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Jik T K (chirped pulse amplification, CPA). Jt¥S
WHWEK ik it K (optical parametric chirped pulse amplifi-
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CBC)FFHAR R H BRI SOR W 9B BE ik
BR, SCEL T IR TS IO &Y, IR
Wi T TR A Y B it pH R SRR PO B 3 i
4 7= HE R YRS I (high-order  harmonic  generation,
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H, F1%{¥ (angle-resolved photoemission spectroscopy,
ARPES)” ! 2 V3 J7 s F %A (cold target recoil
ion momentum spectroscopy, COLTRIMS)?/4 51 7
RETE B I 20 PR H - R gl g 2 it AR i EA T
HI, CEROCIKSOGE R EE R SE T EMHz R A
BT G2 XU VOGP IK O 25 B2 3 e 3 1Y) 23 (]
AR, I Rl A e SR 2 IV S O 2 (K I i
J P20 N 20 S s SR 0. R, R
(BT R R N B A T i S AR XU VG IR  HR
ﬁﬁ@[ZﬁNfzg].

BT LA v I ) e AR (MR M Hz
HIOXUVILIRTT K, BHIEA QAR SO
U Z RAIE LT, 48 7 R RO PRI 5in i
(femtosecond enhancement cavity, fSEC)F ARELF A
I 2 FOCEF TR a1 1) Rt Jok o 1 A el
JEE R VSR s v, 38 e H IR R 0 A i A R Ak R A
HHG™, DI % i i BRSO 5 4 T a8 K S M M A
SR A5 B It (surface plasmon polaritons, SPPs)3:
A LA SRy oo A HE T 7 A e v e O B e 4y
e Hirh, WK S5 ) SPPs LR nl K Syt 370 42
FE3I~SAEELL, I CRMEOGIR G a4 1 R e ik
T Ao S 3l A G e A T AR A R R A W (T R
SEIR BN B IS I  AE R R B (R, 84 BRI 4
J& AR5 SRR SO S G i 7 A R R AT A A LA
IR — & SEHD G R IR A SR PR
SRR B VISR R BURAL, IF AR AR
TR TS, AEE R AR TR, T RAS K
Rk s B IR 5 2 T BRSSO AR T, (AR,
0 5 B T SRR, X R )RS, 5 % 5
IUSPPs AR Tk H 4 @ A oK 25 15+ 5 BB 7EAS
WrR Al RO GRS A B B (ytterbium,
Y)W EHE A 1 P & R i T 2 R HHG Y 7™ A 4
TR B GCRAR AT AT et
G RGO IIRAT T kWG 2T 2 110 8 4 Jik ol
i, GE e B AR AT B FH DUSR B e E R )
HHG.

Zi b, ASCELAXUVISIR AR BT R 10, B
XA b P DATAIHEE AT B 29K 8l S AR HHG Y s S5 2 A% &
FEHOCIRB IR A 7 B . HAR AR I E SR8
HATERR. B EEN AN T NHHGH JCTR
WOLHCRER, HASURE TR E ARG YD LEF ik
KEFHIGSECHIZE. 55 80 40 HH T E A EL R 3)

HHGH 2R AR, HAXREABOLRS. Yt
PR G Y L SO R G S EIR T 1% Bl ik
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o Ji X fe T A i VR VR U IR st R AR 1 % e et
115 .
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WO G, FE0 2 HHG R E DR % SO T, 48
PR XUVOLIR I E B AR, TCEEXT IR S F-25
DI T m R ER, XK T A0 R Gk R
ERAPRAR. (AN 17 B FsECH AT 8 45 bk ik
TR TR S IG5 — PR AT AT R 2. AR
AESLPRIGEE I N RE AR B [ 3T, M A58
A 5K 100045 5 DLk 3 o o 4 AR HH G 3R 338
FFRI YR DL RS2 R AR B B e k. TR
AR A MY bICA K48 B fSECH AR 7] 5L 8L10~250
MHzH & AR m s i, i s i s S A
XUV R I 7RG % s A e i 4
frtk T

1.1 RO A

fSECIE—FhJoH £5 /1 B LB AE A MY JCIEOT
TR, 82 B A T 5 73 5 s o S R
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%) (R IR RIORE 1 3 2 A0 iy >R A TR [ R, S )
R ARG 28 FOGAF OGRS S B G R RO
IR B 7 A e Ui i ) T AR B,

AH HC BRSO G R e PRGSO CRNEOE I A SRS
S AR TR R S S LA 5 O T A A Y R R
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Figure 1 (Color online) Schematic setup of intra-cavity high-harmo-
nic generation based on femtosecond enhancement cavity
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(1) Time domain
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Figure 2 (Color online) Principle of femtosecond enhancement cavity
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ot MDGEFHOCAR I B kb O AT 158, Jf
e N EK S SAAHHGRIBFSE TAE.

1.2 FETERS Nk ARt il ot

19914F, [ Bk ARy B 5 R EOG Y
ik i 5 BE IO SN WTRERIRT, P B R L T 1 A4 s
R AT TT 2R B T T AR 5 A PR 2%
EAEAG I ) A Pk epEOE. 20004E, B S% 81
FHIT 5 AR A L5280 T % CRMEOE Ik nh 2k
AR R E B =i, AR TR
WOE S SEAR T XUVREX S OEIR g, B
JF T BSECEA K FE fhfi .

20024F, & EEFAME 53 R Fj(National Institute
of Standards and Technology, NIST)MIFIZ fii L K2
(University of Colorado)if5 3L (Joint Institute for
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AR, R e B AR TR ORRE I A Rk b 5
JE RO 0T R ik i e p 4 R T (nd) R 5 2~ 35K
B EMET(WEY, MHECE RS T HIEKIE,
FET0 T i i i SR 5 s B A B R A K
PTEFEFE20 fSLAN 1350 ARk h. 20054, JILA
-7 2H T ] T THOB# 5T if(Max Planck
Institute of Quantum Optics, MPQ)Hénschif:fiZH *kH 2k
i FH DSOS R G S i ACKS B T PR A i R 1Y)
I E R ARG RN b A R A Y
PRI P I TR, 7R N AR S S AR
HAEM, ST BRI R 15100 MHzIY = YR B
A IERAS T HRE IR N 1145155 nm RSN ER. L
RS IR T FSECEA R ATk, (H R A K
T ISR B HHG, iR TR 3
S Bk i RN 35 D) S5 L AT B 5 O I B T

BT LR TR SR D R 7K, Fer-
nandezZ5 AP F Herriott 2238 5 25 Wik 5 A R %
BRE R E 11 MHz, ke 2
130 nJ, FknPFERE 4126 fs. 20084F, OzawaZs \P*di I
WIRE IR E ARG 20 WE NI, AR
MEF=100n. ARG RN TEA0=20 THzRYHHRNY %

R RILS%10"7 Wiem®.  BRENHOES iR AE T,
AT T Ferm L9UCE I YR ER S, B 43 nm.
HR, 8RR A B ARG s v 28 AX(3)it
FATAR, RS th PRI R I N B S (w0 )
IRPERITES £5° AP, S3oxt Seue B A SR Al 7 1.
R, Pauls AP 58 i R R ABUE AR T8k
FATRG AP, HSECE AR L REAN T #i
571, 20114F, WAIZRIE K% (University of Arizona,
UA)Lee ANl ik WEME ABUER A, M EkE
A 2E MR A A R L AR50 MHz . SF )

F 1 ETREARGBHNCHBOL LR BRI BB RY

0.6 WY &Eb Ik v J2 55 54 ps/ T A B4k 5 11 SR TE 15
Hh, TE18.5 WG TR F 415 T ilide Wik, J&
2 5 B Ik T B R 80 f. SR ASLHRRIBR SO, 7F
s P A5 A bt ST T B 5% 10" W/em? (1 W {8 T 3%

FURRBE T JE TR AR 5 2% i fsECHIT 52 14 S 7
ZEIRL S LRI N A U I 0SS IF S AT L
W, YRR T GIR— 7 T T LA GSECSZ 3 0o 4
SRR ORG240 3 R 8 B i P R, S — T T AT
DA e 3 5 B A 7 R HHLG Y K (57 DG i ) i 535
FSECH AT VZ N TRAIFR b 2 2 B, B Ih&
CFOGH AR P K 8 6 8 445 13 A 4T S T 5T R
.

13 HETYDILFHO B BRI 5

20134F, ZREUAR2%(The University of Tokyo)Ko-
bayashiiftii 41" i FHCPA$E R M YbIGEF i A 2 rh 315
THEMFE10 MHz, XT3 W, k58 200 fs
) R ek o . 201 S4F, IR 8 _E R Y ORET it
KAAERFFICUE, LL10 WY AT ZAE iR 1 o s
NSEIE T IR 1 KWIIBOR D8, A S A (A (i D)) 3R 2%
JEEE3.6x107 Wiem®, 45 T B3 SUGE I A 4R
B, BRI N30 nm, 7E R ST K S 149 nmAb a1
R EE0.5 mW, BT T VUVILIR R D4,
Rifi 5 b T AR SE A B AR UE— K, YbOREF
CPAR GRS E T RIEETH. 20164F, MPQ
(9K rauszif i ZH Vil F 8 5 45 %250 MHz. BT
420 W kbS5 EE250 sy Y bIG AR it e 28 T ik AR 2k
PEIEZ RS T 33170 W ik 98 5230 fshyfh 7
FCIR, DA ARG s S T Fe 520 kKW AR 2D
B R b I T A B R 3x 10" Wiem®, B3k
BT X100 e VELFRER, XN A REE KN
12.4nm. 20194F, Saule AP Mok 5247 837 St 14

Table 1 Representative results of femtosecond enhancement cavity based on Ti:sapphire oscillators

AR WFFTHLA EABOESH SRR i IS, (MHz)
2005 JILA, USA E=8 nJ; r=48 fs 600 E=4.8 pJ; =60 fs 10087

2005 MPQ, Germany E=5nl]; =20 fs 54 E=03 puJ; =28 fs 100

2008 MPQ, Germany E=100 nJ; =38 fs 100 E=10 uJ; =57 fs 10.85%

2011 UA, USA E=120nJ; =80 fs 125 E=15 pJ; =80 fs 5017

a) E: kP BER:; © Kb ST £, AR
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BEEIET3.6 MHz. FHTR300 uW. ik
1030 nm PTG L0 TR 5. 45 18.4 MHZIEA YD
EF EORAR, TR 2100 W, kb siiE A
250 fs; JEAARLMERETE R RAE, Tt 0Ok b v R
40 fs, BABKRE B4 0 T A 41 F=14019 4R

1x10" W/em®; 7ESRZIHHGIHISEI T, SeF R iir
40 eVAL TR 1x10" photons/s. FETYbIGEFi
KA FSECHI T MR 25 AN 2 i, IHRTE AT FRAS
T K S G R TE 2 S AR A R T T Ui )
T, IR T /NF20 nm g I H .

fSSECH AN R 77 A5 m F R R XU VLR I F 2,
RFBL, Friffbe) EEARY B 2 B2,
S EED RS E RSP TIE 2 nTRE. i, ixXes
fe B SR XU VOGTRR A B T4 F- XU VLA R
FLRITR A B DT, Rk qE AR HRL. TR T
[ LS AR e B I R R R O R T
BTSN R AR, (B2, B
AE AIRRCE A B AR XUVICTR, A7l w4
PRl (1) ks a0 s e b o s ) M AR e ot 1)
PERER ALY, (2) TSR T IRR 2% Y HE IR IG5
I e T NSO [ B2 U VAL VA LT S
MEHRAE 253k — sl KOG A [F] s, Wi kR A 5
MIFES 17— RTXUVLEDEFRE R LT
ik G JEE PR v .

2 TR BOSBIRIIEY MH GRS LR

s

fSECH RS2 i B E M RXUVIEIR & s b — B
TR ELRER, EHGTREARMEE R, RGBT,
P TN AR R HEA IR, BOMERE R H fR AR R
XUVICTRA R TR, T2 PIARBOGRS B 1)
DR Y IO H AR Pk 4 e, JEBE FH I REIR i G T
— R RSE T XM, ShEDbTRER . mOLTE
UL R, KBEREXUVIGTER R & 28 T JLR.

HET CPAFICBCAE CHERIA, BHIF A e = B =
F(MHzER) YOS OGO R G HRAs
TR W R G AR S bk b o, e AR R
FDRE bk b 55 B TR 45 2250 fsLAN. SRR R 5 A AP TR
M I S A BT A W D R R T 10" Wem?
HaRI 2, T B TS S AHHG(E3). ANk
TN AR Bl s R AR HHG I B E A 06 R
Gt YOILLF oL R G MY b4 SO R G A IR s 6 IR
B 2 F I R A TR L.

2.1 REABOERSE

WA P ) 23 30 B8 R ) o O AR L b DO T RE N
PRARY CHER 2. 19854ECPAE A A R HH ek 5 17 18k
JETR F G 1 CRNEO IR b se BEAT TIOR3 T,
HLA M g i (i ch R L B, Mo e BN T
30 fs. SEAKIPRERR T 1 ml. BN 1~10 kHZEH)
PR AT AT 2 7™ A 1 YT S A~ BT i v ) 3
TG, 456 OPCPABURTEART R 't 1Rk it M S A b
ok oh 7 T S SO0, B B A AT AR XUV IGIR B
H, BHIFA G IR A O RGBT T 2098

20124F, b v 038 [ o S 4 4 ) BE 52 T (Maax
Planck Institute for Iron Research, MPIE)Chiang?5 A7
i FHEE A4 MHz, X326 W, Jkrh 250 fs
fHerriott BIZE 4 1 K BR T A O G AR, it B RAECR
FEOCBERARAUR2.5 pm) ARG T f e 19U 1A e
55, BB 42 nm,  (HARTH YOG 38 & Fos AU
6x10° photons/s. [Fl4F, Th/REEFK 2% (University of Mar-
burg)Heyl %5 A ol HHGAR (7 DR #2420, i
HIMF100 kHz BRI RERT pI BKih 98 EE45 iy
RS AWK R R GE, it AR Ltk 40, TEFE Rikk
P T 1.5x10" Wiem IIBE R, 1845 T 3x107
photons/sf il . FIRRFRTES SRR, SETIRE
BRI R 52 A O RGEAE IO 2% 81 SR N ARMEDR 15 =
Gl B B RO RE R R ORI AR ST, 20154F, 9748
WA A [ 58 5256 % (Lawrence  Berkeley National La-

F 2 ETBERAHRASNCHEIREEEF R RRIGE R
Table 2 Representative results of femtosecond enhancement cavity based on Yb-doped fiber amplifiers
Ay BRI HEAM S SRR AL RS i WIHS,,(MHz)
2013 The University of Tokyo, Japan ~ E=2.3 pJ; =200 fs 100 E=100 wJ; =60 fs 10847
2016 MPQ, Germany E=0.6 uJ; =30 fs 117 E=80 uJ; =30 fs 2501
2019 MPQ, Germany E=4 pJ; =40 fs 35 E=150 wJ; =40 fs 18.41%
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Figure 3  (Color online) Extra-cavity high-harmonic generation driven
directly by high-brightness femtosecond laser source

boratory, LBL)Wang%s A Yifi | & & 41 % 50 kHz.
kPR R 120 pI s ko 58 B2 50 Bk 5 A W Bk ik ik
REGE, WA, fETAER22.3 e VARG T
BiiA3x10" photons/sH Tl . 20174F, FEE B A
(Ludwig Maximilian University of Munich, LMU)
SchmidtE ALK Bk S A7 0 S Hh Y T A0 R
10 kHz. PAkiPfERE400 pI. kb SEE25 fsiiot ik
B A ELME R RS 1K SERES 3 fs. Bk rhRE i
80 WSRO, SFA SR EAER, 7EfE sy
DR EK 110" Wem®, S PAs it TREfR i
K140 eV, JETFRERAEIO e VAL I 7 i it ik 5
5x10° photons/s.

PRI T SR A RO RGN M S
. 54 SN HEEIKSHHGRITF G O, T LAUA B, K
FAWOCRGAE R S I (2 A8 B TS B0 T AT LIAR
T R WG R AR, (B 32 P D AR AR Y
SR, ARMER XUVIGTR Y SRR T 2 IR 2.
I, SR MRS G SRR XU VG IE
EVETESIIPS

2.2 YbRLWOERSE

LD R G HAFACR S WPV R .
W R IT MR, )™ A T 24 D) Al TR O A1)
PRUCTL ST R RUCEF O CPA R Gk i
SO SR A T, (O R

MEARE A B I A R ARG 445 [n) LT 2 BR il RS
TCEF PO i 0 ik 0 {00 23R — 25 4R - R 3 T
ATV T RO O i L RE B R, K
WCBCE RN M. CBCE AR JBRANE4RT 8. i@
AEEAE ], 53 BSOS ARSIk K R 8 3 S BAH T
B, HAELNE A HORARSE G ] = B AR
YOLLF Ot R G ms R gm0 Gw Y, Eii,
YU RO R G K EATOCR G T1#E, N
UK By 8 SR IR 24 F R HH G Y FRAE G

HBEE K2~ (University of Jena)Tiinnermannif/8iZ] 7
RGP HOCH T2 RSP T — RIS
WF5E. 20144, Rothhardt%: A7 FlKlenke s AR FIAH
TEREHAR, B4R 2k B RO Ehkrh 2t RIS . T
KIG, Sra WO kb o 5E ABRIR G LT HE 1T
K, TEANIBUE RIS RS m G, 2, ik
SYEEME AR RS E R, KA TEEHR
150 kHz. BAPkihhER353 p. PkohTaHE7.8 fs. (L)
25 GWHYIRShOL, REIG B IGEE D) 5% 4 & ik
2x10"”° Wiem?;, I TIRSIHHG, AR MICTFRER
k350 eV, HEATIKEIB(280~530eV), KT HER
120 eVAL G Tl HEAFI3x10° photons/s. % EFIAH T
RS RS VA 1 RIS 0] e T S AR L) K s Tl B XUV
SEUR IR, [F4E, Hadrich%s N e o e T4
RS g2, [ EE 600 kHz. FkihEE
130 pl. BREhFERE30 fs. HATNARBEE9 7x10" W/
em’ i KEMEOGIREIHHG, 7506 T-HER30 eVALSTE T
FHITF 143 pW, 6Tl i E 8310 photons/s. #%H
KL O T A AR R 2 B T R R
R XUVIEIRMFE M ). FSEBIHHG B )R %
FTESL T, SREEIRAE G R E 23T 210 MHz&
9%. 20154, Hadrich A\ il I3 TAR T4 AR 1
FCLF WA Bk RS, 8 H Kagome Yt T Al iALEF A
WAk B2 A AR L bE R 48 R, FEEIN#10.7 MHz

£3 ETHRERBOEREMESE RIERIES LR R R

Table 3 Representative results of driving extra-cavity high-harmonic generation with Ti:sapphire laser systems

G WAL HARITR SEHEER FEPHS
2012 MPIE, Germany Ti:sapphire oscillator, Herriott cell E=0.65 uJ; =50 fs 4 MHZ*”
2012 University of Marburg, Germany Ti:sapphire CPA E=T7 ul; =45 fs 100 kHZ'*
2015 LBL, USA Ti:sapphire CPA E=120 pJ; =50 fs 50 kHZ*”
2017 LMU, Germany Ti:sapphire CPA, HCF E=80 pJ; ==5.3 s 10 kHZ""

a) HCF: hollow-core fiber, 25,05 G4F
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SR T IEBF T T HEYG. 20204F, R 12886M1 T4
Y B K O CEF OGRS R B TR B 4 R 10 kW,
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Table 4 Representative results of Yb-doped fiber laser systems

AR ) AR E IS T A K R
K (amplified spontaneous emission, ASE) A ft ik i
Xof O RE N AR IR, 2 ) e e 2 3 1 T
AR i A TR ) X A5

2.3 YbAWIAWOE RS

R IIRICE CBCR SR MR o DL AR X L
K, 52 ASEFZI A= i Jik i S5 e AN AU 3= ik g {1 1)
BT EMEREYE TN, I8 S RO E Ik b5 Y B AR AR
RS RE. DABE BRSO EME 1 25 A BT Ybik
J PR g RN 4 [ SO A i A G (87 B 0 45 44 78 1=
SR A5 R HHGRYWE (E YR, SRR AT
PO R G YbICELT R4t 2 Jm PRAR ) 5 B R AR IR 8l
PAPY, e RS TR KA AR AR 2 i T A AR
HHGHIBIFE thR i 1 B A (5.

23.1 Ybilf R iR &

BRI A B i RCR R A AR TR K
FEicsE, (H R 3L ] RS SR 2 KR il [ A o o
SR, AR ST A R A S T
PR T B EA RO Th IS 2547 B A B n) i,
TEREPHOG AR B DR A LA R T —
W i A5 Ik 2% T R RO IR B UK )
XUVIEIEAS Ay g,

20124F, FRERHIEFRER T 24B¢(Swiss Federal Insti-
tute of Technology Zurich, ETH Zurich)KellerifuiZ %)
SaracenoZs AV H Yb: YAGHE AR 25 A i, IR
Vo AR TR O R Ik275 W ik ol v RE
583 fs. WEMIH16.3 MHz. Ik AER16.9 nI. 1§
HY)%25.6 MW REMEOGHKh. T 3 — 4R T
OGRS IR, 20154, Emaury%E N K A4k 35
TR G FR [ 22.4 MHz, 345 T Fik29 pI i Hf ik

=) Bkl % LG RMHS
2014 FCPA, CBC(Channel=2), HCF E=353WJ; =7.8fs 150 kHZ™
2014 FCPA, CBC(Channel=4), HCF E=130 uJ; =30 fs 600 kHz™"
2015 FCPA, CBC(Channel=4), Kagome HC-PCF E=7.1pJ; =31 fs 10.7 MHZ*
2016 FCPA, CBC(Channel=8) E=1ml; =275 fs 1 MHZ™*
2020 FCPA, CBC(Channel=12) E=130 pJ; =254 fs 80 MHZ™*"

a) FCPA: fiber chirped pulse amplification, YGZF WAk Ik #ivit K 245 ; Kagome HC-PCF: Kagome hollow-core photonic crystal fiber, Kagome%*

WOET RAAREET. HFSEHLI I A University of Jena, Germany
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Figure 5 (Color online) Schematics of thin-disk laser technology
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FSHUHL T YO 4R 2 i LR S8 Kok R
ARG o 0 g D R e — i 1) T B, (HJERE 3R
AT T LA 9 23S SR O R i AR L R R B
T TR PR A G ke, A R
LR T 4 2 R S N IR Bh O R G AR
LI OGS i W () %K T 100 MW bk i 5 i
/NTF100 fs B3k o FH AR hHHG B A RHIF A 51 4K
S5 T ()5 1],
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Table 5 Representative results of Yb-doped thin-disk laser oscillators

45° mirror pair

e

Parabolic mirror

Laser beam

N

Output coupler

232 YbaHEAKAE

TCRMH R R A LA S R T, HAZ ki
TSR, W ) ARt I, A1 I R R R AR
T RAFAER T 107 Wiem I Y) R %1, XTE—&
FREESC 1 S UG I AR ALV G, PRI R IR,
K FHCPA RN L3 i K AR I Yb 4 2SR R 40 2 kA
R EIDIR O EEFB. BEERS. W%
AR BT AN E S, Y& SR R G0
VDR TR T, B IR B IR 2% A AR
HHGHHT—RGIE. SARFOCHE AR RN E 6 FT 7.

20104F, 7 4 57 B REOCE AR WIS (Fraun-
hofer Institute for Laser Technology ILT, ILT)Russ-
bueldtZ AP FIYb: YAGHR SR 2%, #K45% T EE M
%20 MHz. “FHIh%1.1 kW, ki SEREE615 fs. WE(E
1380 MW CRMOCH H, IR RO RR AT
PIO39E T-FL. 20134F, i in4FK2#(University of
Stuttgart)Negel % APl FH Y b: YAGHE i K s, 3545
HEEHE00 kHz “FIHIIH1.1 kW, Hkrbfgi

Ay 5N HARKIER S AE R IS, ,(MHz)
2012 ETH Zurich, Switzerland TDL Oscillator SESAM E=16.9 pJ; =583 fs 16.31'"
2014 MPQ, Germany TDL Oscillator KLM E=14.4 pJ; =330 fs 18.8%

2015 ETH Zurich, Switzerland TDL Oscillator SESAM, Kagome HCPCF E=21 pJ; =108 fs 2417

2016 MPQ, Germany TDL Oscillator KLM E=10 pJ; =140 fs 15.61%4

2019 ETH Zurich, Switzerland TDL Oscillator SESAM E=39 pJ; =940 fs 8.8

a) TDL: thin-disk laser, # H-3#)%;; SESAM: semiconductor saturable absorber mirror, 2 AT 1 FIW W% ; KLM: Kerr-lens mode locking, 7,

IR BB
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Figure 6 (Color online) Schematics of innoslab laser technology
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Table 6 Representative results of Yb-doped all-solid-state amplifier systems

4y WAL BRI R TR LER HEES
2010 ILT, Germany Yb:YAG-Innoslab E=55uJ; =615 fs 20 MHZ™
2013 University of Stuttgart, Germany Yb:YAG-Thin disk E=1.38mJ; =7.8 ps 800 kHZ"!
2013 University of Pavia, Italy Yb:CALGO CPA E=56 uJ; =217 fs 500 kHz"'"
2013 University of Paris-Saclay, France Yb:CALGO CPA E=24 pJ; =97 fs 50 kHZ'"
2014 Lund University, Sweden Light Conversion PHAROS  E=200 pJ; =170 fs 100 kHZ"
2018 Belarusian National Technical University, Belorussia Yb:CALYO CPA E=15pJ; =120 fs 200 kHZ"*!

a) Innoslab: #i%%; Thin disk: A

SRk P TERE . AT T VAER ARG T2 1k
WOCR A I LR BB DR YOIR G A AR 2015
A, R IR RS R YD:CALYO SR, SEBl T
33 oA S Mk b i, e R ST 50 nm, SR
A B IR AR A R K S A R 24 fs, X% K36 mW.
Shy SR FE AR ORGP AR IO T R B R R
20194F, fdi 22976 nmOGEF OGRS i Yb: CA-
LYORMIAR, SE T FIUPRKF2 W el ik b v B
36 fsh kb ™ 2 B R E bR — ARk
Y b4 [ R A A i Pk op 58 1. 454 BidE
TR UCRIR B EIR 1 & R a A A A B (o U,
LAV RIE R KT 1 WL Bk s8N F
40 fs. HEE RS0 MHz ) 4= [f SR we /A 0%
OEIF 5 FE #1140 nm), 25 EH TOR & RSk
21 MHz, )51 WA b el e o8 2 5 R
WHTIEANAE TR, 5 a3 e
Kb AT 4, FAR B N E 7R, X
S e Th R A R S0 M A, A R LR =

ASOCHEA: — 2w PR S A T OG AR A A Y
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Figure 7 (Color online) Schematic view of HHG directly driven by high repetition rate Yb all solid-state amplifier
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Figure 8 (Color online) The development of high repetition rate laser systems for driving high harmonic generation
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Table 7 Comparison of high repetition rate laser technologies for driving high-order harmonic generation
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The interaction of ultra-intense and ultrafast laser pulses with matter has paved the way for generation of ultrashort pulses
in the attosecond timescale and coherent radiation in the extreme ultraviolet (XUV) and soft X-ray region at a table-top
size. On one hand, it provides attosecond temporal resolution and atomic spatial resolution for ultrafast electron dynamics
in atoms, molecules and condensed matters; on the other hand, it inspires the great potential of optical frequency comb
(OFC) in precise measurements of transition frequencies and hyperfine splitting, a verification of basic physical constants
such as the Rydberg constant, and the research on precise optical atomic clocks. With the expansion of the above-
mentioned scientific researches, the repetition rate of the driving source has become the key factor to break through the
measurement accuracy obstacles. Therefore, the research on high-repetition rate ultrafast laser technology for driving high-
order harmonic generation (HHG) commences.

In this paper, the high repetition rate HHG as the starting point, the method applied, the main parameter indices and the
technical difficulties of the driving source are summarized. This paper can be a reference for the future development of
high-repetition rate ultrafast laser technology for driving HHG.

First of all, the research involving femtosecond enhancement cavity (fSEC) using passive amplification is introduced.
The repetition rate of the high-order harmonics as obtained from this method has exceeded 100 MHz, which serves as the
main technical means to obtain OFC in the XUV region. However, key issues, such as dispersion control of the high-
precision resonator and stabilization of femtosecond laser frequency, are still the focus for future research and the current
application difficulties of fSEC technology.

Secondly, the research on Ti:sapphire laser system, ytterbium (Yb) doped fiber laser system and Yb all-solid-state laser
system are reviewed. The few-cycle femtosecond pulse output by the Ti:sapphire laser system has an extremely high peak
power, and it is the main driving source for generation of high-order harmonics and isolated attosecond pulses. However,
constrained by the average power of the Ti:sapphire laser system, it is difficult to increase the repetition rate of XUV laser
pulses to hundreds kilohertz or even megahertz. The thin-disk laser oscillator and the Yb fiber amplifier can produce
femtosecond pulses with high average power. By means of nonlinear spectral broadening and pulse compression, an
extreme ultraviolet radiation with a repetition rate of 10 MHz has been obtained in the HHG process of gases, yet the
system structure remains complex and the technical difficulty is still high. Meanwhile, the Yb all-solid-state femtosecond
amplifier, which can directly produce ultrashort pulses with high peak power, serves as an ideal driving source to realize
HHG with the repetition rate on the MHz level. In view of the development trends of high-repetition rate driving sources,
and based on the research experience on high-power Yb femtosecond lasers of our group, we propose high repetition rate
ultrashort all-solid-state Yb amplifier for driving MHz repetition rate HHG with sub-40 fs all-solid-state Yb oscillator as
seed and key techniques of gain narrowing suppression, precise dispersion control and efficient thermal management.

Finally, the parameters of various technical means in passive amplification and gain amplification, as well as the key
problems that need to be solved, are summarized, and the development trends of high repetition rate ultrafast laser
technology for driving HHG are prospected.

high repetition rate, high-order harmonic generation, attosecond pulse, femtosecond laser
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