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We present the numerical and experimental study on the coherent beam combining of fibre amplifiers by means

of simulated annealing (SA) algorithm. The feasibility is validated by the Monte Carlo simulation of correcting static

phase distortion using SA algorithm. The performance of SA algorithm under time-varying phase noise is numerically

studied by dynamic simulation. It is revealed that the influence of phase noise on the performance of SA algorithm gets

stronger with an increase in amplitude or frequency of phase noise; and the laser array that contains more lasers will be

more affected from phase noise. The performance of SA algorithm for coherent beam combining is also compared with

a widely used stochastic optimization algorithm, i.e., the stochastic parallel gradient descent (SPGD) algorithm. In a
proof-of-concept experiment we demonstrate the coherent beam combining of two 1083 nm fibre amplifiers with a total

output power of 12 W and 93% combining efficiency. The contrast of the far-field coherently combined beam profiles is

calculated to be as high as 95%.
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1. Introduction

The fibre

lasers/amplifiers has been under intensive research

coherent beam combining of
recently.l!'=12 As a promising technique, coherent
beam combining based on stochastic optimization al-
gorithm is of great potential for their advantage of
less complexity while maintaining the capability in
scaling to a large number of beamlets. In previous
work, coherent beam combining based on stochastic
parallel gradient descent (SPGD) algorithm (a kind of
stochastic optimization algorithm) has been demon-
strated by Liul'?) and Kansky.!'']l Our group has also
demonstrated coherent beam combining of three W-
level fibre amplifiers.'?]

Another kind of stochastic optimization algo-
rithm that has been used gradually in optical technol-
ogy area is the simulated annealing (SA) algorithm.
Theoretical work and initial simulations have shown
that the optical problem can be transformed into a
model for crystal roughening that served as a moti-

vation to implement the SA algorithm.®l The first

fCorresponding author. E-mail: zejinliu@vip.sina.com

hardware realization of the SA algorithm in an adap-
tive optics system was realized by Zommer!* in 2006,
and it was shown that the SA algorithm may have
good results in converging into global extremum in
simulations. Coherent beam combining of fibre lasers
can be considered as the piston-type phase aberration
compensating in the adaptive optics system, so it is
seen straightforwardly that the SA algorithm has the
potential to be used for coherent beam combining. To
the best of our knowledge, the application of the SA
algorithm in coherent beam combining has not been
reported yet.

In this paper, we will present our numerical and
experimental study on coherent beam combining us-
ing the SA algorithm. This paper is organized as fol-
lows: in Section 2, we present a brief introduction to
SA algorithm. In Section 3, we give the system setup
and technique details for coherent beam combining us-
ing the SA algorithm; the feasibility of coherent beam
combining using the SA algorithm will be validated
by correcting static phase aberrations with SA algo-

rithm. For a more general case, the performance of co-
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herent beam combining using the SA algorithm when
dynamic phase noise exists is simulated and analysed
in Section 4. As a proof-of-concept experiment, we
will present the experimental study on coherent beam
combining of two fibre amplifiers with a total output
power of 12 W using the SA algorithm in Section 5.

The summary will be given in Section 6.

2. Brief SA

algorithm!

introductions to
14,15

In the SA algorithm, the term annealing comes
from analogies to the cooling of a liquid or solid. A
central issue in statistical mechanics is to analyse the
behaviour of substances as they cool. At high temper-
atures, molecules or atoms have much mobility, but as
the temperature decreases to a certain value, this mo-
bility will be lost and the molecules or atoms tend
This

aligned structure is the minimum energy state of the

to align themselves in a crystalline structure.

system. To achieve this state, the cooling must be
carried out at a sufficiently slow rate. The princi-
ple behind annealing in physical systems is the slow
cooling of substances to reach the minimum energy
state. In optimization, the analogy to a minimum en-
ergy state for a system is a minimizing value of the
loss function. The technique of the SA algorithm at-
tempts to mathematically describe the process of con-
trolled cooling associated with physical processes, the
aim of which is to make the system reach the lowest
value of the loss function in the face of possible local
minima. The algorithm is a stochastic one that gen-
erates random states and accepts not only the “good
states”, which decrease the cost function (in case of
minima search), but occasionally also accepts some
“bad states”, which increase the cost function and can
help the algorithm climb out from an occasional lo-
cal minimum. The basic probability distribution that
governs a state’s acceptance is proportional to the con-
trol parameter 7', which is analogous to the temper-
ature of a physical system, and proportional to the
difference between the previous state energy .J; and
the new state energy J,. The probability acceptance
condition is P = exp[(J1 — J2)/T] when (J; — J3) < 0,
and 1 otherwise. The algorithm randomly chooses a

control parameter and, according to the assigned tem-

perature, changes its value. The new energy function
is measured and the control parameter’s new value is
accepted by using the probability acceptance criterion
above. Then the temperature is lowered in each step

i to T;41 = 7T;, where « is the cooling rate factor.

3. Numerical simulation of coher-
ent beam combining using SA

algorithm

3.1. System setup

The system setup for coherent beam combining
of fibre amplifiers using the SA algorithm is shown
in Fig. 1. The laser beam from the master oscillator
(MO) is split into N channels (in the figure we show
two channels as an example) and coupled to the phase
modulators. The laser beams from the phase modula-
tors (PM) are sent to optical isolator (ISO) and am-
plifier (AMP) and then sent to collimators (CO). It
is noted that for high power application, multi-stage
fibre amplifiers are often required. The beam array is
sent to free space via the collimators. The collimated
output beams are sampled by a beam splitter. After
the splitter, part of the beam is sent to a focusing
lens that images the central lobe of the far field onto
a pinhole, and a detector is located immediately be-
hind the pinhole. The opposing value of the collected
power in the target pinhole is defined as the state en-
ergy J which will be used in the SA algorithm. The
collected power in the target pinhole can be estimated
to be equivalent to the Strehl ratio (SR),!*?! so we have
J = —SR. J is a function of the corresponding op-
,uy) added to each
beamlet. The object of coherent beam combining is

tical phase shifts w = (u,us,...

to minimize the state energy J (J is shared by the
oscilloscope and the processor ). The curve for state
energy as a function of time can be shown in the os-
cilloscope. J is then sent into the processor through
an A/D converter. The SA algorithm is performed by
the processor (personal computer, the digital signal
processor (DSP), can both be employed to perform
the SA algorithm), corresponding optical phase shift
signals are sent to the phase modulators through D/A
converters. The other part of the beam after the split-

ter is the desired coherently combined beam array.
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Fig. 1. System setup for coherent beam combining of fibre amplifiers using the SA algorithm.

Coherent beam combining is realized by updating
the optical phase shifts in the following manner with
the SA algorithm:

Step 0 Initialization: set an initial temperature
T and initial parameter vector for corresponding opti-
cal phase shifts u® = (ul,u3,...
J (u?).

Step 1 Relative to the current value u™ =

, u?v) , and determine

(uf,uf, ... ,u), randomly determine a new o' =

(uh,ub, ... ,uly), and determine J (u™ + u’).

Step 2 Compare the two J values and let § =
J(um™ 4+ u)—J (u™). If § <0, then u™ is updated by
u™ ! =y 4. Elseif § > 0, accept u™t! = u™+u/
only if a uniform (0,1) random variable R (generated
by Monte Carlo) satisfies R < exp (—d/T), otherwise
keep u™ unchanged and the control voltage is updated
by u™t! = u™.

Step 3 Repeat steps 1 and 2 for some periods un-
til either the budget of function evaluations allocated
for that T has been used or the system reaches some
state of equilibrium.

Step 4 Lower T according to the annealing
schedule and return to step 1. Continue the process
until the total budget for state energy evaluations has
indicated that convergence is satisfied. Under this
condition, all the laser elements are phase-locked and

SR achieves its maximum value.

3.2. Static simulation

In this section, we perform feasibility validation
on coherent beam combining of fibre amplifiers using

[

the SA algorithm. Suppose that there are only static
phase distortions due to the fibre optical path length
differences between the different channels. Numerical
calculations will be carried out to correct those phase
distortions by a finite number of iterations in the SA
algorithm. We will consider three square-distributed
fibre laser arrays as an example. As shown in Fig. 2,
all laser elements are arranged at equal-distance be-
tween elements. Figures 2(a)-2(c) denote laser arrays
which contain 4, 9 and 16 lasers respectively. We sup-
pose that each fibre laser has a single Gaussian mode
Fibre
lasers are arranged in an array with the nearest neigh-

output. The beam waist of each laser is wy.
bours separated by a distance of d. Vacancy factor
t = (d—2wp)/wo can be used to describe the com-
pactness of the array. A smaller ¢ corresponds to a
more compact array. The optical parameters used in
calculation are as follows: A = 1.06 um, wy = 5 mm,
d = 15 mm, ¢t = 1. The far-field intensity patterns
of the three laser arrays when all the laser elements
are phase-locked and no phase distortions exist, are
shown in Figs. 2(d)-2(f), respectively.

In the simulation, the cooling process is defined as
Trs1 = (N)" Ty, where Ty = 10000 and A = 0.9. Tt
is noted that the values of T; and A\ will influence the
converging rate of the SA algorithm. 7y = 10000 and
A = 0.9 are selected to ensure the fastest converging
rate from a large number of samples. We suppose the
RMS value of static phase distortions in the laser ar-
ray is o, = 37 rad, which is large enough to make the
beam combining almost become incoherent combin-

ing, according to the criterion proposed in Ref. [16].
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The transition curves from the initial state (minimiza-  can converge to the extremum of the state energy for
tion of SR) to the desired state (maximization of SR)  all the three laser arrays. The concept of coherent
of the system performance are shown in Fig. 3. In this =~ beam combining using the SA algorithm is feasible.
figure, the average curve over 500 transition curves is ~ The more lasers in the array, the more steps of itera-
shown. From Fig. 3 one sees that the SA algorithm  tion are required for the algorithm to converge.

l

(a) (b) (©)
(d) (e) ®)

Fig. 2. Three laser arrays and their corresponding far-field intensity patterns for ideal phase-locking: (a) 4-laser

array, (b) 9-laser array, (c) 16-laser array, (d) ideal far-field pattern for the 4-laser array, (e) ideal far-field pattern
for the 9-laser array, (f) ideal far-field pattern for the 16-laser array.

We carry out further calculation on coherent beam combining of several other laser beam arrays (i.e., laser
array contains 2, 25 and 36 lasers) using the SA algorithm. If we define the steps of iteration at which the
SR value becomes larger than 0.95 as the convergence state, then the dependence of convergence rate on the
number of beamlets is shown in Fig. 4. It is revealed that in coherent beam combining of N laser beamlets,
the convergence rate scales at least linearly with N. This issue will bring great challenge to applying the SA
algorithm to coherent combining of a relatively large number of fibre amplifiers.
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Fig. 3. Evolution curves of power in the pinhole from Fig. 4. The Dependence of steps required for convergence
minimization to maximization for different laser arrays. on the number of lasers for different laser arrays.
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3.3. Dynamic simulation

In a practical engineering case, the phase distortions can never be static. Data on phase fluctuations has
previously been reported in commercially available fibre amplifiers at power levels up to 10, 30 and 260 W.[8:17-18]
It was shown that temperature variations, mechanical vibration, acoustic noise, seismic noise, etc., all can be

the source for phase distortions, which cannot be avoided in practical engineering environment.
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Fig. 5. Evolution curves of power in the pinhole (in time steps of 0.05 second) for different laser arrays: (a)
4-laser array, the amplitude of stochastic noise o = 0.4 (rad); (b) 4-laser array, the amplitude of stochastic noise
o = 0.6 (rad); (c) 9-laser array, the amplitude of stochastic noise o = 0.4 (rad); (d) 9-laser array, the amplitude
of stochastic noise o = 0.6 (rad); (e) 16-laser array, the amplitude of stochastic noise o = 0.4 (rad); (f) 16-laser
array, the amplitude of stochastic noise ¢ = 0.6 (rad).

024207-5



Chin. Phys. B Vol. 19, No. 2 (2010) 024207

In this section, we will perform dynamic simula-
tions for coherent beam combining using the SA algo-
rithm. Since up to date, there is no exact or even expe-
riential mathematical model for phase distortions, we
simply add stochastic noise in the process of the algo-
rithm. At first we add stochastic noise with a band-
width of 7 kHz['"! and different amplitude (denoted
by o) to the simulation programs to make a qualita-
tive study on the influence of phase noise. As for the
SA algorithm, we assume that the control processor
can perform 100000 iterations per second (so far as we
know, the most advanced microprocessor based SPGD
controller can update the control voltages 95000 itera-
tions/sec, which is demonstrated in Ref. [11]). Figure
4 shows the evolution curves of SR for a time period
of 0.05 second. The numerical results show that the
stochastic noise will affect the performance of coher-
ent beam combining using the SA algorithm in two
aspects. Firstly, more iteration steps will be required
for the algorithm quasi-converge to the extremum of
the cost function. An example is that for the 9-laser

—— o=1rad
0.9 T~~~ e o=2 rad
o o=m rad
N ——- o=2m rad
~
0.7F \'\\\.'
%) .
0.5} TSl
031
[ (a)
0.1 . . . . " ! : -
1 3 5 7 9

Frequency /kHz

array and stochastic noise with ¢ = 0.4 rad ampli-
tude, it takes more than 250 steps of iteration before
SR achieves the maximum value, while for the case
of no stochastic noise, only 92 steps of iteration are
required, as shown in Figs. 3 and 5(c). Secondly, the
SR value will never be stably controlled to the ex-
tremum due to the stochastic noise. SR will fluctuate
all the time, the possibility of reaching the maximum
value decreases as the amplitude of stochastic noise
increases.

A further computation for studying the influence
of stochastic noise with different amplitude and fre-
The dependence of SR for
different laser arrays on the frequencies of stochastic

quencies is carried out.

noise is plotted in Fig. 6. One sees from Fig. 6 that
SR decreases with increase of the noise amplitude and
frequency. In general, a laser array that contains more
lasers will be affected more by the stochastic noise. It
can also be concluded that the stochastic noise with
amplitude larger than 2 rad will make no significant
difference on the algorithm performance.

SR

(b) I

0.1 L 1 1 1 L
0.5 1.5 2.5

Frequency/kHz

SR

0.1l . . .

— o=lrad

Frequency/kHz

Fig. 6. Dependence of SR on the stochastic noise frequency with different amplitudes using the SA algorithm:

(a) 4-laser array, (b) 9-laser array, (c) 16-laser array.
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If the control bandwidth is defined as the fre-
quency when SR equals 0.8, then the control band-
width of SA algorithm at different noise amplitudes
for different laser arrays can be computed and the re-
sult is plotted in Fig. 7. For the 16-laser array, when
the periodic noise amplitudes are 1 rad and 27 rad,
the control bandwidths of SA algorithm are 760 and
220 Hz, respectively. Considering that the phase fluc-
tuates at a typical frequency of less than 100 Hz for the
fibre amplifier with a 260-W output power in the lab-
oratory environment,!*8! the SA algorithm holds good
in coherent beam combining of more than 10 high-
power fibre amplifiers.

—a— o=1 rad
—&— o=2m7 rad

100007

8000

6000

4000¢

2000¢

Control bandwidth/Hz

Number of lasers

Fig. 7. Control bandwidth for different laser arrays using
the SA algorithm.

4. Comparison with SPGD algo-

rithm

SPGD algorithm has been widely used in adaptive
optics fields for years,[2% and also it has been the most
widely used stochastic optimization algorithm that
has been applied to coherent beam combining.210-12
The basic principle of standard SPGD algorithm has
been detailed in formal literatures and thus it will not
be repeated here. With the same parameters for the
laser array and stochastic noise, the performance of
standard SPGD algorithm under stochastic noise is
also given. We also have to point out that in standard
SPGD algorithm, three D/A and two A/D conver-
sions are required in each iteration, while in the SA
algorithm, two D/A and one A/D conversions are re-
quired, which should be taken into consideration in
dynamic simulation. The dependence of SR in time
steps of 0.05 second for different laser arrays on the
frequency of stochastic noise using standard SPGD al-
gorithm is plotted in Fig. 8. The control bandwidth

of the two different optimization algorithms at differ-
ent noise amplitudes is plotted in Fig. 9. It can be
concluded from Fig. 9 that the bandwidth of SPGD
algorithm is typically higher than the SA algorithm,
especially at smaller noise amplitudes. This indicates
that the SA algorithm is more sensitive to stochastic
noise as compared with the SPGD algorithm. Never-
theless, there is no difference in magnitude; we con-
sider that the SA algorithm also has the potential to
be applied to coherent beam combining fields.
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Fig. 8. Dependence of SR on the stochastic noise frequency
with different amplitudes using the SPGS algorithm: (a) 4-
laser array, (b) 9-laser array, (c) 16-laser array.
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Fig. 9. Variations of control bandwidth with the number of lasers by using the SA algorithm and SPGD

algorithm: (a) o =1 (rad), (b) o = 27 (rad).

5. Experimental results

We have performed a proof-of-concept experiment
to study the coherent beam combining of two fibre
amplifiers using the SA algorithm. The experimental
setup is the same as that in Fig. 1. The master oscilla-
tor is a distributed feedback polarization-maintaining
Yb3*-doped fibre laser with a wavelength of 1083 nm
and a linewidth less than 1 MHz.
from the master oscillator is split and coupled to two
LiNbOj3 phase modulators. The distance between the
centres of collimators is about 20 mm, and the beam

The laser beam

radius of each beamlet is about 3 mm. Two stages of
amplifier chains are used to boost the maximal laser
output powers from the two fibre amplifiers are 5.68 W
and 6.25 W, respectively. The two collimated output
beams are sampled by a cubic beam splitter. After
the splitter, part of the beam is sent to a focusing
lens with 1 m in focusing length that images the cen-
tral lobe of the far field onto a home-made pinhole
with a radius of 95 um, and a photoelectric detector
is located immediately behind the pinhole. The width
of the main-lobe of the far-field pattern is calculated
to be 270 pum; the width of the pinhole is 35% of the
main-lobe. Thus the collected power in the target pin-
hole can be estimated to be equivalent to the SR. The
opposing value of optical signal detected is defined as
the cost function J that will be used in SA algorithm.
In our experiment, the SA algorithm is performed on a
DSP chip and the phase controlling signal is sent to the
two LiNbOj3 phase modulators by two D/A convert-
ers. The main frequency of the DSP chip is 25 MHz
and the updating rate of control signal generated by
this chip is pre-tested to be 16500 times per second.

The other part of the beam after the splitter is also
focused by a lens. An infrared camera is set at the
focal plane to observe the far-field beam profile.

In the experiment, the optical powers of the two
beamlets are both tuned to their maximal values, i.e.,
5.68 W and 6.25 W. The spectral properties of fibre
amplifiers are observed with an Agilent optical spec-
trum analyser with a resolution of 0.06 nm. Figure
10 shows the emission spectrum of one amplifier of
5.68 W output power. Amplified spontaneous emis-
sion (ASE) is suppressed by ~ 30 dB, and it has little
impact on the output signal power.

—15

—25}

—35¢

—457

Intensity /dBm

=551

1050 1070 1090 1110 1130

Wavelength/nm

—65 ‘
1030

Fig. 10. Spectrum of one of the fibre amplifier.

When the SA algorithm is not implemented and
the system is in open-loop, the energy contained in
the target pinhole will fluctuate between 0 V and 1 V
randomly. The average voltage contained in the pin-
hole is 0.49 V, as shown in Fig. 11(a). When the SA
algorithm is implemented and the whole system is in
closed-loop, the time dependence of energy contained
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in the target pinhole is shown in Fig. 11(b). The cool-
ing process is defined as T,,+1 = (0.9)me, where
Ty = 10000. The budget of function evaluations allo-
cated to each T is restricted to 10 times. For most of
the time, the energy contained in the pinhole can be
locked to nearly 1 V, which denotes the effect of coher-
ent beam combining. The average voltage contained in

|

the pinhole is 0.91 V when the system is in close-loop.
The energy contained in the pinhole was enhanced by
a factor of 1.86. The ideal effect of coherent beam
combining is to enhance the energy contained in the
pinhole by a factor of 2, so we can conclude that a

combining efficiency of 93% is obtained.

(b)

Fig. 11. Experimental results: (a) long-exposure far-field intensity distribution in open-loop, (b) long-exposure

far-field intensity distribution in closed-loop.

Figure 12 shows the long-exposure far-field pattern of the combined beam when the system is in open-loop
and close-loop. One sees from Fig. 11 that the visibility of the far-field fringe is remarkablely enhanced. The
contrast of the far-field coherent combined beam profiles is calculated to be as high as 95%, where the fringe

contrast is defined by the formula (Iiyax —

Imin)/ (Imax + Imin), where Iy and Inni, are the maximum optical

intensity and the adjacent minimum on the far-field pattern, respectively.
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Fig. 12. Experimental results: (a) energy contained in the pinhole when the system is in open-loop, (b) energy

contained in the pinhole when the system is in close-loop.

It also should be noted that the energy contained
in the target pinhole will decrease to low values in
intervals even in the close-loop. This can be ex-

plained as follows: On one hand, it is noted that the

whole close-loop system works in an ultra-clean Labo-
ratory, the round-the-clock working of the cooling fans
at the ceiling of the room will induce high-frequency
phase noise,['¥! which inevitably prevents phase con-
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trol based on the SA algorithm from working effec-
tively all the time. On the other hand, in the labora-
tory environment, the optical phase of the laser beam
may fluctuate in several hundreds of waves, thus the
phase controlling signal calculated may exceed the ac-
tual range of the phase modulator, which is limited to
several waves. This leads to a slight deviation in the
corrected phase values and the need to reset the phase
modulator.['”) The reset events cannot make the laser
beams coherently combined in the intervals. Never-
theless, one sees from Figs. 11 and 12 that although
high-frequency phase noise exists in the experimental
environment, coherent beam combining based on the
SA algorithm is relatively robust and the algorithm
performs well most of the time.

6. Discussions and conclusions

We have introduced the concept of coherent beam
combining of fibre amplifiers using the SA algorithm.
The feasibility is validated by the Monte Carlo simu-
lation of correcting static phase distortions. Consid-
ering the time-varying phase fluctuations in practical
engineering, the performance of the SA algorithm is
studied by dynamic simulation. Numerical results re-
veal that more steps of iteration are required for the
algorithm converging into the global extremum state

as compared with the static phase distortions; also
in general, the influence of phase noise on the perfor-
mance of the SA algorithm gets stronger as the ampli-
tude or frequency of phase noise increases. It is also
revealed that the SA algorithm is more sensitive to
the stochastic noise as compared with the SPGD al-
gorithm; nevertheless, the control bandwidths of these
two algorithms do not have a difference in magnitude.
A proof-of-concept experiment is performed to demon-
strate that the SA algorithm is feasible in a coherent
beam combining field.

Numerical results also indicate that a laser ar-
ray composed of more lasers will suffer more from
phase noise. This should be considered when coher-
ent combining includes a relatively large number of
lasers. We think that this issue can be solved in two
aspects. First, more advanced controllers that have a
faster updating rate should be investigated, and sec-
ondly, corresponding countermeasures should be taken
to suppress the influence of phase noise. This contains
technical details in practical engineering, which is be-
yond the scope of this paper, so we do not go into it
here. The simulation study performed in this paper
can be helpful for designing and analysing an experi-
mental system for coherent beam combining using the
SA algorithm.
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