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Abstract: In this paper, we summarize the research on photodarkening in optical fibers. The causes
of photodarkening in fiber, the influence of photodarkening on fiber laser, the experimental device
of photodarkening, and the mathematical model used to study the phenomenon of photodarken-
ing are described in detail. At the end of the paper, we summarize the means and methods to
suppress photodarkening.

Keywords: photodarkening (PD); excited-state absorption (ESA); energy transfer upconversion
(ETU); avalanche upconversion; cooperative luminescence; photobleaching (PB); thermal-bleaching
(TB); refractive index change (RIC); color center

1. Introduction

Fiber laser has a wide range of application prospects in industrial processing, advanced
manufacturing, national defense, and other fields due to its advantages of high efficiency,
high stability, high beam quality, and easiness to expand to high power. Photodarkening
(PD) is an important problem in fiber lasers. PD is characterized by broadband absorption
centered on the wavelength of visible light, which increases with working time, and the
performance of PD is also related to the preparation method of active optical fiber [1–7].
Aging is based on the continuous competition between PD and bleaching.

1.1. Research Progress of Thulium-Doped Fiber (TDF) Photodarkening

Since 1988, Millar et al. [8] found the phenomenon of PD in Tm-doped quartz fiber, the
effect of PD has attracted wide attention. Because there is a certain correlation between PD
and laser mode, how to suppress the PD and excitation mode disturbance of high-power
fiber laser has become an important topic. When the TDF is exposed to strong blue light
(475 nm), the visible and near-infrared transmission spectrum of the fiber is significantly
reduced, and it is easy for the Ge4+ ions in the fiber to produce two-photon absorption
close to the pump light. In 1993, Brocklesby et al. [9] compared Tm-doped silica fiber and
Tm-doped germanosilicate fiber; it was found that thulium ion itself affects the generation
of PD. In the same year, Broer et al. [10] found that Tm-doped silica fiber appeared PD when
excited by a near-infrared laser (1064 nm). He attributed this phenomenon to ultraviolet
and visible light produced by photon avalanche upconversion. In 1995, Barber et al. [11]
found the PD effect introduced by near-infrared laser in Tm-doped fluorinated fiber. The
typical phenomenon is that a strong loss is found in the visible light area after the laser
radiation of 1140 nm. It is believed that the generation of the color center is the cause of
strong loss. In 1995, Laperle et al. [4] reported the PD-induced absorption of four kinds
of Tm-doped ZBLAN fibers under a 1.12 µm laser. The results show that the relationship
between the darkening rate and the pump intensity is quartic and strongly depends on
the concentration of Tm3+ ions. The PD-induced absorption was mainly found in the
ultraviolet-visible part of the spectrum, and there are some parts of the absorption spectra
extending slightly longer than 1 µm in the near-infrared. In 1997, Laperle et al. [12]
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observed the photobleaching (PB) of Tm-doped ZBLAN fiber after short-time irradiation
under visible light. The bleaching process can be described by the stretched-exponential
function of time. Incomplete and slow color center recovery was observed in previously
bleached fibers, indicating at least two types of defects exist. In 2010, Frith et al. [13]
analyzed the reason for blue light produced by 790 nm pumped TDF and the influence
of fiber components. The loss of power of TDF laser in thousands of working hours was
less than 1% through component optimization. At the same time, increasing the Tm3+

doping concentration can effectively reduce the upconversion efficiency and the PD of the
optical fiber, and it was found that the PD rate was directly proportional to the number of
concentrated ions in energy level 3H4. In 2020, Yin-Zi Liu et al. [14] demonstrated the PD
phenomenon in TDF core-pumped by a 1080 nm laser and the bleaching effect of deuterium
(D2) loading on photodarkened TDF.

1.2. Research Progress of Ytterbium-Doped Fiber (YDF) Photodarkening

Although the discovery and research of PD in TDF is earlier than that in YDF, at
present, the research on the PD effect and laser mode instability of rare earth doped fiber is
mainly aimed at YDF laser [15]. Compared with Tm3+ ion, Yb3+ ion has a great difference
in energy level structure. Yb3+ ion belongs to a simple energy level structure, with no
excited-state absorption, long fluorescence life, and small quantum defects [16].

In 1997, Paschotta et al. [17] found pump-induced absorption in Yb-doped silica fiber.
In 2005, Koponen et al. [18] first called it PD in YDF research. In 2007, Chavez et al. [1]
reported experiments showing new characteristics of PD and PB of high concentration Yb-
doped silicon fibers exposed to 977 nm and 543 nm in core irradiation. The results showed
that pumping the fiber at 977 nm would increase the absorption in a wide spectral range
from 400 to 1000 nm (PD), and simultaneously decrease the resonant (Yb3+) absorption
co-efficient near 1 µm (PB). In 2007, Jetschke et al. [19] first observed the partial bleaching
of PD loss by pump power itself. The effects of temperature and pump wavelength on the
equilibrium state of additional loss were studied. From the dependence of the measured
rate constant on the density of excited Yb ions, they concluded that an average of 3 to
4 excited Yb ions produced or bleached a color center, which was the cause of additional
loss. Manek-Hönninger et al. [2] studied the temporal evolution of the PD effect in an
Yb-doped silica large-mode-area (LMA) fiber. When the fiber was exposed to a 980 nm
pumped laser, the absorption spectrum showed an increase in the visible and near-infrared
spectrum. In 2007, Yoo et al. [3] studied the evolution of the PD effect with time in
Yb-doped aluminosilicate fiber irradiated at 488 nm. In Yb-doped aluminosilicate fiber,
irradiation caused significant excess loss in the ultraviolet-visible spectrum, while the PD-
induced loss of undoped aluminosilicate fiber can be ignored. In 2008, Engholm et al. [20]
carried out PD experiments with Yb-doped silicate fiber samples. Very low-level PD
was observed in Yb-doped phosphosilicate fiber pumped by a 915 nm high-power diode.
In 2008, Jetschke et al. [21] used Yb-doped fiber pumped by a 915 nm laser to study the
change of PD with the concentration of co-dopant aluminum and phosphorus. Although
high concentration co-doping was required, the core composition with equal aluminum
and phosphorus content was the most promising to achieve YDF with low PD, high laser
efficiency, and low laser core numerical aperture. In 2009, Leich et al. [22] reported the
experiment of thermal treatment of photodarkened YDF samples. The non-isothermal
bleaching method at different temperature ramp rates could be used to determine the
thermal energy distribution of color centers. The average value of the distributed activation
energy was about 1.3 eV and the FWHM is 0.5 eV. In 2009, Söderlund et al. [23] studied
thermal-bleaching (TB) of PD-induced loss in LMA Yb-doped silica fiber with 20 µm
core diameter. In 2009, Engholm et al. [24] showed that the PD resistivity of YDF lasers
could be greatly improved by cerium co-doping. In 2009, Ponsoda et al. [25] proposed a
method of TB for LMA Yb-doped fiber. The photodarkened YDF sample was recovered to
original state by thermal annealing. Next year, Ponsoda et al. [26] examined the effect of
PD-induced pump light absorption on YDF thermal loading. In these experiments, the fiber
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was cladding-pumped at 915 nm, air-cooled by natural convection, and monitored with a
mid-infrared thermal camera. It was found that fiber temperature was related to progressive
PD. In 2010, Yoo et al. [27] reported the PD behavior of Yb-doped aluminosilicate fiber at
high temperature. In 2010, Ye et al. [28] measured and analyzed the change of refractive
index caused by PD and TB in YDF with high accuracy, based on a modal interference
method. The influence of the PD-induced refractive index change (RIC) on fiber lasers was
discussed. In 2011, Leich et al. [29] reported PD kinetics characterization of YDF samples in
a wide range of temperatures from 77 to 773 K and with respect to different concentrations
of Yb2O3. When the time went to infinity, the saturation loss was obviously depended on
the fiber temperature. In 2011, Ponsoda et al. [30] examined the temperature dependence
of PD in Yb-doped silica fibers. A series of continuous PD experiments were carried out
on the same fiber samples. The results showed that it had good repeatability without an
obvious change of glass structure. They found that in the process of infrared irradiation,
the level of saturation of the PD losses could be determined by the core temperature. They
observed that the change of core temperature, which was caused by pump absorption
due to PD, would affect the inversion level and PD processes. In 2011, Mattson [15]
observed a characteristic line at 2.6 eV (477 nm) for Yb/Al and co-doped silica fibers.
This linewas proposed to be due to inter-center excitation transfer from type II oxygen
deficiency centers ODC(II) to Tm3+ trace impurities. In 2012, Gebavi et al. [31] examined
the reduction of PD loss in Yb-doped aluminosilicate fibers using light irradiation with
a wavelength of 633 nm. It was demonstrated that the final PB value depended on the
irradiation intensity of bleaching light, but for the determined bleaching light intensity,
the percentage of PD reduction was independent of the dopant concentration. In 2014,
Riccardo Piccoli et al. [32] discussed the effect of visible light irradiation on PD in 1070 nm
YDF laser. Simultaneous PD and PB effects caused by 976 nm and 405 nm or 550 nm
radiations respectively were investigated. They observed a significant PB effect due to
405 nm radiation but it did not completely recover. A strong absorption of the 405 nm
radiation by the excited ions (Excited-State Absorption) was also observed, which was
found to be the main limiting factor of bleaching performance together, and PD losses
caused by ground-state absorption were observed. In 2015, Zhao et al. [33] reported
significant bleaching of Yb-doped fiber pumped at 793 nm. Up to 68% PD loss at 810 nm
was bleached. The bleaching experiment under different powers showed that the pump
power was positively correlated with the bleaching. In 2018, RÖPKE et al. [34] presented
a microscopic model, which fully described the experimental experiences of PD research
and was based on appropriate micro-optical mechanisms. The PD effect was regarded as a
relaxation process of a statistical ensemble of micro-optical centers (PD complexes). These
micro-optical centers (PD complexes) were reversibly converted into color centers by the
energy of pump photons, resulting in the measurable PD loss. In 2019, Zhao et al. [35]
reported the fundamental elimination of the PD effect in YDF by deuterium loading. No
PD phenomenon was observed in TDF by deuterium pre-loading under 915 nm pumping
conditions. In 2019, Zhao et al. [36] proposed a phase-separation method of nanoporous
glass to prepare low PD YDF. Compared with the improved conventional vapor deposition
method, equilibrium PD-induced excess loss of the nanoporous glass fiber was reduced
to 35.07, 12.49, and 1.69 dB/m at 702, 810, and 1041 nm, respectively, despite higher
Yb3+ concentration. In 2020, Cao et al. [37] found that in high-power YDF amplifiers, H2
loading could fundamentally inhibit the deterioration of the optical aging effect and laser
performance.

2. Mechanism of Photodarkening

The PD effect is regarded as a relaxation process of a statistical ensemble of micro-
optical centers (PD complexes). These micro-optical centers (PD complexes) are reversibly
converted into color centers by the energy of pump photons, resulting in measurable
PD-induced excess loss [33]. The color centers lead to the increase of broadband absorption
centered on the visible range. The color centers absorb the pump and the signal light,
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which reduces the power conversion efficiency of the fiber laser and can generate excess
heat in the fiber laser [38,39].

In some optical materials, the color center is produced by irradiation, which leads to
excessive loss of broadband. In rare-doped laser materials, this effect is referred to as PD,
which are inevitably exposed to intense pump radiation. The irradiation of the materials by
the pump will directly or indirectly produce short band intrinsic absorption and produce
electronic transitions of atoms or ions, i.e., the electrons in the valence band are excited to
the conduction band, while holes are left in the valence band. After the electrons in the
conduction band and holes in the valence band are trapped by the intrinsic defects and
impurity defects of glass, the electron capture type color center (F Center) and the hole
capture type color center (V Center) are formed respectively.

It is well known that high-energy radiation will produce an absorption band in a
matrix such as silica glass [40,41], and ultraviolet light is also used to make Bragg mirrors
into fiber [42]. Therefore PD will appear in optical fiber, with ultraviolet laser [43], and
even with an ultraviolet lamp [20,44].

In the case of γ-ray, first, γ-ray interacts directly with optical fiber through the photo-
electric effect, Compton scattering, and electron pair effect, which leads to the ionization of
electron-hole pair in fiber; secondly, when the electron-hole pair is captured by the intrinsic
defect, doping defect, impurity defect and radiation-induced defect in fiber, a special point
defect with effective charge will be formed. This kind of defect can bind electrons and holes,
cause the electrons or holes in the fiber to excite, and produce light absorption. Because
its absorption band often falls in the visible light range, it is called the color center [45].
The oxygen-deficient center (ODC) in the germanium silicate glass has its characteristic
absorption peak at 240 nm, which releases free electrons when irradiated at resonance
wavelength. The released electrons are trapped near the GeO4 tetrahedron, forming the
Ge(I) color center and an absorption peak at 280 nm. Its absorption range extends to the
near-infrared band, showing PD [44].

There is a lot of evidence showing that the charge-transfer (CT) band appears in
Yb-doped aluminosilicate glass near 230 nm. The transition of Yb3+ ion from trivalent
state to low valence state leads to the formation of Yb2+ [3,20,46–50]. When stable Yb2+

is formed, free holes are generated and excited to a higher energy level CT state, which
leads to the formation of color center and the induced loss at ultraviolet and infrared
wavelengths [46,51,52].

It is found that in the Yb/Al co-doped fiber working in the amplifier, the PD absorption
spectrum becomes uniform with time, and the absorption loss at 477 nm and 558 nm
increases with the extension of working time. These phenomena are considered to be
caused by the transfer of inter-center excitation from type II oxygen deficiency centers
(ODC (II)) to Tm3+ and Er3+ impurities, respectively. ODC (II) can cooperate with the
valence electrons of Yb3+ ions to form color centers on the matrix, resulting in visible to
near-infrared light [15].

In this section, we will focus on the conditions leading to defects (so-called PD) in the
literature rather than the process of forming defects themselves. Generally speaking, glass
can absorb X-ray and 200–220 nm ultraviolet light to produce a color center, which greatly
reduces the transmission performance of glass [45]. However, recent research shows that
the transmission performance of Yb-doped fiber decreases significantly after irradiation at
488 nm [3,46,53], 793 nm [33], 915 nm [20,25,38,54], 920 nm [5], 977 nm [1,27], 980 nm [2] and
thulium-doped fiber at 475 nm [8], 790 nm [13], 1064 nm [10,55], 1080 nm [14], 1120 nm [4],
1140 nm [11], 1175 nm [56]. We believe that under the condition of the laser working
normally in the ordinary environment, the color center is produced by the interaction
between high-energy (short-wavelength) photons and ions, atoms, or electrons in the
crystal. This means that not all wavelengths (especially long wavelengths) leading to PD
are directly involved in the process of generating color centers, and the conversion process
from low-energy photons to high-energy photons needs to be carried out first. Furthermore,
the ways of generating high-energy photons in the laser are different, mainly including
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excited-state absorption (ESA) [10], energy transfer upconversion (ETU) [13], avalanche
upconversion [13], cooperative luminescence [57], and so on.

It is known that Tm3+ ions can easily up-convert infrared light to visible or ultraviolet
light [58,59], especially, when they are coupled with Yb3+ ions [60]. It is known that Tm
ions with 1G4 level show a strong absorption band at about 488 nm and Tm ions at 1G4
level can be excited to 1I6-3P0 level by ESA, so as to up-convert 488 nm radiation to its
ultraviolet [61]. PD was observed in Tm-doped silica optical fibers pumped at 475 nm
wavelength [8,9].

With respect to the sample fiber test experiment mentioned above, ultraviolet and
blue light are rarely used as the pump in the actual fiber laser, in fact, they are generated
by the upconversion of the pump. Blue luminescence was observed in Tm-doped fiber
pumped at 1.06–1.14 µm [4,10,11,14,55,56], as the three-photon-induced 1G4-3H6 transition
of Tm3+ (Figure 1). The same Tm ion continuously absorbs multiple photons to reach a
higher excited-state energy level, thus emitting ultraviolet and blue light.
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Figure 1. Partial energy level diagram of Tm3+. Straight arrows correspond to absorption at 1064 nm,
whereas wiggly arrows indicate nonradiative decay.

In 2010, G. Frith et al. [13] discussed the processes of generating blue light in 790 nm
pumped Tm-doped fibers pumped and how fiber composition influenced these processes
(Figure 2). Figure 2a shows the avalanche upconversion process. Tm ions absorb a photon
with a wavelength of 790 nm, transiting from 3H6 to 3H4, and then reach 3H5 through a non-
radiative transition. Next, the ions at the 3H5 absorb a photon with a wavelength of 790 nm
again, so as to enter a higher energy excited-state (1G4). Figure 2b shows the energy transfer
upconversion. Tm ions absorb a photon with a wavelength of 790 nm, transiting from
3H6 level to 3H4 level. During the transition to 3H5, the energy generated is transferred to
another Tm ion excited to 3H6, thus entering a higher energy excited-state (1G4).

These pieces of evidence clearly indicate that PD is related to the presence of Tm3+. In
addition, some defects in fiber can also absorb pump power and generate blue photons [7].
When we pump TDF at 793 nm, we also observe the peak spectrum at 470 nm.

Compared with Tm3+ ions, Yb3+ ions have different energy level structures. Its energy
level structure is simple, and there is no ESA and other phenomena [16]. Therefore, we
cannot explain the phenomenon of PD in YDF pumped in the blue and infrared bands.

In 2007, Chávez et al. [1] showed that the phenomenon of PD was related to a multi-
excitation of ytterbium clusters emitting light in the ultraviolet region. When using high-
power pumping YDF with a wavelength of 977 nm, clusters composed of three or four
ytterbium ions can emit ultraviolet radiation. It was already demonstrated that the clus-
tering of ytterbium emits light around 500 nm through cooperative luminescence from
the simultaneous de-excitation of two clustered ions [61]. In 2007, Yoo et al. [3] found
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that YDF had an absorption peak near 220 nm, which was related to Yb. Yb ion was easy
to capture oxygen holes around Al tetrahedron, but when Yb ion was too much, oxygen
holes were insufficient, which would lead to the formation of Yb-Al or Yb-Yb dislocation
chemical bond. Because the chemical bond of Ge-Ge and Ge-Si in germanosilicate glass was
caused by oxygen defect, it was also considered to be oxygen defect here. When 488 nm
light was used to irradiate, the absorption peak of ODCs was 220 nm, which can produce
two-photon absorption, then release free electrons, and be absorbed by Yb and Al, forming
the color center, leading to the phenomenon of PD. In 2012, Peretti et al. [62] showed
that trace thulium existed in YDF. They thought that the reason for PD was that thulium
ion produced ESA at 488 nm and produced ultraviolet light, reaching the charge-transfer
absorption band at 230 nm. The results showed that Tm3+ had a strong influence on the
defect generation process in PD (Figure 3). The upconversion of Tm trace impurities in
Yb-doped pumped by near-infrared laser was an important reason for the generation of
short-wavelength light [63,64].
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Cooperative luminescence, two-photon absorption, and Tm-doping can explain the
PD of YDF in the blue and infrared band. In the process of inducing PD, these processes
are not independent and need to work together [65].



Appl. Sci. 2021, 11, 10386 7 of 20

3. Phenomena and Problems Caused by Photodarkening

The performance degradation of doped fiber is caused by PD. Thus, the stability
of the output power and efficiency of doped fiber lasers and amplifiers is affected. The
phenomena and problems caused by PD in doped fibers are mainly absorption spectrum
change [1,2,4], output power reduction [2], temperature rise [38,39], mode instability
threshold reduction [66–68], RIC [28], fluorescence lifetime reduction [32,69], etc.

3.1. Change of Absorption Spectrum

Laperle et al. [4] studied the absorption spectrum changes caused by PD of four
different Tm-doped fibers exposed to a 1.12 µm laser. The absorption spectrum changes
caused by PD were mainly observed in the ultraviolet-visible part of the spectrum but
extends slightly more than 1 µm in the near-infrared (Figure 4). In 2007, A.D. D. Guzman
Chávez et al. [1] reported the experimental results of PD and PB of Yb-doped silica fiber
under 977 nm and 543 nm irradiation. The results showed that at 977 nm, the absorption of
the fiber increased in the broad spectrum (400–1000 nm), and the absorption coefficient
decreases at the same time near 1 µm. In 2007, Manek-Hönninger et al. [2] studied the
evolution of the PD effect with time in LMA Yb-doped silica fiber. When the fiber was
exposed to pump light at about 980 nm, the absorption spectrum showed an increase in
the range of visible and near-infrared spectra (Figure 5).
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As shown in Figures 4 and 5, at first glance it seems that the additional loss for Tm-
doped fibers caused by PD is much higher than that for Yb-doped fibers. We believe that
there are two reasons why it is easier for Tm-doped fiber to generate PD than Yb-doped
fiber. First of all, the energy structure of the Tm ion is more prone to the upconversion
phenomenon, which produces high-energy photons to excite color centers. Secondly, their
experimental conditions are different. For example, The Tm-doped fiber is core-pumped
and the Yb-doped fiber is cladding-pumped in the above two experiments, which means
that core-pumping can lead to higher pump energy densities for generating PD.

3.2. Output Power Reduction

Because the absorption spectrum of the color center generated in the PD process covers
the pump band and even the signal band of the fiber laser, the output power and slope
efficiency of the fiber laser is significantly reduced. In 2007, Manek-Hönninger et al. [2]
measured the slope efficiency of a CW fiber laser oscillator by exposure to 45 W of pump
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power at 976 nm under different light aging conditions. The slope efficiency decreased
considerably when a fiber with photon darkening was used as the laser medium (Figure 6).
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On the other hand, the deactivation of doped ions in the process of color center gener-
ation also reduces the laser efficiency. In 2013, Jetschke et al. [70] studied the fluorescence
characteristics of Yb-doped fiber before and after pump irradiation. It was found that the
fluorescence intensity and lifetime of Yb3+ decreased significantly during PD, which was
remarkably related to the measured PD loss. To explain this phenomenon, a theory of
non-radiative energy transfer from excited Yb3+ ions to atomic defects (color centers) close
to Yb3+ ions was proposed. This energy transfer leads to the inactivation of Yb3+ ions,
resulting in additional loss of laser efficiency.
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3.3. Temperature Increase

PD results in the decrease of laser power, and the lost energy is eventually converted
into the heat inside the fiber, which causes the temperature of the fiber to rise. In 2010, Pon-
soda et al. [38] measured the temperature of Yb-doped LMA fiber during a PD experiment
using a thermal camera. In these experiments, the fiber temperature was measured while
PD experiments were performed using infrared radiation (i.e., 915 nm). When the pump
power was 5.7 W and 10.5 W, the attenuation of the core absorption coefficient and the
change of the fiber temperature during the pumping process of the probe signal with the
wavelength of 600 nm were detected simultaneously. They observed that the temperature
increased as the loss increased (Figure 7).
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Figure 7. PD-induced absorption coefficient change (∆α) at 600 nm (primary y-axis) and respective
fiber temperature (secondary y-axis) measured with a thermal camera. Adapted with permission
from [38] © The Optical Society.

3.4. Mode Instability Threshold Reduction

Through systematic experiments and simulations, it is found that the thermal compo-
sition of PD is an important reason for the mode instability and beam quality degradation
of high power fiber laser [66–68]. In 2015, Otto et al. [66] showed that PD would reduce the
threshold of mode instability. It was considered that reducing PD was a promising way to
reduce mode instability. The experimental results of PD and mode instability showed that
even the negligible power loss caused by PD could reduce the mode instability threshold by
two times. In 2016, Ward proposed a theory of quasi-static degradation caused by PD in the
fiber amplifier. This creates a persistent absorption grating that remains phase-shifted from
the modal interference pattern. This leads to power transfer from the fundamental mode
to a higher-order mode, and the wavelength shift is very small. The whole process takes
place on a time scale of minutes to hours. This process was modeled in LMA step-index
and photonic crystal fibers and was found to produce reasonable threshold values [67].

3.5. Refractive Index Change

The phenomenon of PD leads to the RIC. The reason for the RIC is the structure
change [71–82] and the generation of color center [83]. Experiments showed that when the
photosensitive optical fiber was irradiated by ultraviolet light, the glass structure in some
areas was more compact [71]. Studies performed on Tin-doped silica optical fibers proved
that the RIC could be ascribed to structural rearrangements induced by photochemical



Appl. Sci. 2021, 11, 10386 10 of 20

reactions [72]. Different color centers have different photoconductivity characteristics,
which will lead to the change of refractive index.

In 1990, Hand and Russell [53] used Kramers-Kronig relation to relate the varia-
tion of the refractive index of optical fiber with the spectral variation of optical fiber in
ultraviolet absorption.

δn(ω) =
c√
π

∑
i

δαi(ωi)bi

ω2
i −ω2

(1)

where δn(ω) was the RIC when the angular frequency was ω, c was the speed of light in
vacuum, δαi was the absorption coefficient change, ω was the center frequency of the work
and ωi was the center frequency of each absorption peak. It indicated that any change in
absorption at any wavelength introduced RIC at all wavelengths. Thus, the existence of
RIC induced by PD and TB could be anticipated.

In 2010, Ye et al. [28] conducted high-precision measurement and analysis of RIC
caused by light aging and TB in ytterbium-doped fiber based on the modal interference
method. PD-induced RIC was positive at the ytterbium lasing wavelengths near 1080 nm,
and it approached a saturated level, which was in the order of 10−6~10−5 for the tested
fiber samples.

3.6. Fluorescence Lifetime Reduction

In 2013, Jetschke et al. [70] found that the fluorescence intensity and lifetime of
Yb3+ decreased significantly before and after the PD experiment, which was significantly
related to the measured PD loss. In 2014, Piccoli et al. [32] studied the effect of PD on the
fluorescence lifetime of Yb and found that the additional loss in equilibrium state caused
by PD has a linear relationship with the reduction of Yb fluorescence lifetime. In the same
year, Li et al. [69] measured the fluorescence power attenuation spectrum of darkened and
nondarkened Yb-doped fiber, and obtained that the fluorescence lifetime of the darkened
fiber decreased by 12%, while the fluorescence life was linearly related to the laser efficiency,
consequently, the laser efficiency decreased by 12%.

4. Bleach of Photodarkened Fiber

PD can be bleached under certain conditions. The process of PD is the competition
between PD and bleach [65]. When the rate of PD is equal to that of bleach, the PD reaches
saturation. Drift can be divided into PB and TB.

4.1. Thermal-Bleaching

Temperature is used to describe the degree of thermal movement of micro particles,
which has a significant impact on the stability of the color center and is an important factor
in the thermal annealing effect of the color center. It is generally believed that the higher the
temperature, the more serious the annealing of the color center [22,84,85]. In 2009, Martin
Leich et al. [21] studied TB of PD-induced loss in a 10 µm core diameter, LMA Yb-doped
silica fiber. Pristine and photodarkened samples are subjected to thermalization. With the
increase of temperature, PD loss begins to recover at ~350 ◦C and completely recovers
when the temperature reached ~625 ◦C. However, before recovery, the photodarkened fiber
exhibits a further heat-induced increase of absorption loss. This phenomenon is attributed
to the permanent increase of color centers and a temperature-dependent broadening of
the absorption spectrum [23]. However, some studies have shown that the decrease of
PD-induced loss in a specific band with the increase of temperature may be the result
of the transition from one color center to another, not necessarily the annealing of the
color center [86,87].

4.2. Photobleaching

At present, the PB wavelengths of ytterbium-doped fiber are 355 nm [1], 405 nm [32,88],
514 nm [46], 543 nm [1,89], 550 nm [88,90], 633 nm [1], 793 nm [33], and 810 nm [33].
However, only Laperle et al. used visible light to PB in Tm-doped fiber PB experiment [12].
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In 1994, Atkins et al. [91] showed that when using 514 nm bleached Tb-doped fiber,
the reason is that the two-photon excitation can release electrons from the color center
and make the color center disappear. In 2014, Piccoli et al. [32] used Yb-doped fiber
photondarkened by 405 nm light radiation, and they observed the partially recovered PB
phenomenon. They showed that the reason for the incomplete PB phenomenon is the
strong absorption of 405 nm radiation by excited ions (excited-state absorption), and PD
loss caused by ground-state absorption is also observed.

In some cases, PB can also cause the same high temperature as TB to bleach the color
center. In the study of Tm-doped fibers, Millar et al. [8] speculated that the bleaching
phenomenon in some PB experiments was essentially caused by high temperature rather
than photon irradiation, and they found that bleaching began when the fiber was heated
to 350 °C. In the theoretical simulation, the core could reach a similar temperature by
irradiating the laser with the same wavelength and power.

5. Experimental Setup of Photodarkening
5.1. Additional Loss Measuring Device at Characteristic Wavelengths

The characteristic wavelength loss measuring device is to measure the loss of probe
light with a specific wavelength in the process of PD. By coupling the pump light and
probe light into the sample fiber at the same time, the change of probe light with time is
recorded by a power meter. Because the pump light and probe light are mixed together, it
is necessary to use a filter to extract the probe light [4,7,17,20,54]. To minimize the influence
of probe light on the sample fiber, the probe light power needs to be far less than the pump
light power. Consequently, it is not enough to extract probe light only by the filter, and
the noise produced by the pump and ASE will disturb the measurement. Therefore, a
combined PD and TB measurement of an LMA Yb-doped fiber is presented by Ponsoda
et al. (Figure 8) [25].
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The device introduces a lock-in amplifier to extract probe light. To ensure the same
degree of PD in the sample fiber and provide convenience for temperature control, the
sample fiber needs to be short enough. Interestingly, PD has been shown a reversible
process by applying thermal treatment [50,92] or ultraviolet irradiation [2] to the Yb-doped
fiber. Therefore, it is possible to repeat the experiment without replacing the optical fiber
sample. This device is most commonly used in PD experiment [14,22,25,28,30,33,37,73].
It cannot only measure the characteristic wavelength absorption, but also can be used in
absorption spectrum measurement and refractive index measurement.

5.2. Absorption Spectrum Measuring Device

The absorption spectrum measuring device is for measuring the transmission spec-
trum before and after the sample fiber PD experiment, and subtracting the two spectra to
obtain the PD absorption spectrum. Because it is not necessary to measure when the pump
is working, the noise caused by the pump does not need to be considered, so the whole
device is relatively simple [15,17]. The absorption spectrum could also be measured by
changing the device in the previous section [22].
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5.3. Refractive Index Measuring Device

The RIC induced by PD and bleaching is relatively small. Therefore, interferometric
methods must be used to obtain sufficient resolution. Therefore, the mainstream device
for measuring RIC in PD experiment is based on the modal interference method and the
absorption spectrum measurement device [28]. The core fusion is intentionally offset,
which is approximately equal to the core radius of the YDF, as shown in Figure 9.
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WLS, white light source; OSA, optical spectrum analyzer. Adapted with permission from [28] © The
Optical Society.

At the first splice, both LP01 and LP11 modes are excited in the YDF sample. As
the probe light propagates along the YDF, the phase difference occurs between the two
transverse modes due to the different propagation constants of the two transverse modes.
Interference occurs when the light is coupled back to the single-mode fiber at the second
splice, when a white light source (spectral range from 400 nm to 1400 nm) is used as the
detection light, periodic oscillation of the transmission spectrum is caused. The spectrum
with a wavelength between 1050–1100 nm is as shown in Figure 10.
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∆nPD =
λ

2πl(η1 − η2)
∆φ (2)

The phase shift of the modal interference fringe can be calculated by ∆φ = 2π∆T/T.
The change of refractive index can be obtained by introducing ∆φ into formula PD. Where
ηi(i = 1, 2) are fractions of power in the core for the LP01 and LP11 modes. The fractions are
calculated from the mode field distribution by numerically solving the fiber characteristic
equation. For both fibers used in the experiment, η1 ~0.78 and η2 ~0.1 in the spectral range
near 1080 nm.

6. Theoretical Study

The theoretical formula can be a useful tool to study the phenomenon of PD, the most
widely used formula is the classical tensile exponential function, which makes the data fit.
The formula is as follows [12,25,29,33–35,50,67,93–95].

αPD(t) = αmax[1− exp(−(t/τ)β)] (3)

where αPD(t) represents the loss induced at a time t after the pump is switched on, αmax
the loss at the final equilibrium state, τ−1 is the time scale, and β is a parameter that
ranges between 0 and 1 and is referred to as the stretching parameter. This equation is the
most commonly used empirical formula, which can describe the relaxation rates of many
physical properties of complex systems such as polymers and glasses, and the fitting result
is the same as the exponential attenuation distribution of the experimental results. The
time constant τ−1 is determined as a benchmarking method for PD rate comparison.

Ponsoda et al. [25] used a double exponential function to fit the equation as follows.

− ∆α(t) = α0 + α1 · exp(−t/τ1) + α2 · exp(−t/τ2) (4)

The constants α0 are saturation parameters; α1 and α2 are amplitude constants; τ1 and
τ2 are PD time constants of fast exponential decay and slow exponential decay, respectively.

The normalized probe transmission intensities could be fitted with a stretched-
exponential function of the form [3,7,18,27]

T(t) = A · exp[−(t/τ)β] + (1− A) (5)

where T is the normalized transmission, (1 − A) is a steady-state transmission of a fit, τ is a
characteristic time constant for a fit, and β is a dispersive parameter in a range between 0
and 1. The fitting of the curves was done using the least square method.

Martin Leich et al. [29,94] described the conversion of the PD precursor A to the color
center B by optical pumping. The transition from a precursor A to a chromocentric B is
described by reversible first-order reaction at the micro-level. Based on the experimental
phenomena of TB, they also described the non-absorbent state C as the intermediate state
of TB.

A
k+
−−−→
←−−−

k−

B
kT
−−−→ C

kR
−−−→ A (6)

with the transition rates k+ and k− of excitation and de-excitation of color centers, respec-
tively. kT is the TB rate and kR is the recovery rate. Rate constant τ−1 = k− + k+ + kT + kR

From the reactions (6), it is assumed that CA(t) + CB(t) + CC(t) ≡ CA(0) + CB(0) +
CC(0) is a constant, hence, the whole process can be described by the following two linear
rate equations

dCA
dt

= kRCA0 − (k+ + kR)CA + (k− − kR)CB (7)

dCB
dt

= k+CA − (k− + kT)CB (8)
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CA, CB, and CC are the densities of precursor A, color center B, and nonabsorbable
State C, respectively. With the special initial conditions CA(0) = CA0 and CB(0) = CC(0) = 0,
the explicit solution for the density of color centers normalized to the initial density of
precursors is

CB(t)
CA0

=
k+

2GW
[Z(e−βt − e−αt) + kRW(2− (e−βt + e−αt))] (9)

with the abbreviations G = kR(k−+ kT + k+)+ k+kT , Z = kR(k−+ kT + k+)+ 2k+kT + k2
R,

W =
√

S2 − 4G, S = k− + k+ + kR, α = (S + W)/2 and β = (S−W)/2.
The quantity CB(t)/CA0 is considered to be proportional to the PD loss. According to

Formula (9), the first term in square brackets describes the rapid rise (with α) of PD loss
after the pump is turned on and slow decline (with β) after passing the maximum. The
second term describes the conversion of intermediate state C to precursor A. When t tends
to infinity, the real equilibrium value (dCB/dt = 0) will be achieved and depends on the
discussed transition rates only,

Ceq
B

CA0
=

k+kR
kR(k− + kT + k+) + k+kT

(10)

According to Formula (10), when kR = 0, all color centers would vanish after
longtime pumping.

Röpke [34] showed that the color centers were generated by irradiation of differ-
ent wavelengths, but they could also be eliminated by optical or thermal treatment. PD
irradiated by a single pump was also a process of simultaneous generation and annihila-
tion of color centers, resulting in a balanced loss of αeq after a long time constant power
pump. They proposed that the probability of a complex-forming a color center was p. The
measurable PD loss was caused by the absorption of these color centers. The temporal de-
velopment of this loss was determined by the statistical distribution of the transition rates
and the pump power (P). Furthermore, the PD effect during pump light irradiation was
understood as a reversible process of activation (creation) and deactivation (destruction) of
color centers. Therefore, we use the activation (formation) rate k+(s,P) ≥ 0, the deactivation
(erasure) rate k−(s,P) ≥ 0, and the master equation δp/δt = k+(1 − p) − k−p to determine the
temporal evolution of the PD state in a relaxation process. This results in [34]

p(t, s, P) = peq +
{

p0(s)− peq
}

e−κ(s,P)t (11)

peq =
k+(s, P)

k+(s, P) + k−(s, P)
(12)

κ(s, P) = k+(s, P) + k−(s, P) (13)

Here 0 ≤ p0(s) ≤ 1 is the initial state at t = 0. κ(s,P) is the relaxation (transition) rate,
depending on the “speed” parameter s and the pump power P. The final state, peq = p(t→∞,
s, P), is the attractor of the relaxation process. It represents the balance of the activation
and deactivation processes. This result allows peq depending on both s and P.

Laperle et al. [96] proposed a formula to describe the time-dependent power loss
along the fiber caused by competing PD and PB processes.

dps(t)
dz

= −(αs + αE(z, t))Ps (14)

where αs and αE are intrinsic absorption and additional absorption, Ps is the signal power
distribution along the fiber, t is time, and Z is the ordinate in the optical fiber. This formula
describes the influence of intrinsic absorption αs and additional absorption αE caused
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by PD on the propagation power in the fiber. time-dependent excess loss coefficient is
written as

αE(z, t) =
∫ 2π

0

∫ a

0
σC NC(r, φ, z, t)ψs(r, φ)rdrdφ (15)

where σc is the absorption cross-section of the color center at the signal wavelength, Nc is
the color center density, ψs is the normalized signal profile, and α is the core radius. In 2003,
he proposed a formula to describe the change of color center density when PD and PB
were carried out simultaneously using the form of the stretch index with a time-dependent
rate coefficient [97].

dNC
dt

= βtβ−1vβ
d (NC,max − NC)− κtκ−1vκ

b NC (16)

where β and κ are respectively the dispersion parameters for PD and PB, νd and νb are the
PD and PB rate coefficients, and NC,max is the maximum color center density.

7. Suppression Method of Photodarkening

Because of the PD effect, the output power of the fiber laser and amplifier decreases
continuously and the attenuation is large, which leads to the lack of stability and short
operating lifetime of the system, which needs regular maintenance. This greatly restricts
the application requirements of the system, limits the application scope and application
field of the system. Therefore, the suppression of PD is particularly important.

7.1. Changing the Pump Wavelength

Some phenomena show that PD is related to the upconversion phenomenon, which can
be suppressed by suppressing up conversion phenomenon. Taking Tm-doped fiber as an ex-
ample, the phenomenon of PD was observed at the pump wavelength of
1.06–1.14 µm [4,10,11,14,55,56], but some studies show that in Tm-doped fiber, the phe-
nomenon of PD has not been found at the pump wavelength of 1.25–1.6 µm [11]. If we
avoid the wavelength that may cause up conversion phenomenon, we may avoid the phe-
nomenon of PD, but it is impossible to change the wavelength at will in the construction of
light laser, so the method of changing the wavelength is very limited.

7.2. The Capture of Electrons and Holes Involved in the Generation of Defect

Engholm et al. [24,98,99] compared and tested the additional loss of PD of Yb/Al and
Yb/Al/Ce fiber by co-doped Yb-doped fiber with cerium (Ce3+/Ce4+). The additional
losses of PD of Yb/Al and Yb/Al/Ce fiber were compared and tested. It was found that
the introduction of cerium ions could improve the anti-PD performance of Yb-doped fiber.
As shown in Section 2, the interaction between high-energy photons and matrix leads to
the ionization of electron-hole pairs in optical fibers; Secondly, when electron-hole pairs are
captured by defects in optical fibers, color centers will be formed. The two valence states
of cerium ions in the co-doped cerium ion fiber can capture electrons or holes involved in
defect generation and convert them into another valence state, thus inhibiting the formation
of color center, then the PD effect is reduced. Ce4+ is widely used as a decolorizer in the
glass industry due to its strong oxidation, so it can reduce the generation of defects [100].
The researchers reported that the PD loss of Yb3+-doped fiber co-doped with cerium will
be significantly reduced. In this case, because the energy levels of Ce3+ and Ce4+ are far
from those of Yb3+, this energy transfer will not have a great impact on the laser itself.

7.3. Avoid Clusters

We showed that the phenomenon of PD was related to a multi-excitation of Yb clusters
emitting light in the ultraviolet region [92]. It has been reported that fibers containing Yb
clusters or Yb pairs are subject to enhanced light aging, while the high concentration of
Al helps to reduce PD [73,101]. Al co-doping can adjust the distribution of ytterbium ions
and effectively avoid the cluster of ytterbium ions [102]. Other studies have shown that
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phosphorus can also induce a cage around a part of the rare earths, so as to avoid rare-earth
ion clusters [103]. Some evidence shows that co-doping phosphorus in Yb-doped fiber can
avoid clusters more effectively than co-doping Al [63,104].

7.4. Add Deexcitation Channel

The results show that co-doping a Yb-doped fiber with Er3+ can significantly reduce
the additional loss caused by PD [6,105]. Jetschke et al. [106] tested the additional loss of
Yb/Al and Yb/Al/Er fiber respectively. It was found that the additional loss of Yb/Al/Er
fiber was significantly reduced, and its fluorescence intensity in the visible band was
relatively weak. They thought that this was because a small amount of Tm3+ ion in Yb3+

cluster or Yb3+ ion carried out energy transfer with Er3+ in Yb/Er fiber, while Er3+ did not
have effective up conversion and excited-state absorption. Electrons in the high-energy
state jump to the ground state with non-radiation, reducing the ultraviolet radiation, thus
inhibiting the PD effect. Other Co-doped ions such as Tb3+, Eu3+, and Nd3+ can also
increase the de-excitation channel, but the additional doping of other ions requires careful
analysis of the laser characteristics of the fiber to ensure that other properties of Yb-doped
fiber laser will not be lost.

7.5. Eliminate the Related Defects

In Yb-doped aluminosilicate fibers, the nonbridging oxygen hole centers (NBOHC)
and the aluminum oxygen hole centers (AlOHCs) were considered to be important defects
for causing PD [107,108]. By eliminating these defects, the PD effect can be reduced. In a
high-power YDF amplifier, H2 load can fundamentally suppress the PD effect and greatly
improve laser performance [14,37]. The reaction formula is as follows

Si−O · · ·O− Si + H2 → 2Si−OH (17)

Although the matrix structure of quartz glass is compact, H2 molecules move freely
in quartz fiber. They can react with the dangling bonds of NBOHC to form a more stable
covalent bond of -OH which is stable and transparent from the ultraviolet to the visible
band. Furthermore, this reaction can release electrons that could be bound with the hole-
related defects, so as to eliminate the related defects [109,110].

8. Summary

This paper summarizes the generation, phenomenon, bleach, experimental device,
theoretical research, and suppression methods of PD, in order to provide a reference for
relevant research. To sum up, PD is an important factor affecting the power enhancement
of fiber lasers. To reduce the influence of the PD on the fiber laser, it is very important
to study the PD mechanism of fiber laser, which puts forward high requirements for the
manufacturing technology of fiber. We believe that the main reason for PD is that the
absorption spectrum of the color center in the fiber covers the pump or signal band, while
the color center in the laser is due to the interaction between high-energy photons and
ions, atoms, or electrons in the crystal, and the ways of high-energy photons produced
by different doped fibers are verified. The color centers produced by high-energy photon
excitation are also different. In particular, the specific processes of color center formation,
transformation, and bleaching are very complex. Different doped ions and different
concentrations will have a great impact on the color center. There is still a lot of work
needed to study the color center in optical fiber further.
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