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Multi-wavelength seed laser can mitigate stimulated Brillouin scattering (SBS) and improve the output power
of the narrow-linewidth fiber amplifier. In this present study, coherent combining of two fiber amplifiers seeded
by a multi-wavelength laser is proposed and demonstrated using stochastic parallel gradient descent (SPGD)
algorithm. The long-exposure visibility of the far field interference pattern is increased from 0.15 to 0.97 when
the system evolves from open-loop to closed-loop. The feasibility of coherent combining of fiber amplifiers seeded

by multi-wavelength seed laser is validated.

PACS: 42.25. Kb, 42. 55. Wd, 42. 60. Da

Coherent beam combining (CBC) of fiber lasers is
an efficient way to scale up high power laser with good
beam quality as the power scaling of the fiber laser is
restricted in terms of thermal load, fiber damage and
nonlinear effect.['l There are two main configurations
of coherent beam combining, passive phasing.[> ! and
active phasing configuration.[® "%l Master oscillator
power amplifier (MOPA) configuration with active
phase control is the most effective way for coher-
ent beam combination.!'’'?l Up to now, the highest
power demonstration of coherent beam combining has
involved active phasing in MOPA configuration.['"
In active phasing MOPA configuration, single fre-
quency seed laser is often considered to be indispens-
able to improve the spatial coherence property and
obtain high brightness in the far-field.['>'% Never-
theless, the maximal output power of the single fre-
quency amplifier at 1 pum is 502 watts due to nonlin-
ear effects, especially the stimulated Brillouin scat-
tering (SBS) up to now,!'”] which is a great chal-
lenge to scale up the total power of coherent beam
combining. Multi-wavelength seed laser can miti-
gate SBS and improve the output power of the fiber
amplifier.['>'*29) Coherent beam combining of high
power multi-wavelength lasers/amplifiers will signifi-
cantly improve the total output power. It had been
demonstrated that two-tone fiber amplifiers can be
efficiently coherent combined using a stochastic par-
allel gradient descent (SPGD) algorithm.!'’) Never-
theless, the two-tone seed laser is obtained by cou-
pling two independent single-frequency fiber-pigtailed
lasers. When scaled to multiple laser wavelengths,
more independent single-frequency seed lasers with
different central wavelength are required, which makes
the whole system rather complicated, bulk and costly.
In this way, if the seed laser is replaced by a single fiber
laser with multiple wavelength output, the system will
become considerable compact. To the best of our
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knowledge, the feasibility of coherent beam combin-
ing of fiber amplifiers seeded by multi-wavelength fiber
laser is not reported yet. In this paper, we will pro-
pose coherent combining of two fiber amplifiers seeded
by multi-wavelength laser. Experimental demonstra-
tion is implemented by coherent combining of two fiber
amplifiers seeded three-tone seed laser using stochas-
tic parallel gradient descent (SPGD) algorithm. It is
to be noted that the purpose of this manuscript is not
to scale laser power to an extremely high value but to
demonstrate that multi-wavelength fiber laser can be
an efficient seed laser source for coherent beam com-
bining in MOPA configuration.

The experimental setup of coherent beam combin-
ing of two fiber amplifiers seeded by multi-wavelength
fiber laser is shown in Fig.1. The seed laser is a
multi-wavelength seed laser. The configuration is
also enclosed in Fig.1. The laser consists of gain
section (a 3m-long Yb®** doped fiber YbF pumped
with 976 nm laser diode LD using wavelength division
multiplexer WDM), optical isolator (ISO, it guaran-
tees unidirectional operation), polarization controller
(PC1), Sagnac loop filter (play the role of comb-like
filter), phase modulator (PM, driven by a signal gen-
erator FG), and output coupler (C2, 20/80 fiber cou-
pler, with which 20% power is extracted from the
cavity and 80% power is feed back into the laser).
The fiber Sagnac loop filter is formed by a 3dB fiber
coupler, a segment of polarization-maintaining fiber
(PMF) and a polarization controller (PC2). With the
PMF, a periodic comb filter with peak spacing given
as A\ = A\2/(AnL) is generated, where An and L are
birefringence and length of the PMF respectively.!*!]
Farthermore, by adjusting the PC2 in the Sagnac
loop, the transmission ratio of the comb-like filter will
change from 0 to the maximal value and the selec-
tion of wavelength number can be achieved.*”) The
phase modulator driven by a signal generator (FG)
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provides frequency shifting feedback for the ring laser.
Frequency shifting feedback cooperate with the comb
filter, multi-wavelength laser with stable operation
can be realized in the ring laser.*>?"] The output
of multi-wavelength laser (MWL) passes through an
isolator (ISO), split into 2 beams by a polarization
maintained fiber splitter (C), and then coupled into
two pig-tailed LiNbO3 phase modulators (PM). Each
phase modulator has a half-wave voltage about 3.5V
at the wavelength of 1064 nm and a bandwidth more
than 100 MHz. After phase modulators and isolators,
two board-wide band fiber amplifiers are used to scale
power up to about 1 W. Amplified laser beams are col-
limated by two pig-tailed collimators (CO). The diam-
eter of laser beam from each collimator is 5 mm. Two
collimated beams pass through 10 m propagation dis-
tance and then focused by a lens (L), the lens (L) is
used to simulate the far-field pattern, a beam splitter
(BS) is located immediately after the lens to sample
the laser beams. An infrared camera (MicronViewer
7290A, ElectroPhysics) is used to diagnose the far-
field interference pattern of transmission beam at the
focus plane. A photodetector (PDA36A-EC, Thor-
labs) is used to detect the optical intensity of the
main-lobe from the focus plane of the reflect laser
beam through a home-made pinhole with 50 pm ra-
dius. The timely changed optical intensity detected
by the photodetector is defined as metric function J
and will be used in stochastic parallel gradient descent
(SPGD) algorithm for active phase control. Cost func-
tion J is recorded by the oscilloscope (TDS7154, Tek-
tronix) and sent to the SPGD controller. With the
SPGD algorithm, phase control signals are generated
and applied on LiNbOs phase modulators (PM) by
the SPGD controller, and active phase locking is im-
plement.

By adjusting of the PC1 and PC2, stable three-
wavelength output laser is achieved, the laser spec-
trum is measured by an optical spectrum analyzer
(Agilent 86140B), shown in Fig. 2(a). The peak spac-
ing is about 2 nm, among each laser line the amplitude
difference is less than 3 dB. After the power amplifi-
cation, the spectrum is shown in Fig. 2(b), it is shown
that the amplified spontaneous emission (ASE) is sup-
pressed by 30dB.

The visibility of for coherent beam combining of
two channel multi-wavelength laser can be described
as [24]
sin(
N sin(%)

NrdvAl
7rcv )

; (1)

where N is the number of the wavelength, dv is the fre-
quency difference between each wavelength, Al is the
optic path difference between the two lasers. The vis-
ibility is defined by the formula (Imax — Imin)/(Imax +
Tin), Imax and Iy, are the maximum intensity and
the adjacent minimum of the intensity pattern, respec-
tively.

As the visibility is a periodic function of optics
path difference Al, in order to realize high visibility

interference pattern, two step optical path and phase
control should be carried out. First, optical path dif-
ference is roughly tuned to ensure the high visibility
interference pattern can be obtained. In our experi-
ment, the optical path difference is controlled by cut-
ting and fusion of the fibers and tuning of the optical
path of each laser beams in the free space. Then,
precisely phase control against the phase noise is im-
plemented by the phase modulator using SPGD algo-
rithm.
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Fig. 1. Experimental setup of coherent beam combining
of two amplifiers seeded by a single multi-wavelength laser.
YbF:Yb3* doped fiber. WDM: wavelength division mul-
tiplexer, LD: laser diode, ISO: isolator, PC1, PC2: polar-
ization controller, PMF': polarization-maintaining fiber, C,
C1, C2: fiber coupler. PM: phase modulator, FG: func-
tion generator, CO: Collimator. L: Lens, Att: Attenua-
tors, Cam: infrared camera. PD: photo detector. MWL:
multi-wavelength laser (in the dashed-enclosed frame).
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Fig. 2. Multi-wavelength laser operations before (a) and
after (b) fiber amplifier.

The steps for SPGD algorithm can be briefly de-
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scribed as follows.[*>~ 7] Metric function J = J(u) is
a function of w, where u = (w1, -, u;, -, un), Uj
is control signal applied to the LiNbO3 phase modu-
lator. The algorithm is implemented in infinite itera-
tions until ended manually. Each iteration cycle works
as follows.

(1) Generate statistically independent random per-
turbations du = {du1, du,,- -, dun}. Here (dug) =0
and (dugdu;) = 026y, Og; is the Kronecker symbol and
o is a disturbance variable.

(2) Apply the positive (u + du) and negative
(u + du) perturbations and obtain the cost function

= J(u+du) and J~ = J(u — du) successively.
(3) Compute difference of the metric function us-
ing 6J = JT — J~, then update the control voltages
u; = u; + yéu;6J, where v is the update gain, v > 0
accords to the procedure of maximization in the co-
herent beam combining.
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Fig.3. Long exposure far field interference patterns in
open-loop (a) and close-loop (b).

o

In the absence of the active phase control, partially
coherent far field interference pattern is obtained as
shown in Fig.3(a). The intensity distribution of the
profile along transverse direction indicates a visibility
of 0.15, which is a partially coherent pattern. With
the SPGD controller, long time stable coherent com-
bining of two beams are demonstrated in three-tone
operations. An in-phase interference pattern with the
visibility of 0.975 is obtained when the SPGD algo-
rithm is implemented, as shown in Fig. 3(b). The re-
sult shows that the fringe visibility is increased from
0.15 to 0.97. The power encircled in the main-lobe is
0.72 times of increase when the system evolves from
open-loop to close-loop, which is 97% of the ideal co-
herent combining state.

In summary, we have demonstrated coherent beam
combining of two fiber amplifiers with a single multi-
wavelength seed laser. A stable three-wavelength laser
is built and then amplified by two fiber amplifiers.
Active phase control on each fiber amplifier is im-
plemented using stochastic parallel gradient descent
(SPGD) algorithm. Note that multi-tone seed laser
can mitigate SBS and improve the output power of the
fiber laser amplifier,['%'%29 multi-wavelength seed

laser coupled by several difference single wavelength
lasers is costly and bulk, coherent combining of am-
plifiers seeded by a multi-wavelength seed laser in
MOPA configuration provides a promising way for ro-
bust scaleable high power coherent beam combining.
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