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Abstract We studied the influence of cerium (Ce) ions
on photo-darkening (PD) behavior in ytterbium/aluminum
(Yb/Al) co-doped silica fibers at room and elevated
temperatures. Low levels of PD was observed for Ce co-
doped Yb/Al fiber. And the Yb/Al co-doped fiber was
completely bleached at ~600°C. The addition of Ce ions as
co-dopant can significantly lower the initial recovery and
complete bleaching temperatures. The complete recovery
temperature is ~ 450°C and ~400°C for Yb/Al/Ce low fiber
and Yb/Al/Ce high fiber respectively. More importantly,
Ce co-doping in Yb/Al fiber also decreases the heat-
induced loss.
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1 Introduction

In recent years, ytterbium (Yb)-doped fiber lasers and
amplifiers have been rapidly developed and widely applied
in many fields, such as military, medication and industry
[1]. However, with the increase of laser power, photo-
darkening (PD) phenomenon has been demonstrated [2],
which reduces the output power and leads to the instability
of Yb-doped fiber lasers or amplifiers. Until now, the
mechanism of PD is still under discussion. Several
theoretical models have been proposed to explain this
phenomenon, such as the oxygen deficiency center (ODC)
defects [3], a charge transfer (CT) process [4] and energy
transfer between Yb3+ and Tm3+ [5]. The excess loss
induced by PD causes broad spectra absorption ranging
from ultraviolet-visible (UV-VIS) to infrared (IR) region,

which increases the loss of pumping and lasing wave-
lengths. PD has become a main limiting factor for the
further development of Yb-doped fiber lasers and
amplifiers.
Up to now, several methods have been proposed to

completely or partially eliminate PD induced loss,
including photo-bleaching (PB), thermal-bleaching (TB),
ions co-doping in Yb-doped fibers. The PB wavelengths
contain near ultraviolet, visible light and near infrared
wavelengths, such as 355, 550 or 793 nm [6–11]. TB is
another effective method to decrease PD induced loss. At a
certain high temperature, the photo-darkened fibers can be
bleached to pristine state. Jasapara et al. [12] demonstrated
that photo-darkened fiber returned to its pristine level at
773 K. The PD induced loss can be suppressed by TB,
which was demonstrated through isothermal bleaching
[13] and non-isothermal bleaching treatments [14]. But the
method cannot be put into practice due to the heat damage
of fiber coating. The method of ions co-doping is
practicable [15–17]. Engholm et al. [15] demonstrated
that cerium (Ce) ions co-doping in Yb-doped fibers
effectively improved the PD resistance. Zhao et al. [17]
showed that Ce co-doping in the ytterbium/aluminum (Yb/
Al) co-doped fibers improved the efficiency of PB process.
But there is no report about the influence of Ce ions on TB
process.
In this paper, we investigated the influence of Ce ions on

TB of photo-darkened Yb/Al co-doped fibers. The photo-
darkened fibers were annealed by non-isothermal bleach-
ing treatments. The results show that PD induced loss can
be thermal bleached at lower temperature by the addition
of Ce ions for Yb/Al fibers. Besides, compared to Yb/Al
co-doped fiber, the excess loss can also been significantly
decreased for the photo-darkened Yb/Al/Ce co-doped
fibers at the wavelength of 702 nm by external heating. It is
advantageous for the operation of high power fiber lasers.
To explain our results, the effects of Ce ions on TB process
were also discussed.
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2 Experiment

The experiments were performed with Yb-doped double-
cladding fibers fabricated by the modified chemical vapor
deposition (MCVD) and solution-doping technique.
Table 1 shows the ions concentrations in wt% of oxide
for the fiber samples used in our experiments. The
chemical compositions were measured on the fibers by
electron probe micro analysis technique. Core and
cladding diameters of all the fibers are about 10 and 130
μm, respectively.

The experimental setup for PD and TB is shown in
Fig. 1. Awhite light source (600 – 1750 nm) of 20 mWwas
utilized as the probe light. It was free-space coupled by
monochromator to ensure probe wavelength light launch-
ing into the signal input end of multi-mode combiner.
A 915 nm multi-mode laser diode with the diameter of
125 mm and numerical aperture of 0.22 was spliced to the
pump input end of combiner. The maximum output power
of laser diode was 25 W. A 10 cm double cladding Yb-
doped fiber was spliced between the output end of
combiner and the cladding pump stripper (CPS). The
fiber under test was fixed in a tubular furnace. The hearth
temperature was uniform and a temperature sensor was set
in the furnace nearby the fiber. The bleaching treatments

were executed through isothermal bleaching. The coating
of test fiber inside the furnace was stripped off. The signals
were real time monitored without moving the fiber with a
detector and a lock-in amplifier controlled by the computer.

3 Results and discussion

3.1 PD induced excess loss

Figure 2(a) shows PD induced absorption spectra between
600 and 860 nm of the three fibers after 420 min pumped
by a 915 nm LD. The output power of 915 nm LD was
fixed at 8 W, corresponding to a population inversion level
of ~55%. It is clear that PD induced loss is larger in visible
region than that in near-infrared region for all the fibers.
With the increase of Ce concentration, PD induced loss
gradually decreases. The variation of PD induced loss is
extracted at the wavelength of 702 nm [18,19], as
described in Fig. 2(b). The test results are fitted through
the stretched exponential function [20] shown as follows:

αðtÞ ¼ αeq½1 – expð – ðt=τÞβÞ�,
where αeq is the excess loss at the final equilibrium state, τ
is the time constant and β is the stretching parameter. The
adjusted R-square R is greater than 0.99.
From the fitting results in Fig. 2(b), PD induced loss at

equilibrium state is 54.23, 35.64 and 27.36 dB/m at 702
nm for Yb/Al, Yb/Al/Ce low and Yb/Al/Ce high fibers,
respectively. The excess losses of appropriate 34% and
49.5% are suppressed by Ce co-doping, compared with
Yb/Al fiber. Therefore, the PD resistivity in Yb/Al-doped
fibers can be greatly improved by adding Ce to the core
glass composition. Based on our experiments, it is

Table 1 Chemical core compositions of the fibers are provided.

Concentrations are in wt.% of oxide

fiber sample [Yb]/wt.% [Al]/wt.% [Ce]/wt.%

Yb/Al 0.86 1.60 –

Yb/Al/Ce low 0.70 1.64 0.05

Yb/Al/Ce high 0.83 1.58 0.11

Fig. 1 Schematic of the experimental setup
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observed that the PD resistivity can be improved even
further as the Ce ions increased. It has been found both
valence states (3+ and 4+) of the Ce-ion exist in Yb/Al
doped silica glass prepared under normal oxidizing
condition. Depending on the fraction of Ce ions in each
valence state, Ce ion can reduce the number of color center
by capturing both hole- and electron-related color centers
[20,21]. Though high concentration Ce co-doped could
further improve the PD performance by a less level
formation probability of color center, the slope efficiency
may be decreased.

3.2 Temperature effect and TB process

A 915 nm LD was utilized to pump the three fibers to
generate the same excess loss 10.5 dB/m at 702 nm. Then,
after switching off the pump source, the darkened fibers
were heated by a tube furnace from the ambient
temperature 30°C to high temperature until fiber is
completely bleached.
From the insets of Figs. 3(a), 3(b) and 3(c), it is found

that the excess loss induced by PD can be decreased with
the increase of temperature at a certain high temperature
and completely bleached ultimately for three fibers at the
wavelengths of 650 to 850 nm. For different fibers, the
starting temperature and completely bleaching temperature
are different. When the temperature is up to ~600°C, the
Yb/Al co-doped fiber is completely recovered to pristine
state. However, there is no need for the Ce co-doped fiber
to be heated to beyond 500°C. For the Yb/Al co-doped
fiber, when temperature below ~300°C, the higher
temperature, the lager excess loss at the wavelengths of
650 to 700 nm. But it is almost no significantly increase for
Yb/Al/Ce low fiber and no observable influence for Yb/Al/
Ce high fiber.
For the excess loss in the range of 850 to 1100 nm, it is

strongly temperature-dependent, as shown in Fig. 3. That

is because the test results are markedly influenced by the
absorption of Yb doped fiber core while small PD induced
excess loss. Since the absorption and emission cross
sections of Yb ions change with the increase of
temperature [22]. Absorption spectrums of Yb/Al/Ce co-
doped fiber at different temperature are shown in Fig. 4.
The results indicated that absorption intensity at 976 nm is
almost not influenced by temperature, but the absorption
width is broadened with increasing temperature. Con-
versely, the absorption at wavelengths from 860 to 940 nm
is significantly decreased due to rising temperatures. Thus,
the excess losses become smaller and smaller in this
region. This way, not pay attention to the data between 850
to 1100 nm because temperature-dependent Yb absorption
distorts the loss spectrum.
To intuitively display the variation of excess loss as the

time, the excess losses at 702 nm are given for the three
fibers, as shown in Fig. 5. The results show that the excess
loss gradually increases from 30°C to 250°C and reaches
the maximum value at 250°C for Yb/Al fiber, about 2.84
dB/m of excess loss increased. Then, the excess loss begins
to decrease and is completely bleached at 575°C for Yb/Al
co-doped fiber. However, the maximum heat-induced loss
is 1.31 and 0.85 dB/m, and completely bleached
temperature is 420°C and 400°C, for Yb/Al/Ce low fiber
and Yb/Al/Ce high fiber respectively. Therefore, with the
increase of Ce concentration in Yb/Al co-doped fiber, the
completely bleaching temperature and the heat-induced
loss have gradually decreased.
On the basis of our bleaching experiments, it clearly

shows that PD induced loss is a balanced dynamically. This
is a kind of spontaneous relaxation processes, involving
hole and electron centers. After the 915 nm LD switched
off, the color centers formation gets the advantage within
certain temperature range. Under action of heat activation,
the precursor species transform to color centers, leading to
heat-induced excess loss. It is similar to the results

Fig. 2 (a) PD induced fiber absorption spectra after 420 min illumination; (b) PD induced loss as a function of exposure time at 702 nm
and adjustment by stretched exponentials (αeq equilibrium value of the induced loss)
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obtained in Ref. [23]. Ce ions have the potential to trap a
hole or electron inhibiting the color center generation
[24,25], and lower competitive edge of the formation of
color centers. Consequently, the maximum excess loss
enhanced by external heating is lower in Yb/Al/Ce co-
doped fiber compared with Yb/Al co-doped fiber. When

the temperature reaches a certain value, a new balance has
been emerging. With temperatures rising further, the action

Fig. 3 Absorption spectra at different temperatures for (a) Yb/Al
fiber, (b) Yb/Al/Ce low fiber, (c) Yb/Al/Ce high fiber. The insets of
(a), (b), (c) display an increase of excess loss between 650 and
850 nm

Fig. 4 Absorption spectra of Yb/Al/Ce low fiber

Fig. 5 Variation of PD induced loss by thermal bleaching at 702
nm for Yb/Al fiber, Yb/Al/Ce low fiber and Yb/Al/Ce high fiber

Fig. 6 Evolution of PD induced loss by the illumination of 915
nm LD and thermal bleaching at 702 nm for Yb/Al/Ce low fiber
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of thermal bleach have started to appear. We observed that
the initial and complete bleaching temperature are lower
for Yb/Al/Ce co-doped fiber than for Yb/Al co-doped fiber,
and the span of temperature is narrower. Thus, we
speculate, the addition of Ce ion may reduce the mean
value and the full width at half maximum of a Gaussian
distribution thermal activation energy of PD induced color
centers.
Then, the Yb/Al/Ce low fiber was photo-darkened and

thermal-bleached alternately. Figure 6 depicts the changing
process of excess loss at 702 nm. Repeatable processes of
PD and thermal bleaching have been observed. It is
obvious that the PD induced loss can be completely
bleached by TB process repeatedly. We conclude that Ce
ion could be a good co-dopant of Yb/Al fibers for high
power fiber lasers and amplifiers, considering their thermal
characteristics of PD.

4 Conclusion

We have measured and analyzed PD thermal character-
istics of two Ce concentrations Yb/Al/Ce fibers in
comparison with an Yb/Al fiber, including their spectro-
scopic properties and loss characteristics. First, PD
induced loss significantly decreases at the equilibrium
state with the increase of Ce concentration in Yb-doped
fibers. Secondly, as Ce content increases, PD induced loss
is initially and completely bleached at lower temperature in
Yb/Al/Ce co-doped fibers. Thirdly, the heat-induced loss
vividly decreases from 2.84 dB/m in Yb/Al co-doped fiber
to 0.85 dB/m in Yb/Al/Ce low co-doped fiber at the
wavelength of 702 nm. The experiment results may
indicate that Ce ions can promote the transformations
from color centers and darkening precursor species to
defect precursors. The detailed theoretical explanation
needs to be further researched, which is valuable to
interpret similar phenomena. The addition of Ce ions in
Yb/Al fiber reduces the difficulty of TB process and
maximum excess loss enhanced by external heating,
making it could be a really attractive option for PD
reduction to apply in high power fiber lasers.
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