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We report on the high-power amplification of a 1064 nm linearly polarized laser in an all-fiber polarization-
maintained master oscillator power amplifier, which can operate at an output power level of 1.3 kW. The beam
quality (M2) was measured to be<1.2 at full power operation. The polarization extinction rate of the fiber amplifier
wasmeasured to be above 94%beforemode instabilities (MIs) set in, which reduced to about 90% after the onset of
MI. The power scaling capability of strategies for suppressing MI is analyzed based on a semianalytical model, the
theoretical results of which agreewith the experimental results. It shows thatmitigatingMI by coiling the gain fiber
is an effective and practical method in standard double-cladding large mode area fiber, and, by tight coiling of the
gain fiber to the radius of 5.5 cm, the MI threshold can be increased to three times higher than that without coiling
or loose coiling. Experimental studies have been carried out to verify the idea, which has proved that MI was
suppressed successfully in the amplifier by proper coiling. © 2015 Chinese Laser Press

OCIS codes: (060.2320) Fiber optics amplifiers and oscillators; (060.2420) Fibers, polarization-maintaining;
(060.2430) Fibers, single-mode.
http://dx.doi.org/10.1364/PRJ.3.000086

1. INTRODUCTION
Many applications, such as coherent lidar systems, nonlinear
frequency conversion, and coherent beam combining archi-
tectures, require high-power linearly polarized laser sources
with near-diffraction-limited beam quality [1–6]. Recently, a
linearly polarized fiber laser with 1 kW output power has been
achieved in a monolithic fiber Bragg grating (FBG)-based
Fabry–Perot cavity [7], which employed a pair of high-power
FBGs. It is a technological challenge to design an FBG that
can withstand multikilowatt power, and further power scaling
may encounter some technological difficulties. Fiber laser
systems based on master oscillator power amplifiers (MOPAs)
are typically capable of reaching high output powers, while
also offering more flexibility in terms of linewidth and polari-
zation control than a simple grating-based laser [8]. Most of
the high-power fiber laser systems with random polarized out-
put are based on MOPAs at the moment, which has achieved
output power as high as tens of kilowatts. However, power
scaling of linearly polarized MOPAs to multikilowatt level is
currently limited by the onset of mode instabilities (MIs)
[8–10]. Although lots of work has been carried out to deal with
MI experimentally and theoretically [11–27], few methods to
mitigate MI effectively in the all-fiber MOPA configuration
with standard step-index large mode area (LMA) fiber have
been proposed, and MI-free power scaling in an all-fiber
MOPA, which is based on standard step-index polarization-
maintaining (PM) LMA fibers, is even more challenging.

In this paper, we present a 1.3-kW-level all-fiber Yb-doped
PM fiber amplifier with linearly polarized operation and

near-diffraction-limited beam quality. We also discuss experi-
ments, coupled with numerical modeling, to estimate the fur-
ther power scaling capability of various strategies to mitigate
MI. Numerical modeling results suggest that MI-free single-
mode output powers in excess of 3 kW could be realized in
standard step-index LMA fiber.

2. EXPERIMENTAL SETUP AND RESULTS
A monolithic, all-fiber, Yb-doped PM fiber amplifier is shown
in Fig. 1. The seed laser in the experiment is a 50 mW linearly
polarized continuous-wave laser with central wavelength at
∼1064 nm, which was then amplified in two preamplifier
stages to ∼25 W. The main amplifier consists of a 20 m PM
double-clad LMA Yb-doped fiber (YDF) with 21 μm diameter/
0.064 NA core and 400 μm diameter/0.44 NA cladding, which is
coiled in a radius of 10 cm. Six multimode fiber-pigtailed
915 nm laser diodes were used to pump the gain fiber through
a �6� 1� × 1 signal/pump combiner, which can provide a
maximum pump power of about 2 kW. An approximately
0.75 m long passive fiber is spliced to the gain fiber for power
delivery, the output end of which is angle cleaved in order to
prevent parasitic feedback from Fresnel reflection.

The achieved output power at different pump power levels
is shown in Fig. 2(a), which is measured after the output beam
passed through a dichroic mirror. The slope efficiency of the
amplifier is 65.3% with respect to launched pump power, and
the pump-limited maximum output power is 1261 W. The inset
in Fig. 2(a) shows the measured far-field beam profile at the
maximal operation power, and the beam quality factor M2 is
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measured byM2-200 s (Spiricon) to be<1.2 in both directions.
Figure 2(b) shows the measured spectra (by an optical spec-
trum analyzer, AQ6370C Yokogawa) at full power operation,
which shows that a high signal-to-noise ratio (SNR) has been
achieved and shows no signs of parasitic lasing or significant
levels of amplified spontaneous emission. Figure 2(c) shows
the measurement of the polarization extinction rate (PER) for
different pump power levels. It can be seen that the PER is
above 90% in the whole range, which indicates a linearly
polarized operation. The sudden degradation from 94% to
90% above 1.2 kW was caused by MI, while the slow degrada-
tion of PER as lasing power increases may be caused by the
temperature increase of the fiber.

An InGaAs photodetector (150 MHz, 700–1800 nm,
Thorlabs) with a pinhole of 1.5 mm diameter was put in the
center of the collimated beam to monitor the onset of MI

[14,15,25]. Time traces at different output powers are shown
in Fig. 3(a), and the DC component of the electrical signal is
removed. From Fig. 3(a), we can obtain that although the out-
put power is still pump limited to 1.26 kW, we are operating at
the MI threshold (@1.26 kW). Although the MI has set in, de-
terioration of beam quality has not been observed [Fig. 2(a)],
which is due to the fact that the fraction of high-order mode
(HOM) is relatively small at the beginning of MI [24]. It also
shows that, at the onset of MI, the amplitude of the time trace
is close to the same as that without MI in the time period T1
and becomes higher than that without MI in time period T2.
Applying Fourier analysis on the time traces to calculate the
corresponding Fourier spectra, we obtained the frequency dis-
tribution of the beam fluctuation as shown in Fig. 3(b). The
frequency components of the beam fluctuations distributed
in the range of 0–200 Hz at power of 1.14 kW, which means

Fig. 1. Architecture of the all-fiber PM amplifier.

Fig. 2. Output characteristics of the main amplifier. (a) Output power. (b) Output spectrums. (c) PER.
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that the output beam profile is stable; however, further in-
creasing the output power, frequency components in 0–3 kHz
showed up as well as background noise increased, which in-
dicated that the sign of the instable beam profile appeared and
that the amplifiers were approaching the threshold. Similar to
the observation in [26], the instability of MI has a grown proc-
ess: at the start (T1), only background noise increases, which
means a stable beam profile and indicates that MI may relate
to noise [17]; after a few seconds (T2), frequency components
show up, which indicates an unstable beam profile. After
multiple power cycles near the maximum power, we observed
that the threshold reduced to below 1.2 kW and was finally
stabilized around 1180 W, which may due to the fiber degra-
dation [9,27]. It is claimed in [27] that the fiber degradation,
which results in the decrease of MI threshold power, is related
to the color center formation commonly associated with pho-
todarkening phenomena. The fiber degradation—photodark-
ening—that induces the threshold decrease of MI is hard to
quantify directly: although the MI threshold power reduced,
the measured output lasing power remained the same, which
means that the system can be considered nearly “photodark-
ening free” from the practical application. This is due to the
fact that the gain available in the fiber will compensate for the
extra losses introduced by photodarkening [28]. Based on the
aforementioned discussion, it is hard to quantify the fiber deg-
radation directly [29]. However, the MI threshold decreasing
can be considered as an indication of the degradation indi-
rectly. If we take it as the criterion to quantify the fiber deg-
radation, the fiber used in the experiment is degraded by
6% (�Pinitial − Pfinal�∕Pinitial).

3. STRATEGIES FOR SUPPRESSING MODE
INSTABILITIES
A. Theoretical Model
As shown in the previous section, the linearly polarized
single-mode output of the fiber laser is limited by the onset
of MI. Work should be carried out to study the further power
scaling of the amplifier with single-mode linearly polarized
output. One way is to carry out numerical study on MI
and to find a way to mitigate this phenomenon effectively.
In high-power fiber laser systems, most of the fibers are
weakly guided fibers, where optical fields can be well
approximated by linearly polarized (LP) modes. For linearly

polarized fiber lasers, the optical field of the signal propagat-
ing in the fiber is expressed in the conventional LP mode
representations

E�r;ϕ; z; t� �
X∞
m�0

X∞
l�1

Aml�z; t�ψml�r;ϕ�ej�βmlz−ωmlt� � c:c:; (1)

where m and l are the azimuthal and radial mode numbers,
respectively. Aml�z; t�, βml, and ψml�r;ϕ� are the slowly vary-
ing mode amplitudes, propagation constants, and normalized
mode profiles of the LPml mode. Assuming the case in which
the fiber amplifiers are operating below or near the MI
threshold, we therefore include only the fundamental mode
(LP01� and one of the two degenerate LP11 modes, and the
subscripts of 01 and 11 are replaced with 1 and 2 for the
LP01 mode and the LP11 mode, respectively. Then the signal
intensity Is can be written as

Is�r;ϕ; z; t� � 2n0ε0cE�r;ϕ; z; t�E�r;ϕ; z; t�� � I0 � Ĩ (2)

with

I0 � I11�z; t�ψ1�r;ϕ�ψ1�r;ϕ� � I22�z; t�ψ2�r;ϕ�ψ2�r;ϕ�; (3a)

~I � I12�z; t�ψ1�r;ϕ�ψ2�r;ϕ�ej�qz−Ωt�

� I21�z; t�ψ1�r;ϕ�ψ2�r;ϕ�e−j�qz−Ωt�; (3b)

Ikl�z; t� � 4n0ε0cAk�z; t�A�
l �z; t�; (3c)

q � β1 − β2; Ω � ω1 − ω2: (3d)

Here n0 is the refractive index of the fiber core.
The temperature distribution is governed by the heat trans-

portation equation, which is given by

∇2T�r;ϕ; z; t� � Q�r;ϕ; z; t�
κ

� 1
α

∂T�r;ϕ; z; t�
∂t

; (4)

where α � κ∕ρC, ρ is the density, C is the specific heat capac-
ity, and κ is the thermal conductivity. Since the heat in high-
power fiber amplifiers is mainly generated from the quantum

Fig. 3. Fluctuation characteristics of the output beam. (a) Time traces. (b) Frequency distribution.
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defect and absorption, the volume heat-generation density Q
can be approximately expressed as

Q�r;ϕ; z; t� ≅ g�r;ϕ; z; t�
�
vp − vs
vs

�
Is�r;ϕ; z; t�; (5a)

and g�r;ϕ; z; t� is the gain of the amplifier

g�r;ϕ; z; t� � ��σas � σes�nu�r;ϕ; z; t� − σas �NYb�r;ϕ�; (5b)

where vp�s� represents the optical frequencies, σas and σes are
the signal absorption and emission cross sections, σap and
σep are the pump absorption and emission cross sections,
NYb�r;ϕ� is the doping profile, and the steady-state population
inversion nμ is given in [16]. For the case in which the fiber is
doped uniformly, NYb�r;ϕ� is a constant across the doping
area, which is equal to the dopant concentration N0.

Assume that the fiber is water cooled; the appropriate
boundary condition for the heat equation at the fiber surface
is

κ
∂T
∂r

� hqT � 0; (6)

where hq is the convection coefficient for the cooling fluid. By
adopting the integral-transform technique to separate varia-
bles in the cylindrical system [30], Eq. (4), combined with
Eqs. (5) and (6), can be solved as

T�r;ϕ; z; t� � 1
π

ασ

η

X
v

X∞
m�1

Jv�δmr�
H�δm�

Z
t

t0�0

�
B11�ϕ; z�I11�z; t0� � B22�ϕ; z�I22�z; t0�
�B12�ϕ; z�I12�z; t0�ej�qz−Ωt0� � B12�ϕ; z�I�12�z; t0�e−j�qz−Ωt

0�

�
e−αδ

2
m�t−t0�dt0 (7)

with

Bkl�ϕ; z� �

8>>><
>>>:
R
2π
0 dϕ0 R R

0 g0Jv�δm; r0� cos v�ϕ − ϕ0�ψk�r0;ϕ0�ψk�r0;ϕ0�
1� I0∕Isaturation

dr0; k � l

R
2π
0 dϕ0 R R

0 g0Jv�δm; r0� cos v�ϕ − ϕ0� ψk�r0 ;ϕ0�ψ l�r0 ;ϕ0�
�1�I0∕Isaturation�2 dr

0; k ≠ l
; (8a)

H�δm� �
Z

R

0
rJ2

v�δm; r�dr; σ � η

κ

�
vp − vs
vs

�
; (8b)

where v � 0; 1; 2; 3… and we replace π by 2π for v � 0, η is the
thermal-optic coefficient, R is the radius of the inner cladding,
g0 is the small signal gain, and Isaturation is the saturation inten-
sity. Jv�·� is a Bessel function of the first kind, and δm repre-
sents the positive roots of δmJ 0

v�δmR� � hq
κ Jv�δmR� � 0.

Solving the time-dependent temperature equation by the inte-
gral-transform technique is different from other models, such
as solving the temperature equation using different summa-
tions of Bessel functions [18] or Green’s functions [17,19,20],
or other numerical methods [13]. Considering the effective re-
fractive index of gain from the amplifier, the total refractive
index, which attributes to gain (ng ≤ n0) and nonlinearity
(nNL ≤ n0), can be expressed as

n2 � �n0 � ng � nNL�2 ≅ n2
0 − j

g�r;ϕ; z; t�n0

k0
� 2n0nNL; (9)

where nNL is given by

nNL�r;ϕ; z; t� � ηT�r;ϕ; z; t�
� h11�r;ϕ; z; t� � h22�r;ϕ; z; t�
� h12�r;ϕ; z; t�ejqz � h21�r;ϕ; z; t�e−jqz (10)

with

hkl�r;ϕ;z;t�

�

8>><
>>:

ασ
π

P
v

P∞
m�1

Jv�δmr�
H�δm�

R
t
0Bkk�ϕ;z�Ikk�z;t0�e−αδ2m�t−t0�dt0; k� l

ασ
π

P
v

P∞
m�1

Jv�δmr�
H�δm�

R
t
0Bkl�ϕ;z�Ikl�z;t0�e−αδ2m�t−t0�−jΩt0dt0; k≠ l

:

(11)

Inserting Eqs. (1) and (10) into the wave equation, after
very tedious but straightforward derivations, we have ob-
tained the coupled-mode equations

∂jA1j2
∂z

�
ZZ

g�r;ϕ; z�ψ1ψ1rdrdϕjA1j2; (12a)

∂jA2j2
∂z

�
�ZZ

g�r;ϕ; z�ψ2ψ2rdrdϕ� jA1j2χ�Ω; t�
�
jA2j2 (12b)

with

χ�Ω� � 2
n0ω

2
2

c2β2
Im

�ZZ
h̄12ψ1ψ2rdrdϕ

�
; (13a)

h̄kl�r;ϕ; z� �
ασ

π

X
v

X∞
m�1

Jv�δmr�
H�δm�

Bkl�ϕ; z�
αδ2m − jΩ

: (13b)

By taking the similar derivation process in [17], we can ob-
tain the HOM content for the quantum noise (QN) induced MI
from Eq. (1), which is given as
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ξ�L� ≈ ℏω0

P1�L�

�����������������������������������������
2πR

L
0 P1�z�jχ 00�Ω0�jdz

s

× exp
�Z

L

0

�ZZ
g�r;ϕ; z�ψ2ψ2rdrdϕ

�
dz

�
Z

L

0
P1�z�χ�Ω0�dz

�
; (14)

where L is the length of the gain fiber. For the other case in
which MI is seeded by intensity noise, we can obtain

ξ�L�

≈ ξ0 exp
�Z

L

0
dz

ZZ
g�r;ϕ; z��ψ2ψ2 − ψ1ψ1�rdrdϕ − αcoilLcoil

�

� ξ0
4

�����������������������������������������
2πR

L
0 P1�z�jχ 00�Ω0�jdz

s
RN�Ω0�

× exp
�Z

L

0
dz

ZZ
g�r;ϕ; z��ψ2ψ2 − ψ1ψ1�rdrdϕ

�
Z

L

0
P1�z�χ�Ω0�dz − αcoilLcoil

�
; (15)

where RN �Ω� is the relative intensity noise (RIN) of the input
signal, ξ0 is the initial HOM content, αcoil is the bend-induced
power loss by fiber coiling, and Lcoil is the length of the coiled
length. Here bend-induced loss is taken into consideration in a
simple way, and the effect of bend-induced mode distortion
has not been considered. Here we achieved a semianalytical
model, which is different from the numerical model in [31]. In
[31], the integral-transform technique was also employed to
solve the time-dependent temperature equation.

B. Numerical Results
In this section, we have calculated the MI threshold power of
the amplifier based on the model. The parameters of the fiber
are the same as those in the experiment, which are listed in
Table 1. The fiber was doped uniformly, and NYb�r;ϕ� � N0.
The initial signal power is 20 W.

First, we calculated the MI threshold power of the ampli-
fier. Figure 4(a) shows the HOM content versus the pump
power. It is shown that the quantum-induced-MI threshold

power is about 4.7 kW. However, the intensity noise of the
signal (RIN � 10−10, which corresponds to a laser with high
RIN, which yields a realistic MI threshold [32,33]) reduces
the threshold to about 2 kW, which agrees well with the ex-
perimental results. The initial HOM is set to be 0.01. By reduc-
ing the intensity noise of the signal (RIN � 10−11), the MI
threshold power can be increased by ∼300 W, which means
that measures taken to reduce the intensity noise of the input
signal result in only modest improvements in the MI threshold
and adding to the overall complexity of the system [34]. The
influence of HOM power was also calculated in Fig. 4(b),
which shows that the efforts to optimize the in-coupling of
the signal have little impact on the MI threshold, which agrees
with the experimental results [13].

It is reported in [35] that the MI threshold power can be in-
creased obviously by increasing cladding diameters. This is
contradictive to those reported in [11], which shows that the
improvement by increasing the cladding diameter was not
large enough for significant power scaling. To study the effect
of cladding diameter onMI threshold power, we calculated the
MI threshold pump power for different cladding diameters,
which is shown in Fig. 5. The computed thresholds are seen
to rise with increasing cladding diameters and the resulting in-
creasing degree of population saturation [35]. However, for fi-
ber with larger core diameters, the improvement becomes less

Table 1. Parameters of Test Amplifier

Rcore 10.5 μm
R 200 μm
n0 1.45146
NA 0.064
λp 915 nm
λs 1064 nm
hq 5000 W∕�m2 K�
η 1.2 × 10−5 K−1

κ 1.38 W∕�Km�
ρC 1.54 × 106 J∕�Km3�
σap 6.04 × 10−25 m2

σep 1.96 × 10−26 m2

σas 6.0 × 10−27 m2

σes 3.58 × 10−25 m2

N0 3.5 × 1025 m−3

Fig. 4. Threshold calculation of the fiber amplifier.
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significant, which explained the experimental results in [11].
Although MI threshold power can be improved by increasing
cladding diameter, longer length is required for fibers with
larger cladding diameter to maintain good amplifier efficiency,

which makes other nonlinear effect suppression more
challenging.

Coiling the fiber with a diameter small enough to induce
mode-dependent bend losses can suppress HOM effectively
[36], which can improve the MI threshold [23,37]. The thresh-
old power of the amplifier with tight coiling was calculated in
Fig. 6. Bend losses for the LP11 mode are calculated using the
method of Marcuse [38]: the bending loss is 2.4 dB∕m for
bending radius of 6.5 cm, 6 dB∕m for 6 cm, and 14 dB∕m for
5.5 cm. An additional correction factor, yielding an effective
bending diameter, incorporates the material stress-optic ef-
fect [39]. In practice, only the first half of the gain fiber is
coiled with small diameter, so Lcoil is set to be 6 m. These coil-
ing radii are chosen for long-term use. This shows that tight
coiling of the fiber can increase the MI threshold power sig-
nificantly: when coiling at the radius of 5.5 cm, the MI thresh-
old is three times higher than that without coiling or loose
coiling, which means that tight coiling of the gain fiber is
an effective method to mitigate MI in the all-fiber MOPA con-
figuration with standard step-index LMA fiber. For the case in
the experiment, MI is no longer a limitation since the onset of

Fig. 5. Threshold pump power for different fiber cladding diameters.

Fig. 6. Effect of coiling on MI threshold power.

Fig. 7. Fluctuation characteristics of the output beam after tight coiling. (a) Time trace (b) Frequency distribution.
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other nonlinear effects, such as SBS and/or SRS, should come
into consideration first.

C. Experimental Validation
To verify our theoretical predication of the effect of coiling,
we have rebuilt our fiber amplifiers with gain fiber coiled at
the diameter of ∼12 cm. Then we have an MI-free 1280 W lin-
early polarized single-mode laser, and all phenomena related
to the onset of MI, such as temporal fluctuation and PER deg-
radation, have vanished [as shown in Figs. 7(a) and 7(b)]. Due
to the available pump power, the power scaling capabilities by
the coiling method have not been fully exploited. The advan-
tage of employing the coiling technique is that it is straightfor-
ward to implement, as most fibers are coiled in packaging
anyway, and no special gain profiles are necessary to give
preferential gain to fiber modes. In addition, the PER of the
amplifier has also been improved to ∼96% at the maximal op-
eration. The results also indicate that MI can be mitigated by
designing fiber with an improved delocalization of HOM, such
as chirally coupled core (CCC) fiber [40], leakage channel
fibers [41], and all-solid photonic bandgap fibers [42].

4. CONCLUSIONS
We have generated a high-power linearly polarized single-
mode output laser from a Yb-doped PM fiber amplifier, which
operated at ∼1064 nm. The slope efficiency of the amplifier is
65.3% with respect to launched pump power, and the maximal
output power is 1261 W. The M2 at full power operation is
measured to be<1.2 in both directions. The linear polarization
operation was deteriorated by the onset of MI above 1.2 kW.
The PER is measured to be >94% without MI, which reduced
to about 90% after the onset of MI. A novel theoretical model
to study MI has been built up, and the numerical results agree
well with the experimental observation. Various methods to
improve the power scaling capability of the amplifier without
MI have been studied numerically, which reveal that MI can be
suppressed by proper coiling and the amplifier in the paper
has the potential to deliver MI-free 3 kW output power. An
additional experiment has been carried out to study the effect
of coiling on MI, which rebuilt the amplifier with tighter coil-
ing. It is shown that MI was suppressed successfully in the
amplifier by tight coiling.
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