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INSTRUMENTATION AND MEASUREMENT

Full stabilization of eight-channel Yb-fiber coherent beam combining
system delivering 1.18-kW, 1.18-mJ, 270-fs pulses
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We develop an ultrafast Yb-fiber laser system based on eight-channel coherent beam combining utilizing commer-
cially available rod-type Yb-fibers. To ensure good combining efficiency and long-term operation of the system at the
attosecond laser facility under construction, we fully stabilize the phase, group-delay, and beam-pointing of the eight fiber
channels. Especially, we propose a novel multi-step hill climbing method to control both group-delay and beam-pointing.
At a repetition rate of 1 MHz, this laser system delivers 270-fs pulses with 1.18-kW average power (1.18-mJ pulse energy).
The average-power instability of the laser system running for 12 hours is 0.32%.
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1. Introduction

At present, several countries around the world are ac-
tively constructing large-scale attosecond laser facilities, such
as Attosecond Light Pulse Source (ALPS) in Europe, Syn-
ergetic Extreme Condition User Facility (SECUF) in China,
and National eXtreme Ultrafast Science (NeXUS) facility in
USA.U'31 An advanced attosecond laser facility is under con-
struction in Dongguan, China, which includes six beamlines.
One of the beamlines is designed to produce high photon-flux
extreme ultraviolet pulses via high-order harmonic generation.
To meet the design parameters, this beamline demands fem-
tosecond driving pulses centered at 1.03 wm with > 1-kW av-
erage power and > 1-mJ pulse energy. These powerful and
energetic pulses can be obtained by using coherent beam com-
bining (CBC) of multiple Yb-fiber chirped-pulse amplifiers.
In 2020, Miiller et al. implemented a twelve-channel CBC Yb-
fiber laser system with an average power as high as 10.4 kW
despite the relatively low pulse energy of 130 pJ.[* In 2023,
Stark et al. developed a sixteen-channel CBC system incorpo-
rating temporal pulse division, which generated 32-mJ, 158-fs
pulses with an average power of 703 W.15

In a CBC fiber-laser system, one pulse is spatially split
into several replicas, then amplified in multiple fiber ampli-
fiers, and finally combined into one pulse to overcome the
limitation of single fiber amplifiers. Implementation of CBC
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requires active phase stabilization in order to ensure that all
pulse replicas maintain the identical phase and thus reach a
high combining efficiency; meanwhile, stabilization of rela-
tive group-delay and beam-pointing among pulse replicas is
demanded for long-term operation. To produce femtosecond
pulses with > 1-mJ energy, fiber-laser CBC systems normally
utilize rod-type Yb-fibers as the gain media. These fibers
have mode areas 100 times larger than conventional single-
mode fibers while maintaining quasi single-mode output.%!
Recently, NKT company has developed a new version of rod-
type Yb-fiber specially designed to suppress transverse-mode
instability (TMI), which limits the average power scaling in
fiber lasers.[”8] In 2024, we obtained 323-W output power
from a single amplifier based on this rod-type Yb-fiber seeded
with 30-W input power.[°! Given the superior power scalabil-
ity, this new rod-type fiber is well suited for constructing a
high-power CBC system. In 2025, we demonstrated a four-
channel CBC system that delivered a maximum average power
of 753-W and a maximum pulse energy of 1.07-mJ;!'° Wang
et al. constructed a six-channel CBC system producing fem-
tosecond pulses with 1.2-kW average power and 1.2-mJ pulse
energy.!!!l Unfortunately, both of these CBC systems only im-
plemented phase stabilization. However, lack of group-delay
and beam-pointing stabilization made these CBC systems vul-
nerable to thermal and environmental disturbance. Conse-
quently, they cannot be used for practical applications (e.g.,
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serving as the driving source of attosecond laser beamlines)
that demand long-term stable operation.

To date, most of the reported high-power Yb-fiber CBC
systems rely on Hénsch—Couillaud (HC) polarization detec-
tion or the locking of optical coherence by the single-detector
electronic frequency-tagging (LOCSET) method for active
phase stabilization.!'>!3] HC features simple signal process-
ing logic, large bandwidth, and small phase residual error.
However, the high complexity of combining structure and
electronic devices limits the channel scaling of HC-based
CBC, which increases even more when group-delay and beam-
pointing control is involved. LOCSET uses modulation and
demodulation processes to achieve phase stabilization with
a simplified combining structure, but each channel needs a
unique modulation frequency, which prevents the channel
scaling of LOCSET-based CBC due to the limited bandwidth
of the phase controller. In contrast, a hill-climbing method
called stochastic parallel gradient descent (SPGD) has simple
signal process logic, and needs only one photodetector (PD)
for phase stabilization of any number of channels, which ex-
hibits good stability and reliability when the number of chan-
nels reaches more than 100, making it an ideal method for
CBC with large channel number.!'"¥! Among all three meth-
ods mentioned above, the HC method offers the fastest cal-
culation speed, followed by LOCSET, with SPGD being the
slowest. However, SPGD excels in structural simplicity, and
the convergence for a small number of combining channels is
fast enough to maintain excellent stability and high combining
efficiency.

In this paper, we develop an eight-channel CBC laser
system based on NKT TMI-suppressed rod-type Yb-fibers.
Besides achieving phase stabilization by SPGD, we demon-
strate a novel multi-step hill-climbing method utilizing un-
combined outputs to control group-delay and beam-pointing.
By the compensation of high-order dispersion between pro-
grammable chirped fiber Bragg grating (CFBG) and grating
pair compressor, our CBC system delivers 1.18-mJ, 270-fs
pulses with an average power of 1.18 kW. The phase residual
error is A /29.5, and the root-mean-square (RMS) of average-
power is 0.32% in a 12-hour measurement.

2. Experimental setup

Figure 1 illustrates our experimental setup consisting of
five stages: frontend, beam splitting stage, main amplifiers,
beam combining stage, and compressor.

The frontend includes a Yb-fiber oscillator, a stretcher,
a pulse picker and three pre-amplifiers. The pulses emitted
by the 45-MHz oscillator center at 1033 nm with a spectral
width of 16 nm. These seeding pulses are stretched to about
1 ns by a stretcher made of two cascaded CFBGs with total

group-delay dispersion of 38.7 ps2. The third-, fourth-, and

fifth-order dispersions can be tuned by thermoelectric cool-
ers attached to both CFBGs. Afterward, the first pre-amplifier
based on polarization maintaining Yb-doped fiber increases
the average power to 300 mW, and an acousto-optic modu-
lator serving as pulse picker then reduces the pulse repetition-
rate from 45 MHz to 1 MHz. Finally, the second and third
pre-amplifiers increase the average power of pulses to 50 mW
and 40 W, respectively. The second pre-amplifier is similar to
the first one, and the third pre-amplifier is constructed using
a rod-type Yb-fiber configured at dual-pass. In this configu-
ration, the pulses undergo two amplification passes with the
aid of a high-reflection mirror, while their polarization state is
rotated between these two passes by a Faraday rotator and a
HWP. A pair of lenses are placed between two passes to min-
imize the beam divergence. The lenses in the telescope have
focal lengths of —50 mm and 150 mm, respectively. Such a
dual-pass amplifier ensures efficient extraction of pump power
leading to a much larger gain compared with the single-pass
configuration. At the output of the third pre-amplifiers, the
spectral width of pulses is reduced to about 10 nm, and the
pulse duration is around 700 ps.
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Fig. 1. Schematic setup of the eight-channel coherent beam combin-
ing system. CFBG: chirped fiber Bragg grating, ISO: isolator, WDM:
wavelength division multiplexer, PM-YDF: polarization maintaining Yb-
doped fiber, AOM: acousto-optical modulator, FR: Faraday rotator,
HRM: high-reflection mirror, DM: dichroic mirror, HWP: half-wave
plate, QWP: quarter-wave plate, TFP: thin-film polarizer, PBS: polarizing
beam splitter, PD: photodetector, LD: laser diode, PSM: piezo-steering
mirror, PZM: piezo mirror, LPS: linear piezo stage, BS: beam splitter,
BPF: band pass filter, SM: square mirror.

Third pre-
amplifier 3

The frontend output is spatially split into eight replicas (5-
W average power per replica) by a combination of half-wave
plates (HWPs) and polarizing beam splitters (PBSs). After
passing through delay lines made up of quarter-wave plates
(QWPs), piezo mirrors (PZMs) and linear piezo stages (LPSs),
the pulse replicas are coupled into eight main amplifiers. The
travelling ranges of PZM and LPS are 3 um and 10 mm, re-
spectively. Each main amplifier uses a commercially avail-
able (NKT aeroGAIN-ROD 3.1) rod-type Yb-fiber as the gain
medium, which is 80-cm long with a core diameter of 85 um
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(mode-field diameter of 65 wm). This rod-type fiber is spe-
cially designed to suppress TMI, capable of generating av-
erage power higher than 300 W.[®) The pump laser diode of
each main amplifier centers at 976 nm with a maximum out-
put power of 500 W.

The beam combining stage includes HWPs, thin-film po-
larizers (TFPs), high-reflection mirrors (HRMs), and piezo
steering mirrors (PSMs). In Fig. 1, amplifier channels, LPSs,
PSMs, and PDs are numbered in order from top to bottom. The
amplified pulse replicas undergo three-stage pairwise combi-
nation: eight replicas are combined to four, four replicas to
two, and finally two replicas to a single pulse. There are four
uncombined outputs in the combining stage, and small por-
tions of them are split by beam splitters (BSs) not shown in
Fig. 1 and collected by PDs numbered by 1, 2, 3 and 4. The
optical paths of all pulse replicas in the beam combining stage
are set to be nearly the same to avoid the decline of combining
efficiency caused by beam divergence, while the path differ-
ence introduced in the beam splitting stage is compensated by
delay lines.

A small part of the combined pulses is separated by a BS,
spectrally filtered by a bandpass filter (BPF) with 3-nm band-
width and collected by the fifth PD (numbered by 5 in Fig. 1)
for phase stabilization. The electrical signal of PD5 is pro-
cessed using SPGD method by a phase controller based on
field programmable gate array (FPGA), and the processed sig-
nal is then fed back to eight PZMs. An FPGA consists of
an array of programmable logic blocks and a hierarchy of re-
configurable interconnects that can be wired together to im-
plement complex digital circuit. In SPGD method, indepen-
dent random perturbations (du) are simultaneously applied to
all PZMs during each iteration. This yields the correspond-
ing change in the signal of PD5 (8J). For independent ran-
dom variables, the mathematical expectation of their product
equals the product of their individual mathematical expecta-
tions. When the mathematical expectation of each random
perturbation is zero, the expectation of the product of these
random variables exhibits orthogonality. By multiplying Su
and 0J, the gradient of the objective function (signal of PD5)
with respect to each independent variable (voltages applied to
PZMs) can be isolated, thereby enabling parameter updates.
The iteration formula is

0Jou
Unt1 =Uy, +G77 (1)
where U, = (ujuz,...,ug) is the current voltages applied to

PZMs, and U,y is the voltages in the next step. G is the gain
coefficient, and o2 is the variance of random perturbations.
The configuration of parameter G and o7 is contingent on the
performance of the PD5 signal. The signal stability critically
depends on these parameters remaining within a defined range.

SPGD method only requires one detector and one con-
troller, in which the voltages of all PZMs are taken as inde-

pendent variables, and the PD signal is taken as the objective
function. The gradient of the PD signal is solved by adding
independent random perturbation to the voltage of all PZMs
such that the combined output power can be maintained at the
maximum value through continuous iteration.

Apart from phase stabilization, it is also essential for CBC
to actively compensate the long-term drift of group-delay and
beam-pointing, especially when the CBC channel number ex-
ceeds four. This is because all channels have long-term drift
of group-delay and beam-pointing in different directions. As
the channel number increases, the total drift grows accord-
ingly and leads to a more adverse effect on the system perfor-
mance. Different from current group-delay and beam-pointing
control methods based on spectral and spatial filtering,!1>16]
we propose a novel multi-step hill-climbing method employ-
ing the electrical signals generated by PD1-PD4. The three-
stage pairwise combination mentioned above can be further
divided into seven steps. More specific, signals from PD1 and
PD4 correspond to the combination of eight replicas into four,
while signals from PD3 (PD2) corresponds to the combina-
tion of four (two) to two (one). The mismatch of group-delay
and beam-pointing in each step increases the signal of cor-
responding PD. In each iteration, the control of group-delay
and beam-pointing can be divided into seven consecutive steps
shown in Table 1. We use basic hill climbing method to min-
imize PD signal since there is only one independent variable
(voltage applied to LPS or PSM) and one objective function
(PD signal) in each step. This control process follows the gra-
dient descent principle. First, a fixed small perturbation (Au)
is applied to the controlled devices, and the resulting change in
the PD signal (AJ) is measured. The ratio between AJ and Au
provides an estimate of the PD-signal gradient. Ultimately, by
adjusting the devices along the negative gradient direction, the
system iteratively approaches the optimal operating point that
minimizes the PD signal. The group-delay and beam-pointing
are alternately controlled to compensate the long-term drift of
the CBC system.

Table 1. Control process of group-delay and beam-pointing

Step  Signal source  Devices under control ~ Combining channels

1 PD1 LPS1 or PSM1 1,2
2 PD1 LPS3 or PSM3 3,4
3 PD4 LPS5 or PSM5 5,6
4 PD4 LPS7 or PSM7 7.8
5 PD3 LPS1,2 or PSM2 1,234
6 PD3 LPS5,6 or PSM6 5,6,7,8
7 PD2 LPS1,2,3,4 or PSM4 all

After passing through a pair of lenses as a telescope,
the combined pulses (with 6-mm beam diameter) are com-
pressed by a pair of diffraction gratings (line density of
1739 lines/mm). The lenses in the telescope have focal lengths
of —200 mm and 300 mm, respectively. The telescope is used
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to minimize the beam divergence. As the nonlinear phase ac-
cumulated during amplification and the high-order dispersion
introduced in the compressor can be finely compensated by the
dispersion-tunable CFBGs, our CBC laser system can deliver
nearly transform-limited femtosecond pulses.

3. Results and discussion

The black, blue, and red curves in Fig. 2(a) illustrate the
total output power, combined power and compressed power as
a function of the total pump power. The output power of each
main amplifier is nearly the same, and all of them increase
linearly with the increasing pump power; the slope efficiency
exceeds 50%. As we increase the pump power from 0.21 kW
to 2.86 kW, the total output power varies from 0.16 kW to
1.47 kW, and the combined power varies from 0.15 kW to
1.31 kW.
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Fig. 2. (a) Total (black), combined (blue) and compressed (red) power
versus pump power. (b) Combining efficiency versus pump power.

The blue curve in Fig. 2(b) illustrates the combining effi-
ciency as a function of the total pump power. The combining
efficiency is maintained above 93% under low-power condi-
tions. When the total pump power exceeds 2 kW, the nonlin-
earity and thermal effects become significant, and, therefore,
the difference between main amplifiers gradually decreases
the combining efficiency to 89%. More specifically, the gain-
coefficient difference between the eight channels imposes dif-
ferent nonlinear phase shifts on the pulse replicas through
self-phase modulation and Kramers—Kronig coupling, which

causes the drop of combining efficiency at high power level.
Meanwhile, the heat dissipation differs among eight channels
and results in different fiber core temperatures; as the pump
power exceeds 2 kW, this temperature difference introduces
noticeable variation among beam profiles, which decreases
the combining efficiency as well. The maximum compressed
power is 1.18 kW, which corresponds to 1.18-mJ pulse energy.

Figure 3(a) shows the measured and transform-limited
autocorrelation traces and spectrum of the compressed pulses
at 1.18-mJ pulse energy. The red solid line represents the mea-
sured autocorrelation trace with a full-width at half-maximum
(FWHM) of 396 fs.
be 270 fs assuming a hyperbolic-secant profile.

The pulse duration is estimated to
The inset
of Fig. 3(a) shows the spectrum of the pulses centered at
1032.7 nm with a spectral width of 8.6 nm. The black dot-
ted line in Fig. 3(a) shows the autocorrelation trace of the
transform-limited pulse calculated from the spectrum, and its
duration is 232 fs. The red and blue lines in Fig. 3(b) repre-
sent the diameters of compressed pulses in the horizontal and
vertical directions after propagating through a 150-mm lens,
respectively. The beam quality factor (M?) is 1.20 x 1.20, and
the inset shows the far-field beam-profile with an ellipticity of

0.98.
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Fig. 3. (a) Autocorrelation traces and (b) beam quality of the compressed
pulses at 1.18-mJ energy. Inset of (a): optical spectrum, inset of (b): beam
profile.

Figure 4(a) shows the short-term average power change
of combined pulses measured by another PD (not shown in
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Fig. 1). The PD signal is filtered by a low-pass filter to iso-
late average power. The phase residual error calculated by
the PD signal is about A /29.5, which is typical for the SPGD
method.!!'”) Figure 4(b) shows the average power of the com-
pressed pulses measured at 1.12 kW by a water-cooled thermal
power meter. Within 12 hours, the standard deviation is 3.6 W,
indicating that the average-power instability (RMS) is 0.32%.
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Fig. 4. (a) Short-term and (b) long-term power stability of the compressed
pulses.

4. Conclusion and perspectives

We develop an eight-channel rod-type Yb-fiber CBC sys-
tem with excellent power stability. The phase stabilization
is based on the SPGD method, and the group-delay and
beam-pointing control are realized on a novel multi-step hill-
climbing method. To the best of our knowledge, we are the
first to propose and implement this multi-step hill-climbing
method for CBC. This CBC system delivers 1-MHz, 270-fs
pulses with the average power up to 1.18 kW corresponding
to 1.18-mJ pulse energy. Ongoing work is to further compress
the pulses to a duration < 30 fs using a gas-filled multi-pass
cavity.

The output power of each channel can be further in-
creased to 300 W by increasing the input pulse power from
5 W to 30 W,P! while the accumulated nonlinear phase can
be reduced by increasing the dispersion of stretcher and com-
pressor. The total output power of eight channels is expected

to reach 2.4 kW, leading to a combined and compressed output
power above 2 kW and a pulse energy above 2 mJ. In addition,
we are planning to increase the channel number to sixteen. To-
gether with the increase of input power, it is expected that the
average power (pulse energy) can exceed 4 kW (4 mJ). The
pulse energy can be further increased by time division tech-
niques. In 2024, Rainville er al. achieved the combination of
81 temporal replicas using coherent pulse stacking amplifica-
tion (CPSA), and generated 10-mJ pulse energy from a single
fiber amplifier.['8) Combining with this CPSA technology, Yb-
fiber CBC systems are able to produce multi-kW femtosecond
pulses with sub-J level energy, which constitutes an enabling
research tool for particle acceleration.
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