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We demonstrate coherent beam combining of two tiled-aperture single-frequency fibre amplifiers with a total

output power of 29.65 W by using the multi-dithering technique. The two laser beams are packaged closely by using

free-space mirrors side by side into a tiled-aperture with a near-field fill factor of 62%. Active phase control of the

amplifier is performed on commercially available digital lock-in amplifiers. Experimental results show that the power

contained in the main-lobe in closed-loop is 1.72 times greater than that in open-loop, which is 86% for the ideal case.

The fringe contrast of the far-field fringe pattern is as high as 80% when the system is in closed-loop. The beam quality

of the combined beam is computed to be BQ = 1.48. The whole system in closed-loop performs well in a long-time

observation.
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1. Introduction

Coherent beam combining of fibre lasers/amplifiers
was intensively researched recently.! =3 As a promis-
ing approach, coherent beam combining based on the
multi-dithering technique is of great potential in scal-
ing to a large number of beamlets and free of reference
beams.[?~13] With this technique, Shay et al.l'% com-
bined coherently up to nine-channel fibre amplifiers.
In the previous demonstrations, the beam quality of
the coherently combined beamlets was degraded due
to the small fill-factor of the laser array and much
of the laser power was distributed in the multiple
side-lobes.['9~13] In addition, specially designed sig-
nal processing blocks for phase modulation at a radio
frequency (RF) as high as more than 100 MHz were
employed in the previous demonstrations, which made
a significant increase in system cost. We have success-
fully demonstrated a coherent beam combination of
watt-level fibre amplifiers with commercially available
digital lock-in amplifiers.['3) Nevertheless, the band-
width of phase fluctuation becomes high as amplifier
output power increases. In the present paper, we
further study our experimental investigation on en-
hancing coherent beam combining of fibre amplifiers
using the multi-dithering technique and commercially
available digital lock-in amplifiers to a higher output
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power. The whole experimental system is of a tiled-
aperture configuration, which brings a significant im-
provement in the fill-factor of the laser array and the
beam quality of the coherently combined beam in the
receiving plane.

2. Theory of the multi-dithering

technique

A typical schematic diagram of coherent beam
combining with the multi-dithering technique is shown
in Fig. 1. A single frequency master laser is split into
two channels, each with a fibre amplifier module to
enhance the laser power to a higher level. Channel B
is phase-modulated by a signal generator.

The complex fields of the two channels can be
written as

Ex(t) = Eao cos(wit + ¢a) , (1)
Eg(t) = Epo cos(wrt + ¢B + fm sin(wmt)) , (2)

where Fao and Epo represent the field amplitudes,
¢a and ¢p refer to the optical phases, G, and w,, are
the amplitude and the frequency of the phase modu-
lation signal added to channel B, respectively, and wy,
denotes the laser frequency.
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Fig. 1. Schematic diagram of the multi-dithering technique principle.

The optical fields from channels A and B are over-
lapped on the photodetector. The optical intensity at
the centre of the photodetector can be expressed as

I(t) = [Ea(t) + Ep(t)]”
= E3(t) + E%(t) + 2EA(t) Eg(t). (3)

The following expression can be obtained by us-
ing the trigonometric identity of the product of two

cosines:

2EA (1) EB(t)
= EAOEBO{COS[QWL + ¢A + ¢B + 6111 Sin(wmt)]
+cos[¢pp — da + Bm sin(wmt)]}. (4)

Neglecting the term oscillating at optical frequen-
cies and substituting the trigonometric identity for the
cosine of the sum of two angles and the Fourier series
expansions for cosine and sine of By, sin(wyt), we can
obtain

EroEpo cos[¢pp — ¢a + B sin(wmt)]
= EaoEpo{cos(ép — ¢a)[Jo(Bm)
+2(J2(Bm) cos(2 wmt) + J4(Bm) cos(dwmt) + . ..)]
—2sin(¢p — ¢a)[J1(Bm) sinwpt
+J3(Bm) sin(3wmt) + -+ ]}, (5)

where J represents a Bessel function of the first kind.
The output photocurrent of photodetector can be ex-
pressed as

ipp(t) = RppSI(t), (6)

where Rpp represents the responsivity of the photode-
tector, and S denotes the photodetector area. The
phase control signal is extracted from the photocur-
rent by using coherent demodulation. The photode-
tector current is multiplied by sin(wpt) and integrated
over time 7. The integration timeris selected to be

long enough to isolate the individual phase control
signals of the phase-modulated elements and short
enough for the phase control loop to effectively cancel
the phase disturbances. The control signal for Chan-

nel B is thus given by[10—12
1 /7. )
VS = 7/ 1PD sm(wmt)dt
T Jo

Q

RppSEA0EB0I1(Bm) sin(da — ¢B). (7)

3. Experimental setup and re-

sults

The experimental setup is shown in Fig. 2. The
master oscillator is a pigtailed Nd: YVOy linear po-
larized single-frequency laser with a 1064 nm central
wavelength and a linewidth less than 1 MHz. The laser
beam is pre-amplified (PA1) before its splitting into
eight channels and then coupled to phase modulators
(PM). In our present experiment only two channels
are employed. The phase modulators are home-made
by entwining a 10-metre-long polarization-maintained
fibre around a cylindrical piezoelectric ceramic trans-
ducer (PZT) with a diametre of 2 cm. The laser
beams from the phase modulators are then sent to a
second pre-amplifier (PA2), the main amplifier (MA)
and an optical isolator (ISO) and into two specially
desiged large-diametre collimators. The diametre of
laser beam output from the collimator is 6 mm. The
laser beams are tiled closely by using free-space mir-
rors side by side into a tiled-aperture so that they
behave as one single coherent beam. The fill factor
is defined as the beam diametre divided by the dis-
tance of the adjacent beamlets. The fill factor of the
near-field laser array is calculated to be 62%. The tilt
angles of the laser beams are carefully tuned to ensure
that the two laser beams overlap with each other in

014202-2



Chin. Phys. B Vol. 19, No. 1 (2010) 014202

the receiving plane after passing through a 10-metre
propagation distance. The simulated turbulence is in-
duced by the round-the-clock working of the cooling
fans fixed on the ceiling of the room. The two colli-
mated output beams are sampled by a mirror. After
the splitter, part of the beam is sent into a pinhole
with a 95 pum radius, a photoelectric detector is lo-
cated immediately behind the pinhole. The location

l

PM PA2 MA ISO

of the pinhole is adjusted by opening one of the laser
channels to obtain the maximum output signal of the
detector. Then the pinhole location is fixed, the other
laser channel kept open, and the collimator adjusted
so as to find the maximum output signal of the detec-
tor. In this way, the central portion of the main-lobe
can be imaged into the detector after the signal passes
through the pinhole.
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Fig. 2. Experimental setup (MO: master oscillator. PA: pre-amplifier. PM: phase modulator. MA: main

amplifier. ISO: optical isolator. LCO: large diametre collimator. Ref: reflector.).

The main amplifier comprises two 5-metre-long
double-clad polarization-maintained Yb-doped fibres.
In the experiment, the main amplifier is end-pumped
by a maximal 25 W laser diode with a peak intensity
emission at 975 nm at 40 A pump current. Aspheric
lenses are designed for coupling the pump beams into
the inner cladding of the double-clad fibre. All the fi-
bre ends are cleaved at an angle of ~8 °C to suppress
parasitic oscillations. By careful adjustment it is pos-
sible to couple more than 200 mW master emission
from the second pre-amplifier into the double-clad ac-
tive fibre, in which the fundamental mode can almost
entirely propagate. The output power characteristics
of the main amplifiers are shown in Fig. 3. The maxi-
mum output powers of the two amplifiers are 15.4 W
and 14.25 W, separately. The total output power of
the two amplifiers is about 29.65 W.

Coherent beam combining is realized by active
phase control using the multi-dithering technique.
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Fig. 3. Output power characteristics of two main fibre
amplifiers.

phase control signal is generated according to expres-
sion (7), which can be implemented by commercial
SR830 digital lock-in amplifiers produced by Stanford
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Research Systems!'®! in our experiment. In the ex-
periment, when the two amplifiers are both turned
on, the whole system is in open-loop and the phase
control based on the multi-dithering technique is not

implemented, the far-field fringe is blurred and shifts

fast due to fast phase fluctuation in each fibre ampli-
fier. An image of the far-field intensity distribution is
shown in Fig. 4(a), which indicates a result of inco-
herent beam combining.

()

Fig. 4. Intensity profiles in the observing plane, where panel (a) shows experimental beam profiles in open-loop,

panel (b) shows experimental beam profiles in closed-loop, and panel (c) displays simulated beam profiles in closed-

loop.

In the closed-loop endeavours, the frequency and
the amplitude of the modulation signal are chosen to
be 60 kHz and 80 mV, respectively, and the integra-
tion time of the lock-in amplifier is set to be 100 us.
The far-field fringe is clear and steady and an im-
age of the far-field intensity distribution is shown in
Fig. 4(b).
beam profile is calculated to be more than 80%, where

The contrast of the coherently combined

the fringe contrast is determined from the formula
(Imax — Imin)/(Imax + Imin ), where Inax and Ty, are
the maximum optical intensity and the adjacent mini-
mum on the intensity pattern, respectively. The power
contained in the central main-lobe is enhanced by a
factor of 1.72, which is 86% of that for the ideal coher-
ently combining case (in the ideal case the power con-
tained in the central main-lobe was enhanced by a fac-
tor of 2). As a reference for evaluating the beam profile
in the closed-loop, the theoretical far-field pattern is
computed and presented in Fig. 4(c). It is found that
the experimental result is in agreement with the theo-
retical one. The power contained in the main-lobe can
be obtained by digital image processing of the beam
profile grabbed by the camera, i.e. the summation
of the pixel values in the specified bucket denoting
the main-lobe, divided by all the pixel values in the
whole image. The power contained in the main lobe in
Fig. 4(b) is computed to be 38.3%. In the previously
published literature, the power contained in the main-

lobe was less than 10% of that estimated from the far-
field intensity patterns. It can be concluded that the
power contained in the central main-lobe is well im-
proved compared with previous demonstrations!!0—13!
due to the tiled-aperture output configuration. The
beam quality of the combined beam, BQ), is calculated
to be 1.48, i.e. BQ = 1.48, where the beam quality
is computed from the formulal®l BQ = (P/Ppr)~ /2,
where P and Pp, are the powers contained within a
bucket of radius A/D for the measured beam and a
diffraction-limited beam with the same near-field full
width D, respectively. The whole system in closed-
loop performs well in a long-time observation.

4. Conclusions

In this paper, we experimentally investigate the
enhancement of coherent beam combining of fibre am-
plifiers by using the multi-dithering technique and
commercially available digital lock-in amplifiers to a
total output power of 29.65 W. Experimental results
show that the power contained in the main-lobe in
closed-loop is 1.72 times greater than that in open-
loop, which is 86% of that for the ideal case. The two
laser beams are located side-by-side to form a tiled-
aperture, which makes a significant improvement in
the beam quality of the combined beam. The beam
quality of the coherently combined beam, BQ), is 1.48,
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i.e. BQ = 1.48, and the contrast of the coherently
combined beam profile is as high as 80% when the sys-
tem is in closed-loop. The phase fluctuating frequency
of a large-mode-area ytterbium-doped fibre amplifier
at 260 W output power in a relatively quiet lab en-
vironment is well below several hundred Hz.['* Con-
sidering the fact that the modulation frequency of the
commercial digital lock-in amplifier can be tuned to

be more than 100 kHz, which presents sufficient con-
trol bandwidth for the multi-hundred watt level fibre
amplifiers, it is believed that coherent beam combi-
nation of fibre amplifiers by using the multi-dithering
technique and commercially available digital lock-in
amplifiers still has the potential to achieve a much

higher output power.
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