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Coherent beam combining of 60 fiber lasers by using the stochastic parallel gradient descent algorithm has been
demonstrated. The functions of pinhole(s) on the power distributions in the far-field have been systematically
simulated on both in-phase and out-of-phase modes. Only one photoelectric detector was used to detect the
combined power in the far-field central lobe of the in-phase mode state. When the phase controller was in a
closed loop, the contrast of the far-field intensity pattern was as high as ~97% with residual phase error of
~1/30, and ~34.7% of the total power was contained in the central lobe.
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Fiber lasers can be widely used for their advantages such
as excellent beam quality, high conversion efficiency, and
high stability??. Owing to the nonlinear effects, mode in-
stability, and so on, the output power from the single fiber
is limited®?. Coherent beam combining (CBC) provides a
promising way to obtain higher output power while main-
taining good beam quality®™¥. Especially, CBC of a dis-
tributed aperture array has tremendous advantages
in weight, size, and heat management of laser system as
well as mitigating wave-front aberration™X. Based on
a master oscillator power amplifier (MOPA) configura-
tion, many active phase-locking approaches have been
proposed. In general, those approaches can be categorized
into direct measurement methods and indirect measure-
ment methods. The criterion of classification is whether
the method obtains the phase information of each channel
directly by additional optical devices or optical methods.

In direct measurement methods, phase errors between
channels are, respectively, measured, and then corre-
sponding corrections are implemented. High control band-
width can be obtained by direct phase measurement.
However, complex phase detection systems are usually
employed, such as photoelectric detector (PD) arrays or
high-speed cameras for measuring phase errors®?, syn-
chronization control of hybrid structure, and micro-lens
arrays for transforming complex amplitude to phase-
related intensity™®2). In terms of combining channels,
dozens of fiber laser phases have been effectively locked
by using direct measurement methods, such as interfero-
metric measurement®22 heterodyne detection, and
phase intensity mapping®2. It is worth noting that the
CBC of 60 fs fiber amplifiers by utilizing the interferomet-
ric measurement method has been demonstrated2.

As for indirect detection techniques, only one PD is
used, and the power of the central lobe in the far-field
is maximized by optimization algorithms such as the
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stochastic parallel gradient descent (SPGD) algorithm/2,
multi-dithering®2,  single-frequency dithering®, and
multilevel phase dithering?y. Some new optimization algo-
rithms such as reinforced learning and deep learning have
also been used in the CBC system recently?2, but only
achieve phase-locking of fiber arrays with a few channels
for now. The ability of expending the scale of CBC by deep
learning has been proved in a recent research®!. The struc-
ture of the indirect measurement method is relatively sim-
ple; nonetheless, control bandwidth decreases with
increasing laser channels. In multi-dithering and single-
frequency dithering techniques, the control bandwidths
are limited by the modulating frequency and modulating
period of each channel, respectively. Therefore, the cas-
caded phase control was proposed to solve this problem
at the expense of system complexity, and this technique
can achieve massive-scale coherent beam combination 2,
By using the cascaded phase control technique, 16 fiber
lasers have been coherently combined22%. In order to
implement the CBC of dozens of fiber laser channels by
indirect measurement methods, both the hardware and
software of phase controllers should be optimized.

In this Letter, we demonstrate the effective phase con-
trol ability of the indirect detection technique at a CBC
system with 60 fiber lasers by using the SPGD algorithm.
This optimal algorithm is relatively proven and has been
utilized in CBC and compensation of atmosphere turbu-
lence for quite a long time®22Y. Based on keeping better
performance of phase-locking, the system keeps the simpli-
fied structure as much as possible.

The experimental setup for the 60-channel active phase-
locking CBC system is shown in Fig. 1. A single-frequency
continuous wave 1064 nm seed laser with an output power
of ~50 mW was divided into four channels by a 1 x 4 split-
ter. Only three outputs were used in experiment. Then,
three outputs were amplified to ~1 W separately by

© 2020 Chinese Optics Letters


mailto:zhoupu203@163.com
mailto:zhoupu203@163.com
http://dx.doi.org/10.3788/COL202018.101403
http://dx.doi.org/10.3788/COL202018.101403

COL 18(10), 101403(2020)

CHINESE OPTICS LETTERS

October 2020

Phase
modulators

Concave

Laser \ mirror
seed

Laser
output
-

1x4
Splitter

Sampler

1x20

Splitters Convex Mirror Lens ccb
mirror
Pinhole
2 PD

Fig. 1. Experimental setup of the 60-channel active phase-
locking CBC system. PM AMPs, polarization maintaining fiber
amplifiers; PD, photoelectric detector.

polarization maintaining fiber amplifiers (PM AMPs).
Each of the three outputs was further split into 20 chan-
nels, and 60 LiNbOj; phase modulators with more than
100 MHz modulating bandwidth were then inserted into
each laser channel for phase control.

To obtain beam array with high fill factor, a beam com-
biner was designed. In the beam combiner, 60 output
fibers were tiled into a hexagonal array and followed by
a lens array. This beam combiner can also be expanded
to realize CBC of a larger number of fiber lasers. The
diameter of each collimating lens was 23 mm, and the dis-
tance between the centers of two adjacent lenses was
25 mm. The designed fill factor of the lens array was
92%. Based on the technique of flexible hinges, the home-
made collimators had the ability to adjust tilt and colli-
mation of output beams manually®. A lateral-shearing
interferometer was used to evaluate whether each beam
was collimated. At the same time, we adjusted the tilt
and collimation of each laser carefully to let every laser
spot focus on the same position in the far-field.

The inset of Fig. 1 is the near-field intensity pattern.
The element number of the combiner was 61. Due to
the limited number of fiber lasers, there were only 60
beams in our experiment. The collimated laser array from
the lens array was compressed by the combination of a
concave mirror and a convex mirror. Most of the power
of the laser array was reflected by a mirror, and the rest
of the beam was focused by a lens and divided into two
beams by a sampler. One beam was focused on a CCD
to observe the far-field interference pattern, while the
other was intercepted by a pinhole and then detected
by a PD.

In our experiment, the calculated radius of the Airy disc
of the combined beam in the far-field was ~174 pm. We
simulated the influence of the radius of a single pinhole
on the power in the bucket (PIB) by using the SPGD al-
gorithm, as shown in Fig. 2(a). The PIB starts to decrease,
and the far-field pattern will change when the radius of the
pinhole is larger than the radius of the Airy disc. A typical
simulated result of the far-field intensity pattern after
CBC using the SPGD algorithm is shown in Fig. 2(b),
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Fig. 2. Simulation results. (a) Influence of the pinhole radius on
the PIB. (b) A typical far-field intensity pattern when the radius
of the pinhole is larger than the radius of the Airy disc after CBC
using the SPGD algorithm. (c) A typical far-field intensity pat-
tern when the radius of the pinhole is smaller than the radius of
the Airy disc after CBC using the SPGD algorithm.

where the radius of the pinhole is 280 pm. When the radius
of the pinhole is smaller than the radius of the Airy disc,
the PIB maintains at a high level and shows little differ-
ence varying with the radius of the pinhole, and a typical
simulated result of the far-field intensity pattern after
CBC using the SPGD algorithm is shown in Fig. 2(c).
However, if the radius of the pinhole is too small in the
experiment, the power in the pinhole will be too weak
and cannot provide enough signal strength.

It is notable that an out-of-phase mode in Fig. 2(b) can
be obtained by using the SPGD algorithm, which indi-
cates that beam shaping in the spatial domain could be
realized by CBCEL, In laser machining, different shapes
of beam profiles are required in different application sce-
narios?, and a hollow beam can be used to trap and guide
cold atoms Y. The simulations of beam shaping by CBC
were carried out in the following section. However, using a
single large pinhole to obtain cost function J is not always
effective to shape this pattern in simulation. To restrict
the central lobe of the far-field pattern in a ring-shaped
area, the equivalent shape of the filter can be a ring. It
is an available way to get a ring-shaped filter by using
the combination of two pinholes. The far-field pattern
can be intercepted by filter 1 and filter 2 at the same time
to get sub-cost-functions J; and J, by PD 1 and PD 2,
respectively. The shapes of filter 1 and filter 2 are shown
in Figs. 3(a) and 3(b), where d; represents the diameter of
the pinhole in filter 1, and dy represents the diameter of
the pinhole in filter 2. Then, the cost function is defined
as J = J; — Jy. The equivalent ring-shaped filter is shown
in Fig. 3(c). In simulation, proper d; and d, were selected
to shape the annular intensity pattern, as shown in
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Out-of-phase
Mode

Filter 1

Filter 2

Fig. 3. (a) Shape of filter 1. (b) Shape of filter 2. (c) Equivalent
filter. (d) An out-of-phase mode obtained in simulation within
2000 iterations.
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Fig. 4. Acquisition diagram of a ring-shaped out-of-phase mode.

Fig. 3(d), where d; =3.2r, dy = 1.1 r, and r presents
the radius of the Airy disc. The corresponding feedback
signal acquisition diagram is shown in Fig. 4.

Other out-of-phase modes can be obtained using the
same strategy. Considering different topological proper-
ties of different out-of-phase modes, an additional filter
is needed to balance the distribution of energy in the
far-field. Filters and simulation results of other out-of-
phase modes are shown in Fig. 5. Three PDs are needed
in shaping these two out-of-phase modes. Sub-cost-
function J; can be obtained by filter ¢ and PD 4, where
1 =1, 2, or 3. Then, cost function J is defined as

J=A+B+C

A=J +Jy

B:*J:; ) (1)
C=—|J;—Jy

where A presents the maximum energy in a given area, B
denotes the minimum energy in the central band area, and
C' denotes the minimum difference of two lobes. The
reduced formula is defined as

J:2 mln{Jl,JQ}fjg (2)

However, limited by bandwidth of the SPGD algorithm,
Eq. (2) may not be suitable for more complex out-of-phase
modes. Further, if a high-speed camera is used to replace
the filters and PDs to obtain cost function, dynamic beam
shaping can also be theoretically expected, because the
cost function can be changed in a timely manner by
processing the digital image from the camera.

Equivalent Out-of-phase
Filter 1 Filter 2 Filter 3 Filter Mode

Fig. 5. Filters and simulation results of other out-of-phase modes
within 1000 iterations.

Fig. 6. (a) Photograph of the SPGD controller. (b) Rear panel of
the SPGD controller.

In this experiment, we aimed at obtaining an in-phase
mode. A single circular pinhole with the radius of 50 pm
was adopted in this experiment to obtain the cost function
J. We used a three-dimensional (3D) precision adjusting
device to move the pinhole into the center of central lobe
of the interference pattern in the far-field.

A photograph of the SPGD controller is given in
Fig. 6(a), and the rear panel of the SPGD controller is
shown in Fig. 6(b). The homemade phase controller was
based on a field programmable gate array (FPGA). A dig-
ital-to-analog converter (DAC) with 100 MSPS (million
samples per second) update rate was employed to generate
driving signals. The driving signals were then amplified to
—5 V-5 V by broadband power amplifiers and further ap-
plied to phase modulators. The range of driving signals cov-
ering the phase of 5z for the half-wave voltage of phase
modulators was ~2 V. An analog-to-digital converter
(ADC) with a maximum sampling frequency of 75 MHz
was adopted to sample the output signal of the PD. The
input range of the ADC was 0-2 V, and sampling precision
was ~2 mV. A low-pass filter (LPF) was designed and in-
serted before the ADC to remove sampling electrical noise,
and a voltage amplifier was inserted before the LPF to en-
large the weak signal or avoid saturation. The input voltage
of the ADC can be adjusted by a knob in the front panel; at
the same time, the input voltage level was displayed at the
touch screen to guarantee the input signal in the appropri-
ate range. The interfaces of the ADC and DAC were par-
allel to enhance transfer speed of data. To maintain the
integrity of the signals, the clocks of both ADC and
DAC were set at 50 MHz in our experiment.

The power in the central lobe was converted to an elec-
trical signal by single PD firstly. Then, the ADC received
the electrical signal from the PD and sent it to the phase
controller. After processing the input signal, the control
circuit generated control signals and output them after
being amplified through 60 DAC modules to maximize
the power in the central lobe. With the main clock of
50 MHz, the control circuit can implement the SPGD
algorithm with an iteration rate of >1 MHz. By using a
touch screen, the parameters of the SPGD algorithm
can be adjusted online. To obtain faster gradient descent
and reduce calculation properly, the SPGD algorithm
used in this Letter was bidirectionally disturbed, and
the direction and step size of gradient renewal obeyed
Bernoulli distribution.

Figure 7 shows the normalized output electrical signal
of the PD, which is used as cost function J for the SPGD
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Fig. 7. Normalized cost function .J in 40 s long exposure of open
and closed loops.

algorithm. At first, the phase controller was turned off.
The phase of each channel was randomly distributed, so
the coherently combined beam intensity remained at a
low level and varied, and the intensity pattern observed
by the CCD was blurred and kept shifting. When the
phase controller was turn on, the SPGD algorithm was
implemented to maximize the cost function. The power
of the central lobe increased abruptly. Through calcula-
tions and comparison, the normalized cost function J
was more than 0.9 in the closed loop, and there was a
~38 times enhancement compared with that in the open
loop. Evaluated by root mean square phase residual, the
residual phase error was ~A1/30.

The 40 s long exposure far-field intensity pattern is
shown in Fig. 8(a), and the corresponding theoretical
far-field intensity pattern is shown in Fig. 8(b). There
was a central lobe with higher power and six weak sur-
rounding side lobes. The fraction of the laser power within
a solid angle of 1.22 1/D was ~34.7%. The far-field inten-
sity profiles of the cross section are shown in Fig. 8(c). The
position of the cross section was indicated by a white line.
The red line in Fig. 8(c) shows the theoretical intensity
profile in the far-field of 60 beams with a tiled hexagonal
arrangement and ideal phases at the emission surface. The
blue one represents experimental results. The two curves
are close, while there are still some deviations. For the
existence of phase residual, tilt errors, and collimating
errors, the experimental power of side lobes was higher
than the theoretical one.

In addition, we calculated the fringe contrast to evalu-
ate combining performance. The fringe contrast of the
long-exposure far-field intensity pattern was ~97%. The
fringe contrast is defined by (I — Tmin)/ (Tmax + Linin)s
where I, and I,;, are the maximum optical intensity
and the adjacent minimum optical intensity in the inten-
sity pattern.

In summary, a CBC experimental setup for 60 fiber
lasers was built. A homemade phase controller based on
FPGA was made, and the iteration rate of the SPGD al-
gorithm was >1 MHz. Phase-locking of the 60 fiber lasers
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Fig. 8. (a) Long-exposure far-field pattern of the 60 lasers in
closed loop. (b) Theoretical far-field pattern of the beam array
with ideal phases at the emission surface. (¢) Experimental (in
blue) and theoretical (in red) intensity profiles of a cross section
in the far-field.

was realized. The contrast of the far-field intensity pattern
of the combined beam was ~97%, and ~34.7% of the total
emitted power was contained in the central lobe within a
solid angle of 1.22 1/D. With the residual phase error 1/30,
the power of central lobe was in the closed loop was ~38
times that in the open loop. The system has the ability of
scaling to a much larger number of fibers. Further devel-
opments will involve improving the optimization algo-
rithm, and a higher speed phase controller for a larger
number of active fibers phase controlled by the indirect
detection technique.
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