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Abstract The free—electron lasers (FELs), a rapid developing technology as a new generation of advanced radiation
sources in the last decade, provide ultra—fast, ultra—intense, ultra—short wavelength laser pulses, becoming a robust
metrology to explore the forefront of light—matter interactions. In atomic, molecular and optical (AMO) physics, short—
wavelength FELs manifest their benefits in exploring multi—-photon nonlinear phenomena, observing and controlling
reaction dynamics of electrons, atoms and molecules. Experimental advancements from simple helium atom to
complex bio—molecules, from outer—shell to inner—shell electrons, from single-photon to multi-photon processes,
from single pulse experiments to time—-resolved pump—-probe approaches, from extreme ultraviolet to hard X-ray
regimes, from energy spectra to time-resolved momentum spectra, have successively achieved, all of which are
accessible to observe and manipulate quantum world in aspatial scale of atoms and a temporal resolution of
femtosecond. The review selects very recent illustrative experimental results in this field and presents the
groundbreaking achievements in intriguing quantum behaviors of electrons, atoms and molecules under intense short—
wavelength FEL field, demonstrating the fundamental aspects of AMO physics.
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FILFHOGIR O 5 T 4 AL 7 50 8 A 9% T B, 7R SR AR A B MR 2 Ak B o AR W A SRS [ B A 4
WA AR AR & T R R B B BT EOR B B ARk, DL RR R R SE R Y
AR 22 V5 7 [ 5% FEU OF 8 8 ek AT SR, 56 e 8 Bl 22 1 DA 55 b 31 A X 2k ik B2 i R AR B B R OB OB TR . 2006
R T E AR A R T O 2% B FLASH(Free Electron Laser in Hamburg) 7£ DESY(Deutsches
Elektronen Synchrotron)# % 5¢ i , I %t F P JF ik ™, FLASH GE % 42 L% 7 it 18 78 28~295 eV i1 [l N 1Y 1%
22 4h (Extreme Ultraviolet, EUV) # ¢ ik ol , ik 58 & 30~300 fs, ¥ ik wh~F £ 58 2 4 200 pJ¥. 34 )5, H A
SPring—8 ) 5 UE 74 [ 1 L T30 % & SPring—8 Compact SASE Source (SCSS) 52 B T # %8 &M ik B 1 0t
. 20124F , H A SPring—8 FE A T HF K AU 1Y i X S 2k [t B T #0625 ¥ Spring-8 Angstrom Compact
Free Electron Laser (SACLA), [ UJ /33 T 1.2 nm i9 X HF 2k A #7300t . SACLA ¢ & i it/ { i i 1
WLt 1 RE = U B 4.5~15 keV, Ik vh~F- B BB 7 O 300 wJ, Jik i 58 B 4.5~31 £, 2009 4F 4 H , 3¢ 6 iy
JH R R 2 AR 0 2% o0 1Y B 2R N i #8 40 T ' TR (Linac Coherent Light Source, LCLS) 3523 1 7.1~9.5
keV [ fif X 5F 2k [ i L T30, Bk vh o Y BE B 100w, bk b g B /N T 50 £ B K H Trieste 19 A H R
T IO R TR A B R RO S T AR TE AR E A TR F OB ORI R G K
6 [ 35 10~100 nm, Fe i W2 10 1 P FF Y. BRTIEfE @ izt Z2 b ey A R RO S R
FLASH I .LCLS Il .Ex ¥l (European XFEL) DA } %+ (Swiss FEL) 19 X £k F i i 3068 o REA T L
T B3R X 4R A L OG %6 B SXFEL AR % 4 28 4 A T I DCLS s 1E 7F & i A gt e v, 131 2016 4E 1]
WEXBA S T A .
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e, R 58 40 e X526 A R L BOGHE PR SRR AR SR O S Th B H AT R AT TR, R T
— ST R W B S O o B T X S I S W AL AT TR . TERCER AN BN R B T He
Fl Ne J5t - U ROGFXCHL 85095 X8 7 L2 AL "5 Xe Ji FFEAC S0 A0 B | il 065 P 9 & B AR
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GEIAA W) 43 T Re S 3k B v i A AR A A — TR O T BN R A A AR A Y Ay LT

[F) Bsf, 38 o ) 7 B 5 4> TR R 5 A i OGS A EAE AU AR E, A DG I S5 50 28 50 B A 5 AR
A DIHETT B A 0 (MR B2 B W o R S5 R 27 5 30 1 2 o, S B 2 5 oy - 1 B ) A AR AR T
TUT ST AR B S B 45 S B A . )R T SO L R S B BB B [ OG SC 5 TR 2R
FH B EE B 2H R 43, A SR 0 28 AR M SR T 2 0L [4,25,32-36] . H H L T IOGOB IR B T AL R e s R,
A, Sy A S5 ) B 2 SR AR A T S R SR I T B AR A2 QT B R A ] XA A HR H O B9 AR T A
i 144 (Coherent Diffraction Imaging)$ A , 3 Ff il 45 17 A S JE 6 IR 1% 48 155 8 B2 0 J Jok b e L 7F ROBD
(107 S [A] RURE , Xof B8 43~ RH 0T BT o 8 KA e 40 F- A5 W0 R B 52 4 5 /0 A AR 25 M 2R R o T 240
o BE AR AN OK R A S IAE D RE 0 ) AR R B A AL AR T I BT A R OGS
1897 25 AT LUEF XS N RE 435 b 0 Al ) 309 45 R A ot 2R AT FR U OSR  TE 43 - ROBEHEAT INF, AR ORb I ] RO H A A
SR BEAS S . A OB TE I o ) B2 ST RS T AR 228 A W ST R S L AE R B R TR R
(9 B I R 4 J5 Rt 2 2 A Z2 D RE B 0 Y R S BUIR AT T 1 I8 S 1 BR Al o AR SCE B — 2R 90 e 1) S B 4 R
ZEIRIX DT T AESE R . 5 — oy EE A AN AN L XS A O S s UK )R 7 (He \Ne
Xe Hl Kr) 1Y HL B3 AT A 5 50 88 43 W) 3 22 21 1] B0 0 K R AEA 28O0 S XRH 4R A fl H 306 5 v 08 B 1] 53
iz —HEMND A 5T, SO 5 R F R AOGEUL o RV B 75 h i SER 25 R i JR B A A S I R B
T A OGN I 40 W A RO Y R T 1]
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4F, L' Huillier 55 75 B 5% WU B 525 7 232 5 306 38 BE A AR08 OC 2 B, M\ Xe Ji 19 XA, 85 85 5 7 2 rh L 8¢ 31|
TATRR O TR (knee)” 45 4, X SR R EOE S — AN BT T 1) AR 7 X, B (Nonsequential
Double Ionization, NSDI). BfiJ5 , Fittinghoff %5 "'7F He Jil - 5% 37 H 25 50 560 vt W8 28 2] 7 4 03 0L H 25 81
o HUEEF) 1994 4F , Walker 55"/ 52 BT He XU 2 R (K5 5 I 5 2 )5, 1 75 11 19 BF S A" 52 3 5 22 4 il 2 %
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TG @ PER 20 . Weber 55" ]2 #8 i b 85 - 3 & 1% X (COLTRIMS) WL £ 1 He — f & ¥ U WO A 4
7 1) 1 2 i o A, B ORI B TR 3 1 5 XU S5 A . 2007 4F, Staudte 55" fE 4.5 10 W/em® 0L 5
TN T He AR T XA 5 04 HL R DG Bl UK AE WO O BR 5 1) 1) DG B L Bl 43 A T W% F
T “finger” L (“V"EDZEH . [F4F , Rudenko 25 "'7E G5 75 35 1.5x 10" W/em® F H I 22 I B4 . ik JL
AR E AL T D A VD A TR A TR A 8 N — R AR 1Y 52 5 AR AR X B —— 512
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5 7 WUHL B8 22 [8) A B - BUHL B o RO - UL B8 A9 A 5% T DAVE R — A 3% 422 RO F XU B R 4T A i 3 AU
BT L, ik — 20 58 2 XUH, - L B O IR Bl ) 2 i RR B T AT s G IR AR e e i . BAE A R
W AR B, AT 2 UL SCHR [50-53] 8% 5| T SCiik , 5000 B mT 8 H B0 o BEAL A . LB FLASH G IR S A1 T 55
JIE 3 22 KL (49 7] i , Rudenko Al Jiang %™ Fl FLASH /= A4 i 3% K 0 27 nmOt FRE & N 44 e V)Y I T HL
FWOL 65 10" W/em?® 9 3O6 Ik ol , SR F B b ¥ 20 5 35 (L (COLTRIMS) 4 £ A , sl 2l & 1 He —
BRI TR o AR R R 5 OGS B AR OC &R He Ji - A9 XU 25 2 B0k [ BO6EF I,
B[l X5 7 W EL B (Two—Photon Double Ionization, TPDI), 41 1 7~ , #4E He J& T HES , He M & 7 Kl
AE 3L WO A 44 eV 6, 38 2k — A i 8000 b ] 2SO A BT Y B3 (AR T ) AL (Direct/
Nonsequential Double Ionization, NSDI), He Jii 7] DL SE i — A6 7 213k He — M & 1, R 5 —h &
PP 44 eV T, S M B FIM JE . J5 & XA B W 34 6+, & B i 19 )5 XL H 25
(Sequential Double Ionization, SDI)idf 2 . H T HL 25 JL 2 R YOG 5% B2 T A% e A9 (n 2 W 0T 75 06 T 20,
TE H AT EOCH AR R IEN T, SDIF B A & B % /My LA,

NSDI

(@ A He 2
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E .
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K1 (a) H I FEOEETFRERE 44 eV I He JET AR 5 A HL 2 (NSDI)RE 2 7~ 2 [F (VS: virtual states , B2 fig 90)"";
(b) H LT 0O FLASH G T fig & 9 44 eV IR, LA 5 He* [z o &5 1~ 5l 4 43 A

Fig.1 (a) Schematic of nonsequential ionization of He at 44 eV, and of the revelant energy levels. VS: virtual state®™; (b)

density plot of the measured recoil-ion momentum distributions for double ionization of He by 44 eV FLASH photons"”
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JE— BN, S E B M B T gl o A R S B RS R . A T A AU T PN R Y G E
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HL P (b) DG fE 44 eV RO T H B (o) 2k A T Ti:Saiobi 1.5 eVt FRERE F 2L+ 2 &, ek
I3 ) AGHRE 7 1] S 10 8 RAT I H) 5 1 43 i A =, = 2=l
Fig.2 Density plot of recoil-ion momentum distributions for He* ions created via one—photon absorption at 99 eV (a)®",
two-photon absorption at 44 eV (b) and many-photon absorption at 1.5 eV from a Ti: Sa laser (¢)"”. The polarization of
the light, the propagation of the light and time—of-flight direction of fragments are marked as x—, y—and z—directions,
respectively™

(5] 2(a) 4y 38 18 B WU, O RE 24 99 e VP (o)l i XU F I, Ot F R ity 44 eV Rl (e)7E Ti: Sa il
JeRAERY 1.5 eVOliF g T LM Z U™, K20 TERim & &k 1 R sh s He” B 1Y
i A T P G T AR B B D L T2 T (back—to—back) B IF I 11 o 18] 2(a) 2 5 B9 O T
XUHL B S v gl i 3, 4 1 B I 0 000G B B T 4 A, I A — L AR KRR RE R BT IR 1. ZEE 2(o) P,
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S 1Y Bl S R L 2(a) A AL (HR B TR S v B e X 3 R FL R L0 AMEBOR Y Th O 5 o
ARECHE Z R T 8L, Lh W 7 PR i S i AL 0 55 0 W AR, —RP I O 22 B0 1 R O Rl i L B P AL L A
FH L O SO - XCHL 2 42 R ) o 2 ALY 2 B R & T 17 AT A [R1 0 3 v SUHS, 25 ) 3L ISR
MRS %

2011 4F, Hishikawa 55 ™F| H] SCSS A 1 B 5 #OG I 7 A= B BCEE SR SE bk i, WF 58 1 He J5 A9 AR Ltk =08
F X% % (Nonlinear Three—Photon Double Excitation)H & i #2 , He JiL 7 W i — A6 7 J5 0k 24K T 55 —
R I 1) b ) 2 B A B W s R O R B RO R A A AR R T He B 1o A iRy SE 5 RN
FS T ZE IR WoR |, =00 1 U R S PR3 5 2 5 1 B 7 77 R RO 7 L B T R R — D B Y
ES8
22 NeEFHES X FESREBEIELMELIEHR

HSE UG AL B fe R A Ne JEF L gk & B, 5 7F 2007 4F , Moshammer 25" 5 1) F Bz b 2 2 1 552
HOR B WAE A RO Ot FRER A 38.8 eV) AN [RDG 3R T il 1 Ne Jit - BUH 25 5| 2 1 i b 5 5 3l
O o I Ne® B 77 S8 O 3 B2 19 48 Ak fa #  UE S T 7R 658 1<6x10™ W/em® T Ne Ji i UL 25 H B0
TR 2 0 R T S ORI KA, R Ot X Ne* 1y )7 A AR 1R AR W i 3 . Ne i+ X306+
XUHE, B 12 1 25 3y i 3% R Hee Jit - P UL 8 31 1) — B, 5 00 L S ML 32 S 5 AR I XU R, 125 4 28 (BT 45

Bl J5 JLAEBE A 30 R R M 525, 3/ X4k B R SO 0 P R, AT 5T 4 21
s X PR SR FRMEEN., XBEMNNe R FZtF 2B ki, 2010 4, Young 5 "] H
25 A Y X 4R i B IO % (Linac Coherent Light Source, LCLS)#F 5% 1 8 o X St 4 0Ot Ot i
10" W/em?®, I K75 Fl 4 1.5~0.6 nm, )& T i 1t & 10" phone/nm™) 5 Ne JE T HEAEH . % &3] Ne J5 1 1s
A5 LT (R AT RE S 870 eV, Young % 76 % fiE it 800 eV(#f Hi F L BY X)) 1050 eV (#5 T 4 52 )2 1s FiL - HL 75 44
E) 12000 eV R, 43 5190 & T Ne &+ CATHE M]3, 41K 3(a) 7 o Ne i I A7 B g 2% 525 77 R 1 B8 1 5
25 HL 55 S0 I i 45 5 2 8] A9 HL AN B 3(D) T i B T I as FH B R Oy B AL T L WO
Auger A8 TR OB HAH R G5 L 5 S0 I i 45 IR AT LA, B T XSO I 0 U RO K b g R
WS4
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Ion time—of—flight /us Charge state
(@ ()
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(b) Ne J5EFAEAR DG T R8T 2 J5 2% AL AT A8 o 7 8 BS 1T 55 15 92 90 I 4k 295 21 22 18] 19 L oAt AR P
Fig.3 (a) Experimental spectra of Ne ion time—of-flight for different charge—-states at photon energies of 800 eV, 1050 eV
and 2000 eV;

(b) comparison of experimental and theoretical charge—state yields at different photon energies"”
K 3(a) I s S A [A) D6 1 e & T I 45 A9 Ne J5t L 25 A9 QAT IF )35 0 24 X ERBOL L 7 g5 4 800 eV
I, A5 Ne J5U5~ B9 40 v AR AR T, S 56 00 75 fe g 0 25 88 1 Ne™, 8 17 R AR, {08 0.3% , Ne™ 177 A 5k
Bl Ne J5U7 B L3~ C B B A 2 o S 000 4 T 453 A9 4% 1L F 25 B 777 R 0 A1 15 B TSR 25 R A AT AR 4,
3(b)FI7n o fEJE T HE D 2000 eV i 5L T WL B A9 5 5 i B 1 104 3 1, Lt Ne J5U 42 /My B A WL 1
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Y0k A B A A B T A A T T B A R T S A R A (R R R e S A S S
SRR B AR . 26T RER R 1050 eV A, W2 FI Y & A A5 B T O Ne®, B4R 32 3l 5 05 it 4 Al
(Rate Equation Model) &) BR 14 f%) 52 ), B8 11506 FL T A o o] 25 88 7 3R 43 A 5% A Ea 3 /) T 415 55 52 06 %
B B, HAFFR SRR, YOG E T8 m ik 10" Wem?® I, X 5928 5 5 (9 40 5 AE FH it — 2 91 B0 1l
Woad BT 5. N T HE—25 T Ne il 7B LB 170, Young 55 78 43 31| [& 22 & - 68 & 2 800 eV 1050 eV Al
2000 eV 1E B N BF G T O Ik w58 B AR fh 0] 45 L fef 28 88 7 S A 1S e L 25 3R B, O F R il 800 eV
H1 1050 eV i Ho 45 Fi fif 245 B8 77 56 43 A7 AN Bl Ik o 56 B AR Ak i 28 4k SR, 24 0% T e it 2000 eV I, Fif %5
5 X5 2 3O Bk v BE B/ Nee 15 X5 2 0% 1 1 W g A B 3 AR, B XGRSO R B
B AT R 7 o X ST RO HR T, Ne J5 1 19 P9 5% J2 L 10 g DR it o 0, 2240l 8 ol 36 5 Ak ot A
TR A Y IR T I 19 2507 5 - (Hollow Atom) , % X 5 2% ¢ 900 3% WPk | 9 HL7E 88 3R 0806 3% vh ir A 5
T A FRERSYRER T SR ENIENS .
23 MEINXHLEBHBEFHXGH Xe EFHEBITAHHAR

FI M\ L’ Huillier %"/ 1983 4 15 YK 7E Xe J5L 1 19 XUHL 25 85 7 7 6 il Ze v UL 5% 31 IR 35 IR 7 25 0 LA ok iz 25
A B o B AR R A AR 0 LR S 5 B Y R O T ORI I Z Y B R TR, AT S
T 7 Ab G NE B O SR B, N SEE B T Xe SR XA B A FL AR DG B R B A AT EOBEOR 1Y
AW B 7R, O v O SR R RN T ik o B A LS, AT Xe SR T AR 2k B B AT O 1 I L 1) T A %R
A5 X G2 B ST A5 SRR AR TSRO BIE T B S SR H R R R

2007 4, Sorokin %5 "] F £ [ 7 % FLASH 7= /£ (0% 1 ik 5 4 93 eV, Il K o4 13.3 nm W #5851 6 ik o
PEANRT S T Xe J 15 LB R BOE 7 T O R B AT o 7EBER I HOL IR B HI A (10°~10" W/em®) I & T
Xe J5 7 HL B (4 AT B ] BT 1% | >4 380 % 38 B R 7.8x 10" W/em?® B W88 1) (14 5 25 M 8 8 1y Xe™ ., flLfi ik 7
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Fig.4 Xenon ion time—-of-flight spectra at photon energies of 1.5 keV (black) and 2.0 keV (red)"”
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Fig.5 Fragment—ion angular distributions differential (FIAD) polar density plots differential in the KER for various

KER/eV "2 4 6 8§ 1012

fragmentation channels. (a) Non-coincident N* fragments; (b) N'+N'coincidences; (¢) non—coincident N** ions™’. The

polarization of the light is along the horizontal direction
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Fig.6 (a) Illustration of the dominant dissociative pathways for direct and sequential TPDI of D,; (b) density plot for the

experimental KER spectrum of coincident D'+D" fragments as a function of delay time; (c) the same as (b), but for

theoretical results®™”
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Fig.7 (a) Kinetic energy release (KER) and time-delay spectra for coincident CH} +C" fragments integrated
at all delay times. Full circles, present data; solid line, strong IR laser pulse™; (b) yields of CH, +C" coincident

fragments (solid red line) for 5.8 eV<E:x<8 eV in (a). Dashed green line, fit of exponential function®
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Fig.8 (a) Measured kinetic energy distribution of all I ions as a function of time delay between the NIR and the X-ray

pulse; (b) projection of (a) onto the kinetic—energy axis; (c) delay—dependent yields of channel 1 and channel 3"
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Fig.9 (a) Delay—dependent KER spectra of all coincident (1, 4) ion pairs; (b) projection of KERs at large
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