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Bk (stochastic parallel gradient descent, SPGD)
HUA % B R R TSRO0 AN, 7R85 s N T
100 #EIFRBLILSE.

ASCHEEE T T 4 PR EERIROGET CPA TICR
M EZA TG MRS, i SPGD 2 52 HURH A 8
JE, M E B EERME RS T EE MR 1 MHz,

014205-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 3R Acta Phys. Sin. Vol. 74, No. 1 (2025) 014205

IR Ny 672 W K SEh 242 fs 1R BT ik,
DT 30 min N YREE M, DI 7 R1E
(RMS), BRI 5 FEREL/INT 0.9%. H4 HE S0
FFELE 500 kHz I, kopaeRt il 48+ 2 1.07 mJ.

2 LI E

FEG R E WA 1R, AR IR e
Jr FE A% | L ERER A = PR KA. WHR A% A Y
HULER Y 1033 nm GRS TEREN 16 nm , EAZHIR
N 45 MHz (R, Ziiid )y 38.7 ps? 11 CFBG
JEGE 2 1 ns. CFBG A RIS, A oM
B LAY s B . 56 1 Ui R A ik b i~ 34 )y
FERTE R 300 mW, FH Tk ik B 75 I8 il 25 Bl
Ja ¥ B IR EARE 1 MHz, SFH TR BEEILE
4 mW. 55 2 A 3 IR ARNG T3 DR 4K K
TR 50 mW AR 20 W, Xt B ik ol BE 5l 50 nd
F120 wJ. 7 CFBG 5| AR i m ARG LT,
W WK Kk e JOk B R G 5 BE B IE L, A2 45 28 AR AN
TEERARAT LIS, 28 A Sy 1 0 ok b G R ek
/N 10 nm A2y, BkiisE BEZ) 700 ps.

TR K 2 B i 2 s AT 1, 28 D
O3 R L) o RS IRAE 25 18] 3y 4 B, BEi%
SR N 5 W, ik i 1/4 R RSB RE H
Wi (piezo-electric ceramic transducer, PZT) #4
BUIEIRZR S5 A 4 B FHOREF ook, A7 F 3k

[oewp Juwp [TFP [DM [HR L [\]PBS mmmPZT [hLD

RAFTMNG 1/4 % = BT 3 v ik e i i B
AR R BR, DI/ NS i AR 8 07, T
PZT B4R R 9 pm, EHRKHEIEET NKT BiE#E
RIELF (NKT aeroGAIN-ROD 3.1), % GE4F K £F
S EAEN 85 pm, Big RN 65 pm, Fi6)ZH
# 260 pm, KJEH 80 cm, {fi /KB B, Sk
WO FE 3 PR P D K BB AE 976 nm AYE
0, K5k 500 W.

P21 R | TR IR B RS S B R B A A SR
S IOR G BBk a S —A, Hoh RO e 3 4
SRR, O R R O [ 1 A B T 1
. G RUE Rk 25 W IR 2 T3 2 —, it
W HEZ9 3 nm WY OGIE IE I A 8 S O P B I Y
o, SRIGHOCHIRINZISCER , PRINES 1) S A5 5 9k
H 45 A [l B A B S I i 4 PZT, 52T SPGD &
POt RO E . 5 ARG, N A R
N — 1AEEIES ) HC AHABTE AR, SPGD ¥
AT B — AR R, AS B AL, 072K 45 %
PZT [ A [ A8 &, R 40025 0 R B A 51
kg F bR sR B, 0 5 045 6 PZT (%) H HE R i <7 i
BUSAIE Y 7 20 B b sR B B B I 2510 Sl AN
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Bl 1 PEEHTE ARG R EE, Hd Front end AYGEF R, QWP Ry 1/4 3%, HWP 2Kk -, TFP b #BR & A, DM i
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Fig. 1. Schematic setup of the four-channel coherent beam combining system, where Front end is fiber front end, QWP is quarter-
wave plate, HWP is half-wave plate, TFP is thin-film polarizer, DM is dichroic mirror, HR is high-reflection mirror, L is lens, PBS
is polarizing beam splitter, PZT is piezo-electric ceramic transducer, LD is laser diode pump, Rod-type fiber is rod photonic crystal
fiber, BS is beam splitter, Filter is spectrum filter, PD is photodetector, Control circuit is electronic phase control circuit, TG is

transmission gratings.
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Fig. 2. Relationship between output power, efficiency and pump power.
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Fig. 3. Autocorrelation trace, spectrum and beam quality factor of compressed pulse.
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Fig. 4. Power stability under different time scales.
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Fig. 5. Relationship between output power, efficiency and pump power at 500 kHz.
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Fig. 6. Autocorrelation trace, spectrum and power stability at 500 kHz.
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Abstract

Ultrafast fiber laser sources with mJ-level pulse energy and kilo-watt average power are of particular

importance for various science fields such as attosecond lasers. Currently, several large-scale facilities for
attosecond lasers, including ELI-ALPS in Europe, SECUF in China, NeXUS in America and ALFA in Japan
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are under construction. High-performance femtosecond driven lasers are crucial for attosecond lasers and various
ultrafast laser facilities. Fiber lasers have a large surface-to-volume ratio, which enables efficient cooling and is
suitable for high average power amplification. However, due to small mode area of optical fibers, detrimental
nonlinear optical effects such as self-phase modulation, four-wave mixing, and stimulated Raman scattering
limit the peak power of pulse to hundreds of MW, corresponding to pulse energy of hundreds of pJ for
femtosecond pulses in large mode area rod-type fibers. In addition, the average power of fiber lasers is limited
by transverse mode instability, which reduces the stability and quality of beams above a certain threshold. In
rod-type fibers, the threshold is about 250 W. Neither average power nor pulse energy emitted by single fiber
meets the requirement for attosecond laser generation.

The average power and pulse energy can be further scaled by coherent beam combination, which involves
splitting pulses caused by an frontend laser and recombining them after amplification. It is essential for
coherent beam combination to maintain the coherence of pulse replicas, which usually involves high speed
photodiode detectors, piezo-driven mirrors, and other electronics forming a feedback system to actively control
the phase of all replicas. We present a high-energy high-power ultrafast fiber laser system by using filled-
aperture coherent combination of four ytterbium-doped rod-type fiber amplifiers. The phase control is achieved
by using stochastic parallel gradient descent method. The frontend includes a passively mode-locked Yb-fiber
oscillator, a stretcher, a pulse picker, and three fiber pre-amplifiers, which delivers 1 MHz stretched pulses
centered at 1032 nm with 700 ps duration and 20 W average power. The pulse is split into four replicas by
polarization beam-splitter and half-wave plate pairs, and the replicas pass through delay lines formed by piezo-
driven mirrors before amplification. The pulse replicas are equally split and amplified to ensure the same
accumulated nonlinear phase, and are combined by thin film polarizer and half-wave plate pairs. A small
portion of the combined pulse is split and collected by a photodiode detector after being filtered spectrally and
spatially, serving as a signal for controlling phase. The combined pulse is compressed by a compressor using a
double-pass diffraction grating pair consisting of two 1739 1/mm gratings.

At a repetition rate of 1 MHz, our four-channel Yb-fiber coherent beam combination system generates a
combined average power value of 753 W and a combination efficiency of 87%. By utilizing an adjustable pulse
stretcher and compressor, a 0.67 mJ, 242 fs near transform-limited pulse can be generated with a compressing
efficiency of 89%. The compressed pulse is centered at 1032 nm, and the spectrum width is 8.8-nm. In the 30 min
measurement, the root-mean-square of average power is less than 1% , while the residual phase error is less than
/23, indicating excellent stability on different time scales. The beam quality factor of the 0.67 mJ compressed
pulses is 1.17x1.11. At 500 kHz, we obtain pulses of 1.07 mJ and 247 fs with average power of 534 W,
exhibiting similar efficiency, long-term stability, and beam quality. The residual phase error decreases below
A/29, indicating better short-term stability. Further scaling power and energy can be achieved by increasing the
number of channels. By adding the delay stabilization system and pointing stabilization system, which are
currently under development, an eight-channel CBC system can be used to generate 1 kW, 2 mJ pulses.

In this work, we implement a four-channel coherent beam combining system based on the SPGD method,
and obtain compressed pulses of 673 W, 673 pJ, and 242 fs at 1 MHz and 534 W, 1.07 mJ, and 247 fs at
500 kHz. Both power and energy can be further improved by increasing the channel number, and adding the
delay stabilization system and pointing stabilization system which are under construction. By adding coherent
pulse stacking amplification technology, the coherent beam combining system ought to generate pulse energy as
high as 100 mJ, which constitutes the energy source for applications such as laser wake-field acceleration.

Keywords: ultrafast fiber laser, high power and high energy, coherent beam combining

PACS: 42.55.Wd, 42.60.—v, 42.81.1 DOI: 10.7498 /aps.74.20241476
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