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In this letter, the theoretical model and rate equations of Ytterbium-doped double-clad fiber amplifiers
are introduced. The output performance of fiber amplifiers is analyzed through numerical simulations
considering three main factors: active fiber length, pump power, and dopant concentration. It is found
that the output signal power experiences a stable growth and then decreases rapidly as the active fiber
length becomes longer. It is also revealed that the dopant concentration shows similar effects as active
fiber length on the output signal power of fiber amplifiers.
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The output power of fiber lasers with high beam qual-
ity has been increasing rapidly in the last decade from
several watts in 2003 to 10 kW in 2010[1], owing to the
invention and development of Ytterbium-doped double-
clad fiber. Yb-doped fiber laser (YDFL) is the focus of
the field of lasers in recent years because of its excellent
properties such as high output power, high efficiency, ex-
cellent beam quality, and its compactness. An absorption
peak of Yb-ion at the wavelength around 976 nm makes
it excellent pump source for high power lasers. However,
most of the high power fiber lasers use the 980-nm laser
diode (LD) as the pump source, whose low beam quality
limits the further exploration of YDFL. An alternative of
high quality 976-nm fiber lasers may solve the problem
as both high power and high quality pump source.

The approximately equal absorption and emission
cross-section[2] of Yb-ions near 976 nm makes it more
difficult to generate radiation near 976-nm wavelength
than the unwanted amplified spontaneous emission
(ASE) with the peak at 1 030 nm in 976-nm lasers or
amplifiers. To suppress the ASE and to overcome the
re-absorption at 976 nm, a relative high population in-
version of about 50% is required. An essential way of
reducing the ASE is to enlarge the ratio of core area to
effective mode field area[3]. In 2002, Kurkov et al. re-
ported the maximum output power of 1.2 W at 978 nm
for a launched pump power of 3.8 W[4]. Later, 977-nm
fiber lasers of multi-watt level of radiation were claimed
successful by the use of ring-doped and jacketed-air-clad
(JAC) Yb-doped fiber in Southampton[5,6]. In 2008, 94-
W output power at 976 nm with excellent beam quality

has been demonstrated by Roser et al. by using a rod-
type photonic crystal fiber (PCF) which provides a large
mode area while maintaining the high beam quality[7].
In the same year, Boullet et al. using the PCF with the
same properties got similar results[8]. More recently, in
2011 Bartolacci, et al. used the standard single-mode Yb-
doped fiber as the active fiber for 980-nm amplification
of a master oscillator power amplifer (MOPA) scheme[9].

Most of the state-of-the-art high-powered fiber lasers
involve the MOPA schemes, which consist of a low power
master oscillator and followed by a high power fiber am-
plifier. The high power fiber amplifier plays a significant
role in high power lasers. However, very limited studies
were carried out on the properties of the 976-nm Yb-
doped fiber amplifiers. In this letter, the output prop-
erties of continuous wave fiber amplifiers are discussed
and several suggested value of parameters is given.

A schematic representation of the structure of the
forward-pumped fiber amplifier is depicted in Fig. 1.
Unlike the fiber lasers which have cavity reflectors, the
fiber amplifier has three main components: laser source,
pump source, and gain fiber. The cleaved angle at the
end of the amplifier is used to suppress the reflection of
the ASE around 1 030 nm.

The operation of the amplifier, especially in the doped
fiber, can be modeled by a set of rate equations[10]. In
this mathematical model the excited state absorption
(ESA) has been ignored because the procedure of non-
radioactive transition is very fast. The rate equations of
the stead-state are as
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Fig. 1. The scheme of 976-nm fiber amplifier.

Fig. 2. Output signal powers for different active fiber lengths
for pump power are 200 and 100 W, respectively.

where N is the dopant concentration (averaged per unit
volume) and N2(z) is the population density of the ex-
cited state. The power of the signal and the ASE are
all represented by P±(z, λ), considering the different the
wavelengths. Pp

±(z) is the pump power at the wave-
length of λp. The plus sign and the minus sign are in-
dicated the positive and negative propagation along the
z-direction, respectively. The pump power filling factor
Γp approximately equals the ratio of core to cladding
area while The signal power filling factor is Γ s. σe(λ)
and σa(λ) are the wavelength dependent emission and
absorption cross section. σep and σap are abbreviation
of σe(λp) and σa(λp) at the pump wavelength. α(z, λ) is
the scattering loss with wavelength dependent. τ is the
spontaneous emission lifetime, A is the efficient dopant
cross section area, c is the speed of light in vacuum, and
h is Planck’s constant. The spontaneous emission P0(λ)
which results in the initial ASE is given by[11]

P0(λ) = 2hc2/λ3. (4)

Our numerical research is based on these equations dis-
cussed above. Together with the initial pump power and
the signal power, we can get our numerical results.

The effects of several parameters on the performance
of forward-pumped fiber amplifiers have been discussed
as following. The main parameters involved are length of
the active fiber, the pump power, and the dopant concen-
tration. In the simulation, we assume the signal power,
concentrates on the wavelength of 976 nm. Unless other-
wise stated, parameters used in the simulations are listed
in Table 1.

The active fiber length lays a significant role on the
performance of fiber amplifiers. Here, we control other
parameters and observe the relationship between active
fiber length and the output power. Figures 2–4 illustrate
the changes of output power (including signal and ASE
while excluding the remaining pump power) with various
fiber lengths.

Table 1. Parameters Used in Simulationl

Parameter Value Parameter Value

λp(nm) 915 Γp 0.0133

λs(nm) 976 Γs 0.95

τ (ms) 0.84 N(m−3) 3.95×1025

σa(λ) See Ref. [2] Core Diameter(µm) 15

σe(λ) See Ref. [2] Clad Diameter(µm) 130

αp 0.0023 Seed Power(W) 1

α(λ) 0.005

Figure 2 displays the output signal power when us-
ing various active fiber lengths. See from the graph, the
output signal power for both pump source experiences
a steady increase with the fiber length at first, while
when the length reaches about 1 m the signal power gets
its maximum value, and then it decreases exponentially
to approximate zero at about 1.2 m. The output power
spectrum with various active fiber lengths shown in Fig.
3 gives an additional description for this. Figure 3(a) ex-
hibits the output spectrum when the fiber is shorter than
the optimum length, and as we can notice, the shorter
the length is, the more undesired ASE near 1 030 nm is
suppressed. Spectra using longer active fiber are shown
in Fig. 3(b), the signal power at 976 nm is diminished
as the fiber gets longer, and at last vanishes.

The output power of ASE in 976-nm fiber lasers and
amplifiers mainly gathers around 1 030 nm and it in-
creases with the fiber length which is displayed in Fig.
4. The ASE power is barely seen until the fiber is about
0.8 m, and then it experiences a prompt increase expo-
nentially and at last becomes linear ascending.

This relationship can be explained as followed. When
the active fiber length is shorter than the optimum
length, the inversion of Yb-ions provided by the pump
power can meet the condition of 976-nm emission and
the ASE around 1 030 nm is relatively low.

As the active fiber length gets longer, just after reach-
ing the optimum length, namely 0.96 m for 200-W pump
and 0.91 m for 100-W pump in the simulation, the pump
power is not enough to maintain the inversion condition
for 980-nm amplification all along the fiber and causes
the enhance of 1 030-nm emission. Furthermore, in this
period, the re-absorbed 976-nm radiation also serves as
high-efficient pump source of the ASE and thus leading
to the rapid increase of ASE. After this, the ASE around
1 030 nm which is dominant in fiber amplifiers increases
linearly with the fiber length. So the optimization of the
active fiber length is important for the suppression of
the ASE and the optimization of the amplifier.

Fig. 3. Spectra of output power using different fiber lengths
of (a) 0.1, 0.4, 0.6, 0.8 and 1 m and (b) 1.2, 1.3, 1.5 and 2 m.
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Fig. 4. Output power of ASE versus fiber length.

Fig. 5. Output sig nal power versus. pump power.

Fig. 6. (Color online) Spectra of output power at different
pump powers.

The pump power is a key factor for the assurance of
high inversion of Yb-ion population for 976-nm emission
and furthermore, to suppress the undesired ASE. Figures
5 and 6 reveal the relationship between output power and
the pump power. The initial signal power used for sim-
ulation is 1 W and the fiber length is 1 m. The signal
laser at 976 nm hardly appears before the pump power
gets to specific value, namely the pump threshold, and
after that point the signal power rises linearly. When
the pump power is lower than its threshold (about 13
W), the ASE power overweighs the signal power due to
the low population inversion which promotes 1 030 nm
emission as discussed above. As the result, the signal
power is hard to generate. When the pump power is
just larger than the threshold, the slow increase of signal

power indicates the competition of radiation between 976
nm and wavelengths around 1 030 nm. When the pump
power is large enough, the signal emission outweighs the
ASE and thus resulting in the steady linear ascent of
signal power with pump power. In the simulation, the
pump efficiency is about 16%.

Here we put the effects of both pump power and ac-
tive fiber length together. The output signal power and
ASE power are shown in Figs. 7 and 8 respectively. We
can clearly notice that the trend of signal power and
the ASE. It is also found in Fig. 7 that the optimum
fiber length is basically stable to various pump power.
The contour line of the output signal power and ASE
power are shown in Fig. 9. The Line “a” in Fig. 9
which represents the output signal power of 1 W de-
termines the pump threshold-the pump power needed
for the amplification of signal power-increasing with the
active fiber length. The rapid decrease of signal power
in Fig. 7 and the fast increase of ASE power in Fig. 8
can be explained by the competition of gains between
976 nm and wavelengths around 1 030 nm shown in the
region of intersection between signal and ASE in Fig. 9.

Subsequently, we investigate the influence of dopant
concentration on output performance of fiber amplifiers.
Figure 10 exhibits the variation of output signal power in
different dopant concentrations. The initial signal power
is 1 W and the active fiber length is 0.5 m. The pump
powers being used in the simulation are 100 and 200 W,
respectively.

Fig. 7. (Color online) Output signal power versus active fiber
length and pump power.

Fig. 8. (Color online) Output ASE power versus active fiber
length and pump power.
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Fig. 9. (Color online) Contour line of output signal and ASE
power.

Fig. 10. (Color online) Output signal power versus different
dopant concentrations.

Fig. 11. (Color online) Spectra of output power.

Similar to active fiber length, the signal power in-
creases firstly and after one certain point drops to zero
rapidly, which indicates that a relative high dopant con-
centration needs higher pump power to meet the inver-
sion requirement. However, if the dopant concentration
is so high that the pump power cannot meet the inver-
sion requirement, the ASE is dominant in the amplifier,
and the signal power at 976 nm will be suppressed and
vanish at the output end. The spectrum of the out-
put radiation via various dopant concentrations shown
in Fig. 11 can also give us a good understanding of

the effect of dopant concentration. We also notice that
the difference between optimum dopant concentration
according to various pump power is negligible and it is
advisable to choose the suitable pump power.

In conclusion, we investigate the output properties
of 976-nm fiber amplifiers considering the influence of
three key factors: active fiber length, pump power, and
dopant concentration. Numerical results show that the
output signal power experiences a stable growth and
then decreases sharply as the active fiber length be-
comes longer. Strong pump power which is needed to
satisfy the inversion condition will not be fully utilized
if the active fiber length is too short. The ASE power
around 1 030 nm which limits the amplification of the
signal power increases in two periods with the length of
the active fiber. It is also found that the dopant con-
centration shows similar effects as active fiber length on
the output signal power of fiber amplifiers. The results
have important meanings in analyzing fiber amplifiers
and will contribute to the study of high-powered MOPA
fiber laser as well. In the simulation, the most optimistic
pump efficiency, which is of great significant for high
power fiber laser, is relatively low due to the low ratio
of the core area and the inner cladding area. Further
analyze will take the core/cladding area ratio and the
initial signal power into consideration.
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