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Coherent beam combining of two fibre amplifier chains with a total power of 260 W in a compact system using the
stochastic parallel gradient descent (SPGD) algorithm is demonstrated. A 150 MHz linewidth fibre laser is built and
introduced for high-power amplification to mitigate stimulated Brillouin scattering (SBS). Compact high-power amplifier

chains are built with low power all-fibre system and high-power bulk free-optics fibre amplifiers. When the total power

is about 260 W, active phase-locking of two high-power amplifiers is demonstrated using the SPGD algorithm. In

closed-loop, the power in the main lobe increases 1.68 times, the visibility is increased from 0 to 0.62, and the phase

residual error is less than A\/10.
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1. Introduction

Coherent beam combining (CBC) of fibre lasers
provides a versatile way to scale up laser power with
good beam quality as fibre laser power scaling is re-
stricted in by the thermal load, fibre damage, and non-
linear effect. Up to now, there are three main config-
urations for CBC, including passive phasing,' 3! ac-

(=7 and hybrid phasing.!®!

tive phasing configuration,
Master oscillator power amplifier (MOPA) based ac-
tive phasing is the most effective way for CBC.[*6:]
In this configuration, single frequency seed laser is of-
ten considered to be necessary to improve the spatial
coherence property and obtain high brightness in the
far-field.['%) However, the output power of the single
frequency amplifier is about hundreds of watts level as
restricted by the nonlinear effects, especially the stim-
ulated Brillouin scattering (SBS).['%'2 This is also
a great challenge to the increase of the total power
of CBC. In this paper, in order to suppress the SBS
and scale up to a high power, we introduce a quasi-
single frequency laser with a linewidth of 150 MHz for
power amplification. In the four main active phase
control techniques, digital holography technique,!?!
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heterodyne phase detection technique,¥ multi-dither
technique,'®1¢ and stochastic parallel gradient de-
scent (SPGD) algorithm technique,['™!8] the SPGD
algorithm may be the most attractive one due to
its advantage of being mode-free, simple to imple-
ment and ease of constructing a compact system. For
the same reason, CBC using SPGD algorithm has
been proposed to build new architecture of high en-
ergy laser system, adaptive photonics phase-locked
elements (APPLE).["Y) However, so far, the power
demonstration of CBC using SPGD algorithm is only
about 73.5 W.[20 In this paper, we will demonstrate
CBC of two compact fibre amplifier chains with a total
power as high as 260 W by using SPGD algorithm for
the first time to our knowledge, and the stability and
expansibility of the SPGD algorithm is demonstrated
again.

2. Experimental setup

The experimental setup is shown in Fig. 1. The
master oscillator (MO) is a home-made linearly polar-
ized single-longitudinal mode laser, generating 10 mW
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of power at a wavelength of about 1064.4 nm with
a linewidth of 150 MHz. The MO is first preampli-
fied to 100 mW, then split into four channels and
two of them are coupled into two phase modulators
(PM, NIR-MPX-LN-0.1-P-P-FA-FA, Photoline inc.,
half voltage 2.2 V, insert loss 3.0 dB). Each laser beam
from the PM is coupled into an amplifier chain and is
amplified from 10 mW to more than 130 W. Laser
beams from power amplifiers are collimated by spe-
cially designed large-diameter collimators (CO) with
a diameter of about 6.5 mm. Positions of the colli-
mators are carefully tuned to ensure laser beams to
be precisely arranged with high fill factor. The fill
factor is defined as the beam width divided by the
distance between the adjacent beams. In the exper-
iment, the fill factor of the near-field laser array is
calculated to be 56%. In the free space, simulated tur-
bulences are induced by round-the-clock working cool-
ing fans and air-conditioners in the clean-room labora-
tory. The main power (~99% power) of the combined
beam transmit after a sampler mirror (BS1) is sent
to a power meter, the reflected beam (~1% power) is
used for profile diagnosis and active phase control. A
lens is used to simulate the far-field pattern and then a
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sampler is located behind the lens. The reflected beam
from the sampler (BS2) is sent into an infrared cam-
era (SP620U, Ophir-spiricon inc.) for profile diagnose.
The transmission beam from the sampler is sent into
the end of a single mode (SM) fibre (Corning HI 1060,
5.3 um core diameter, 0.14 NA@Q1064 nm). The SM
fibre is 0° cleaved and used to collect the power of the
main lobe of the far-field interference pattern.['$:21,
The output power of the SM fibre laser is sent into
a photodetector (PD, PDA36A-EC, Thorlabs). The
location of the SM fibre is carefully adjusted to en-
sure the maximum output signal of the detector. The
optical power detected by the photoelectric detector
is defined as the metric function J, which is shared
by the oscilloscope and the algorithmic controller. In
our experiment, SPGD algorithm is performed on the
digital signal processor (DSP, TMS320C6713, TT inc.)
based algorithmic controller. Phase control signals are
generated by the DSP and sent to the phase mod-
ulators through digital to analogy (D/A) converters.
The update rate of the SPGD controller is more than
100000 iterations per second, the phase-locking com-
pensation bandwidth is higher than 2 kHz in two laser
beam combining.??
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Fig. 1. (colour online) Experimental setup for high power high fill factor CBC.

In the present experiment, in order to mitigate
SBS and improve the power of the amplifier, a home-
made fibre laser with a linewidth of about 150 MHz
is used as a master oscillator. The spectrum and lon-
gitudinal mode characteristics are measured by op-
tical spectrum analyser (Agilent 86140B) and Fabry—
Pérot interferometer (Topica FPI100, 1 GHz free spec-

tral range) respectively. The measured centre wave-

length is about 1064.4 nm and the linewidth is about
150 MHz, as shown in Fig. 2. Although a linewidth of
about 150 MHz is not broad enough to suppress the
SBS completely, the SBS can be mitigated a lot com-
pared with a 10 kHz linewidth single-frequency seed
laser. The wide linewidth (~ 150 MHz) also means a
short coherence length (~ 2 m), so the optical path

difference should be controlled to less than 0.5 m to
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ensure a high visibility interference pattern. In our
experiment, the optical path difference can be easily
controlled to less than 0.1 m by cutting and fusing of
fibres as well as tuning the position of collimators in
free space optical path.
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Fig. 2. (a) Optical spectrum and (b) oscilloscope trace of
Fabry-Pérot of the home-made MO.

Each high-power amplifier chain consists of three
low-power all-fibre amplifiers combined with high-
power spatial configuration based amplifier, as shown
in Fig. 3. The first three stage amplifiers (PAI,
PAIT and PAIII in Fig. 1) are specially designed with
polarization maintained all-fibre components, which
makes the system compact. The main power ampli-
fiers (PAIV) are bulk free-optics fibre amplifiers and
non-polarization-maintained. The main amplifier is
based on a ~ 12 m long large-mode area (LMA) SM
ytterbium-doped fibre (YDF) for high power opera-
The LMA fibre has a 30 um diameter core
with numerical aperture (NA) 0.08 and the inner
cladding diameter is 400 um with NA 0.46. A compact
pump and signal coupling system is designed for high-

tion.

precision and coupling efficiency, as shown in Fig. 3.
Both ends of the active fibre are polished at an angle of
about 8° to suppress spurious lasing as a result of Fres-
nel reflections. The output end of the fibre is directly
inserted into the specially designed large-diameter col-
limators and the collimated beam with a diameter of
Backward

laser beams from the main amplifier is sampled and

about 6.5 mm is sent to the free space.

collected by a sampler and a focus lens. The collected
beam is sent to an optical spectrum analyser (OSA)
to monitor the SBS. In the experiment, two amplifiers
are pumped by a single fibre coupled diode laser bars.
The pump beam is split into two beams which are sent
to the amplifiers separately.
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Fig. 3. (colour online) Configuration of the power amplifier chain. PAI, PAII, PAIII, PIV are amplifiers in different
stages; ISO: isolator; LD: Laser diode; WDM: wavelength division multiplexer; YDF: Yb3t doped fibre; DC: double

cladding; OSA: optical spectrum analyser.

In active phase control, the SPGD algorithm can
be briefly described as follows.['8] The metric func-
tion J =
(ut, ..., uy,..
applied to the LiNbOg3 phase modulator. The algo-

rithm is implemented in infinite iterations until ended

J(u) is a function of w, where u =

.,un), with u; being the control signal

manually. Each iteration cycle works as follows:

(i) Generate statistically independent random
perturbations and convert them to voltages du =
{6uy,dus, ..
ues that are typically chosen as statistically indepen-

.,0un}, where all |du;| are small val-

dent variables having zero mean and equal variances,
(Sug) = 0, (Supdu;) = 028k, where 6y is the Kro-

necker symbol and o is the disturbance variance.
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(ii) Apply control voltages on the phase modu-
lators with the positive perturbations and obtain the
metric function from the detector J*+ = J (u + du),
then apply the control voltages with the negative
perturbations and gain the metric function J— =
J (u — du).

(iii) Calculate the difference between two evalua-
tions of the metric function 6.J = (J* —J7)/2.

(iv) Update the control voltagesu; = u; + ydu;6.J
(i =1, 2), where 7 is the update gain; v > 0 corre-
sponds to the procedure of maximization in the CBC.

3. Results and discussion

In the experiment, when all preamplifiers are
turned on, the output power of the two main amplifiers
is measured by the power meter as shown in Fig. 4(a).
The total power of the two lasers is about 261 W but
limited by the pump power of about 451 W and no
evident SBS is observed in the backward laser beams
from the optical spectrum analyser. Figure 4(b) shows
the spectrum of the first main amplifier, which indi-
cates that the ASE is 25 dB suppressed in the ampli-
fier.
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Fig. 4. (a) Output power characteristics of the two main
amplifiers, (b) typical spectrum of main amplifier 1.

When the SPGD algorithm is not implemented,
the whole system is in open-loop. The metric func-
tion (power in the main lobe) fluctuates and the far-
field interference pattern keeps shifting due to phase
fluctuations in each fibre amplifier. The metric func-
tion is fluctuating from 0 to 0.36 V and the mean
value is 0.19 V, as presented in the first 22.5 s in
Fig. 5(a).
interference pattern is an incoherence one with a

The corresponding long-exposure far-field

fringe visibility of about 0, as shown in Fig. 5(b),
where the fringe visibility is defined by the formula
(Imax — Imin)/(Imax + Imin), With Inax and Iy, being
the maximum intensity and the adjacent minimum of
the intensity pattern respectively. When the SPGD
algorithm is implemented and the whole system is in
closed-loop, v is taken to be 1.2 and o is taken to be
0.15, the far-field interference pattern at the observing
plane is clear and steady. The dependence of J on time
is larger than 0.3 V for most of the time. The mean
value is about 0.32 V, which is 1.68 times of that value
when the system is in open-loop, as presented in the
last 22.5 s in Fig. 5(a).
pattern at the observing plane is clear and steady, the

In closed-loop, the intensity

corresponding long-exposure interference pattern is a
coherent one with visibility of about 0.62, as shown
in Fig. 5(c). Moveover, a residual phase error is com-

puted to be less than A/10 using the expression. 23]

Aers

Jm ax

Aprms = 2 ; (1)
where J(t) is the metric function evolution in closed-
loop.

Scaling the system up to higher power can be ex-
pected by increasing the power per fibre chain and
adding the number of laser channels. The channel
number of the system can be extended to N = F/10fn
according to the update rate F' of the SPGD controller
and the phase noise frequency fy, while detailed anal-
ysis is shown as follows. In statistical meaning, the it-
erative time k is about £ = 5N — 10N when a system
metric function evolves from the initialization to the
extremum,'8 where N is the channel number used in
CBC. The time for a system metric function evolves
from the initialization to the extremum is k/F and
the control bandwidth of the controller is computed
by F/k. Let k = 10N for simplicity, the control band-
width of the SPGD controller is F//10N. Therefore,
the channel number N should be less than F/10fy.
For the controller with an update rate of 100 kHz, if
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the phase noise frequency is about 1000 Hz, then the
channel number is N < (F/10fy) = 10. In other
words, the channel number can be extended to 10

when the phase noise frequency is about 1000 Hz and

0.4 T T - "

the update rate of the SPGD controller is 100 kHz.
In order to increase the channel number, one should
increase the update rate of the controller and reduce

the phase noise of the system.
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(colour online) Experimental results: (a) metric function from open-loop to closed-loop, (b) long

exposure interference pattern for open-loop, and (c) that for closed-loop.

4. Conclusions

We have demonstrated the CBC of two high-
power amplifier chains with a total power of 260 W
by using the SPGD algorithm. A 150 MHz linewidth
fibre laser is introduced in the amplifier chain to mit-
igate the SBS and improve the power of amplifiers.
Compact high-power amplifier chains are built, when
seeded by a 150 MHz linewidth laser, and the system
can scale the power from 10 mW to 130 W without
any SBS in each amplifier chain. Despite the pertur-
bations of the environment, the visibility of the in-
terference pattern is increased from 0 to 0.62 and the
phase residual error is less than A\/10 when the system
evolves from open-loop to closed-loop. Scaling the sys-
tem to higher power can be expected by increasing the
power per fibre chain and adding the number of laser
channels.
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