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Abstract
Ytterbium-doped fibers have become the optimum gain media of high-power fiber lasers thanks to a simple energy
structure, which strongly reduces the excited state absorption, and a low quantum defect and a high optic–optic conversion
efficiency, which means the low thermal load. In this paper, we take a review of the current state of the art in terms of
Yb3+ doped fibers for high-power fiber lasers, including the development of the fabrication techniques. The research
work to overcome the challenges for Yb3+ doped fibers, which affect the stability of output power and beam quality, will
be demonstrated. Direction of further research is presented and the goal is to look for a fiber design, to boost single fiber
output power, stabilize the laser power and support robust single-mode operation.
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1. Introduction

High-power Yb3+ doped fiber lasers have experienced an
impressive progress in the last few decades. The maximum
output power for multimode regime from a single fiber laser
has reached hundreds of kilowatts[1] for continuum regime
(Figure 1). Actually, in the first operation of a fiber laser, in
the early 1960s, not Yb3+ doped but Nd3+ doped fiber was
used as the gain medium[2–4]. Years later, Er3+ doped fiber
was widely used in the communication area due to its special
emission wavelength, which locates in the communication
window. Until now, a great attention is still paid to Er3+

doped fiber, while the Nd3+ doped fiber disappears gradually
because of an excellent alternate in 1 µm regime, which is
Yb3+ doped fiber. Compared to Nd3+ doped fibers, Yb3+

doped fibers take advantage of wider gain bandwidth, long
fluorescence lifetime of upper level, lower quantum defect
and higher quench-free concentration, which result in the
scaling of the output power of fiber lasers.

As the key component of the fiber laser, Yb3+ doped
fiber has experienced innovations both in the theoretical and
technical aspects. Double-cladding fiber (DCF) structure[5]

is absolutely one of them. This structure separates the
waveguides of signal and pump light, leading to a large
increase of the tolerable power. Based on DCF, asymmetrical
inner cladding substantially improved core absorption effi-
ciency, increasing the output power further. Dominic et al.[6]
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demonstrated the first single-mode Yb3+ doped fiber laser
with an output power of over 100 W. A rectangular inner
cladding was used and the conversion efficiency was 58%.
Five years later, in 2004, Jeong et al.[7] improved the output
power to 1.36 kW at 1.1 µm with 83% slope efficiency,
which generated, by D-shape inner cladding, Yb-doped fiber
with an NA below 0.05. In 2009, IPG Photonics Corporation
issued a product of high-power fiber laser with a 10 kW
single-mode output at 1070 nm[1] and an excellent stability
simultaneously. This work increased the single-mode output
to a higher level, driving us to optimize the fabrication
techniques further to achieve a higher output power.

This paper reviews the efforts made by researchers to
optimize the fiber fabrication technology at the beginning.
Then methods to overcome the challenges, on the way of
pursuing higher power and applying high-power lasers, will
be demonstrated. Firstly, this paper discusses the research
state of rare-earth doped fiber fabrication technology and
analyzes its development trend. Secondly, stability of the
fiber laser limits the practical performance seriously. For the
stability of power, photo-darkening (PD) effect decreases the
output power of Yb3+ doped fiber lasers when operating
for a long time Thirdly, high beam quality is required
for most applications of high-power fiber lasers such as
welding, cutting, and weapon. Thus, appropriate designing
of Yb3+ doped fibers to achieve a single-mode operation in
high-power fiber lasers is of much importance. In addition,
the beam quality will degrade when the power reaches a
certain value, which is called mode instability (MI) effect.
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Figure 1. Impressive progress of fiber lasers output in the last few decades.

To conclude, we present that future Yb3+ doped fiber fab-
rication needs overall consideration to mitigate PD effect,
enlarge MI threshold and improve the output beam quality
simultaneously.

2. Fabrication technology of Yb3+ doped fibers

For an ultra-high-power fiber laser, a large core size helps
to eliminate nonlinearity and increase the damage threshold;
it is a challenge to obtain a large size core for MCVD
techniques. Generally, several soot layers need to be de-
posited and parameters of each deposition should be con-
trolled precisely. Besides, impurities could be introduced
when unloading the substrate tube and soaking it with
Yb3+ solution, which is fatal for high-power fiber lasers.
To overcome this, in situ solution doping technique was
proposed[8], which eliminated the need to remove the tube
and significantly reduced the processing time. While for
solution doping technique, it is difficult to control the re-
fractive index profile precisely. So, researchers tried to find
an approach to deposit Yb2O3 just like SiO2 and GeO2.
As the development of material science, an organic Yb
compound called Yb(DPM)3 (DPM = dipivaloymethanate
ligand (C11H19O2))[9] was chosen because it is volatile
when being heated above 200 ◦C. Sekiya et al. set two
furnaces for Yb(DPM)3 and AlCl3. High purity of He went
through the furnace to carry Yb(DPM)3 and AlCl3, which
were in gas phase, into the substrate tube. A core larger
than 5 mm could be obtained, via adjusting the Yb and Al
concentrations. This technology makes it possible to adjust
the deposition parameter of every single pass, leading to a
homogeneous refraction index profile (shown as Figure 2).
However, this technique requires more about the equipment
over the traditional MCVD system. Because Yb(DPM)3 is
volatile only when heated above 200 ◦C, the Yb(DPM)3 raw

Figure 2. Profile of refractive index for gas phase doping technology.

material pipeline before the substrate tube should always
be heated up to 200 ◦C. Besides, the mixture of gases
with highly different temperatures influences the uniformity
along the preform. These years, porous glass technology
was adopted again to fabricate active fibers. Porous glass
was first developed to prepare communications fibers[10],
and now important advances have been made in the prepa-
ration of active optical fibers. Porous glasses can be under-
stood as the leaching products of phase-separated sodium
borosilicate glasses[11]. A Yb3+ doped large-core double-
cladding silica fiber with the active core prepared from
nanoporous silica rod by the glass phase-separation tech-
nology was reported[12]. The measurements show that the
fiber has a Yb3+ concentration of 9811 ppm by weight, a
low background attenuation of 0.02 dB/m and absorption
from Yb3+ about 5.5 dB/m at 976 nm. The laser perfor-
mance presents a high-slope efficiency of 72.8% for laser
emission at 1071 nm and a low laser threshold of 3 W
within only 2.3 m fiber length. Benefiting from uniformly
distributed nanoscale pores, nanoporous silica glass exhibits
remarkable advantages in its doping level, core diameter,
refractive index engineering and optical homogeneity[13].
There are other technologies such as direct nanoparticle
deposition (DND) technology, powder in tube direct drawing
fiber technology and REPUSIL technology. These methods
are difficult to reduce the impurity when fabricating the
preform. Up to now, though MCVD process together with
solution doping is the most mature technology, another
better method is urgent, and the gas phase deposition is
a candidate after realizing a high uniformity along the
preform.
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3. Photo-darkening effect

PD effect was first discovered by researchers from University
of Southampton in 1997[14]. Researchers found the lifetime
quenching in Yb-doped fibers, which led to a strong un-
bleachable loss. They assumed this unexpected behavior to
be caused by some unidentified impurity or structural defect.
Generally, the PD effect introduces background loss at vis-
ible wavelengths and the loss extends to the near-infrared
range, covering the pumping and lasing wavelengths[15],
therefore deteriorating the fiber laser property. The PD effect
reduces the efficiency and the lifetime of Yb3+ doped fiber
lasers, leads to instability of the system and finally greatly
limits the applications and development of fiber lasers. It
has been convinced to be one of the main bottlenecks of
increasing laser power.

To measure the PD-induced excess loss, Koponen et al. pro-
posed to observe the transmission changes at visible wave-
lengths and therefore predict the PD at signal wavelengths.
Furthermore, they found the loss at 633 nm has a near linear
correlation with that at signal wavelength, which is about 71
times[16]. Besides, the equilibrium state of PD loss depends
on the pump power level, as reported by Jetschke et al.[17].

The mechanism of PD effect is still under exploration.
Color centers in Yb-doped fibers are considered to be the
reason to induce PD effect. In 2007, Yoo et al. proposed
the 220 nm absorption peak in Yb/Al doped fiber to be
related to Yb-associated oxygen deficiency centers (ODCs)
and act as a precursor of the PD[18]. Engholm et al. explained
that the absorption band near 230 nm is a charge transfer
(CT) band and further induces PD loss[19]. In 2010, a new
mechanism was reported by Peretti et al.[20]. They attributed
the formation of color centers to Tm impurities in Yb-
doped fibers, where Tm ions absorb energy from Yb ions,
cascade up to higher energy levels and then emit UV and
visible light.

To overcome the PD effect, various methods including
post-treatment and fiber designing have been proposed.
Post-treatment of fiber includes photo-bleaching, thermal-
bleaching and H2 or O2 loading. Fiber designing includes co-
doping with other ions and optimizing the Yb3+ distribution.
The existed PD loss can be bleached with certain wave-
lengths (405 nm[21], 543 nm[22], 550 nm[23], 633 nm[24] and
793 nm[25]) pumping. However, these studies were taken
at a low output power level. So bleaching the existed PD
loss is doubtful for high-power fiber lasers. The existed
PD loss will also be mitigated when heating the photo-
darkened fiber over 300 ◦C[26], but high temperature leads
to fiber properties degradation. H2

[26] or O2
[18] loading

method also reduces the PD effectively, which needs
complex vacuum high pressure operation. From the fiber
fabrication technique, co-doping with other ions is a primary
method to overcome PD effect. Aluminum[27], phosphorus[28],
cerium[29], alkaline earth metals[30] as well as sodium

Figure 3. Relationship between the excess loss @702 nm and operation
time of Yb3+ fibers with different co-dopants.

ions[31] have been selected as co-dopants during fiber fab-
rication process. This method is widely used in commercial
fiber production while the changes of NA, background loss
and laser efficiency induced by co-dopants still need to be
overcome[32, 33]. Figure 3 shows the relationship between
the excess loss @702 nm and operation time of Yb3+ fibers
with different co-dopants. This indicates that Na, Ce and
P can suppress the PD effect. In addition, PD effect is
related with the population of up-conversion in the Yb3+

fiber. The distribution of up-conversion is determined by
the distribution of laser power. The laser power is lower
in the edge area of the core, where the up-conversion rate
is high, leading to a more severe PD effect. So fibers
with confined Yb3+ doping area make all the Yb3+ keep
a state of low up-conversion, which reduces the PD effect
partly.

Until now, researchers have made much effort to reveal the
PD mechanism and mitigate the loss in Yb3+ doped fibers.
However, there are still lots of works to be investigated about
PD effect. First, it is necessary to develop PD measurement
setup for large mode area fibers, which is significant in
high-power levels. Besides, the relationship between PD
and MI as well as the influence of thermal effect from PD
on fiber index are also hot research topics in laser areas.
These research works might help us to understand the PD
mechanism, fabricate fibers with better properties and make
them more stable in applications.

4. Mode instability

Researchers from Jena University discovered MI first[34],
from that on, researchers across the globe have devoted much
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interest to it and carried out a vast amount of investigations
on it. The phenomenon MI can be defined as: when output
power of a fiber laser exceeded a certain threshold power
level, output beam profile would fluctuate randomly and
beam quality would deteriorate[35]. MI is becoming the most
limiting factor for further power scaling of high-power fiber
laser and its applications; thus it is meaningful to deeply
investigate its exact physical origin and finally mitigate, even
completely, solve it.

MI in high-power fiber lasers has been widely recognized
as a kind of thermal effect. It was suggested[36] that long
period grating caused by heat deposition in the fiber core
could be the possible reason. However, it was pointed out
that energy transferring between fundamental mode and
high-order modes only takes place when a phase shift ex-
ists between the interference intensity pattern and thermal
induced index grating. So far, thermal induced index grating
is acknowledged by scientific community as the main reason
for MI in high-power fiber lasers, but the origin of this phase
shift is still under discussion. As has been suggested in
Ref. [37], one possible source of the phase shift could be
the small frequency difference between two modes. Such a
small frequency difference will cause a moving interference
pattern. Due to the limited thermal response of a fiber,
thermal induced index grating will have a time delay with
respect to the optical intensity pattern. Thus, the phase shift
appears.

The dissenting view[38] on the origin of the phase shift sug-
gests that such a frequency difference is not necessary. The
numerical simulation by beam propagation method (BPM)
shows that monochromatic input beams can also cause MI.
However, up to now, no particular process responsible for
this ‘monochromatic’ MI.

Recent researches reveal more details about MI. Thresh-
olds of MI were observed to degrade with operation time
in several reports[39–41], and this kind of degradation of
MI threshold can be reversed by thermally post-processing
the active fiber. These experimental results strongly suggest
that, besides quantum defect, PD in the fiber lasers plays an
important role in the determination of MI threshold. What is
more, in the quasi-static degradation (or quasi-static MI) of
fiber lasers, the PD has been seen as the main heat source.
In the modeling by Ward[42], there is a phase-shifted index
grating written by a modal interference pattern that transfers
fundamental mode into high-order mode. The origin of this
phase shift is the PD-induced warmup process of the fiber.
As the fiber is warming up, the interference patterns caused
by fundamental mode and high-order modes should move
since they have a different overlap with the core and different
changes in effective index, while heat deposition induced
by time-dependent PD does not instantaneously follow the
optical intensity. Then the phase shift occurs, leading to a
slow energy transferring from fundamental mode to high-
order modes.

There are also some reports about low-threshold MI in
few-mode fibers, especially when backward reflection exists.
Researchers find that MI thresholds decrease dramatically
in the presence of a backward reflection of signal from the
output fiber end or an external counter-propagating beam.
As thermal grating is recognized as the main mechanism
of MI in large-mode area fibers, the population (electronic)
grating[43] could be the dominant mechanism for the low-
threshold MI effect in the few-mode fibers.

For MI mitigation strategy, it can be categorized as two
counterparts: intrinsic mitigation and extrinsic mitigation[44].
Intrinsic mitigation can be expressed as: from active fiber
itself to mitigate MI. Similarly, extrinsic mitigation can be
defined as: from fiber laser to mitigate MI.

4.1. Intrinsic mitigation

4.1.1. Fiber structure parameter optimization
The essence of MI is the strong dynamic mode coupling
between fundamental mode (FM) and higher-order mode
(HOM); thus any fiber design which suppresses HOM will
be beneficial for MI mitigation and threshold power level
increase. Hansen and his colleagues from Technical Uni-
versity of Denmark acquired a correlation between LP01
and LP11 nonlinear coupling coefficient and mode frequency
difference under the condition, fiber core radius is con-
stant and normalized frequency and doping radius are vary-
ing according to their thermally induced mode coupling
model[45]. According to their simulation, several conclusions
are drawn.

(1) Maximum value of nonlinear coupling coefficient is
insensitive to varying fiber core diameter if cladding
diameter and normalized frequency is constant.

(2) Correlation between nonlinear coupling coefficient
and normalized frequency is positive if core diameter
is constant, that is to say, correlation between MI
threshold and normalized frequency is negative.

(3) Correlation between nonlinear coupling coefficient
and doped radius is positive if core diameter and
normalized frequency are constant, that is to say,
correlation between MI threshold and doping radius
is negative.

4.1.2. Photo-darkening mitigation
As mentioned before, Otto et al. from Jena University found
that PD effect is closely linked to MI in their experiment[46].
Against their expectations, the trend between MI threshold
and signal wavelength does not monotonically decrease,
which indicates that quantum defect may not be only heat
source in active fiber, and PD induced extra loss is most
possible secondary heat source in active fiber. Based on this
assumption, they simulated thermal load and output power
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under the condition taking PD into consideration or not, it is
found that even though PD induced a little power loss, but
heat load PD contributed is comparable to quantum defects
induced heating.

In order to investigate connection between MI and PD
more deeply, Otto et al. conducted an experiment to compare
MI properties of pre-darkened fiber and pristine fiber. For
pristine fiber, as test process pushes forward, MI threshold
is initially high and decreases continually as number of
measurement increases; conversely, for pre-darkened fiber,
MI threshold is initially low and increases continually as
number of measurement increases.

4.2. Extrinsic mitigation

4.2.1. Optimizing pumping scheme
Yang et al. constructed a high-power all-fiber laser oscillator
to investigate extrinsic mitigation of MI[47]. For co-pumping
configuration, max output power is about 1.6 kW, further
power scaling is limited by onset of MI, MI threshold is
raised to above 2.5 kW by changing co-pump scheme to
bidirectional pumping, further power amplification is limited
by pump power restriction, which proves bidirectional pump
scheme beneficial to MI suppression.

4.2.2. Varying coiling method
Tao et al. employed a semi-analytical model to investigate
the impact of coiling method on MI[48]. According to their
simulation result, it is shown that cylinder coiling shows
much better MI properties than normal spiral coiling; also,
appropriate bending radius of active fiber still has impact
on MI mitigation, in general, smaller bending radius often
reveals higher MI threshold. However, a too small bending
radius may reduce effective mode area, which will result in
other deteriorative nonlinear effects; thus it is necessary to
make a compromise between MI and nonlinear effects.

5. Single-mode operation

Power scaling of fiber laser systems vigorously demands
novel-innovative active fiber designs. To avoid detrimental
nonlinear effects, few-mode fibers are adopted to substitute
conventional single-mode fibers in high-power laser systems.
And most of them have a large mode area (LMA) with a
certain number of guided modes; for that, the possibility of
mode coupling between FM (fundamental mode) and HOMs
(high-order modes) creates the backdrop for transverse mode
instability (TMI). LMA fibers with efforts to implement
single-mode operation have made significant breakthroughs
in recent years.

To achieve single-mode operation, the ultra-low-NA fiber
is one of the most promising candidates in LMA fibers.
In fact, researchers have acquired more than 1.36 kW laser

output based on a low-NA (<0.05) fiber as early as 2004[7].
Due to the fast development of rare-earth doped fibers,
several low-NA preforms with large core diameter as well as
uniform refractive index profile were fabricated by MCVD
in conjunction of the solution doping technique[49, 50] or sol-
gel process combined with high-temperature sintering[51].
Moreover, fibers with NA of∼0.028 were successfully fabri-
cated based on a large amount of post-processing[52]. Several
low-NA fibers fabricated by MCVD combined with solution
doping technology were verified in a multikilowatt laser
system. Vincent et al. reported a 1.6 kW nearly diffraction-
limited output generated in an ultra-low-NA SIF with a
52 µm core diameter and a core NA of 0.025[53]. Besides,
a 3 kW laser output without PD and MI was achieved based
on a low-NA fiber with a core diameter of 35 µm[54]. Very
recently, Beier et al. presented a narrow linewidth single-
mode fiber amplifier system up to 4.4 kW with single-mode
beam quality achieved by lowering the NA of the fiber to
∼0.04[55]. With low NA, the maximum effective mode area
was reached up to 1000 µm2[56]. However, the reduction of
NA will decrease the tolerance for fiber bending, which is
not conducive to integration.

In general, the mode area of a fiber depends on its core
size and index profile, while the extraction efficiency of
FM is determined by the index profile together with the
doping distribution. Thus, it is potential to achieve single-
mode operation in LMA active fibers by the modification
of conventional step-index fibers. For example, adding low-
index trenches around the fiber core can greatly reduce the
bending loss of FM, and improve the bending tolerance for
low-NA fibers. With this approach, the so-called trench-
assisted low-NA fibers, recently, have been regarded as a
suitable design for mode area scaling in effective single-
mode regime. Wang et al. proposed a novel trench-assisted
fiber with two low-index trenches in the cladding and four
layers of high-index trenches in the core, allowing single-
mode operation with an effective mode area of 1100 µm2

at a bending radius of 15 cm[57]. A multitrench fiber (MTF)
with a 30 µm diameter core, ensures single-mode operation
in a wide range of bending diameter by inducing resonant
coupling between core and ring modes. The mode area was
further extended to 3100 µm2 with 90 µm diameter core[58].
With the parabolic profile in the fiber core, a modified two-
layer low-index trench fiber[59] was proposed to provide
better HOMs suppression and bending resistance than initial
MTFs[60]. Another advantage is that trench-assisted fiber can
be fabricated by MCVD coupled with a rod in tube, and they
have shown fair compatibility in all-fiber laser systems. To
reduce the complexity of fabrication, a single-trench fiber
(STF) was reported[61]. The Yb-doped core was surrounded
by a high-index resonant ring with a refractive index close to
that of the core. By adjusting the parameters such as distance
between core and ring, ring thickness and 1n, an STF with
a 40 µm core diameter exhibited high suppression of HOM
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by high bending loss and delocalization, while an effective
mode area of∼1000 µm2 was achieved at the bend radius of
20 cm.

By an optimal rare-earth dopant distribution, preferential
gain of FM while suppression of HOM can be realized, and
this is the so-called gain management technique, correspond-
ing to confined-doped fiber. Through selectively doping
across the core, Yuan et al. proposed a hybrid profile fiber
with an effective mode area of 2168 µm2 and an extraction
efficiency of fundamental mode up to 60%[62]. Experi-
ments have shown that confined-doped ytterbium fibers
greatly reduced threshold and enhanced laser efficiency. No
beam quality deterioration was observed with output power
increasing[63]. Further, numerical simulations pointed out
that tailoring the radial dopant profile helped boost the
extraction efficiency of fundamental mode to 90%[64, 65].

Further improvements in effective mode area can be ac-
complished via photonic crystal fibers (PCFs). PCF, which
was earliest made in the University of Bath by stack and
draw technique[66], allows single-mode operation in a wide
wavelength range[67]. And since then it has been recognized
as one of the most promising solutions for very large mode
area (VLMA) fibers operating in a single-mode regime.
LMA PCFs for single-mode operation can be grouped into
two categories: rod-type large-pitch PCF and leaky channel
PCF, both possessing the hexagonal structure and cores sur-
rounded by resonant elements for delocalization of HOMs.
A rod-type PCF has achieved a mode field diameter as large
as 105 µm[68]. Such rod-type fibers generally should be kept
straight to avoid bend distortion, so it is not compact in
practical applications. The leaky channel PCF offers a better
bend tolerance with the potential of single-mode output
and large mode area[69]. Depending on the surrounding
region, there are mainly three approaches to realize effective
single-mode LMA operation[70]. A theoretically endless
periodic structure with a single missing hole can be the
first approach, while it cannot be practically achieved. The
second is to exploit the ‘modal sieve’ effect[71]. Large
air holes with diameters dozens of times larger than the
operating wavelength are arranged around the LMA-doped
core. By adjusting the fiber parameters, a robust single-mode
operation with several thousand µm2 was achieved to the
required HOM mode suppression[72, 73]. The last approach
is the index-guiding PCF with arrangement of tiny air holes,
which exhibits a step-index-like guiding mechanism[74]. In
recent years, index-guiding PCF has been further developed
by incorporating photonic bandgap structures. This structure
allows resonant coupling of HOMs from the core. With
the so-called distributed-mode filter (DMF), a single-mode
photonic bandgap rod-type fiber amplifier with a large mode
field diameter of ∼59 µm was reported[75].

Apart from the aforementioned designs, there are many
other LMA fibers with brand-new operation mechanisms.
Fermann[76] has proposed that careful injection of the seed

Figure 4. Polygonal-CCC fiber structure[78].

light allows only the fundamental mode of the fiber to
be excited in multimode fiber. However, with the growing
mode area, exciting only one mode becomes increasingly
challenging. Index-guiding chirally coupled core (CCC)
fiber provides resonant filtering of HOMs based on quasi-
phase-match conditions. Effective single-mode operation
was achieved in MOPA based on CCC air-clad fiber with
37 µm diameter[77]. Then modified CCC fiber structure was
proposed, where an octagon-shaped Yb-doped core larger
than 50 µm was surrounded by eight side cores (shown in
Figure 4)[78]. Very recently, a triple-clad CCC fiber with
85 µm diameter was used to provide robust single-mode
operation in an amplification system[79]. However, CCC
fibers require complex fabrication process and are very
sensitive to fiber parameters. Moreover, resonance matching
can be extremely challenging when further scaling the mode
field area.

LMA fibers based on thermal guiding, index-antiguiding[80]

and gain-guided, index-antiguided[81–84] mechanisms have
come up as interesting approaches for LMA single-mode
operation. However, they are still in the theoretical research
stage with limited certifications for effective single-mode
operation in high-power fiber lasers.

6. Conclusion

In conclusion, we have reviewed the current state of the
art in the Yb-doped fiber in relation to fiber fabrication
and performance consideration such as laser power stability
and beam quality. Our review has highlighted that the PD
and the MI are significant factors that limit the reliable
commercial systems. And these also are likely to be highly
challenging for the laser power levels climbing and the fiber
laser application extension. We note that the fiber co-dopants
composition, structure design and fiber fabrication are the
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fundamental methods to improve the performance of Yb-
doped fiber. And it is interesting to see that those are also
effective ways for the decrease of PD and the increase of
MI thresholds. The optimization of Yb-doped silicate fibers
seems to have come into Ce/Al co-doping from P/Al co-
doping and ultimately from high Al co-doping. With the
deep research on photo-bleaching, it is now an available
solution to mitigate PD, although this technique requires
an injection scheme in fiber lasers. CCC fibers and ultra-
low-NA LAM fibers have attracted intensive attention for
the effective single-mode operation. However, these special
fibers require a complex fabrication process and high control
accuracy. An impressive technological improvement based
on MCVD or completely new technologies is expected to be
developed for a higher performance fiber.

References

1. E. Snitzer, J. Appl. Phys. 32, 36 (1961).
2. E. Snitzer, Phys. Rev. Lett. 7, 444 (1961).
3. C. J. Koester and E. Snitzer, Appl. Opt. 3, 1182 (1964).
4. M. O’Connor, V. Gapontsev, V. Fomin, M. Abramov, and A.

Ferin, in Conference on Lasers and Electro-Optics (Optical
Society of America, 2009), paper CThA3.

5. E. Snitzer, H. Po, F. Hakimi, R. Tumminelli, and B. C.
McCollum, in Optical Fiber Sensors (Optical Society of
America, 1988), paper PD5.

6. V. Dominic, S. MacCormack, R. Waarts, S. Sanders, S.
Bickness, R. Dohle, E. Wolak, P. S. Yeh, and E. Zucker,
Electron. Lett. 35, 1158 (1999).

7. Y. Jeong, J. K. Sahu, D. N. Payne, and J. Nilsson, Opt. Express
12, 6088 (2004).

8. A. S. Webb, A. J. Boyland, R. J. Standish, D. Lin, S.-U.
Alam, and J. K. Sahu, in CLEO/QELS: 2010 Laser Science
to Photonic Applications (IEEE, 2010), paper JTuD-35.

9. E. H. Sekiya, P. Barua, K. Saito, and A. J. Ikushima, J. Non-
Cryst. Solids 354, 4737 (2008).

10. J. H. Simmons, R. K. Mohr, D. C. Tran, P. B. Macedo, and T.
A. Litovitz, Appl. Opt. 18, 2732 (1979).

11. L. Yang, M. Yamashita, and T. Akai, Opt. Express 17, 6688
(2009).

12. Y. Chu, Y. Ma, Y. Yang, L. Liao, Y. Wang, X. Hu, J. Peng, H.
Li, N. Dai, J. Li, and L. Yang, Opt. Lett. 41, 1225 (2016).

13. L. Yang, N. Dai, Z. Liu, Z. Jiang, J. Peng, H. Li, M. Yamashita,
T. Akai, and J. Li, J. Mater. Chem. 21, 6274 (2011).

14. R. Paschotta, J. Nilsson, P. R. Barber, J. E. Caplen, A. C.
Tropper, and D. C. Hanna, Opt. Commun. 136, 375 (1997).

15. I. Manek-H, J. Boullet, T. Cardinal, F. Guillen, S. Ermeneux,
M. Podgorski, R. B. Doua, and F. Salin, Opt. Express 15, 1606
(2007).
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