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We experimentally demonstrated a cascaded internal phase control technique. A laser array with 12 channels was divided
into three sub-arrays and a stage array, and phases of the sub-arrays and the stage array were locked by four phase
controllers based on the stochastic parallel gradient descent (SPGD) algorithm, respectively. In this way, the phases of
the whole array were locked, and the visibility of the interference pattern of the whole emitted laser array in the far field
was ∼93%. In addition, the technique has the advantage of element expanding and can be further used in the high-power
coherent beam combination (CBC) system due to its compact spatial structure.
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1. Introduction

High-power fiber laser is always attracting attention due to its
fascinating properties, including high efficiency and excellent
beam quality[1,2], which has promoted various of applications,
such as interferometric gravitational wave detecting[3,4] and
industrial processing[1]. However, the power scaling capacity
of a monolithic fiber laser remains a critical challenge due to
physical limitations, such as nonlinear effects and fiber dam-
age[5–8]. Addressing the challenge, the coherent beam combin-
ing (CBC) technique provides an available solution, which can
break through the output power limitations while maintaining
high beam quality[9–12]. To date, the CBC technique has pre-
sented an impressive performance with the combined number
of being 100 elements[13-15] and the output power being over
10 kW[16–18].
In a CBC system, it is critically important to lock the phases of

the beamlets, meaning that one needs to detect the phases and
send the feedback optical signals to the phase control system. Up
to now, many available techniques have been put forward and
demonstrated in the experiment, such as the stochastic parallel
gradient descent (SPGD) algorithm[13,18–21], dithering tech-
nique[22–25], and interference measurement[15,26,27]. Moreover,
the new techniques, including machine learning[28,29], adaptive
space-to-fiber laser beam coupling[30], the square wave dithering
algorithm[31], and the self-imaging effect method[32], also exhibit

the impressive performances for phase locking in the CBC sys-
tem. However, the additional power scaling and elements
expanding of these methods face two challenges. First, these
techniques detect the phases of the beamlets after they are com-
bined and emitted to the free space, which are always called
external phase control technique[33–35]. When the apertures of
the beamlets are expanded to obtain the high fill-factor, the
emitted laser array always has a large cross section, which needs
large aperture optical devices to sample the beams, such as the
lens and beam splitters. The large optical devices would rise a
difficulty in phase control[34,36]. Moreover, the control band-
width would decrease when increasing the number of the beam-
lets, which can cause the failure of phase locking and decrease
the combination efficiency[13,34]. Therefore, to solve the
problems, the internal phase control technique can help us to
avoid the large aperture optical devices and make the phase con-
trol system compact[33–35]. Meanwhile, the cascaded phase
control technique can be applied to improve the control
bandwidth[37,38].
In this Letter, a cascaded internal phase control technique was

demonstrated by the experiment. An experimental setup with a
12-channel laser array was built. In the experiment, the laser
array was divided into three sub-arrays and a stage array.
When the phases of each sub-array were locked by the SPGD
algorithm, the phase differences of the emitted laser array were
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compensated effectively. The visibility of the interference pat-
tern of the whole emitted laser array in the far field was
∼93%, which meant that the CBC of a massive laser array with
the cascaded internal phase control technique was feasible.
Owing to the compact spatial structure, the technique can be
used in the high-power CBC system. This work could offer an
available reference for the phase control of a massive laser array.

2. Experimental Setup

Figure 1 shows the experimental setup. The seed laser (SL) is a
single-clad ytterbium-doped polarization-maintained single-
frequency fiber laser with a core diameter of 6 μmand a cladding
diameter of 125 μm. The central wavelength is 1064 nm, while
the linewidth is 20 kHz and the output power is 30 mW. The
laser power from the SL is pre-amplified to 500 mW by a
pre-amplifier (PA) and split into three channels to form three
laser sub-arrays using a fiber splitter (FS), where each sub-array
has four beamlets. To simplify the schematic diagram, we only
drew two beamlets in each sub-array, as shown in Fig. 1. In each
sub-array, the laser is coupled into the first stage LiNbO3 phase
modulator (1st-PM) and the PA to amplify the power to
500 mW. Then, the laser is coupled into the FS and split into
four channels to form a sub-array. After that, in each sub-array,
three channels are coupled with the second stage LiNbO3 phase
modulators (2nd-PM), while another channel is not coupled
with the 2nd-PM, which can be used for cascaded phase con-
trol[38]. The response frequency of the LiNbO3 phase modulator
is about 150 MHz, which is operating on 1064 nm. Following
that, all the laser channels transmit to the cascaded fiber ampli-
fier (CFA) to amplify the power to 500mW. Lastly, all the beam-
lets are collimated using the collimators (CO) and transmitted to
the free space. The diameter of each collimated beamlet is about
10 mm, while the distance among the adjacent beamlets is
about 40 mm.
To avoid the large aperture optical devices, all the collimated

beamlets are sampled by a small beam splitter (SP) array. More
than 99% laser power is reflected to the laser emitting system to
form the emitted laser array, while less than 1% laser power

transmits the phase detection system to form the sampled laser
array. In the emitted laser array, each beamlet is expanded by the
beam expander (BE) to obtain the high fill-factor of ∼95%, and
the diameter of each expanded beamlet is about 38 mm, as
shown in Fig. 2(a). In terms of phase control, all the beamlets
transmit the liquid crystals (LCs) and then are divided into three
sampled sub-arrays. The LC is used for compensating the exter-
nal phase differences[34], and the diameter of the LC is 20 mm.
Subsequently, the beamlets in the adjacent sampled sub-arrays
are reflected by the beam splitters (BS) and combined to form
the sampled stage array, as shown in Fig. 2(b), which is circled
with solid blue lines. These beamlets are not coupled with the
2nd-PMs, while the other beamlets are all coupled with the
2nd-PMs. The reflectivity of the BS is 50%. Lastly, each sampled
sub-array is focused by a lens (L) with a focal length of 1m, while
the sampled stage array is focused by an L with a focal length of
500 mm. To observe the combined beams in each sampled sub-
array and stage array, several beam splitters (BS) with a reflec-
tivity of 50% are set in the optical paths and split the combined
beams into two parts. One part is observed by a charge-coupled
device (CCD) camera, which is positioned at the focal plane of
the L in each sampled sub-array. Another part is detected by a Si
photodetector (PD), which is operating on 350–1100 nm, and a
pinhole with a diameter of 50 μm is set in front of each PD to
truncate the power in the bucket (PIB) of the combined beams.
The signals from the PDs are sent to the controllers to control
the PMs. In the experiment, all the controllers are performed
using the SPGD algorithm.

3. Experimental Results and Discussion

The process of phase locking in each sub-array could be
observed by the PIB values in the PDs, as shown in Fig. 3.
When the phase control system was in the open loop, all the
PIB values changed randomly along the time because of the
dynamic phase noises. The normalized average values were
around 0.15, 0.21, 0.38, and 0.63, respectively. As a contrast,
when all the controllers were turned on and performed using
the SPGD algorithm continuously, PIB values were stably locked
to be the maximums. The normalized average values were 0.95,
0.92, 0.93, and 0.91, respectively. Thus, the internal phase noises
among the sampled laser array were locked to be 0 or 2nπ, where
n was an integer. In addition, the corresponding root mean

Fig. 1. Experimental setup of the internal phase sensing system. SL, seed
laser; PA, pre-amplifier; FS, fiber splitter; PM, phase modulator; CFA, cascaded
fiber amplifier; CO, collimator; BE, beam expander; SP, small beam splitter; LC,
liquid crystal; BS, beam splitter; L, lens; PD, photodetector.

Fig. 2. Schematic drawing of the laser array. (a) The emitted laser array and
(b) the corresponding sampled laser array.
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square (RMS) of the residual phase error of each sub-array was
calculated to be λ=27, λ=23, λ=22, and λ=20, respectively.
Figure 4 shows the irradiance distribution of each sampled

sub-array during the phase-locking process. One can see that
when all the controllers were turned off, the irradiance distribu-
tion of the combined beams had low contrast, and the brightness
was weak, as shown in Figs. 4(a1)–4(d1). In comparison, when
all the controllers were turned on, the phases of the sampled
beamlets could be locked to be the same value. As a result,
the irradiance distributions of each sampled sub-array and stage
array were locked stably, as shown in Figs. 4(a2)–4(d2). The
energy of the irradiance distribution was concentrated in
the central lobe, and the visibilities of the interference patterns
in the far field were 98%, 97%, 96%, and 89%, respectively.
The visibility of the interference patterns was defined as
�Imax − Imin�=�Imax � Imin�, where Imax and Imin were the maxi-
mum light intensity and the adjacent minimum light intensity of
the interference pattern, respectively. Therefore, one can

conclude that the sampled laser array can be locked with the
same phase wavefront based on the cascaded internal phase
control.
Here, the internal dynamic phase noises were locked.

However, there are some external phase differences among
the beamlets in the emitted laser array due to the different opti-
cal paths[34]. Fortunately, the external phase differences are gen-
erally static and can be compensated by the interference
methods[15,27]. In our experiment, a large aperture lens (L2)
was applied to focus the emitted laser array to form a far field.
The focus length of the L2 was 2 m, and the combined beams in
the far field were observed by a CCD, as shown in Fig. 5. In the
experiment, the external phase differences in each emitting
sub-array and stage array were detected and compensated by
the LCs independently according to the method in Ref. [34],
respectively.
The irradiance distributions of the emitted sub-arrays and

stage array are shown in Fig. 6. When all the controllers were
turned off, all the combined beams in the far field had weak
brightness with low contrast, as shown in Figs. 6(a1)–6(d1),
while the brightness was effectively promoted when all the

Fig. 4. The irradiance distributions of the (a1) sampled sub-array 1, (b1)
sampled sub-array 2, (c1) sampled sub-array 3, and (d1) sampled stage array
when all the controllers are turned off. The irradiance distributions of the (a2)
sampled sub-array 1, (b2) sampled sub-array 2, (c2) sampled sub-array 3, and
(d2) sampled stage array when all the controllers are turned on.

Fig. 5. Experimental setup for observing the combined beams in the emitting
laser array. BE, beam expander; L, lens; CCD, CCD camera).

Fig. 3. The PIB of the combined beams detected by the PDs in the open and
closed loops. (a) Sampled sub-array 1, (b) sampled sub-array 2, (c) sampled
sub-array 3, and (d) sampled stage array.

Fig. 6. The irradiance distributions (IDs) of the (a1) sub-array 1, (b1) sub-array
2, (c1) sub-array 3, and (d1) stage array when all the controllers are turned off.
The IDs of the (a2) sub-array 1, (b2) sub-array 2, (c2) sub-array 3, and (d2) stage
array when all the controllers are turned on. The IDs of the (a3) sub-array 1,
(b3) sub-array 2, (c3) sub-array 3, and (d3) stage array after external phase
difference compensation.
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controllers were turned on, as shown in Figs. 6(a2)–6(d2).
However, the irradiance distribution was not concentrated in
the central lobe due to the external phase differences. When
the external phase differences were compensated, all the bright-
ness of the irradiance distribution was promoted to be the maxi-
mum, as shown in Figs. 6(a3)–6(d3). The visibility of the
interference pattern in each sub-array was 94%, 94%, 93%,
and 91%, respectively.
At last, the whole emitted laser array is detected by the CCD.

The irradiance distribution of the whole emitted laser array is
shown in Fig. 7. One can find that the brightness of irradiance
distribution was promoted effectively after external phase differ-
ence compensation. The visibility of the interference patterns in
the far field was 93%. That meant the phases of all the emitted
beamlets had been locked to be the same value. In addition, the
PIB was calculated to be ∼42%, which was 50% in an ideal CBC
system. Thus, the CBC efficiency was ∼84%. The PIB loss may
be caused by the residual phase error and the tilt phase error[13].
To further improve the CBC efficiency, the residual phase error
could be decreased by optimizing the control parameters of the
phase control system. Meanwhile, the adaptive fiber-optics col-
limator (AFOC) or a fast piezo steering mirror (FPSM) could be
used for decreasing the tilt phase error[30].
Based on the preliminary experiment, the feasibility of CBC of

a massive laser array by the cascaded internal phase control has
been verified. In the experiment, in each sampled sub-array, a BS
with a reflectivity of 50% was used to reflect one beamlet to form
the sampled stage array, which could cause the power loss of the
corresponding beamlet in the sampled sub-array and influence
the phase control. Hence, to improve the phase control perfor-
mance, the reflectivity of the BS should be small enough to bal-
ance the output power of each sampled beamlet. To further scale
the output power, one can address the problem with two meth-
ods. On the one hand, the output power of each laser channel
needs to be improved. The linewidth of each laser channel
should be broadened to suppress the stimulated Brillouin scat-
tering (SBS) effect[7], and the output power can be further scaled
to several kilowatt[7,39,40]. On the other hand, the combined ele-
ments should be further expanded. One can increase the number
of the sub-arrays and the number of the beamlets in each sub-
array, which were analyzed in Ref. [38]. Recently, the efficient
phase locking of nineteen kilowatt-level narrow linewidth fiber
amplifiers has been realized in the experiment[18]. Considering
the power scaling capacity of each laser channel and the

expanding capacity of the beam elements, our technique can
be further used in the high-power CBC system for obtaining
the high-power laser.

4. Conclusion

In conclusion, we experimentally demonstrated a cascaded
internal phase control technique with a 12-channel laser array.
In the experiment, the whole laser array was divided into three
sub-arrays and a stage array. The detailed results indicated that
when all the controllers were performed using the SPGD algo-
rithm, the phases of each sub-array could be locked. The nor-
malized average values of the PIB were 0.95, 0.92, 0.93, and
0.91, respectively. The corresponding RMS of phase deviations
were less than λ=27, λ=23, λ=22, and λ=20, respectively. As a
result, the visibility of the interference pattern of the whole laser
array in the far field was ∼93%, which meant that the CBC of a
massive laser array by the cascaded internal phase control was
feasible. In addition, the technique can be further used in the
high-power CBC system due to its compact spatial structure.
Furthermore, the phase control system is detached from the
emitting laser system, and one can freely expand the aperture
of the emitted beamlets, which can be beneficial for various
applications, such as laser communications and energy trans-
mission. This work could offer a promising solution for the
phase control of a massive laser array.
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