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Abstract: The interaction between light and matter is one of the heart interactions in nature. The complete
visualization of this kind of dynamics requires attosecond resolution in time and atomic resolution in space.
Ultrashort and coherent electron pulses are central to achieve this goal. This review surveys the important
efforts aimed at generation, phase—space control and characterization of ultrashort electron pulses using
various optical fields such as microwave, terahertz radiation and visible light, and mainly summarizes its
key breakthrough in four-dimensional ultrafast electron microscopy, which opens up the way for the
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establishment of “attomicroscopy” to allow the imaging of electron motion in the act. Finally, the
development prospects of ultrafast electron research is presented.

Key words: Electron optics; Coherent electron sources; Optical field control of electron pulses; Ultrashort
electron pulses; Time-resolved image and diffraction; Ultrafast electron microscopy

OCIS Codes: 140.7090; 000.3110; 100.0118; 110.0180; 260.7120; 320.7160

0 58§

B R b R Bl BT R Ay 20 i R] f R A Dk R A AR R R T A o B, e AT SR
HEAH PR L T T GO AT S B S A ] R B TR] ) B Az B, T LATE A OB A O AR A T X5
5 QUUR Yot L) b YA o) |1 B 1 A R % T WD B B N o e o ey R S UK 7 N R

5 TRE K o [a] 25 0 PR SRR SR 3 R AR R R A e i — R AR X AR B B s TR
RO S R OR A A A, AT R R R R (R A CRD R Z BT RD ) L F 437 4 (Ultrafast Electron
Diffraction, UED) | # R H F & % R (Ultrafast Electron Microscope, UEM) Fl 47 i ## Pt 1 F 2 il R
(Scanning Ultrafast Electron Microscopy, SUEM ) Z 5 A, i3k #6 T H ] DL 52 e 5 45 44 3 ) 2 AR 732 3
B EG  al A T B AT R E D A SR R R S A R B Gl A X SR H AT E 2 B T R R A
) RUBE L 2B B4 e Be 5 v, B3k B S5 A P R A T R TT BE S Y HL T Bk e B

H AP 7 bk o nT DL 0% 3K 20 9 S T B AR T B g R B AR TR A il i 300 (Radio Frequency,
RF) 451 8k 420l 2 AOBF 2% 6 4 £ R T LASE BUL REP A B ik e . 7E A S OGRE = F Ll A
HLF O B R EOE R S ik g B AR E] T UL RN SRR Y T K BE . Rt & R I BT RD ik B 1
STV AE 6 3 L Sk i mT L e O B U R A T B T R AR 3 R A S e ST R X 3 R H - i ol
W /INEAT B B WA AR I8 A TR GO R R R A SR S SO AR HE 2 3 DT G H - Bl ) 2 1 B ]
JU ], I T B8 A 5 A A PN A O A R T 0 4 R

T R 0 PR R R D TR, 5 A T R FH B S ] A5 A B H 3R AT L IR A B B R HE S TR D AR AT
TFREALA T A IR FAR A B R AR SO L R BUR ST ST HOR L A B F RO AR S5 A . e
DA R 25 % — B RDGB  F IEEOR AT i B R R AL 2 B A i ] RO ) e 4 B, AT DUAR
0] 8 ke bk e ) FOUE o A o (L T B Fh DG Uk R 5 S BT L ) BT R S S A A AR 2 TR M, S R A7 B 5[]
BE SR BsF [i) [ 25 48 [ S PRI o 53 BT v~ AT ke 20> S B 1 FH 5 55 T 5 1 RIS R S30 E R 1) 558 P A S 0

AR SN HE A A8 A Tl B AN TR RE PR 1 T O 37 R R T R TR 7 A T 58 S I 1Y g R L
S J2 7E D 2 DR L S R T T A R R S IR O 3 R E R TR 4R SR AE AT Y G R S B
AR T A 28 DU R PR H o 0 BCR R R AT R i RS A R A T R R O AT R BE R B IR R R OK S
FR 30 A K R AR

1 BEEFROFTERNA

BT LS T 2% UL 3 2 A 1 YOG I H O SRR HR Y — A B RO A LA O & O
AT BB A A R S I LA R R b i g A SR R Y T R — A SRR Y
SR AL L L T R PR R I ) 5 A X R R A AR I ORI A A S R T G A
FH T B0 A 52 0 e SR B AR T A v, 5 HG 0 B kR DR Ay R R T AR TR R RS I R
B, AR 425 T REBIF ST A RE i Y B R

T TN H A S R e 0w R L L TS T A R A 2 B )RR R (@) RN S LA
TARKE SRR S | A 28 A R 2 T W A5 OC RAR K o AN [R] 62 19 vl 7 8 S R 1 DX 2 A T E AT v ik
e iy 75 3 CAGHOR B8 2 BO6 7 W SE ) AR AR D R 807 1 D7 X (AR Bk 2 T 45 R A vl 377 ) o 8 8 e 33
Je Ik i G H A S S BUA B B AR EOR RIS A, BEAE 7 AR R B A AR Ik e TR

N TSR TR &, & 2 — AT PR E o 25 18] 0 B 5 il PR A i) R ) A R o o LR
K, B 1) B Bk o3 A g TS ()R B SR T ORI Y 2 6] A R R SO TR FE LTS AR T LR B T
M OLT S A 2 ) B R R B B [T SO R R A ) o Xk T = O 1) A% a4 Fi 1 o), T LA

0850202-2



HIEF | 46 3 10l 37 AR DROAR T vl 7957 A T R AT 58 a0 g (e )

LﬁfrﬁwﬁﬂFﬁrgLJ.ZI‘EﬂH@a‘é%ﬂugﬁnz~L,,.(p/apz)'2‘”,,ﬂiqﬂp%%%zﬁrﬁléﬁﬁé,ap,%ffﬁrﬁlﬁi’éﬁﬁt,@
Wp>o, L>L,, L>>w(w NFEARSEE) o X F e F A A AL, 90 ) A e R e OR B i R T —
CH PR RE LR o DR, s TR 43 B S i B 2 R el R R R ) A R T A, 3R TR AT R R 11
D5 T A T B R SRR R L, A~ A 2o, Hoh o, SR LRI RO Y . AR A A B O R A= 2xh/p,
oy =~0, /p M TKEAERL, ~h/c, . HILH R TAE 3 Z A4 o7 8 3 NG 7 e P 1L RBE R
~F 0 53 ) Ha A RN S 1T SR 30 E SR A e AR R (BN R ) L DA B A T TR
W, AT S O T S 1 2 18] B 2R R Al 3 K R R R S 3k R R AR R LA AR R
St 2R (CBRARE B0 T 2 i RST) R kAR 8 T I 7ol

F T L BORE , F T kol e A v A S e £ R T ek A L AL AR B . RIS R T 2 TR A HE R s
AN T 3k G T SO K R B X S AR A K 24 TR DA B L BT e W IR N ) RURE 1) AH T B 11 2 [R] H
SRR Z A LT B ok T AR A AR A T i IR A B O — Pk . 1R AR R i A TR —
ARZS XA — A 45 6] T 22 S 5 (O 6 i R i s R 2% oK 7 SR U R AT REAY o F T A 03Xl [ A
i, TN AR AT i 2 45 1 08 1 ) FL - 4 52 of 52 PR AT: 0] 432 30T B0k 1 85 4 Y 20 W R o (ELFE B T4F I BR i
ZEWAIL A HAL™™,CAO T F SIWICK B J 45" 2y 2y 80 7 F 7= Az i J v 7 Bk o, R 3K 45 T L R3] K
b it 1 B R] 43 2% (8 A7 HL S A0 S R T RE

UEAE SR, AT T R0 05 SR 4 S T AR 5, 5 AT« B Vel U8, 0098/ L 1 IR i 14 [ B B 4%
TR FRL 37 (IR T LA 46 A2 i 8 18 0 8 2 J X 400 ) 4 D) e g A58 1t A ) ) D e o fhk e (i
GRS DI SRATE: (50 NN |18 G U R/ SR 3 = £ (1) N VA 1 L7 QS o QL LR SN = I 11
LTI SR AR 5 78RR o 4 78R L 4 B T G 9 R R 1 FE 100 fs 22 AT, — MR 23 52 3 i R] B sl A
I [ ) 25 B9 PR A o 3k S 208 AR Al 1) 5 B X7 T P B e LR R o i, 45 B AN . R, Y24y 1k ik
7 R e B 2 I S A R AR BB TCRD B B R ROBEE b AT RGO Bl HASSAN M T 2673 i 2
Wi 77 i 7E UEM R 1 S J8 H 7 kol (30 fs) B 7= Az $ T 1 F 7 ok o Ay & 906 40 e IR, 5 7 70 DR L B A B
TR T HL P30 0 2 RUBE IS ) 5 B3 . AR X AR 7 vk v, 7o A 108 f 1 Ik v ) R S8 sF [ 4 327 328 38 98 ' ok b g B
i, 33 o 35 388 9 ' F o B U] T LA TR s ) RORE b PR sk Rl i A B S ST R R ke G 7 AL R
L — T A BTRD T S U R T I . A3 T BT H e 104 A S A ORI T L
KA FTFP-32 (0.1 nm) J ], B8 SRVE XTI T 4 1 RIEE RS o v BV B 5T L B s AT S AR
K W R HAIE R FRATT X A2 B 2B A FIOR LA 2 0 SO e iy RO G 1 R A ROGE 0 T SR AR

A 3 L A 1) 3 T3 1 R i T TR A R A RO
1.1 FEXARIEBELSEFIE

S L F A S5 A R, M 4 fL SR R T A D S SR S [ i OB I AR AL AR ) X O Y A 4R
SF o XX ORR S HL o Ik o s S R SO I 1 m T ) R S 4 2 L, R O RO R A Y B
FH s 3750 s Cn e 1R ) o S ARG B A AR 38 8 7T 7= 2k MeV HL T, ] 7R AR 7 A3 ik b K v 50 E Y )
B, 42 w8 B[R] 2 R RE R AE MeV i 20 A0 3T F X8 i T O FE A 2 R il K L B R B 30 KV ZE A5 Y B LT
H7 A A EL K — N B G, TR, S A A B A A AN — AN RO G, T T SR A R O A Y
AF T 47 55 B G A9 W8 S {8 g 72 A XIS PRI, Fh T 45 8] R g 2500 B9 3 R ARG, SR B A e AR A
A e HRL Y T LA A T 1 IR ) PN 4 T 2 A A R R R AT g R A A T B R v A R R A R
(14 5 A7 R ) S0 AT 345 T8 1 — 2 A A o T, BT ik 3 4 0 B AR (9 I ) 43 R . 53 4 MeV BB 1)
HL 75 ke V M EG, ZERE S oA K I 5B TR T o AN, S T AR R O R s o T R AR G ) A S T
R PR S A% R SRR AT P 44 ) B R S B RN b 7R A AT 50 fs BT AR B S FTRE Y

R T ARARHA A R AE W E Y 3h A R SORT S A S, 0 2 T B R A 4 R ) R e T A B R
FL T GELH = 107) , 3 AT L 5 e 2 52 F 7 Kk o 190 B o M8 S o S B, b v LAl et o 2 01 % 5 35 0.55 MIHz (1970
FL ik o ofe S R R R T A ASE SR T I AR AIF ST 9 B g 2 2 AR OR AT 3 5 AT s ek AR LR T 4 A
283 W b TR H - ik ol 14 & e IR

0850202-3



Thin metallic :
cathode Aperture :

\\GM(
e
Laser -

pulse =0 §|

Transparent
substrate +

10-100 kV

Camera

Magnetic lens

M1 A TAKE TR TREEE
Fig. 1 Schematic of a photocathode used for ultrafast electron diffraction'™. Reprinted from Ref. [65], with the permission of
ATP Publishing
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(a) Phase space in the time-energy domain. Laser-generated subrelativistic electron
pulses (red) disperse in time during acceleration and propagation (yellow). A time-
dependent deceleration and acceleration (vertical arrows) causes a time-dependent

energy modulation and gain in bandwidth. Simultaneously, the chirp is reversed
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(b) Experimental realization. Electron pulses are generated via laser pulses, photoelectric
emission and electrostatic acceleration. The dispersed pulses are temporally compressed
by passing through a microwave cavity with oscillating longitudinal electric fields
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Fig. 5 Generation, compression and characterization of subrelativistic electron pulses by light field"”
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(a) Schematic of the electron compression scheme based on an electron-transparent planar
terahertz mirror. An initial electron pulse (1) emitted from the electron source propagates
to the mirror, where it interacts with the terahertz wave (2) and compresses in time upon
propagation (3)
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Fig. 6 Concept and experimental setup of electron pulses compression by THz "
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Fig. 7 Concept of electron-beam control by optical field"*’. An electron beam (blue) is modulated by a single field cycle (red) of
a phase—controlled waveform when passing through a metallic membrane (green). The temporally modulated electron
current is directly characterized by real-space streaking induced by a second single—cycle field (red). Reprinted figure with
permission from Ref. [ 184 ] Copyright (2020) by the American Physical Society
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Fig. 8 Layout of the experimental setup for the generation and detection of attosecond electron pulse trains''*’. The two spatio-
temporally separated optical traveling waves-the first for the attosecond electron pulse train generation and the second for
its analysis-are generated using two independent Michelson interferometers. Reprinted figure with permission from Ref.
[185] Copyright (2018) by the American Physical Society
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Fig. 9 Direct mapping of attosecond electron dynamics with laser’”"’. As an intense laser pulse is reflected on the plasma mirror,
it expels electrons at several narrow specific phase windows of the field. These subcycle attosecond electron pulses then
experience an integrated momentum kick as they surf the laser electric field (laser streaking) and form the periodic fringes
in the far field
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Fig. 10 Set-up of ultrafast low energy electron diffraction in a backscattering geometry' ", Ultrashort electron pulses (green)
from a nanofabricated electron gun probe the dynamical evolution of the laser—excited surface structure

FL - 1) 25 325 VR i B et A0 26 0T R I, BT 0k T R R PR F A S SR RO A L 9 O SO AT 9
Bl . B 7R 700 F SLAC [ MeV B T AT 51 5 56 197 BB 1% 3R G 1 O B0 0 60 435 o vl B Al 55
AR RS R O TR I A R AR S R BK R OB B RO - S R L SR, LGl
R 2 1) G S R R 2 45 £ XU % 3 8, 2% ( Double Bend Achromat, DBA ) 45 A 15 9851 45 5 W8 Wk bk e ke A s 4
FARNE MeV B P 77 51 2 G (0 1 8] 43 FF R 42 T 208 F 50 7. MeV PR B TR AT 2 W H FAES
Oy TS R A B SE R B 12 . BN YANG TSR R MeV P i T AT BHIF 9T T SR T IO B
il A PR S AR B ) 23 B R ) T 230 fso 3 S il B Ak 2 R T T S A 1 sh A AR AR, SR IS AR 2 IR R

0850202-13



T o AR

PLERHR AL T ROR R . A, YANG JEV 50 A Me VDAL 1 AT 5, 388 8 xSl s 05 00 o0 7, 76 IR
GRS TR DN I RGN 7R A o I R R @ i 1 v R s o =S S << 7 2 SR f 2 Y A P2 B B R 1 B
BHA R LB AR 5 EOR SO S ESE . B, KOGAR A %8R F Me V8P 7177 5, 08 I 21 1 £
W REWERRE LaT e, 708 PROGHUR T Y 301587 A AN () 77 487 285 5% A - 457 w7 2 B2 04 5 STE E T 45 3 i i e
THRIGHEIE TR G m AR Td-W T e, 15 8 PR 226 1T Bl PRAH AL , 52 BUR A1 IR 25 A R PR 44

. Diagnostic Sample
RF gun solenoid
g cross  chamber Near detector Far detector

ey

838

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

% o

11 fFSLACH MeV # FAT4 % Sim & F
Fig.11 Schematic of the MeV ultrafast electron diffraction beam line at SLAC™. Reprinted from Ref. [33], with the permission
of AIP Publishing

KeV i PR oL 741756 5 MeV i PR iy 747 5 200, (B HHE B 0 o B R B IR AN &) 12 /s ™, R T 4R 40 %
RO A H Tk, G008 1 4 5 AR 2 B e Bk o B A 1) R 4 . Ke VR L A7 S 32 0 T 4 A
N ERWTTE . I B T2 B 19 ZEWATL A H BRI L T ke VOB PR 7007 55 O Ji€ 1 R4 (19 4 o 4548 3 )
FITH BBESE ALK VO IR R MG E S JE -2 S AR AR R B S S A A R AR A K TE R OK
SR 14 251 B0 25 78 A0 L B R U R L 43 F J2 i 4 K 8y g 2 A . MILLER R T D 8 2 0] ) 8 e ey
AT S5 T 40 00 B VROAH S ik AR R ALER T 4y TS S B AF o MR AR SR, SIWICK B TR ZH A Bl ise
FEGRH AR X ke V B L 117 G156 B 0 o DR ol BEAT P4 B O 18] 43 BB TH 2] T RRP L, WS 4R R
TSR AT SARA T T G 3l Ty s R O R — 20 X i ) B 64 18 BN R AT T IR ABEST, WL
T A RN TR RS RE - TR i s A

Output: f
800 nm, 35 fs, .
3 ml/pulse, 1kHz Regenerative laser
amplifier
HV
feedthrough
(r=-100kV)
<+ _ Delay
‘| stage
: Scattered
‘ I | & - electrons
J: ‘ Mirror CCD camera
Solenoid ~ Dispersed COMPressor Sample motion
1 electron Compressed
ens 1 electron  control/eryostat
puise pulse

12 keV itk T 474t & G 7 Y

Fig.12 Schematic of keV ultrafast electron diffraction facility"™"*!

32 MEBRESTEFERE
VU 2 PR 37 S H T J B R R 1 RORD ik i L IR U A G S F T S R P ) R S 883 ke
B 34 252 H F O, RE Bl ROR bk e i G 1 R S A SRR S R AT RO RN R AR o HE A R FH 2 S R O B AR

0850202-14



HIEF | 46 3 10l 37 AR DROAR T vl 7957 A T R AT 58 a0 g (e )

LaB, 55 ) 5l 44 K 2 vy (44 28 S A0 B 029 51 20 48 ) i APl 2 it 7= 2R M T e - ik o o kb i IR 220 5T R
I B N TR RN H R B R e R JE AR R TR 2T U A F B 2 AT IR AR A P b 2
G 1 O L O Y R S TR G R R ORD O Y R TR ] A R S T A% G 3 S I AR Y R —
25 8] 43 B 0 B, T S B v B S 40 B A R D S RS R PR R AT S L R T E - B R A AR 1 A
HURE . H AR S0 ke N 1A 13 BRI R R OR TR L R PR AL R L, — SRR AN R O
1N I% S Y H A T R T AR T K R, D) — S REDOE T L ARE S B O RE o T T B OB Y
HL G R T A DR B o DU 4 PR3 S - 0 BB R T 2005 4F B M 38 T A= BE ZEWATL A H #4872 TR
B &, FZRI T 54N CRPROG I R IR S LaB, G B AR 7™ A= i) 4 ok o i -2 3 3 98 ) 56 40
CRMHOE R RE L i, ZEWATL A H K BAFI]FH 5 3500 B ok i R4S TS K R 09 15 8] 43 B 6E g, JF R
U 2 e 375 G H T S BB T AS TR] ) Rl RN I AR S AR R AT T B i 2 sE an, R o XEE
A 5 A S B R s i) R AF 9 48 s T 4 v R 2 A B I 4 ) B T 2T oK RS B R R S 3 AR 4B
TN T A7 A AR B RD ROBE G\ ) 9 R A BRI E RS RO B LA S R 5 D B LB UR Ak BB Jy 2
K TAL ARBTG5 R 7E B R RO W T 48 7 1 B i 2 4 Bl g 2 I R AR T 4
ARET R B 4435 5 L R K E AT AR A R AR S A B b L P 2 T R R s ] R BE (19 45 4
Bl S 2 EMG R UEM B 50 A B 7 A S 98 48 /8 T TG 58 TE RE 78 9N R RUBE (1% R 3t 2% o 3h 1 24 ad R
25 & L F g B 128 3% (Electron Energy Loss Spectroscopy, EELS) & J& T K #b i [8] 43 #F (1) B T 5E & 31 2% i
(Femtosecond resolved EELS, FEELS) W & 8 AR , #5981 A1 S5 78 CRPBOG I L T 78 AP [R] R BE (1Y 35 1 45
BT R SR B BT B S 2R Y S5 A FEELS AL 7 BB 54 8 1%, A 90 oK 25 R i i B i il T ok
FHEAEH, &K T PINEM BUREA , IR0 T 6549 K 35 78 CRPBOG UL T 19 28 45 B oo i 35 it
O EEE B ST BN S A E AR R R R TR =4 A S R B R S

Extractor/
Suppressor

FEG

Accelerator
200 kV

C1 aperture
C1 lens

C2 lens
C2 aperture

200 f5-10 ps Objective lens

(Variable) Specimen
Objective aperture (BF, DF)
Objective lens

Selected area aperture
Intermediate lens

Projector lens

(@)

20 4
i i
Time delay

o A

ADF detector
BF detector L]

Femtosecond

laser

D
D
.
----

EELS spectrometer

B13 194 d bhaE AT T B WA 0 ik om Y
Fig. 13 Schematic of 4D ultrafast electron microscopy *’. Reprinted with permission from Ref. [209]. Copyright (2007)

American Chemical Society

0850202-15



T o AR

AR, R O A R PR S R S OB A AR P B TR B 5 G AR B AT S AT Bl g 2 Y W 5 4 o )
T2 i R M BHA & . FLANNIGAN D T8 41 F) F R P o 7 B 0O AR BF 98 T = 4k b1 b A
FAE S A (A1 72 AR G RE LR Rk B 4 BT 2 A A 1A BA &5 A D S B OB 1 R A
FEE P L T U8 A% , BF ST 48 s T I ARICAIZ A 4 Ming Niy Sny, WY T AR AHZS ) )y 2 1 2. BAUM P it
R T Ry R 3 % Tk e 1 O A RO R R PR F T BUBR AR AR T R 2K U AE 4 JE TS A v B AR 4
A 2E R . A UEM Y B bk o e, 7 4% 7 1, LORENTZ U T4 PSHF 5838 8 1 4% 42 I8 40 K W 78 ZnO
GNOKAE TP R MRS RUBE I 3L 8 8 12445 0 s CHEN B AR “YBIFGE T GaAs 99Kk /4 4K Bk K R 1 22 e 3k 4
AL B S B AR R T3 A IR P 22 FOR AR R E B A T 2 SR R TR 2RI FU X W AR A
ik R B AR F AR S4B 7 T B A N K JIURE R SR -V VR T I B A IS B ) 2E Y IRl FE ZEWAIL
A HZ 20 B4R R B RS 515 H R IERl 2 [ DANZ T 4 2 e @ s B 7 B h it — L kR T
Shy S 8 5 A5 A% B AR 30 3 R %) T Sk B 22 A0 S R 0 9 B OIG I 4  RE E 1A A3  BRE FR A) T T T R R S
Yy AR B it B IR AE AR 5 R RD B 28 ROBE I S8 48 7R 1 FEL £ 2 B U M B 1T =T aS, 78 Y6 BOM AR i 4 v Al iy
5 P W RE D B A AL R . A B T RN ZEWATIL A H #0821 85 41 & IR0 6208 7 5 v F A0 B4R T (0
PINEM &0, ST AE SR 5] o 7 8 2 5 B0 058 TAE . il an, A F PINEM 00 % 25 [8] [ Hy - 30 o6 850
JEHIVEH  FEIST A S @R T F 90K 52 BR S 3 %F [ b e 7 D% sR B0 & 7 40 T 98 Il s LUMMEN T T A
SR PINEM &% 07 080 £1) 1 2 17 45 525 B0 7E 4 8 40 2% 0k S 1w Ak (4 7= A 4% T bt B S WANG K
SR PINEM 85N A58 16460 5 i 7 19 A0 BLVE T AT T OG0 A e 4540, R 153 3] T
25 S TS HRARE 114 S 2 ] 43 A1 s KFIR O 25 1) AR BROG 27 [0 5 BE 38 4R M 1) o~ [l 58 B A58 kot 8 P el 1 Jok e
SEHELT iR S B AR A PR R L AR AR T Ik 700 eV Y HL T B B R SE PR U s VANACORE G M %5 i 44
VT 3% 45 B OT R B 77 A T T IR RO BT R FU X W AT BA I 3£ T PINEM R4 52 B 1 — Fh B0, 307 37
il 14 PR L S R R, ST T 24 50 fs A ] 3 R IR AE GOK - TRRP RUEE BRI T A VO, 8K L 4
SR 3 4> i 1 A AR o AR R A A L RR B0 R

VO 2k R PR3 S H GO L PTG A Y B ) A RS B RR R s R 2L B o
NARA R D S & F] F B P 16 25 v 85 00 1 3 B 4 4 100 8 v B A 008 BE I R BOR R 72 L S8 B TR T
100 nm 425 [A] 4> $E g 77 F1 700 fs (09 855 (6] 43 BERE 1 FU X W 2827 BT #8781 3 55 0 4 200 K 16 48 485 19 v % 104
JHE ) R 3% i A 8 1 25 AT o0 DA B L RO 5 T 7 A 1 2 B0 A AR S 22 R I R W 45 4 s CAO G 368 I |
FHEB IS AR 25 L B F 55 T I 56 4 vh RE A 285 40 i e B it shd 72 .

159 25 T AR R V8 U L BE B R DR R R D A R DR S F S OB A R B AR o I S5 Bl ) 2
WESE B0 5 v R B e R 45 A L AR R PR VR B B R Bk AT RE . FITZPATRICK A W P 48 F]
FH PR R A AR 2O ¥ ORISR I DE B B 1 UEAT T 25K B ) 2RO L R R T UE R AR b AU Y VR R
JE S LORENTZ U J 450 0] F1) B8 e B 37 12455 S 0F 58 40 K 2F 4E0k DNA 20 7 (10 A WAL 80 J1 4k . MG
TAEWI A 7R T U 4 P, 7 0 S B R 5 74 VR R B R 4 1 T R L I

JE AN DU 24 P Fl S O AR L DU e R BB R R R — AR E S Mz — EEE T
DU 24 P R R A R LS IREE R G AT, A XY 22 1 ) 5T Bl ) 2 i R R Kk A ARV R SRR A R AR
TRBE 50 b A A AR R O SO A R B B A R AR R AE R DRI DA DU 4 PR
B U B R — B 2 00 T AP R BB T —SE e b B . Il an , FU X W S50 DU 4k 88 e i 7 8 i e 5
VR A B AR AT 45 A BRI R R T VRORE D A R O S R B O R R AR L ARV WA R R R
TR R T RE I B UTE GRS AN G K B s RUBE T Ffi 2 211 I A v 4 oK B0RE R A Y PR A E e Bl ) 2
o A R AE A R RO R W BENLY IO 5547 R L 38 7R T AT W32 2 e 8 I ) RUBE TR (9 0E Bh ) S R O
FIFZ AR HE— 25 0F 58 T K3 W B 90 K 4 00K 1 I 25 3 1T 56 B ST i Ok G AR B L 0 S5 P 8 ) 24
1L AR K 4 AN K BORL 2 [ ) Y B 2 BN B 2 R

B Tl CRD SO I R B G U AR A Tk o R RS B IO A PR B R B =2 A 3
AT Sfe 5 T Bl VR R R AR R S B3 R G I Sk T SRR A R T VK v ke S DU A R O S PR B O
38 TR IRk T 00 2 R T B R R R R 5 — A 240 I . 2019 4F A 6 b i SC

0850202-16



HIEF | 46 3 10l 37 AR DROAR T vl 7957 A T R AT 58 a0 g (e )

FELY AR ZHU Y M AT AR T R A i e S8 BL 1 %A% 58 388 S v 7 0 5 o 5 W 1 5RO 3 ol 3 AL O
IR 0 30 B A T R P ) e A R e R e R T SR A T R TR ) A0 K B R T ) S ]
JEAG R 23 (BT 620200 AR AL b FU X W AR — 5 R T 25 1 Bl % R i AT 380K ) B
il 7 A 9 Jok i R R AT BB, S B R T R IR DG TR O 0 B D 2 R R B R IR R T B AR A
BERD 55 A0 K i 28 NORE TR SR 000 45 75 T e AR D0 A A/ N R S OB R 1 e P A R B g s e
FCE R E AN 14 7R o A5 FE T DR AT B PR IR Ik o PR R A i R T L AR RIR O B = (8] A Bl AR
5O LI S 4 75 S R SRR R S R R A R A O i 1 e /N AL AR A R e 2R SR
/N B BRFL P B D' DR 2B AR SR T LSRR A LT R e G F o T A R S A AR ] 43 B
I TE T K AMEOE Y DU Ak P e R

A KIE | i : - Pulser
Aperture p—— \ | e ;

Gun - |
alf 5 El
E N
Pulser / % . . Q‘tem
nser K1 amplifier R 3 Bz
S NS (L sy e o \
€ Rt g
2lofals N
S
N s, ~ o
- ::" \

H14 ETHEAACTREBONELKBEH L TEHRERETEEDREY A

Fig. 14  Schematic and photo of laser—free 4D ultrafast electron microscopy based on radio-frequency pulser’™"
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