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Fig. 4 Diagram of integrated CPA system with PM fiber

K7 R — 2 R 37 T R AL, )2 4B 8 O 2T R B 14 i
KIG - Bl — %t 35 5 M R 4, e 283k A5 T EH RN
50 MHz F349 3l 3%k 24 W bk v 58 B K 198 fs B ik
.

AR B T T 2 A B oL
OGO B SE T /E, 2014 4F, 7S 15 5 41 38 i ff
SESAM iEEF fz #h R T 2% 45 & 26 4F MOPA £
AL ST OB K 1030 nmL EETIE K 101 W,
JEIEAT e K 1. 46 nm  FE AN 29 MHz ik b 9 B
N 36. 6 ps M ERCRRICR R 76, 7% . Nk
— 54 R I 1 K o R R TR DL 25 R SRR
b A TR R FH Ik e R K Ik o i A AR B AIG
% 1. 83 MHz, I F T iR 6 45 X445 5 ot ik o ik 17 e
BEL7E 1064, 1 nm H0 K AR T ¥ R R
131 W OG3EH 960 9. 27 nm., Bk v 55 BE R 800 ps.
FAFKehRESE R 72 ] WY B2 RD K ol i R RO 35 #)
80.1%, 2018 4  AEI R IE T — L4
T di 2 B MOPA 2457, [ARE R H JC W6 £F & i
P8 MOPA 454,78 1064. 5 nm .0 3 K 4b 3875
TR 225 WO B E AR 58, 2 MHz, ik i 58
JE 80 ps Y4 Hi . K PR 1 U ) I 4 O R A
M* 5351k 1,41 F1 1,49, 0% 14,5 dB,

S T HE— 5 A T 3 T SRR A T R
ARURBA TR T H T BEOLS CPA AR,
FEZ R TAE R JE Rl b G 27 AE Sy Ji v 2%, [ s )

[33]

FH 7 6 8 il 5 CAONMD AE by Jbk i i % 4% .50/400 pm
PN R LU (S N 7R W ot DR (SR ]
PR T OB N 1064 nm IR N 106 W,
FENIR N 4. 93 MHz Sk 58 B R 13. 6 ps A=)
R RGO R KRB R 21,5 ) (R
HYIEN 1.6 MW, 2016 4%, A B A5 4 ik — 25 1)
A 2 M A0 S B A 1 AR A T B B € Bk R R,
5L KR CPA 2GS BB MNE 5 Bis, H 1.5 pm
WBRBPBOL W — B AR Mot & i =g K=
AN AE 1 pm P BRSO T8 40 nm 1Y &
BRI Tk o O L 5 LGS R B N X A TRk
R FERIOK . 3 A JC R £ bk o R BE IS L R
B A LR RO A X i B T R AT — 2B UK B
ZOARAT 125 WA 1 2y 2, I bk o 98 BE Ol 525 ps.s
Xof IO B AP T 2R 13,6 KW, ) P W ik A< A 4% O
W CCVBG) 45 3 X Ik vh i 47 R 46 )5 . 345 1 F 1
Dk 107 W EE MR N 17.5 MHz 0K R
1064 nm . kb %8 Ky 566 fs kel 6.1 pJ 1Y
Btk . 2018 45 AR IR BIAL 7E Z A0 TR /Y 3 ah
PEAT Tk — A4k L 8 i AOM ¥4 ik vh 5 2 491 R (%
K% 1. 09 MHz, 3R JH 3% 55 26 M 2% 4 4y 56 4 R
() CVBG 5 N 45 %% . 7E 1065. 1 nm H0 i K 4b 52
MTFHRR 7.7 W kapfE RN 7.1 o],
10 dB Y6 G B N 21, 4 nm. Kb 95 8 Ry 270 s 1y
7 A W0 T R — BT & 26 MW,

0501003-5



F£48%E 555 H1/2021 £ 3 A/HERE

B 5 R CEDOLL CPA RS R & EEY
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Fig. 7 Diagram of fiber chirped pulse amplification system
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Fig. 8 Diagram of high energy femtosecond fiber CPA system
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Fig. 9 Diagram of all-polarization-maintaining NALM mode-locked fiber oscillator, and diagram of 1.03 pum picosecond
CPA system[m . (a) Diagram of all-polarization-maintaining NALM mode-locked fiber oscillator; (b) diagram of

1.03 pm picosecond CPA system
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PCF F R 7m &1
Fig. 10 Diagrams of experimental setups of domestic PCF amplification. (a) Diagram of all-fiber oscillator and pulse

stretcher; (b) diagram of double-cladding fiber amplifier; (c¢) diagram of domestic PCF main amplifier
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Fig. 11 Spectrum and autocorrelation curve of mode-locked oscillator. (a) Spectrum; (b) autocorrelation curve
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Fig. 12 Output spectrum after primary pre-amplification, and pulse shape broadened by passive fiber. (a) Output

spectrum after primary pre-amplification; (b) pulse shape broadened by passive fiber
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Fig. 13 Output spectrum and pulse shape of 30/250 pm ytterbium doped fiber amplifier. (a) Output spectrum; (b) pulse shape
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Fig. 14 Output power as a function of pump power in main amplification stage, and autocorrelation trace of compressed

output pulse after main amplification. (a) Output power as a function of pump power in main amplification stage;

(b) autocorrelation trace of compressed output pulse after main amplification
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Fig. 15 Diagram of end-pumped thin rod Yb : YAG amplifier”
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Fig.16 Evolution of fraction of pump power absorbed in central part of SCF, and temperature distribution of SCF pumped

facet in Taranis module and conventional mounting technique

5% (a) Evolution of fraction of pump power absorbed

in central part of SCF; (b) temperature distribution of SCF pumped facet in Taranis module and conventional

mounting technique
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Fig. 17 Diagram of Yb : YAG thin rod and multi-pass disk amplification system

FE 2020 4 19 foB TAE R T OB LR oA B AR &
T P 9% SCF R S0 15 B, 40 58 15 5 L 7 3 7
RIEKFN 7.2.26.7,96 W, T4 25 2 LSO L ik
KI5 B vp 63 4 55 4 2. 8 nm, i@ 3F CVBG X ik
PR AT 4 L ik o v BE R AR 2 2.5 ps . HOM R YO
B IR N 67,8 WO BCR N 72, 4%,
2020 AR, A% PR A AE P AR IR S5 5 X
Yb: YAG FERIRFART Yb © YAG B0 6 £F (1 -
JEHE R, K BB TG AT B B ok R T
D2 X (5+40+5) mm BN 1% ER S,
I — 2R A A R SR @1 X30 mm 3B 24 A
1% Taranis BEHZE A NALM WG4 IR % 2T T
BAROLET A R SE R S, e A A 18
JIE R S AR L PR TR BRI B5 DR ' 2 80Ok B 10 i 43
RV B, — B A S S R I A ik R A D — I
RUEEAR S IR R AT AN, FAE R
LM A BT AR v R & 0 IR Bl He . 3 e R
E I AR 3 BBO, 33X BT M B A T TR Y 1/4 DK
KHE, BHEiTE .4 mm>X4 mmX25 mm A BBO

940nm LD M6 M35 ‘z:{{/gxgg‘lal
S \ M=13 ,
b_:| = SCF M3 1= g’
N § N7
@ Position
M4 M2 \ TFP
~aLy | Collimator_ "TFP_ TFP|  Dual-BBO
Oscillator
ISO FR HWP QWP M1
Output

Pl 18 BA 2 AR K B R

Fig. 18 Diagram of SCF regenerative amplifier™”
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output
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quality factor of SCF dual-end-pumped four-pass amplification.

(a) Diagram of reverse-pumped double-pass

amplification; (b) diagram of double-ended pumped four-pass amplification; (c) output power of Yb : YAG

crystals of different specifications during reverse pumping; (d) output power of Yb : YAG crystals of different

specifications during dual-end-pumping; (e) beam quality factor of SCF dual-end-pumped four-pass amplification
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Abstract

Significance High-power ultrashort pulse lasers have significant applications in the fields of industrial high-end
precision machining, high-order harmonic generation, and spectroscopy. Since the 21st century, countries around
the world have successively launched their own manufacturing upgrade plans to focus on the development of high-end
precision machining. This puts forward higher requirements for ultrashort pulse lasers and makes them toward the
direction of high power, compact structure, high stability, low cost, simple operation, and maintenance.

The average power of an ultrashort laser oscillator does not meet the requirements of high-end precision
machining. Therefore, it is necessary for further amplification by using the master oscillator power amplifier
(MOPA), regenerative amplifier (RA), chirped pulse amplification (CPA), divided-pulse amplification (DPA),
coherent beam combining (CBC), etc. An RA provides 60 dB pulse energy amplification, but however, the Pockels
cell inside the RA cavity requires high-voltage driving which reduces stability. CBC can be realized by using multiple
amplifiers and multiple time delay line, and it is sensitive to the environmental disturbance. As a result, MOPA,
CPA, and DPA are often used to obtain low-cost, high-stability, and high-power ultrashort pulse lasers. The gain
materials used in the amplification technologies mentioned above can be categorized as fiber, rod or bulk crystal, slab
crystal, thin-disk crystal, and single-crystal fiber (SCF).

Ytterbium-doped fiber is widely used in the ultrashort pulse oscillator and amplifier due to its large gain spectrum
bandwidth, high optical-to-optical efficiency, and high beam quality. However, the limited core diameter of fiber
causes strong nonlinear effects, pulse distortion, and even damage when high-peak power pulses pass through. In
order to reduce the nonlinear effect of fiber while maintaining the fundamental transverse mode, two solutions have
been investigated. One is to stretch pulse duration and compress pulse duration after amplification, which is a well-
known CPA technology; the other is to expand fiber mode field area, which uses a large mode field photonic crystal
fiber (PCF). The restriction for single-channel ultrashort pulse amplification is a self-focus nonlinear effect; the
threshold is usually lower than 4 MW. CBC technology can avoid self-focus effect and can further increase average
power to 10 kW. Nonetheless, the CBC system increases complexity and cost.

The most commonly used crystals for ultrashort pulse amplification are neodymium-doped crystals and
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ytterbium-doped crystals, for instance, Nd : YVO,, Nd : YAG, and Yb : YAG. Compared with Nd** doped crystals,
Yb** doped ones exhibit small quantum defect, wide spectrum bandwidth, and weak concentration quenching effect.
Yb : YAG crystal shaped in slab or thin-disk configuration, pumped by high-power laser diodes, can realize ultrashort
pulses with kilowatt average power. However, a slab crystal amplifier contains a signal shaping system with a
complex pump light path; a thin-disk crystal amplifier needs multi-pass pump light path and signal light path.
Therefore, the high complexity and high cost of these two structures are inevitable.

The SCF amplifier developed in recent years has promising application prospects. Side-polished thin Yb : YAG
crystal is soldered in heat-sink with minimalized void rate, enabling pump light to travel in a waveguide. Large mode
area, excellent heat-dissipation, and high-brightness pump improve its optical-to-optical efficiency, average power,
and peak power simultaneously. With the continuous improvement of the brightness of fiber-coupled laser diodes, the
amplification ability of SCF and rod (bulk) crystals will be further improved. Therefore, it is possible to obtain
simple, cost-effective, reliable high-power, and high-energy ultrashort pulse laser by combining the fiber front-end
and SCF or rod (bulk) crystal amplifier. This kind of amplification technology can not only be directly used in
industrial applications, but also can be used as the front amplification stage for the slab and thin-disk amplifier, which
greatly reduces the complexity and the cost.

This article summarizes the domestic and abroad research progress of ytterbium-doped fiber lasers, PCF
amplifiers, SCF amplifiers, and rod (bulk) solid-state amplifiers in recent years, highlights our work in the fields of
ultrashort pulse fiber lasers, PCF amplifiers, and solid-state amplifiers, and discusses and prospects the future
development direction of hybrid amplification technology.

Progress The beginning of ultrashort pulse amplification is a mode-locked oscillator. The stability of the mode-
locked pulse train has a significant impact on amplified pulse train. Therefore, a polarization-maintained (PM) mode-
locked all-fiber laser with strong resistance to environmental disturbance is preferred. In recent years, a PM all-fiber
oscillator has been widely investigated (Fig.1 and Fig. 2). Ultrashort pulses generated by an anti-disturbance all-
fiber oscillator need to be amplified in order to meet more applications. According to different shapes and materials,
amplifiers can be classified as all-fiber amplifier, PCF amplifier, SCF amplifier, rod-shaped crystal amplifier, and
fiber-crystal hybrid amplifier. In 2016, Shi's research group from Tianjin University has achieved an average power
of 117 W, pulse duration of 11 ps, repetition rate of 15 MHz, and pulse energy of 7.8 pJ by using an all-fiber MOPA
(Fig.3). In 2017, We reported an all-fiber picosecond MOPA system with an average power of 225 W at repetition
rate of 58.2 MHz (Fig. 5). In order to reduce the impact of nonlinear effect in the process of fiber amplification and
increase the output average power and pulse energy, PCF has been developed. In 2017, Lavenu et al. from France
presented a high-energy femtosecond ytterbium-doped fiber amplifier delivering 130 fs, 250 pJ laser at 200 kHz. In
2020, we have built a PCF CPA system by using domestic home-made PCF, which achieves 140 W, 167 ps laser at
1 MHz (Fig. 10). Combining fiber amplifier and crystal amplifier is an attractive amplification technology, which not
only increases pulse energy and peak power, but also improves the compactness and stability. In 2020, Beirow et al.
from University of Stuttgart reported a simple and compact single-stage Yb @ YAG single-crystal fiber amplifier
delivering 290 W, 6 pJ laser at 48. 5 MHz. With the improvement of pump light brightness, it is possible to
achieve an average power of greater than 100 W by using the rod crystal. In 2019, we reported a low-cost hybrid
Yb @ YAG thin-rod MOPA laser pumped by high-brightness laser diodes, which delivers 100. 4 W, 7 ps laser at
20 MHz (Fig. 21).

Conclusions and Prospects Ytterbium-doped fiber lasers are widely used because of their compact structure, high
stability, and simple maintenance. However, the limited core diameter restricts the peak power of ultrashort pulses.
The threshold of self-focus nonlinear effect of quartz materials limits the amplified peak power. This limitation can be
effectively overcome by using ytterbium-doped crystals. Fiber-crystal hybrid ultrashort pulse amplification effectively
combines the high gain of fiber amplifier and the high peak power and high pulse energy of the crystal amplifier. By
employing the CBC technology and a high brightness pump source, the amplification efficiency, amplified average
power, and amplified pulse energy will be further improved. The development of efficient room temperature heat-
dissipation technology is a direction for future investigation.
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