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Figure 1 (Color online) Schematic diagram of an X-ray free electron laser instrument. Electron pulses are accelerated by a linear accelerator to reach
relativity speeds, then these electrons will pass through a long undulator array with alternating magnetic fields. Through the coupling with the external
magnetic fields and the radiated electromagnetic fields due to the electron oscillation in the transverse plane, pulsed electrons are further sliced into thin
layers (which is called microbunching). As a result, electrons oscillate in the same phase and frequency, and such motion produces ultrabright X-ray
laser pulses. Each single XFEL pulse contains comparable number of X-ray photons as emitted by a synchrotron in a period of 1 s, yet XFEL is 10

orders of magnitude higher in terms of brilliance due to the femtosecond pulse nature.
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Table 1 The main parameters of XFEL instruments in the world, including three soft XFEL instruments and five hard XFEL instruments which have
been constructed and put into operation, linac coherent light source II (LCLS-II) and Shanghai high repetition rate XFEL and extreme light facility
(SHINE) are under construction. The table was modified and supplemented according to ref. [19]

ES RS 3 5 Hh piliBr: eS| BT IRAER (GeV) LT REETEH (keV) Jiki K EE (fs)
FLASH 1 L% Bl 3 1.25 0.014-0.31 10-200
LCLS ESE S B 16.9 0.28-12.8 5-400
SACLA HA CUEBUH I 8 4-20 2-10
FERMI BH S B IR 1.5 0.012-0.31 30-100
PAL-XFEL i S BCH IR 10 0.275-20.7 5-100
SwissFEL it Cilk BUH I 5.8 0.248-12.4 0.2-20
European-XFEL 1 Lk B 17.5 0.24-30.8 1-300
SXFEL i CUE BT I 1.6 0.124-1 30-1000
LCLS-II ES L)% Bt 15 0.2-25 1-500
SHINE R LB S 8 0.4-25 3-600
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Figure 2 (Color online) Schematic diagram of experimental setup
used to probe femtosecond X-ray spectroscopy and scattering/diffrac-
tion based on XFEL. The black and red pulses represent the pump laser
and XFEL pulse, respectively, and their pulse durations are both on the
order of femtoseconds. A two-dimensional plane array detector which is
directly in front of the XFEL pulse can be used to detect the scattering
or diffraction signals, and there is a device in the lateral direction of the
XFEL pulse that can be used for the measurement of spectral signals.
These methods are used to detect the dynamic behaviors of the sample
by adjusting the delay time between the two pulses.
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Figure 3 (Color online) Photoexcited structural dynamics of cyto-
chrome C were researched by femtosecond X-ray spectroscopy and
solution scattering. (a) Ferrous cytochrome C undergoes the break of
Fe—S bond and doming of ferrous heme; (b) ferric cytochrome C causes
the ferric heme to undergo doming (the Fe—S bond does not break) upon
photoexcitation, and returns to the ground state via thermal relaxation.
The picture was modified according to refs. [59,60].

Fe(IIT)

O 28 KPP RIXSHEF AL T FURFEERTE LB 16
fife, FEERER T H A I BB AN 15 FR. AT TAE
BoR T BIRRIXSE ARLEWF 78 i I 4 8 il & 4 1 45 44
I ERE . dES R A AR ER T
T 7T AR B2 S B 2 DL RORBH R HE A F2. AfF A
N G 3 XFEL XU 26 K AP RIXSHF 78 T 6
RANTIEE AW 507850 /75 29 Ismail
i NIV YRHEAT T L S ARHI DR ASRIXS 28, B
7N A8 REPRIXSHE 7 [ 2 4R 6Ok 25 30 11 %
FIETREVE. TG B EAIXFELHL (O PRH, HAT R
RETF /D B AR 28 R PP RIXS LG, X HH2R K FD
RIXSSEIG A 54T R JE. Luze A58 7 SASEH
[ H FIXFEL L X RIXSI & 52 m, AT RBLR A
ANF2%HIXFELIK M6 7= 4 30155, i JEikAE
LR B[] 0 6 R 40 4 2R 11 [R] B R4 A2 0 vy 1) 1 e L.
T B R 1) 85 7E v B B AR XFEL (#232MHz) 2 5 15
Pk, & E SR XFELESHES) KRR X S ZERIXS 52
YO . B XFELIIABIE D, AR 1) WPRIXS#E

REfS S 07O 2 IR AR R R PR T R S5
EIpIESUR

5 ETXFELR ¥ F#XRDAZEFRA
51 KIPXETELATSS

X R RTAF A ot o F iR TR R I, X 2R St
JEL A% J BB ) P . o SR R LA R B LT
CERI AR, T2 R AE XS R AT S (XRD), ZATH %
SRS 0 R AN JR T 45 2 (R APAEAR B R R X
XS LR AT BERE AT /b 2 J5 v] LA B = gl 1o
FERETRY, 3 B A A PR T RO AL B S R DL R
. GREESER, SRR E . 7
SO P o B R T R R TR AN RN, T B 0
(156 P55 T FH 6 L P P R A B R R T L AR
I EMI100Z4E R, XRDAZHE f AR 1R -7 F1 5 145
PR B, I8 2 F TR 2 RE2A 48Uk i 7t
L FR AR T DAR I XRD 5 3 R T B . b
S ) P R IS D R A R R AE SR T R I 2 S
2 PR BB HXRD T EE R T VEZ AR T
R/ A TN RS, BFEE AR . DNAZE. 15435 T XFELRY
K%, BT G- H AR M P XRD AT LATE DS
() JRUBE b 23 BT e AR RO 45 R R R AR A, R APF 9T i A
SEMRR BB k. R R ) A
TR XRDLE AN ] 5 (R 45 I FC R R, ST 2%
ARy 7 BN R R — 5 Bl 4.

YK BRI TE M Ak . 65 38 1 25 U T AR AT O B b
F, B FC A YK ITURL ) 30 77 22 R T T e A1
VEFAMLE AR B2 Clark AR I3 T XFELM &
FEXRDJ5 %, R T AN G 40K S R 52800 nmilt 2141
R G B S S5 AR AL, I8 I AR B AR T AT 5 AR
SRAF T ARV LEIR IS 8] R BN S K i PO AR T 34 1)
B HER (BRI [ G, MORHE R 24 1
PEAE T RE RS E R . HOERAAT AL . iR L
FERM BL R 2500 R 5 EEH, T M EHE S
T T A0 55 A ) 7 R A TR A 1 T 2% F T A R
(%, MilathianakiZ A\ ® V8017 58k BR 5 s 45 9%
EH T2 5h4, B J5 H2E T XFELFIXRD 5L & 1
A IE AL, LA10 psIILEIR [R]BEIAEE T AR RARIR S
(AR LR, SR I 1 R WA Y [ 1 S 0N
73 GPaMINAE g 10°/s 5 b b o s 46 2 ) i

270013-8



XS, R EBE: WELE J)0E R0 2022 48 2% T

JOL, BRI E] T R B MRS 1 AR, Bl 5 50E
JI R TR T80 155045 R B 13 1R 7. Sellberg
NIV U AP XRDA 7K £E227 KHAR ] X 458 7 45 4
HEAT BELEEERI, IR T O RS0 S K 2
FA. TN S PR N 1) 2 P AR 8 A Ao P << S V-
AR, T A 3 o A T A L A TP A R B ], R K )
T A AR Bh A R, 12K B TR K 75227 KR B
WIS A S R R R Y

KR XRDIE A] LA R 7E LA 3 0 S5 ) G
BEAT R IE 45,  Mankowsky2s AU i Hr 41 41 32 i
Jik M 7E Y Ba,Cus O s 175 S AEF T, 38 ik B 7] 43
XRDIHHEBIGE AR, IRE I8 AR R 2 7 1A
KRS FEGE SRR AR, BARRI NN
JZ PRI BE B BN, OS2 18] [ BE B8, ST P O—
Cu-O% i i (155 [ S ARk, Bl AS B 2 Hh 2 g
HLT 4 0, THT Y HL T S5 R 1 d 22 R E T RE A
. BT, 7Rk FEER AR RSB T B FELAR A A B
i, Litgs NV K622 3% 0% 100 nm 2 (1(PbTIO,), ¢/
(StTiOs) (B fmts, 256 CAPXRDIE, MEEH| 7R
WAL TR A AR R AR B Jy 2. IR I B XRD5E &
B SR IS R (AR A it 28, i 1931 1 0.3-0.4 THziE
PR AR 2, 10,08 THZ PRI AT . 7E(RAIX
A LUE R AEON AR HEAT AR I (B 4), IF H AR LR iE
PGB A RGO R, BRI 70 45 R

10 A NARANA \ A

—_ 5. 4
2

i 333K

= 0 4 : &
=) 293K |

_10W

15} p

0 10 20 30 40 50 60
Delay (ps)

(b)
T T T T T T t <0 () ,’,//}JJ W AR,
15k 004 Vortex SL 4 el 1 A,
Lie i) P EERN

A I 4N R 2% AR IR R, S B I UK )
PRI e P SR A BEARAT A

XEFLA] DAf@ k538 (1) B Bk XRDAG e L, PRt
B AR ik (1) 77 IR IIAS ) 390 0 42 ) e pR 5 4 3)) )
2 Gorkhover& N2 FT 20 4R i Rk wiodf 242 15—
30 nm 1) AN ERE S in iy, T2 i dE-F 1 9 oK 55 8
FAE,  FRERINAE 5 75 ZE IR I (8] AR 3] Bz #0 b 1] 7
X ERATHME T, LARED I 8] 4 B 2 R0 40K 2 [|] 43
rA AT AN K S B TR Y R 2 B A R S5 K )
JIEAREHAT T B FE. AR, BEFE XFELRA &
J&, KRPXRD¥EREW LAHT PR AT 107 g H . 4L
o AR R AU R IR, EART T
RIER Ty, FRATTHRE 1 240 18 5 XRD JFU AR BL X5 2k
TEWHUST (X-ray Solution Scattering, XSS).

52 TKEPXEIZEIREST(XSS)

VF2 RIS R B R R AR, BRSO
PLERIRTESAAAE, L@ XRDWF 7t H 508 5
AR, Bk, XFELIKRRIER T Kb XSSHIAR
VEAE,  FF RN O T AR RS F Bl ) A AU
H. KimZ AP 0T WRPXSSIRR T —Fhi &% Bik
[Au(CN), 1,H & 5 7 [ A4 0 g it 72, 76 2 Rk
o, SR TIE VR S 5SS S, RO ER R T
MR BN TE WO B R E, REASBER T2 K

P, — Vortexon

______________________________

T~ AR
SR

[EEXX Y
N~Sa gy

A\ \a=nrsrsy
&

AN
)
1 ('.r
-

R

al-
£
AN
'/\
o
Slkl
o
8§
:‘\
S
7%
R
‘d

NN
______________________________

B 4 (RO DA WP XRDBE T8k AR AL A B RF A AR EEAR B 127, (a) ANIFJIELEE T 9 e 45 K4 90047 ey 4% (15— 1k
TR TR EE R B0 1 22 AR A, 1R P2 B R AR R 725 (b) W e T-(J T AL A8 T e, 45 (5] Rl )72 LR35 F SIS0 ) ) L BRI AL, S50 S
A i Jie A 21 [0 Pl B B + 1 — e o e ins B (AT, e A AR B A e . A 1 D B ME DX R TR AL B, 7655 T o/a Ak i i A X
HIAREAS d A P T B SR A (PR L B ) RN AR FH S T B (R g 3k). B Aok § SCRiR[71]. Copyright©2021 Springer Nature
Figure 4 (Color online) Ultrafast collective dynamics unique to ferroelectric polar vortices were studied by femtosecond XRD. (a) Normalized
dynamic changes of diffraction intensity of 004-superlattice (SL) peaks of vortex structures at various temperatures, and the error bars show the
standard errors; (b) emergence and evolution of the vortexon (atomic displacement vortices, purple circles) during its oscillation period 7, that is
overlaid with the static polarization vortices (magenta circles). + and —, are the signs of vortexon vorticity, which reverse dynamically. The picture on
the right is a zoomed-in view of the region of the dashed box, presenting the calculated static polarization (magenta arrows) and lead-cation
displacement (purple arrows) in each unit cell of the vortexon mode at ¢ = /4. The picture is from ref. [71]. Copyright©2021 Springer Nature.
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Fe-Npf 4k . M4 RHke, I AFeit— a4 & FIHAMA. B F 5K B SCHR[83]. Copyright©2021 PNAS

Figure 5 (Color online) Using femtosecond XAS and XSS simultaneously to investigate the structural changes of iron(II)-heme during dissociation
of CO from it in myoglobin. (a) Dynamics of perpendicularly (blue circles) and parallelly (red circles) polarized XAS at 7123 eV and their
corresponding dynamic curves (solid) obtained by global fits to a three-step sequential model; (b) components of the fits from each species for the
perpendicular (solid) and parallel (dashed) polarizations; (c) mechanism of heme relaxation following photodissociation of CO. The 80-fs component is
attributable to CO loss, intersystem crossing in the remaining parts, a small displacement of Fe out of heme plane, and elongation of Fe—NHis bond.
The 890-fs component is due to the expansion of Fe-Np bonds, heme doming, and further Fe out-of-plane plane displacement. The picture is from ref.
[83]. Copyright©2021 PNAS.
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Figure 6 (Color online) Photosensitive proteins and their photoactive centers. (a) Photoactive yellow protein (PYP) and the pCA structures in dark
(ground) state. The location of pCA within PYP molecule is indicated by the dashed box (similarly in (b)—(d), the location of other photoactive
components are indicated using the boxes). The pCA undergoes a trans-cis isomerization upon blue light excitation, as depicted using red lines on the
right. The isomerization induces the rearrangement of nearby amino acids and the impact spreads to the whole protein in an earthquake-like shock
wave. (b) The ground state structure of the light-driven chloride ion pumping rhodopsin (Nm-R3) and the photoactive retinal molecule. The chloride
ion is shown as a green sphere, which is stabilized by a hydrogen bonding network to a location next to the Schiff base in the dark state. The retinal is
covalently bonded to the Lysine-235 of Nm-R3. After absorbing one photon, retinal transits to 13-cis configuration from the all-zrans configuration in
the dark state. The retinal isomerization drives conformational changes of Nm-R3 to pump chloride ions into bacterial cells. (c) Photosystem II and the
oxygen-evolution complex (OEC). X-ray absorption spectrum of the Manganese (Mn) is sensitive to its oxidization state, so that the time-resolved
XAS can be combined with time-resolved crystallography to reveal structure and kinetics information during water splitting process. (d) Myoglobin
protein and the Heme group. The iron bound to Heme can associate with O, or CO molecules, and the states can be regulated by light illumination.
Light-pump and X-ray probe time-resolved crystallography method has been applied to study the light-triggered molecule releasing.
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X-ray free-electron lasers and their applications in ultrafast
structural dynamics research
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Advanced experimental methods with high spatial-temporal resolutions are essential for ultrafast dynamics at
microscopic scales, primarily focusing on the movements of individual electrons or nuclei. The rapid development of X-
ray free-electron lasers (XFELs) has created a new foundation for ultrafast dynamics research by offering fully coherent
ultrabright femtosecond X-ray pulses. The cutting-edge technology developed around the XFELs has enabled
revolutionary breakthroughs in multiple disciplines in the past decade. X-ray emission/absorption spectroscopy, X-ray
scattering, and X-ray crystallography have quickly adapted to the XFEL facilities, investigating high-resolution structure
and dynamics. In this review, the principles of the above three characterization techniques are summarized with the
associated applications. Together with effective pumping methods triggering dynamics or reactions, time-resolved
information can be measured at XFELs using the “pump-probe” approach. The development of the XFEL-based time-
resolved methods is particularly significant for light-sensitive macromolecules. Novel insights into the structural
dynamics are being gathered for a comprehensive understanding of the detailed process and its underlying molecular
mechanism.
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