrary.org/journals/Optical-Engineering on 11/27/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

0
0

Tm?3* fiber.

i 1 i i 1 i 1 i i
001 002 003 004 005 006 007 008 0038 01

Fiber Length(m)

Fig. 13 P, versus fiber length with P, = 20, 30, 40, and 50 mW. Nd3+
fiber.
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Fig. 14 P, versus fiber length with P, = 50, 60, 70, and 80 mW. Nd3+
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as background losses and pump energy absorption take place
in the pump propagation direction. Absorption cross-section
of RE molecules use up the available energy for population
inversion and ASE after nonradiative decay from the
corresponding excited-state levels, which in turn will allow
broadband photon emission. Let us consider that under cer-
tain fiber-end circumstances, feedback from Rayleigh back-
scattering could be sufficient to drive the ASE source above
lasing threshold, which would limit ASE power level at the
output.

Figures [, B, [HIJ represent output power behavior in for-
ward and backward propagation directions along the fiber
length for the whole set of REs included in this paper. It
can be seen that the backward power is, in general, slightly
larger than the forward power due to absorption within the
first few sections of the fiber, which generated higher pop-
ulation inversion in those first few fiber sections and which
could create an unbalanced ASE source. Figures [3, [g, [,

Net Gain{m-1)

2F- Pin=20mw

Output Wavelength at 1200nm

0 1 1 i I 1
0 0.2 04 06 038 1
Fiber Length{m)

Fig. 15 Net gain versus fiber length with P, = 20 mW. Tms3+ fiber.

®

Net Gain{m-1)
7]

2F- Pin=20mw

Output Wavelength at 1900nm

0 1 1 1 1 l I
0 0.2 04 0.6 038 1 1.2
Fiber Length(m)

Fig. 16 Net gain versus fiber length with P, =20 mW. Tm3*/Yb®*
fiber.
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Net Gain(m-1)

5k Pin=20mw

Output Wavelength at 1310 |:

1 i i 1 1 1 i
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

Fiber Length{m)

Fig. 17 Net gain versus fiber length with P, =20 mW. Nd* fiber.

30

Net Gain(m-1)
[sN]
o

[w]

Output Wavelength at 1310nm
0 L i i

i 1 | |
0 0.1 0.2 0.3 04 0.5 06
Fiber Length(m)

Fig. 18 Net gain versus fiber length with P, = 80 mW. Nd3+ fiber.

=S
o
z
(=)
o
Q
£ : :
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o ——-Pin=500mW |:
0.2 et Pin-600mWw |
———Pin=700mwW |:
Pin=800mw |: : : : :
0 1 1 i 1 L 1 i
0 1 2 3 4 5 8 7 8

Fiber Length(m)

Fig. 19 P, versus fiber length with P, = 500, 600, 700, and 800 mW.
Pr3+ fiber.
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and [[§, represent net gain versus fiber length for Tm** and
Nd**. Figures [9-£1] show pump power, backward and for-
wards ASE power and net gain, all versus fiber length, for
Pr37 sources, respectively.

Some of the applications for 1310 nm ASE sources, such
as the ones analyzed in this paper, could include optical com-
ponent characterization, optical measurement systems, and
optical sensing, within the O band. Please note that in
early communication systems, the wavelength region situ-
ated between 1260 and 1360 nm was called “original
band” and that this is the reason it is typically called “O
band” as this band is used in different applications such
as fiber to the home, among others. In terms of quantum effi-
ciency, for a given fiber length and a given pump power
level, the total gain varies along the fiber depending on
the absorption and emission Ga and Ge coefficients,
which describe the absorption and emission parameters,
respectively.u

04 , , : : : : :
: : 5 : : |- —-Pin=500mw
: A R Pin=600mw
03 R .......... .......... SIS ........... — — —Pin=700mw
: ‘ : : : Pin=800mW

ASE Power(WV)
o
|3}
]

0.1 _:'_:.A\ AAAAA AAAAAAAAAA AAAAAAAAAA AAAAAAAAAA AAAAAAAAAA AAAAAAAA

3 4 5
Fiber Length(m)

Fig. 20 ASE backward-forward output power versus fiber length with
P, =500, 600, 700, and 800 mW. Pr3* fiber.

Net Gain{m-1)

Pin=500mwW

Output Wavelength at 1310nm

0 1 i i 1
0 2 4 5} 8
Fiber Length(m)

Fig. 21 Net gain versus fiber length with P, = 500 mW. Pr3* fiber.
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2.4 Tm®t ASE S-band at 1470 nm

As can be observed in Figs. P7 to B3, it has been necessary to
increase the input power required for broadband generation
and consequently maximum efficiency, which reached up to
58% in the present study.

In Fig. B3, we showed the efficiency 7,,, as the signal
conversion efficiency in the opposite direction with respect
to the pump. As for 7,,, it defines the signal conversion effi-
ciency in the same direction as the pump, i.e., forward.

2.5 Pr3t ASE O-band at 1310 nm

As expected, the specific design changes due to quantum
characteristics natural of each RE.

The lifetime values that were used in this work are listed
in Table[l], along with the emission and absorption cross-sec-
tion values for the different active dopant materials studied in
this paper.

0.05 T ; ' "] —-—-Pin=20mw
......... Pin=30mw
0.04 feio- ———Pin=40mW
Pin=50mwW
% 0.03 b TR ............ ............
[ : : :
g : :
=)
o
a
£ 0.02
=
o
0.01

Fiber Length(m)

Fig. 22 P, versus fiber length with P, = 20, 30, 40, and 50 mW.
Tm?3* fiber.

x10
2] T T T
—-—-Pin=20mwW
5 ......... pin=30mw
———Pin=40mwW
N in=
NN e Pin=50mwW | /|
N\ : /|

ASE Power(W)

Fiber Length{m)

Fig. 23 ASE backward-forward output power versus fiber length with
P, = 20, 30, 40, and 50 mW. Tm3+ fiber.
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04 T T T T T . .
5 : 5 o 2'00 - Moreover, as one can observe in pump propagation
m=ctm and ASE signal figures, each signal with initial pump
: : N Pin=300mw power P,(0) reaches a maximum output power; the output
Lo SRR ST — — — Pin_400mwW |- power is higher for a higher input power since each pump
: : : . power level at the fiber input has an ideal fiber length.
Pin=500mwW . .
i As expected, we observe that the efficiency increases up

, : : : : : to >50% for a codoped scheme ASE with similar simula-
PR s PPN PP S SALIITLILE - tion parameters of design, both in forward and back-
: : 5 : : : : ward directions compared to a single dopant scheme.
The increased output signal in codoped fiber is due to
the effective cross-section of Er**t and Tm’* fiber
increases via the presence of Yb>T since the total absorption
gets higher.

ASE Power(W)

3 Conclusions

i

1 1.5

Our paper provides simulation results of ASE energy

Fiber Length(m . . . .
athirm) obtained from a series of active RE-doped materials that
Fig. 24 ASE backward-forward output power versus fiber length with are being used to develop useful applications in a variety
P, = 200, 300, 400, and 500 mW. Tm3* fiber. of fields, such as gyroscopes, sensors, and modern

Telecommunications in current available optical windows,
using a simple modified model based on Einstein’s rate
equations.

We have shown a generalized, simple method for simu-
lating and obtaining valuable design parameters for superlu-
minescent sources at 1.31, 1.47, 1.55, and even 1.9 um
region and further. This simple method is applied just by
modifying the coupled power into the redoped fiber, the
fiber length parameter, and as such via the variation of effi-
ciencies for different dopants as shown in the obtained
results. Some of the ASE results at 1310 and 1550 nm
could be important for communication systems and free-
space communication applications. As mentioned before,
1310 nm ASE sources could find applications in optical
: : : : : : component characterization, optical measurement systems,
1 5 : : : : : : I and optical sensing in structural health monitoring, for in-

_ Pin=200mwW FE Lo Lo stance. From the codoping results, we can observe the advan-
Output Wavelength at 1470nm | A : : : tage of using a codoped section to increase the output signal

0g D_i5 Y 5 5 é 35 4 4_i5 5 power in forward anq backward propagating directions, as
Fiber Length(m) expected. Our theoretical calculations are useful to explain

and even predict the behavior of the superluminescent all-

Fig. 25 Net gain versus fiber length with P, = 200 mW. Tm3* fiber. fiber sources in terms of optimum length, total ASE

Net Gain{m-1)

05f-

Table 1 Rare-earth data for the model.

Absorption Emission
Dopant Transition dabs (NM) Jdgm (NM) Lifetime  (s) cross-section Azps (M?) cross-section dgm (M?)

Er Hya72 = s 976 1550 12x 1073 4.839x 1072 8.1x 10725
ErYb *ligja = *lisso 976 1550 12x 1073 25x1072 8.1x10°%
Nd *Fa2 = *ligs2 800 1310 500 x 1078 23x 10725 6x 10728
Pr Gy = 3Hs 1017 1310 879x 1076 02x 10724 3.8x 10725
Tm SH, — 3F, 790 1470 1.5%x1073 3x102% 9x 102

Tm 3F, — 3Hs 780 1900 3.35x 1073 3.3x10°% 2.09x 10724

Tm/Yb 3F4 — 3Hg 976 1900 3.35x 1073 25x 10724 2.09x 10724
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power, gain and conversion efficiency. We can foresee the .
possibility to use these kinds of fibers to design DWDM E
sources due to the fact that these kinds of sources have a % 20

big spectral broadband.

Finally our results could be used for designing RE-doped
superluminescent sources since it predicts output powers
and efficiencies in both the forward and backward pump
propagation directions. We could venture to recommend
our paper for investigating new designs of ASE sources,
using a method that modifies the fiber parameters in a sim-
ple way, via an optimization route for the desired
application.
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Appendix: Absorption and Emission Spectra WAVELENGTH (nm)

of Studied Rare Earths
The spectra shown (Figs. to B3) were obtained from

Refs. [, [, [3, and [3.

Fig. 28 Absorption cross-section Nd3+.
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Fig. 29 Emission cross-section Nd®*.

Fig. 26 Absorption cross-section Pré*.
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Fig. 27 Emission cross-section Pré+. Fig. 30 Absorption cross-section Er3+.
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