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Abstract We present a theoretical and experimental study
of a target-in-the-loop (TIL) high-power adaptive phase-
locked fiber laser array. The system configuration of the TIL
adaptive phase-locked fiber laser array is introduced, and the
fundamental theory for TIL based on the single-dithering
technique is deduced for the first time. Two 10-W-level high-
power fiber amplifiers are set up and adaptive phase locking
of the two fiber amplifiers is accomplished successfully by
implementing a single-dithering algorithm on a signal pro-
cessor. The experimental results demonstrate that the opti-
cal phase noise for each beam channel can be effectively
compensated by the TIL adaptive optics system under high-
power applications and the fringe contrast on a remotely lo-
cated extended target is advanced from 12% to 74% for the
two 10-W-level fiber amplifiers.

1 Introduction

Fiber lasers have wide potential for applications due to
their essential characters such as high conversion efficiency,
excellent beam quality, convenient heat management, and
compact configuration [1]. With the development of high-
power laser diode pumped technology and double-clad fiber
production crafts, the output power of fiber lasers is increas-
ing at a great speed in recent years. But, the ultimate out-
put power of a single fiber laser is limited due to nonlin-
ear effects, facet fracture, and thermal lensing [2]. Coherent
beam combining of fiber lasers/amplifiers, which provides
an effective approach not only for achieving a high-power
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laser beam with good beam quality but also for convenient
heat management, has been under intensive research re-
cently [3—12]. Nevertheless, previous investigation of coher-
ent beam combining mainly focused on phase locking of the
fiber laser array in an experimental environment; only phase
noise induced by fiber amplifiers needs to be corrected. In
a real application scheme, the effect of atmospheric tur-
bulence on the combined beam must be considered. The
propagation of a fiber laser array beam will inevitably be
affected by atmospheric turbulence and the mutual coher-
ence could even be destroyed [13-16]. For a real high en-
ergy laser system built on a coherently combined fiber laser
array, mitigation of the effect of the atmosphere on laser
beam propagation is a key problem to be solved urgently.
A laser beam control technique, which could be called the
target-in-the-loop (TIL) control concept, provides a novel
approach to solve this problem [17-20]. In 2002, Vorontsov
and Carhart accomplished a TIL adaptive phase distortion
correction experiment based on the stochastic parallel gradi-
ent descent (SPGD) optimization method at a low operation
power level; it is shown that the TIL control can significantly
improve laser beam concentration on extended objects [21].
The signal from the target used for phase locking is ob-
tained by using a telescope and a CCD. A similar study of
TIL control but based on a multi-dithering technique or self-
referenced locking of optical coherence by a single-detector
electronic-frequency tagging (LOCSET) method has been
accomplished by Jolivet et al. with three 2-W fiber ampli-
fiers [22]. The signal from the target used for phase locking
is obtained by using a polarization beam splitter (PBS) cube
and a photodetector.

In the present paper, we will demonstrate the TIL adap-
tive phase locking of a high-power fiber laser array using
the single-dithering technique [23], which had been demon-
strated to have great potential in scaling to a large number of
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beamlets with a simple phase-control system and low cost.
We get the signal from the target used for phase locking by
using a telescope and a photodetector, which eliminates the
complexity and difficulty in beam aligning when using the
PBS, and the employment of the photodetector will greatly
improve the system working bandwidth compared with us-
ing a CCD because of its faster response. A two-10-W-level
high-power fiber laser array is successfully phase locked in
the TIL configuration.

2 Analysis of theory

A typical schematic of the TIL adaptive phase-locked fiber
laser array is shown in Fig. 1 [24]. The master laser is split
into N channels. Each channel is modulated respectively
with same-frequency little-amplitude sine waves but at dif-
ferent time intervals. Then the N beams are amplified by
the fiber amplifiers respectively and coherently combined on
a remotely located extended scattering surface. A telescope
acting as the receiver system is located next to the fiber laser
array and the photodectector is placed just behind the tele-
scope.

By taking into account both propagation through turbu-
lence and presence of a scattering target in the loop, the basic
theory for phase locking of a fiber laser array in TIL config-
uration can be given as follows [22, 23, 25].

Assuming that the optical fields of all beams are plane
waves, the fields of beam i that are not phase modulated,
E;(t), are given by

Ei(t) = Ejpcos(wpt +¢;) (wherei=1,2,3,...,N), (1)

where E;o and ¢; represent the field amplitude and the op-
tical phase of the beam i, and wy, represents the laser fre-
quency.

During different time intervals, the same modulation sig-
nal is added to a different beam channel j while all the other
beams are unmodulated and the field of beam j can be writ-
ten as

Eit)=Ejo cos(a)Lt +¢;+ B sin(a)t))
(where j =1,2,3,...,N), 2)
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where  and w are the phase modulation amplitude and fre-
quency, respectively.

For a remotely located extended target, light from a
small scattering area will be collimated in different direc-
tions. The telescope selects a certain direction of rays so
that all the optical rays of a given scattering area will pass
through the same cylindrical channel whatever direction the
laser beam originates from. If the diameter of the telescope
is smaller than Fried’s diameter of the atmospheric turbu-
lence, all the optical rays of a given propagation channel
suffer from the same backward-turbulence-induced phase
shift. A¢ps denotes the backward-turbulence-induced phase
shift of the rays scattered from the area s, where s refers
to the contributing scattering areas which are present in the
laser-illuminated area, and s = 1, 2,3, ..., M. The unmod-
ulated optical fields E; ; (f) and the modulated optical fields
E ;"_ j (t) backscattered by the sth scattering area can be writ-
ten as

Es_i(t) =nsEijpcos(wLt + ¢ + Adif + @5 + Adps)
(wherei=1,2,3,....j—1,j+1,...,N) 3)

and

E;"J- (t) =nsEjocos(wLt + ¢ + B sin(wt)
+ Adjr + o5 + Adps)
(where j =1,2,3,...,N), “4)

where 1 and ¢ stand for the scattering index and phase
shift of the sth scattering area, A¢;¢ stands for the onward-
turbulence-induced uniform phase difference of beam i, and
it is assumed that the diameter of each beam is smaller than
Fried’s diameter to get A¢; .

If the jth channel is modulated at moment ¢, the total
optical intensity is given by
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Substituting (6), (7), (8), (9), and (10) into (5), using the
trigonometric identity, we get

1;(t) =1Ijo
M N M
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Py =n?E%, (13)
and
Pjr =n}E7, (14)

where [ contains the light frequency terms that cannot be
responded to by the photodetector and is treated as a direct-
current term as a whole, P;; and P;, are the optical power
backscattered to the photodetector from the sth and rth scat-
tering areas for the unmodulated beam and the jth-phase-
modulated beam, respectively, and N;, N; are subscripts as
a whole.
The second term of (11) can be written as
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As Yros = ¢ — Pj + Adir — Ay for all s, the first term
of (15) can be simplified into
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where ¢; — ¢; + Agir — A is the phase difference orig-
inating from the laser amplifiers and onward-turbulence-

induced phase fluctuations.
As for the second term of (15), it can be written as
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Assume that the scattering areas are uncorrelated [26]
and the turbulence-induced phase shifts in two different
channels of propagation are uncorrelated as well. So, ¢, —
or + Adps — Ay, 1s a random variable with uniform dis-
tribution of probability over [—m, w]. 5y is also a random
variable with average value 7;0.

Due to the small size of the telescope, the part of the tar-
get containing the scattering areas contributing to the signal,
which has a surface inversely proportional to the telescope
diameter, is wide and contains a large number of scattering
areas. Therefore, we can derive that the values of ZCOS and
D in are normally distributed around their average values,
which are here equal to zero, by applying the central limit
theorem. Thus, ) . and ) . are both very close to zero
and, with the highest probability, negligible when compared
with the Zy: 1 s term of (16) [22], so we can neglect the
terms from (17) when compared with similar terms in (16).

The photodetector current is

ijpp(t) = Rep - S |2 1;(1), (19)
o

where 1o and gg represent the magnetic and electric perme-
abilities of free space, Rpp represents the responsivity of the
photodetector, and S represents the photodetector area.

The phase-control signal is extracted from the photocur-
rent by demodulating. When the photocurrent is integrated
over a time 7 after being multiplied by sin(wt) and 7 is long
enough for integration but short enough for phase control,
the phase error control signal of beam channel j is derived,
which is given by

M
S; =RPD~Jl(ﬂ>-S-,/8—°-<Zm> Ejo
Mo pr

N
x Y Ejosin(gi — ¢ + Adis — Adjp), (20)
=y
where J; is the Bessel function of the first kind of order one.
This demonstrates that the phase-control signal only con-
tains the phase differences originating from the laser am-
plifiers and onward-turbulence-induced phase fluctuations.
Therefore, phase locking of the laser amplifiers on the plane
of the scattering surface can be realized by compensating the
error signal.

The phase error control signal of beam channel j is sent
to the signal processing block and used for the phase control
of beam channel j, while the phase control signals of the
other channels hold the previous phase control signal. Then
the phases of the N beams could be locked by repeating the
above operations for the different channels in turn and the
TIL phase locking on the remotely located extended target
thus can be realized successfully.

3 Experimental setup and results

The basic experimental setup is shown in Fig. 2. A single-
frequency fiber laser with 1064-nm wavelength is provided
as the fiber laser. The line width of the single-frequency fiber
laser is narrower than 20 kHz. The seed laser is split into
two channels (A and B) by using a single mode coupler. In
each channel, we build a cascaded two-stage fiber amplifier
to boost the laser power to 10-W level. In the main ampli-
fication stage, a 5-m-long double-clad Yb-doped fiber with
11-um core diameter and 130-pm inner clad diameter is em-
ployed. Two 9-W-level laser diodes (LDs) are used to pump
the main amplifier stage via a (6 4+ 1) x 1 pump combiner
(only two pump ports are employed).
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Fig. 2 Experimental setup for
the TIL system

Fiber Amplifier

(]

CCD

Fig. 3 Far-field intensity
patterns for open loop and
closed loop

a Open loop

Fig. 4 Far-field intensity
patterns for open loop and
closed loop

a Open loop

In each channel, two phase modulators (PMs) are lo-
cated before the pre-amplifier and after the main amplifier,
respectively. All the fiber amplifiers and PMs used in this
experiment are produced by our group. There are two fiber-
coupled 5-mm-diameter beam collimators for the two beam-
lets and arranged conformally so that they can be combined
on the target. One part of the collimated beams is trans-
mitted to the CCD camera and the other is reflected to the
target. Then part of the scattered light from the target sur-
face is collected to the photodetector by the telescope. The
photodetector is a PDA36A-EC Si amplifier detector with
400 nm-1100 nm response wavelength and 1.2-MHz band-
width when the gain is at 10 dB, produced by THORLABS
Corporation. The output signal of the photodetector travels
to the controller for the phase controlling of PM2 and PM4.
The controller also generates a modulating signal to PM1
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or PM3. The CCD camera is used to observe the pattern of
the phase-locking array. The single-dithering algorithm is
implemented by Cyclone III produced by Altera Co. with a
master frequency of 50 MHz.

In the experiment, firstly we tune the output power of
each fiber amplifier to about 2 W. When the phase-control
loops are open, the image on the CCD camera quickly
moves, which is due to the fast-varying phase distortions
or jitters coming from the fiber amplifier and the propaga-
tion path of the beamlets. Figure 3a is an image of the long-
exposure pattern with open loop; the fringe contrast is about
12.7% obtained by taking the definition of the fringe con-
trast as (/max — Imin)/(Imax + Imin) With Inax and Imin rep-
resenting the maximum optical intensity and the adjacent
minimum on the pattern. When the phase-control loop B is
closed, the image on the CCD camera becomes stable and
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clear because the phase noise is mitigated effectively. Fig-
ure 3b shows the long-exposure pattern with closed loop;
the fringe contrast is 74%.

When the output power is adjusted to about 10 W, the
experimental results are shown in Fig. 4. Figure 4a and b
show the long-exposure patterns with open loop and closed
loop, respectively. When the phase-control loop is open, the
fringe contrast of the long-exposure pattern is about 12%.
After the loop is closed, the fringe contrast is about 73%.

It can be seen that in the experiment, the capability of
TIL phase control almost did not degrade by increasing the
laser power. In the main fiber amplifier stage, only two pump
ports of the (6 + 1) x 1 pump combiner are employed;
increasing the pump power can further increase the laser
power. We believe that TIL control based on the single-
dithering technique can effectively compensate for the phase
noises under much higher power conditions.

4 Conclusions

In summary, we have demonstrated a TIL adaptive phase-
locked fiber laser array in high-power conditions with the
single-frequency dithering technique. It is shown that the
TIL phase-control system is capable of compensating for
the high-power phase noises of the beams and improving
the fringe contrast from 12% to 73% when the output power
is about 20 W. In addition, it is straightforward to expand
to dozens of channels with only one photodetector. With
the number of fiber lasers in the array increasing, the serial
working mode of the single-frequency dithering technique
will diminish the system working bandwidth and impact the
phase-locking effect of the laser amplifiers on the plane of
the scattering surface. However, increasing the frequency of
the modulation signal can alleviate this difficulty [23]. Be-
sides, the experiment was carried out in the laboratory, so
the time delay for the beams propagating from the laser ar-
ray to the target is so short that we did not consider the dy-
namic effects of atmospheric turbulence on the TIL system
in the experiment, which must be considered in further re-
search. A TIL adaptive phase-locked fiber laser array with

more than two channels, longer distance, and much higher
power is undergoing testing to study it in detail.
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