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In this work, we investigate suppressing mode instability in detail by varying the seed power in a large mode area
all-fiber amplifier with a fiber core diameter of 25 pm. The transverse mode instability (TMI) thresholds are systematically
measured for different seed power. Our experimental results reveal that increasing the seed power has a positive influence
on enhancing the output power before the TMI effect appears, and finally the TMI threshold is approximately doubled from
1030 W to 2280 W when the seed power is increased from 27 W to 875 W. Almost 84.7% slope efficiency is reached with
different seed power before the TMI threshold power. During our operation, we also find that in this type of LMA fiber the
beam quality of the amplifier is degraded gradually instead of a sudden change as the pump power increases.

Keywords: mode instabilities, seed power, coupling efficient, beam quality degradation

PACS: 42.55.Wd, 42.55.Xi, 42.65.Es

1. Introduction

In recent years, one of the most outstanding limita-
tions in the evolution of the power scaling of ytterbium
doped fiber laser with near diffraction limited beam qual-

ity is mode instability.!=3]

Since the first report of this
phenomenon, ) many researchers from different groups have
devoted their efforts to the investigation of its underlying phys-
ical mechanisms®~11 and mitigation methods.!! =161 Accord-
ing to the thermal origin of the mode instability, there are more
than three techniques that can be used for mitigating the mode
instability. The first effective way is to enhance the losses
of high-order modes by utilizing new-type fibers,!!7-181 opti-

mizing Yb-ion concentration, %]

or coiling active fibers with
a relatively small diameter.[*°! The second approach is to re-
duce the thermal load in the active fiber, including optimiz-
ing the wavelength of the seed laser and pump sources thus to
weaken the influence of quantum defect or photo-darkening
effect,?!-231 or employing counter-pump and bi-directional
pump configuration.** The third method is to remove the
long period grating in the active fiber through dynamic mode

1,121 timely modulation of the seed

excitation of the seed lase
power and pump sources with a frequency close to that of the
TMI typical peaks.[26-7]

It has experimentally been reported that the mode in-
stability can be suppressed by increasing the seed power in
a small range,”® which has been confirmed by theoretical

[29,30

work I Moreover, the non-linear relation of the extracted

DOI: 10.1088/1674-1056/28/2/024208

signal power at the TMI threshold with seed power has been
found in Ref. [31], which means that at a low seed power
the extracted power increases sharply and then decreases as
the seed power increases. However, the previous experimen-
tal study was carried out in microstructure fibers with spatial
configuration and the power was somewhat low. So far, no
detailed study in step-index double cladding large mode area
(LMA) fiber with all-fiber configuration has been presented.

In this paper, our objective is to enhance the mode insta-
bility threshold power by changing the seed laser power ex-
perimentally, which can be achieved in a high power LMA
all-fiber amplifier with a core diameter of 25 um by employ-
ing a counter-pump configuration. In our experiment, the TMI
threshold increases from 1030 W to 2280 W while the seed
power increases from 27 W to 875 W. Unlike the microstruc-
ture fibers, the M? of the amplifier using the LMA fiber goes
through a gradual change from 1.7 to 2.1 when mode insta-
bility happens. Consequently, we present experimental results
to verify these TMI suppression theories relating to the seed
power.

2. Experimental setup

A counter-pump scheme was used in the fiber amplifier,
as shown in Fig. 1. The master oscillator was a linear cavity,
including a pair of fiber Bragg gratings (FBGs) and ytterbium-
doped fiber (YDF). The high-reflector (HR) FBG with a re-
fractive rate of 99% and an output-coupler (OC) FBG of 10%
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were centered at a wavelength of ~ 1080 nm. The ~ 1080-nm
wavelength range was chosen to avoid amplifying the stimu-
lated emission effect in the oscillator. The gain medium uti-
lized in the laser oscillator was double cladding YDF with a
core diameter of 20 pum and an inner cladding diameter of
400 wum. The YDF is coiled from a diameter of 15 cm to
20 cm. Nine fiber-pigtailed 976-nm lase diodes (LDs) were
used to pump the laser oscillator, which enable the system
to achieve a maximal output power of 875 W. The cladding
light strippers (CLSs) were performed in a piece of 20/400 pm
germanium-doped fiber (GDF), which can help to strip the un-
absorbed pumping light propagated in and high-order signal
light leaked out from the inner cladding, but which does not
influence the output laser in the fiber core. The GDF used in
the experimental configuration has 1 dB/km cladding attenua-
tion at 1095 nm and thus will not take on any spatial nor spec-
tral filtering effects. Both the CLSs and GDFs can only be
used to obtain better laser quality and propagate nearly non-
loss laser. Before the amplifier, the 20/400 pm GDF was re-

effect of the core diameter mismatching problem. The 13-m
active fiber utilized in the power amplifier had a core diameter
of 25 um and the cladding absorption coefficient of the ac-
tive fiber is 1.28 dB/m at 976 nm. Then, the output seed light
of the oscillator was launched into the power amplifier before
passing through the signal port of a (64 1) x 1 signal/pump
combiner. The signal input port and output port fibers of the
combiner have the same core diameter of 25 wm, and the inner
cladding diameters are 400 um and 250 pm respectively. The
pump power was provided by LDs with a center wavelength
of 976 nm, which were combined by six power combiners,
and then injected into six pump ports of the combiner with
220/242 um fibers. The maximum output power of each LD
in the amplifier was 110 W. CLSs were performed after the
counter-pump combiner in a similar way to that in the laser
oscillator. One end cap (QBH) was spliced to deliver the out-
put power and avoid any end-face reflection, which has an in-
put port with 25/400 um fiber. All of these components were
fixed on a water-cooled heat sink with the exception of the end

lated to another piece of 25/400 pm GDF to lessen the harmful ~ cap.
LD
HIEHEH [ ] HH
combiner HR-FBG LMA-YDF- OC-FBG GDF-20/400
20/400 —
core
LD mismatching
CLS GDF-25/250 @
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Fig. 1. Experimental schematic diagram.

3. Results and analysis
3.1. Characteristics of master oscillator

To fully understand the influence of the seed power on
the mode instability in fiber amplifier, we first measure the
output power and the beam quality of the master oscillator.
Figure 2(a) shows the output power of the seed laser versus
pump power. When the pump power is tuned to 970 W, the
output power reaches 875 W. Figure 2(b) shows the far-field
beam spot image with different seed power and we only mea-
sure up to 703 W. In Fig. 2(c), the measured M of seed laser
shows stability and equilibrium in the rectangular coordinate
system. Our results show that as the seed power increases, the
beam quality degrades slightly. For the dots of 27-W and 512-
W seed powers, the corresponding values of M? are 1.15 and
1.20, which shows no apparent distinction. And even when the

power reaches 703 W, the beam quality is still below 1.3.

3.2. Threshold of mode instability with different seed pow-
ers

We measure the output power of the amplifier with dif-
ferent fixed seed powers. The results in Fig. 3 show that in
each seed power, when the pump power is increased to a cer-
tain value, the amplifier efficiency will decrease. When further
adding the pump power, the output power will also decrease,
which means that the slope efficiency of the amplifier turns
negative and there is a roll over point in the amplifier in each
seed power. The active fiber is coiled with a small diameter in
the experiment, after the active fiber CLSs are used to strip the
residual pump light and high-order modes (HOM) light in the
amplifier. In this case, when the pump power reaches the TMI
threshold, the higher modes generated in the amplifier will
be stripped, and therefore the output power will decrease. 3!
Hence, we can define the output power of the roll over point as

the threshold of mode instability. From the results we can see
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that the threshold power increases with seed power increasing.
For example, when the seed power is 27 W, the threshold is
only 1030 W. But when increasing the seed power to 124 W,
the threshold is more than 1500 W, and at last the threshold
almost reaches 2300 W when the seed power is 875 W. The
increase of the seed power has a positive influence on mitigat-
ing TMI since the enhancement of seed laser power can lessen
the population inversion, thus strengthening the gain satura-
tion effect. With stronger gain saturation, which can affect
the forming of modal coupling field between the fundamen-
tal mode and high-order modes, the TMI threshold power can
be higher. %! In each seed power condition, the corresponding
slope efficiency before the roll over point is about 84.7%.
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Fig. 2. Characteristics of the master oscillator: (a) output power ver-
sus pump power of oscillator, (b) measured beam spot image, and (c)
measured values of M? versus seed power of seed laser.

To validate the mode instability effect and its thresh-
old, we position a detector to record the temporal change
of the output power by using the same method as referred

in Ref. [20]. In the experiment, an InGaAs photodetector
(150 MHz, 700 nm-1800 nm) is used to detect the scattering
light from the power meter. Taking 875-W seed power for ex-
ample, time traces at 1570-W and 2280-W output powers are
shown in Fig. 4(a). The output beam stays stable and shows no
fluctuation when output power is 1570 W. While output power
reaches 2280 W, the beam profile becomes unstable with the
time trace fluctuating. We can obtain the frequency distribu-
tions of the beam fluctuation in Fig. 4(b) by the Fourier anal-
ysis of the time traces to calculate the corresponding Fourier
spectra. From the figure it is obvious that the frequency do-
main becomes a little bit chaotic around 2.5 kHz when mode
instability appears.
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Fig. 3. Plots of output power versus pump power at different seed
power.
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Fig. 4. Experimental results for 875-W seed power showing (a) time
traces and (b) frequency traces, at output power of 1570 W and 2280 W.

By using the definition in Ref. [33], we can calculate the
TMI threshold based on the time domain results of the pho-
todetector, thereby approving our definition of the threshold
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power by using the roll over point. The o representing the
undulating degree in time domain can be expressed as

15 kHz
P(v)d
= [W-l] x 100%, (1)
is kh, P(V)dv

where P(V) is the power density at frequency v. In the cal-
culation process, ¢ remains low below the TMI threshold,
which means that P(Vv) stays stable in a frequency range of
—30 kHz. The onset of TMI will arouse some frequency com-
ponents in a range of 0 kHz—15 kHz, which leads to a sharp
increase of ¢, and we adopt the definition that threshold power
is reached once o increases up to 10%. In this way, like the
875-W seed power, the TMI threshold power is calculated to
be about 2280 W when o equals 10%. In Fig. 5, we present
the calculated o values of various pump power for 875-W seed
power. Meanwhile, the measured TMI threshold power for the
roll over point at 875-W seed power in Fig. 3 is 2290 W. Com-
pared with the calculated one, the power differs by only 10 W.
And we also compare the calculated results with measured re-
sults at 512-W and 703-W seed powers, which are 1920 W-
1930 W and 2130 W-2120 W respectively. Thus, it can be
proven that our definition of the roll over point to measure the
TMI threshold power is effective and accurate.

30
« measured
— fitted
20 T
. pump power@2060 W
é output power = 2280 W
¢ ~
10
0 —# — .E .
0 500 1000 1500 2000 2500

Pump power/W

Fig. 5. Plot of calculated ¢ versus pump power.

We also measure the beam quality of output laser at dif-
ferent pump power for 875-W seed power. An apparent degra-
dation process before TMI happened is shown in Fig. 6(a).
From the figure, it can be seen that with the output power in-
creasing, the beam quality deteriorates gradually instead of a
sudden change of the appearance of TMI**! When the thresh-
old power 2280 W is reached, the value of M? drops from 1.7,
when no pump light passes through the amplifier to 2.1. From
the beam spot image in Fig. 6(a) it can be seen that when the
output power reaches nearly to 2000 W, the fundamental mode
signal light starts to fluctuate and becomes unstable, which is
influenced by the stimulation of high-order modes light. This
is because of the multiple-mode supportive character in the
25-um core fiber, some high-order-mode laser can be stimu-
lated and amplified in the fiber even when the output power is
relatively low. With a certain proportion of high-order modal

signal light in the output laser, M? results go through a grad-
ual degradation process, which differs from the scenario of our
experiment in which the fibers are other types of fibers. Con-
sidering that the reflection mirror is directly exposed to high
power laser light for the M? testing time, the laser caused rela-
tively high temperature and thermal effect can harm the test re-
sults. Then, we measure the spectrum of the output signal laser
at the threshold power so that we can check whether the stim-
ulated Raman scattering (SRS) appears. The result in Fig. 6(b)
shows that there is no SRS except for the signal laser with a
ratio of 30-dB peak intensity at 2280-W threshold power.
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Fig. 6. Experimental results for 875-W seed power, showing (a) M? and
output power versus pump power, and (b) spectrum of the 2280-W signal
laser.

To further study the influence of seed laser power on
suppressing the TMI effect, we calculate the threshold us-
ing Eq. (1) and extract signal power in each seed power!]
as shown in Fig. 7. For a low seed power, the TMI thresh-
old power and extracted signal power grow nonlinearly and
sharply. For instance, the threshold power is 1030 W for 27-W
seed power, while it ups to 1380 W for 124-W seed power and
then only increases to 1550 W for 219-W seed power. This
means that when seed power is lower than 200 W, its positive
influence on suppressing TMI is very significant. While the
seed power is above 200 W, the TMI threshold still increase
but the extracted signal power seems only to gain slightly, and
it finally reaches a stable value of about 1410 W for above 500-
W seed power. By utilizing the increasing seed power method
we successfully obtain a factor of 100% improvement output
power from 1030 W to 2280 W.
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Fig. 7. Plots of calculated TMI threshold power and extracted signal
power versus seed power.

4. Conclusions

In this work, we demonstrate a TMI suppression method
in a high power large mode area all-fiber amplifier system
by increasing seed power and finally acquire a 2280-W high-
power output. Our results show that for 27-W seed power
the TMI threshold power is 1030 W and the extracted signal
power is 1003 W, and it then increases to 1380 W and 1256 W
for 124-W seed power. Finally, the threshold power ups to
2280 W for 875-W seed power. However, the extracted signal
power seems to obtain a stable result around 1410 W for above
500-W seed power. In other words, increasing the seed power
has a limited influence on suppressing the TMI effect, but it is
still a promising approach to enhance the fiber amplifier power
scale. When we further increase the seed power, the SRS may
appear, which needs further study.
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