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Four-Beam Tiled-Aperture Coherent Beam
Combining of High-Power Femtosecond
Laser With Two Compressors

Chun Peng

Abstract—The former reports of coherent beam combining
(CBC) in the ultra-intense ultra-short laser field focus on the phase
control technology and two-beam CBC. To study the four-beam
tiled-aperture CBC in the ultra-intense and ultra-short laser field,
we demonstrate four-beam CBC of femtosecond laser pulses based
on chirped pulse amplification (CPA) scheme. In this experiment,
the four beams were compressed using two grating compressors to
simulate the situation in ultra-intense and ultra-short laser CBC
systems. To achieve real-time measurement of the phase error
between the four beams, we introduced a continuous reference
laser and the phases of beams 2, 3, and 4 were locked to beam 1.A
combined efficiency of 57% was achieved. Although the coherent
combining efficiency is not very high, the possibility of a four-beam
CBC based on the CPA scheme was confirmed, especially with
different grating compressors which can reduce the limitation of
gratings in single beam petawatt lasers. Finally, the remaining
difficulties in the implementation of CBC of four beams and the
methods to improve its efficiency were analyzed. The use of CBC
in ultra-intense and ultrashort laser systems is of considerable
significance.

Index Terms—Ultrafast lasers, laser beam combining.

1. INTRODUCTION

IGH-power laser devices based on chirped pulse amplifi-
H cation (CPA) and optical parametric chirp pulse amplifica-
tion (OPCPA) techniques can create an ultra-intense laser field.
These devices have significantly advanced the development of
high-intensity field laser physics, such as astrophysics in the
laboratory [1], fast ignition [2], and laser-plasma electron and
ion acceleration [3]. Over the last three decades, the peak power
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of the high-power lasers has increased from several megawatts
(MW) to 10 petawatts (PW) [4]-[11]. In the last few years, 100
PW ultra-high and ultra-short laser projects have been proposed
by several research centers. A significant restriction for the 100
PW class laser devices is the dimensional limitation of the optical
crystals and gratings. To create ultra-high peak power lasers, new
techniques have been developed [7], [12]-[16], among these
methods, tiled-aperture CBC have been considered to be a most
promising way to overcome the limitation of the size of gratings
[12]-[14]. The tiled-aperture CBC is suitable for the high-power
laser facilities due to its peak intensity enhancement in the focal
spots. In a tiled-aperture CBC, several sub-beams propagate
through their respective amplifiers and compressors, parallel to
the same focusing element. The peak intensity of the CBC focal
spots is N? of a single sub-beam [17]. Therefore, the final output
of the laser is no longer limited by the full size of the crystals and
gratings. Tiled-aperture CBC is an effective method for further
improving the output capacity of high-power laser devices up to
100 PW.

To improve the feasibility of this technique for ultra-intense
ultra-short laser devices, both theoretical and experimental stud-
ies have been carried out in high-power laser fields [17]-[22].
However, these studies were mostly based on two sub-beams,
with only one article reporting a phasing method of tiled-
aperture CBC based on three sub-beams. In 2014, Bagayev
reported the experimental realization of tiled-aperture CBC
based on OPCPA, verifying the validity of this technique [23]
and motivating the potential use of tiled-aperture CBC in ultra-
intense ultrashort lasers. In 2014, Marco Kienel [24] reported the
realization of two sub-beams that actively controlled the divided
pulse CBCin a fiber CPA system. In the same year, Marco Kienel
[25] also reported the demonstration of two coherently polarized
sub-beams combined with CPA systems, which verified the
feasibility of CBC based on CPA structure and bulk amplifiers.
In 2019, our group reported the realization of two sub-beams
based on the CPA structure and multi-pass Ti:sapphire amplifiers
[26]. In 2019, Renqi Liu reported a phasing method for the
tiled-aperture CBC of three sub-beams based on a continuous
laser, which proposed and verified a practical phasing method for
multi-beam tiled-aperture CBC [27]. Multi-beam tiled-aperture
CBC is a crucial topic for ultra-intense ultra-short laser field.
Nevertheless, tiled-aperture CBC more than two sub-beams
based on CPA or OPCPA structures in femtosecond lasers has not
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Fig. 1. Experiment setup. Camera 1 is a high-speed camera with a maximum
frame rate of 543 fps at the full resolution of 1696 x 1704 pixels. Acquisition
speed of camera 1 can be improved to more than 4 K fps by reducing the frame
resolution. PZT delay line is based on piezoelectric transition actuator. Each

PZT delay line is mounted on a precision mechanical adjustment platform to
adjust the optical path difference.

/High Reflectivity Mirror / Beam Splitterl Pinhole Camera 1Camera 2

Grating | Turn-back mirror

yet been reported. In this study, we performed an experimental
demonstration of the four-beam tiled-aperture CBC based on
CPA structure.

To our knowledge, this is the first study to implement a tiled-
aperture CBC of four sub-beams based on CPA systems in the
ultra-intense ultra-short laser field. It was designed to investigate
the feasibility of the phasing method in a real four-beam CBC
system and experimentally determine the combining efficiency
of the system. For simplification, no amplifier was used for the
sub-beams. The four beams were arranged in a 2 x 2 square
shape in front of the focal lens, which is an effective way to
make full use of the mirrors. The four beams were compressed
by two grating compressors to study the influence of multiple
compressors on CBC, which is of considerable significance in
reducing the limitation of the gratings in the ultra-intense ultra-
short laser field. The phasing method was based on the near-
field interference fringe. To simulate the issues caused by very
low repetition for active feedback control of ultra-intense ultra-
short laser devices, we introduced a continuous-wave laser as a
reference light for phase error measurement.

II. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 1. A commercial
CPA femtosecond (fs) laser device consisting of an oscillator,
stretcher, amplifier, and compressor was used. The seed pulses
were emitted by a Ti:sapphire oscillator centered at 800 nm
with a repetition frequency of 80 MHz. The ~10 fs pulses were
stretched to ~230 ps by the stretcher in the time domain. The
repetition was reduced to 1 kHz at the regenerative amplifier, and
the energy of the stretched pulses were amplified by the regener-
ative amplifier to ~9 mJ/pulse. The full width at half maximum
(FWHM) of the spectrum bandwidth after the amplifier was 35
nm. The polarization of the light was vertical, and the diameter
was ~10 mm.

A reflection mirror was incorporated after the amplifier to
export the chirped pulses to the four-beam CBC section, with
a pinhole cutting the beam diameter to ~6 mm to fit the size
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Fig. 2. Spectrum distribution and re-compressed pulse duration of the four
sub-beams. Pulse duration is measured by the femtosecond single-shot autocor-
relator (Bonsai from Amplitude company), with the right image showing the
Bonsai software.

of optical elements. Three 1:1 beam splitters divided the main
pulse into four equal sub-beams. Two of the beams passed
through PZT delay lines 1 and 2 and were guided into the
same compressor. The compressor consisted of two gold-coated
gratings (1480 line/mm) and reflective mirrors. The other two
beams pass through PZT delay lines 3 and 4 and were guided
into another compressor. Finally, the four beams entered the
same focal lens in parallel. The spectrum of the four sub-beams
is shown in Fig. 2, and the pulse duration was recompressed to
~32 fs.

The repetition rate of the commercial laser system was 1 kHz.
To experimentally study the phasing method of low-repetition
CBC between four beams, a reference beam was introduced
(purpleline in Fig. 1) to measure the piston phase error and feed it
back. This is because we can capture the phase error signal at any
repetition through the CW laser. A continuous semiconductor
laser at 808 nm was used, and the beam was guided into the
main system on the opposite side of the first 1:1 splitter of the
signal beam. It was divided into four sub-beams and propagated
in the same direction as the main beam. This beam was set at a
slight angle to spatially separate the reference and main beams
before the focal lens. The four sub reference lights are reflected
out of the main optical path and guided with a small angle into
high-speed camera 1 to create a four-beam interference fringe.
Thus, the piston phase errors between the four sub-beams were
detected by camera 1 using the near-field interference fringe
method [28]. The phase errors between beams 1 and 2, beams
1 and 3, and beams 1 and 4 were derived from the interference
fringe by the process computer, and separately fed the phase
error signals back to PZT delay lines 2, 3, and 4, respectively.
The proportional—integral-derivative (PID) algorithm was used
in the processor to enable active control of the phase error.

The compressed femtosecond laser pulses were then focused
using a lens with a focal length of 1.6 m. The pattern of the
combined laser beams was captured using camera 2 (12-bit).
Pictures of the individual and combined beams are displayed in
Fig. 4, with (a)—(d) showing the four sub-beams, (e) displaying
the incoherent spot pattern with an open loop, and (f) showing
the coherent spot pattern with a closed loop. The patterns were
gathered at the same attenuation to study the coherent efficiency.
It is easy to figure out that, the peak intensity of the coherent
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Fig. 3. (a)—(c) Phase differences of beam 1 and beam 2, beam 1 and beam 3,

and beam 1 and beam 4, respectively, measured by the near-field interference
fringe method for an open-loop (blue line) and a closed-loop (green line); (d)—(f)
PSD recorded in the open-loop (blue line) and closed-loop (green line) of beam
1 and beam 2, beam 1 and beam 3, and beam 1 and beam 4, respectively.

Fig. 4. Beam profiles in the focal plane, with a focal length of 1.6 m. (a)—(d)
are the four sub-beams, and (e) and (f) are the four beams combined incoherently
and coherently, respectively.

laser beam is several times of the single beams and more than
three times of the incoherent one beam.
The CBC theory can be described using Egs. (1) and (2):

I(X,Y,t) = |E(X,Y,t)| ZZEmnXYt) :
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x exp(iwt)dwdzdy, (2)

where E,, ., (X,Y,t) is the far-field optic field distribution of
the (m, n) beam, E,,,(z,y,w) is the near-field optical field
distribution of the (m, n) beam, and ¢,,,,, (x, y, w) is the near-field
phase of the (m, n) beam.

The CBC efficiency is normally described by the peak in-
tensity recorded by the spot pattern according to the following
equation:

Is
pr— 2 5
(VI + Iz + VI + V1)
where Iy is the peak intensity of the far-field spot of the co-

herently combined pulses, and I1, 15, Isand I, are those of the
single beams.

3

III. EXPERIMENT AND RESULTS

The phase errors of the open-loop and closed-loop between
beam 1 and beams 2, 3, and 4 were recorded by the processor,
as shown in Fig. 3. In this experiment, the phases of beams
2, 3, and 4 were locked to beam 1 through the active control
loop in beams 2, 3, and 4. It can be seen from the figure that
the phase error is controlled when the active feedback loop is
closed. The root-mean-square (RMS) of the controlled phase
errors between beam 1 and beams 2, 3, and 4 were 0.47,0.42, and
0.54 rad, respectively, and the mean values were 0.004, 0.008,
and 0.0008 rad, respectively. The power spectral density (PSD)
of the phase errors (relative phase fluctuation between the two
sub-beams) are shown in Fig. 3(d)—(f). These curves illustrate
that the fluctuation of the relative phase is effectively controlled,
particularly below 100 Hz.

The maximum intensity of the beam can be obtained from
the peak pixel value of the focal spot pattern seen in Fig. 4.
The peak intensity of each sub-beam is 480, 380, 480, 460, the
incoherently combined one is 1300 and the coherently combined
is 4095. The CBC efficiency was 57%, as calculated by Eq. (3).
Although the combining efficiency is not as high as that of the
previously reported CBC of two beams (~90%), the results are
of great significance for four-beam CBC. In our experiment,
the phase error between each two beams is locked to the same
level with the previous two-beam CBC [24], and the two-beam
CBC efficiency is ~90% (for example beam 1 and beam 2),
corresponding to theoretical four-beam CBC efficiency ~73%.
The decline of the peak intensity of the CBC may caused by
the inhomogeneous distribution and alignment error of the focal
spots which can be seen from the decline of the incoherently
combined intensity. For the reason that the coherently combined
peak intensity is still more than three times that of the incoherent
one, the experiment is meaningful for the practical four-beam
CBC. Moreover, two grating compressors were used in this ex-
periment, which can effectively reduce the required dimensions
of the grating. This demonstrates the potential of multi-beam
CBC to improve the output of ultra-intense and ultra-short lasers
without extremely large gratings.

When locking the phases of beams 2, 3, and 4 to beam 1, the
phases of beams 1 and 2 remain relatively stable, as do beams 1
and 3, and beams 1 and 4. However, the absolute phase values of
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Fig.5. Beam profiles in the focal plane when the phase lock point is not well
matched to the focal spot (the focal length is 1.6 m).

the beams may not remain the same, thus causing a decline in the
combining efficiency, as shown in Fig. 5. To obtain the highest
combining efficiency, the locking point of beams 2, 3, and 4
should be adjusted by observing the peak density of the focal
spot. In our experiment, we adjust the locking point manually
according to the peak intensity of the focal spots from Fig 5
to Fig 4, which increasing the combing efficiency from 45% to
57%.

However, when locking the phase of beams 2, 3, and 4 to
beam 1, it is difficult to adjust the locking point manually. This
is a major factor influencing the low combining efficiency, as it
is difficult to determine the right beam to adjust. Our group
proposed a method utilizing deep learning of the coherently
combined focal spot [29], which could address this problem. In
subsequent studies, we will assess this method experimentally.

IV. CONCLUSION

In this study, we experimentally demonstrated a CBC system
of four beams based on the CPA scheme. To achieve real-time
measurement of the phase error between the four beams, we in-
troduced a continuous reference laser. The phase errors between
beams 2, 3, 4, and 1 were measured and actively controlled,
implying that the phases of beams 2, 3, and 4 were locked
to beam 1. The combined efficiency of this CBC system of
four beams was approximately 57%. The results show that the
coherent combined peak density is much higher than that of
the incoherent combined focal spot. This experiment verified
the possibility of a four-beam CBC based on the CPA scheme,
especially with different grating compressors which can reduce
the limitation of gratings in single beam petawatt lasers. This
is of considerable significance for the potential use of CBC for
ultra-intense and ultrashort laser systems.
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