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ABSTRACT

We are presenting experimental work on an erbium-doped fiber operating in the superluminescent regime.
Experimental results for different pump power levels and fiber length show that the theoretical and numerical model
could render useful information for predicting the total output power as a function of fiber doped length and the input
pump power. These types of sources could have direct application in wavelength multiplexed arrangements of fiber
sensors, fiber gyroscopes or, in general, in any sensors in which a broad wavelength and stable light source is
required.
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RESUMEN

Este es un trabajo experimental de una fibra éptica dopada con erbio trabajando en régimen superluminiscente. Los
resultados experimentales para diferentes niveles de bombeo 6ptico y longitud de la fibra, muestran que el modelo
tedrico y numérico pueden ser usados para predecir la potencia total de salida como funcién de la longitud de la fibra
dopada y la potencia de bombeo. Este tipo de fuentes podria tener directa aplicacion en arreglos multiplexados por
longitud de onda de sensores en fibra dptica, giroscopios en fibra éptica o en general, en cualquier sensor en donde
ser requiera un amplio ancho espectral y una fuente de luz estable.

1. Introduction

Superluminescent rare-earth-doped fiber sources
(SFS) output is simply amplified spontaneous
emission (ASE) generated by the inverted ions of
the doped fiber, which are confined by the core in
both the forward direction and backward direction,
the emitted photons are amplified as they travel
along the fiber. Due to this, ASE does not have a
resonator; the spectral emission covers a broad
fraction of the bandwidth of the laser transition,
typically a few tens of nanometers. A
superluminescent rare-earth-doped fiber source is
capable of providing high output power and
exhibiting excellent thermal stability; because of
these characteristics, it is interesting for several
sensor  applications, particularly for fiber
gyroscopes. This paper focuses on predicting the
ASE output power for erbium fiber as a function of
fiber doped length and input pump power at 980
nm wavelength.

2. Theory

We used a modified version of the rate equation
for a three-state laser source with some
considerations for a superluminescent light source
[1], that described the evolution of the signal and
pumped power along the fiber, considering an
unidirectional pump, doped fiber, with the pump
launched at z=0 and propagating in the +z
direction, parallel to the doped fiber axis. We used
the following equations [2]:

dP,(2)
= (@R M
From Equations (1) and (2), Py(z) is the pump
power; y,(z) is the absorption coefficient, Pg(z,A)
is the output power, which is dependent on the
light wavelength and on the position along the
optical fiber; Ps'(z,4,) represents the signal
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propagating in the direction of the pump beam and
Ps(z,4) represents the signal that propagates in
the opposite direction; G(z,4) is the amplification
coefficient of spontaneous emission and G,(z,4;) is
the absorption coefficient of spontaneous emission
respectively; P, is the input spectrum density
equivalent of the spontaneous emission radiation,
defined by two polarization states [3]:

B, =2hv Av (3)
Vs is the frequency of the signal, and Av=(c/ /132)A/ls.

For simplicity, from Equation (1) we can consider
(z) constant when Pp(z)>Pp”’, where Ppt” is the
threshold power, and depending on the
parameters of fiber optics doped, it is described as
follows:

hv
P = ra* —~ (4)
GpT

Then Equation (1) acquires the form [3]:

dP.(z h
A )=—Nrﬂa2ﬁ (5)
dz T

Where g, is the transition cross section absorption
of pumping which is assumed as 2.5x10%°> m? from
the literature [1]; =12x10° s is the lifetime of the
upper working level for spontaneous radiation [1];
a=2x10" m is the radius of the core optical fiber;
v,=3.071x10™ Hz is the frequency of pumping; h is
Planck's constant; N =1.9x10” ions/m® is the
concentration of ions of Erbium.

We used the differential Equation (5) to simplify the
calculation and because we assumed small ASE
signal regime, then solving Equation (5) with
boundary conditions P,(0)= P;,, where P, is the

initial pump power at the input end of the active
fiber, and is written as:

2 hVP
P.(z)=F, —| N;za - z (6)
From the last assumption and focusing on

Equation (6), we can define the coefficients Ge(z, 4;)
and G,(z, 4;) as following form [3]:

P(z) |
P
G.(z,4)=N;o (4 )1-1) P (7)
L+ 1
B i
1
G,(z,4)=N;o,(4)1-7) P (2) (8)
L= +1
B i
2
n=exp|—| 9)

S

Results obtained from Equation (6) are presented
in Figure 1. These results were obtained for
different values of P, as a function of the fiber
length.

Similarly, for Equation (2) we obtain two solutions:
Gb(Z,l/) Gb(z,ﬁi)

P ( g,):(wpeuz)G,,(z,m_Ge(Z,/l,-)] (1)
T G,(z.4) ’ G,(z,4)

1 1

Where L is the length of the erbium doped fiber
optic and Gp(z,4) is known as net gain coefficient:
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Figure 1. Different input pump power as a function of the fiber length,
(1) Pir= 20x10°[W], (2) Pin=30 x107°[W], (3) Pix=40 x10°[W], (4) P;»=50 x10[W].

G,(z,4)=G,(z,4)-G,(z,4) (12)

Figure 2 and 3 show the output ASE signals at
1550 nm (peak superluminiscent wavelength) for
the pump powers P,(z) shown in Figure 1. Figure 2
corresponds to the signal propagation in the
forward direction (Ps'(z,4)) of the pump power at
980nm and Figure 3 shows the signal in the
backward direction (P (z,4;)) of the pump power.

Equations (10) and (11) with wavelength
dependent coefficients Ga(z,4) and Ge(z,4) [3,
4] which describe in general the absorption and
emission, where for a given fiber-doped length
and input pump power condition P,(0)=P;, the
total gain varies along the doped fiber where for
some portions the emission is bigger than the
absorption and for other portions the absorption is
bigger than the emission. This property can be
observed simulating the net gain from Equation
(12), as shown in Figure 4.

3. Measurements,
results

experimental setup and

The superluminiscent source was implemented
with the double-pass configuration shown in Figure
5 (other configurations can be found in [5]),
however we did not use the reflector on the
backward output owing to the fact that we wanted
to measure both outputs. This configuration uses a
wavelength division multiplexing (WDM) fiber
coupler to filter out the pump from the output ASE
signal. The WDM operates at 980 nm and 1550
nm wavelengths.

The pump signal was made by a pigtailed laser
diode at 980 nm wavelength that it was controlling
the output power (by the supply current) and the
operating temperature, this characteristic helps to
guarantee thermal stability for the
superluminescent fiber source. Also in this work
we used 3.15 m of single mode erbium fiber doped
with a radius core of 2x10° m and 1.9x10%° ions/m®
concentration of erbium-doped fiber.
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Figure 2. Theoretical amplified spontaneous emission (Ps'(z,4)) in the forward
direction as a function of the fiber length, for different input pump power
(1) Pi= 20x10°°[W], (2) Pin=30x10°[W], (3) Pii=40 x10™° [W], (4) Pn=50 x10°[W].
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Figure 3. Theoretical amplified spontaneous emission (Ps(z,4;)) in the backward
direction as a function of fiber length, for different input pump power
(1) Pi= 20x10°°[W], (2) Pin=30x10°[W], (3) P=40 x107°[W], (4) Pi=50 x10*[W].
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Figure 4. Net gain coefficient as function of fiber length z, for ASE wavelength signal
at 1550 nm and initial input power Pj,= 20x10° [W1].
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Figure 5. Experimental setup superluminiscent fiber laser source.
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In this work, the superluminiscent output signal is
measured in forward and backward directions of
propagation. In both cases, the output power
depends on the pump power and on the length of
the erbium-doped fiber optics L=3.15 m. The results
of the input pump power are shown in Figure 6.

Amplified spontaneous emission (ASE) powers
were measured experimentally using the pump
power shown in Figure 6, in the forward direction
P" and the backward direction P, these ASE
powers are shown in Figures 7 and 8, respectively.

If we compare the output power in Figure 7 and 8
with the theoretical part, they have opposite

200x10%

behavior (the output power in P"is higher than the
output power in P), hence the forward output power
is greater than the predicted in the theoretical part
and the backward output power is lower than the
theoretical calculus; nevertheless, the output power
is close to the expected value, this means that there
is a reflection from the backward output to forward
direction.

In Figure 9, we can see two signals, a 976.8 nm
wavelength emission that corresponds to the diode
laser, and the other one with wavelength peak at
1556.8 nm, this signal is the amplified spontaneous
emission produced by our superluminiscent source
with a 40 nm spectral bandwidth.
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Figure 6. Experimental input pump power at 976.8 nm of wavelength.
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Figure 7. Output ASE power P* at 1550 nm wavelength.
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Figure 8. Output ASE power P at 1550 nm wavelength.
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Figure 9. Output ASE and laser spectra measured at the end of the erbium
doped fiber with the fiber length L=3.15 m.

4. Conclusions

We have theoretical and experimental results which
show that we can calculate the pumping power to
create a superluminiscent erbium-doped fiber
source with an optimum length as a function of
maximum power output, where the backward ASE
signal is the most efficient for three-level systems;
we also support the proposal about using
superluminiscent fiber laser sources in low-
coherence sensors because these kind of light
sources have excellent thermal stability, spectral
broadband and high output power.
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