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M1 and M2: end mirrors
TFP: thin-film polarizer
FR: Faraday rotator
QWP: quarter-wave plate
HWP: half-wave plate
PC: Pockels cell
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Fig. 1 Schematic of regenerative amplifier
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Table 1 Basic properties of Yb-doped laser materials

Laser material T /ps az,_r,/(lo;‘m « cm’) 1/ (107« cm®) A)X /nm K/(Wem '+«K"H
Yb : YAGHY 951 0.75 2.1 10-11 5.7
Yb : KGW™! ~600 12 2.8 20 3.3
Yb: KYW(n, )™ 600 13.3 3.0 16 3.3
Yb : CaF,"*" 2400 0.54 0.25 70 9.7
Yb : CALGO™" 420 1. 0¢a) 0.75Ca) 80 6.3
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Fig. 2 Heat dissipation schematic of thin disk
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FHARLR PR R A a5 30 F W Rk 422 [ AH 37 34
il 51 A AR WK B SR 28R A5 3 T F 0l 200 W
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Fig. 3 Diagram of nonlinear amplifier™ . (a) Experimental equipment; (b) evolution rule of pulse during amplification process
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REHE R 46 p] . Bk oh 55 BE R 695 fs M AP IOE ik
KUY, 2015 4E, Pirzio &Yl LT Yb £ SSO &
TR AR OR R G5, AR AS AR N 500 kHz, FLfik
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Fig. 5 Schematic of four-pass travelling-wave amplifier
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Fig 6 Schematic of double-ended pumped slab laser technology
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Fig. 7 Schematic of single crystal fiber
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JELF TR KO SR R E AN 1T mm K
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X E AT A 30 MHz, ik vh 58 B2 R 270 fs 19RO B
BEEATHOR  JG S F ¥ TR R 175 Wbk Kol
940 nm WM E R . 4 GT1 B IR 4 J5 15 2] F 1y
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A AL BTG S ]S B 45 2 DG R fel
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B2 . 2013 4F Délen %557 5] ABUEALAZE A 0. 15,
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Va4 T 2 515 By B 45 5 D e, [ B OR
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REfE AT 35 1 m], [A) B ok o 5 BE A Ry 380 fs, SE50
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8 ol = 6 Bk b i AT BOR 7E P Gk 300 WAV )
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FAE W H N 83,4 MHz 1 w5 M 38O Bk ob i i
BEAM, 2020 4F L Li %5 % G 28 -9 5 L £F 1R A i
K77 A RAT T AL TR Ok
Uit Y £F AR % 4 Hh 0 A R O 1 MHz, V35 1)
KR 92 WHFNFIEARBRKE N 1Y HRE
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KT L 112 W BB R 40, B b 78 = 2
RIEIN T 5 6 28 #GR DAY 5 L TR 45 550R AR
73.8% , FE4A 5 KA Ik of 5 A 660 fs.oF-Hy TR
90 W B R OGN . BRIk Z Ah B T AR
O AR B RN 43 381 ik b s R S R A o O AT
FEH K AR I F R AF 1k, B34S T T 0 Y A
TR

FEF B SOREF AT IR #5802 e AT R AR K
PR BOE TR B — R 20, LA YAG B8 g 6 45 1y 14

ik A0 s 5 G 52 WA B UK IR B AR Y )
YAG B FOGER i 4 Ak BR A BERS L £ Y ~ 50 A,
S AT IRIE 10 kW RS SR 4 Y H R R i R
JCEF BT 5475 9K o BT A R e AL i R AR K S 7
T 5 [ B di g AKCEATS A AN /N 1Y 22 1B B T 58 B9 AN
Wi IR A B B B 2R A K T2 AR T B AR TEAS
ABPREOR  BE T BRAOCL R R G2 s T &4
Tk B BT 458
3.4 ETH BRRBENTRBRHAR

Z RT R OGET A  A TZ2 BF SN O B
5 AN A AT B R TS B A G R AR (RO TR
. 2017 4F,Rodin % FHRSE A 2 mm X 2 mmX
20 mm B9 Yb + YAG @ RZAGH A WH N 10 kHz,
kb RERE K 3.5 m] WYAT B R F . IR xR
1 mmX40 mm BN 120 Yb = YAG I
T E5RT N5 mmX5 mmX5 mm.5% B2,
5mmX5 mmX20 mm.2%#Z%,2 mm X2 mm X
20 mm. 2% B2 Yb ¢ YAG HOR G AR T3 e sz
B, AR AR R A9 2 T AR RO 5 2R AN ER 2 TR

# 2 Yb: YAG SCF Ml Yb: YAG HUR FATE 940 nm #1969 nm ZEH T #Y CPA g™

Table 2 CPA of Yb: YAG SCF and Yb :

YAG rods pumped at 940 nm and 969 nm"*"

Pump power /W  Seed repetition /kHz

Output power /W

Small signal gain /dB M?* M?

Yb : YAG SCF with size of 1 mmX40 mm and doping concentration of 1% under 940 nm pump

70 100 8.5
105(70+35) 100 21
120(70+450) 500 26

17 1. 06 1.07
26 1.09 1.09
28 1.13 1. 10

Yb : YAG rod with size of 5 mm X5 mmX5 mm and doping concentration of 5% under 940 nm pump

70 100/500

7.2/7.8

17 1.10 1.17

Yb : YAG rod with size of 5 mm X5 mm X 20 mm and doping concentration of 2% under 940 nm pump

70 500 11.2

24 1.17 1.08

Yb : YAG rod with size of 2 mm X2 mm X 20 mm and doping concentration of 2% under 940 nm pump

70 500 13.5
120(70+35) 500 39.5
140(70+50) 500 47.5

25 1. 06 1.08
40 1.07 1. 09
42.3 1.13 1.17

Yb : YAG rod with size of 2 mm X2 mm X 20 mm and doping concentration of 2% under 969 nm pump

87 500 17.9

24.4 1. 06 1. 06

R 2 W] LU A8 B O £F R ik 1) 45 4 AT
DL 38 AR K I B N R R R T (R
FH L T AL GE PR BB, LT 26 AR TRk 7 1 4 th 2
LI A RSB BN H. 2018 4,
Kuznetsov 255 4 5l 2F 30 4% 4 H A9 5 & 0% N
3 MHz, Bk 98 B 4 300 fs SFH IR A 3 W K FlF

e kB E 11,5 kHz, FIFH CVBG 1E J & 55 2%, %
ok o S BE e BE 2 2 ns, AEARTHYIFE 50 W IIE AL T,
PRI RORE 2.8 W, Jagef HEA
FIHTF —H 30 mm K. 2%B4H Yb : YAG #Hik
B R PEROR 88 P L 4 CVBG IR 45 )5 S & 3115 F
¥jyy#hy 28 W H AR 11,5 kHz Bk o G &
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e TE B BR ] K g B CVBG BT 2%, Wk vh 55 B
2.8 pso

2018 4F, Veselis 2 DL E & JH Ky 200 kHz,
Bk R RE RN 2.3 ] YOG ZF Wi I K B R N
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* All-in-fiber seed source
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P8 XU 7K 56 0

Fig. 8 Experimental setup of double-pass travelling-wave amplification™
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MR AAR I E 77 KO F AR RS mE N ESR
%A 100 kHz B K v BE 52 4 40 p] MFP 6200
WK E 2.5 m], X RPNy 250 W, ik b 58
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FEAR IRV 5 F 18 25 63535 10 nm(a U1, 32 400 fs
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Fig. 9 Layout of the four-pass polarization switched

amplifier™”
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Abstract

Significance In 2018, Gerard Mourou and Donna Strickland were awarded the Nobel Prize in Physics for their
work on chirped pulse amplification (CPA) technology, which provides a reliable concept for improvement in
femtosecond-laser energy. Ti : sapphire femtosecond amplifiers have been developed using CPA technology and are
widely used in the fields of attosecond science, and strong-field physics. Due to the limitations of pump power and
thermal management, the repetition rate of Ti:sapphire amplifiers is typically less than 100 kHz. However, high-
repetition-rate amplifiers at several hundred kilohertz and megahertz are essential for some scientific and industrial
applications, such as XUV optical-frequency combing, high-flux high-harmonic generation, angle-resolved photo-
emission spectroscopy, and micromachining. Under a fixed pulse energy, work at a high repetition rate means work
at a high average power, which causes severe thermal issues.

With the rapid development of diode-pumping technology since the 1990, all-solid-state Yb femtosecond lasers
have opened up a new path for the generation of high-power ultrashort laser pulses. Yb-doped lasers are very
promising for high-power ultrashort-pulse generation due to their ability to be pumped by readily available high-power
diode lasers, their intrinsically high efficiency and narrow pulse width made possible by their simple energy-level
diagram, and their broad emission bandwidth and low quantum defect. Moreover, Yb-doped laser materials possess
higher gain and thermal conductivity at cryogenic temperatures than at room temperature, enabling much higher
output powers. Some Yb-doped materials with emission cross sections broad enough for femtosecond-pulse
amplification include Yb : YAG, Yb : KGW, Yb : KYW, Yb : CaF,, and Yb : CGA; these were evaluated and found
to have potential for use in high-repetition-rate amplifiers (Table 1). In combination with cryogenic refrigeration and
traveling-wave amplification (Fig.5), the average power can reach several hundred watts.

Progress The key technical bottlenecks arise from thermal management of gain media and the gain-narrowing
effects that accompany high-repetition-rate femtosecond amplification. Thus, the technical routes and research
progress on amplifiers with different gain media are comprehensively summarized with reference to previous research
on regenerative and traveling-wave amplifiers. For regenerative amplifiers (Fig. 1), Caracciolo’s research group at
the University of Pavia, Italy, has made pioneering contributions using crystals of Yb : Lu,O;, Yb : CGA, and
Yb : CaF,. Pouysegur's research group from University of Paris-Sud reported on the first sub-100-fs regenerative
amplifier based on an Yb-doped bulk gain medium (Fig. 3). For hundred kilohertz and above, traveling-wave
amplification is one of the most effective ways to further enhance the power to m] level and even higher. Thin-disk
and slab technologies have proven to be very efficient and enable high output powers in the ultrashort regime with up
to several kW of output power because of their thermal-management advantages. However, their inherently complex
amplifier setups undermine their stability and wider industrial applicability. Single-crystal fiber is a promising
alternative with a compact size, greater simplicity, and lower cost compared with other such technologies for
obtaining several hundred watts of output power. In addition, most lasers are dominated by Yb : YAG crystals; other
Yb materials are also used in traditional rod amplifiers. Thermal effect and amplified efficiency of rod amplifiers are
outstanding difficulties that need to be solved urgently. Among currently available technologies, diode-pumped
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cryogenically cooled solid-state amplifiers have emerged as the most promising alternative for achieving an output
power of hundreds of watts with a rod amplifier. Zapata at the Center for Free-Electron Laser Science, Deutsches
Elektronen Synchrotron increased the output power of the Yb : YAG rod amplifier to 250 W (Fig.9). Due to the gain
bandwidth of Yb : YAG at low temperature, a femtosecond pulse is still difficult to achieve. Therefore, research on
simple and versatile high-power amplifiers for femtosecond-pulsed operation is still ongoing. The problems faced in

this field and our ongoing research are discussed.

Conclusions and Prospects Ultrafast pulse-laser amplifiers based on an Yb-doped laser medium can reach new
heights of amplification efficiency and output power due to the development of efficient diode-pumping technology and
the emergence of various new laser media. In the near future, we expect that the amplification system will serve in
both scientific and industrial applications. Combining the current development trend of an all-solid-state ultrashort
laser with the research basis of our group, we recognize the prospect of achieving a femtosecond laser with an output
power of 100 W using new Yb-doped laser crystals and cryogenic technology.

Key words laser optics; high repetition rate; regenerative amplifier; traveling-wave amplifier; Yb-doped gain
medium
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