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Fig. 1. Schematic diagram of the TOF structure.
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Fig. 2. Schematic diagram of the MBES.
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Fig. 3. Schematic diagram of the RABBITT experiment.
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5) as 1Y XUV ik ih 48 B8 (7 % 28 eV), JE&R T
TOF FRGAEBTRD S o0 1 (9 5 AL 2012 4F,
Zhao 55 2 gt — & 8 T MBES, H: 3 m K &i7%
0.8 T WEEZBITEIL T 0.5 eV HURER /3 HER
(L 35 0—200 eV 7 ). i 1T 45 & PROOF Al
FROG-CRAB 8.3, A TZEARLLAM IR E (2.5 x
10" W /em?) 24 B 55—130 eV M % 2Li%
BRI 67 as MK, FFIHIE T T MAUREE (£90°)
XA EE SR AN T £2 as, 80E TG H AT
WCAE AR FE R BIR]. 2017 4F, Li %5 298 TOF HARHE
] 7K 6 9% B, FIAH 3 m B9 MBES 25 & 203 4%
GRS Z B T30, 84t S il i R L S 3R Y-
(532 nm H:FKFOCEEE T W) f1 PROOF ik, &
UCHERR K WG (284 eV) BHESEEL T 53 as ki)
T, I FR SR 400 nm B8 6 A *MEAT AR WA,
IF R B PR TH B2 R A5 XUV LR, Sl ik
5 x 10° photons/shot, #r#% TOF 7E#A =L TfE
it (100—330 eV) RIEP A, [F4FE, Gaumnitz
S B0 HH 22k Volkov AR ¥ ) U2 B (ML-
VTGPA), BIEfFHR T TOF £ Ab ¥t Fig
TS S AR B AR TR XESL. 1A AR
Bzl CEP A2E M LMK I (1.8 pum, 11.5 fs)
LA G A, A TE 100 eV HHBEZELE
Tk, i TOF Ml Jf-45 G Re i MKl i PMEQOGH
BIHEMOTR) BIE, A HM T 43 as (R25+1 as)
(A H A SRk . e R B R S T T B T
Bl > ik v A 52 3% SR A, HL G T M8 0 Bl R ST )
(CMA), NE 425 T R BTF> 5l ) 25 5% S it
THEMHTH.

FEE N, TOF HAR M & J R FEHESE T BT Fb ik
e FERAE BIBIESE TAE. 2013 4%, sh ERM A
FRAIFFT FT A1 BN B K TOF 3548 55 Bl Fb 4 SUARBLEL
ARLEA, W HH XUV 5 IR k] A9 28R IFid
SEOGHL TR R, I FROG-CRAB 5.3 30
i 160 as Ak 2020 4E, T ERFERE O
SN B WU I T BIBA B2 [ 24 & T MBES &
gr, Hoom KT AR B B E TRER PR (B

WA PR <0.1 eV @100 eV), [AIRA 532 nm i
JCH BN BE T 2R SO RIDHOR, 4 SE 3RS E
R 2 <20 as (B R), JF 4T PROOF &
IR REATE] 159 as (Skih. 2024 45 E B RHE R A=A
BA 1331 3 3 BOGREE (GDOG) BeAR PR sl 631k
TE A BLARST ok o, 2545 ehcidk # MBES bR s AH 37
KB (quick phase retrieval by omega oscilla-
tion filtering, qPROOF), SZEL T 51 as M ELEH;
Herp qPROOF 3 it i e 4R U A5 2, #5
MIRZEFERITE+4 as.

XS R R R W, TOF St 154568 i #
AL . PRI G5 18] 0 HER R T L B S R AR Tk
A, Sy BT ik v R Ak S B g I 8] B
(<100 as) HUIEED (£ 330 eV) HYCHE T H.
Aok TOF it akseii 2 Bl . 28R )
e LA K R s IR O ) A, LA TR A BT
ABUMHL (ML B v 70 %) Al RABBIT (4
RALARS o8 ) SEHOR Y 22 AT oK, et
B DRl 2R SOR | WORH M B2 AR TR & P Y
AL RE T

4 TOF K ®# FiZ £ ARPES # #

PGB I & N 3 HOGHL T-RETS (an-
gle-resolved photoemission spectroscopy, ARPES)
Wk T A PEREEAD SRS RE 0 AR
FAEAS LI (B RUBE N v A R O T RE, AT HE
B 7 B E] 433 ARPES(TR-ARPES) Ay bk % 2.
TEAL S ARPES v, i it S H 2000 S SO Y 285
Re (5 B C &MU T FWEUR, M TR-ARPES I
I FH B - PRI B S $E 3 5 i T 1Y 3 288
b, MR 7R AP AT S B HFAH AR R st Rt
2 B30, KR TR-ARPES B /%) sE BB AL el
TRV B 125 R AW, (H A [a] 43 H 320
52 R T IO Ik i i 2 R0 FR, - RN 2R 96 1 e 3 T
B, MELAHAE BT RP RUEE BB 470 FTERSG
G ARGHE— D455 T OChK b BRREEa], [7]
IR Mg T 1 I Ta) 0 PR, 300 WA AN 1 %
BB Y DL SO AR AS SR SR AR R A 1T
fiE. HULFME, J£F TOF AR ARPES FEf I
e I (B R AT FATERINGE 11, e Blix — HArd
IS SELD
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TOF-ARPES [ JE 7 [ 3 2 3 2 ) 1 % i 7
B 2 T ) 00 2 A R TR R HE B e e, [RIis
F RGN 1) 2 (8] A BEBe e S B A, A
MR B A 8. 51545 ARPES H i HB2EEk 4>
MrAXAHEE (ULE 4), TOF-ARPES HA % 13
b TG ER AT A T BREE R, TEF5EHL
BE 7 o6 ity SR R e o7, TR A IR AT R D
J1; T DR RO K b R AR O, S A
AR (100 kHz) YEIR (40 Yb SLEot), &
FARTHEIE R AR BT eAh, A 03 B RAT I R) %
% (angular resolved time-of-flight, ARTOF) J&
WEAETBRALS, M ERE R RN &E
e E, A T4 sl i AR S O A ] 4y B
X EEMEGI1S TOF-ARPES 168 Pl ih B R
AR NA.

TOF # R 7E ARPES H % 1 FH 7T LA 38 # 5
20 1H20 80 UK. 4 Haight 25 B8 SR Al
T Nd:YAG BOCF G RHEOG 28 A2 i 10.7 eV
IMKP RS, M1 Z BERRIE 4T T TOF
TEAL RS, BEi /7 HERIE 100 meV, HRI2E5L
PRY A A B A A B9, 3R s A5 A BRI
Selk i E] LA RO S 2 T E S, A&
TBHER AR B PR, 298 T TOF HR
FEIGCHL T BE TS b A e Rl . R, 300 A 22 BH A
PRI 5 AT 5 A BRAEE 7387 7 T AEAE — 2 1)
B, BN 5 0 45 Ab B 24 Pk 2k 7
(multihit events) BYAEBEAE SR . 571 HURL T
AR L AR ) A e AE 4 v B 00 25 T AR A 2
W, 7oA TR P S B, IR AR AR SCRE
JEI4R.

% 2008 4, Kirchmann H A B JF & 7 4y
B HUZ TOF(pTOF) 354X, 456 Wol AR 575
TV HEIR LR BHAR S0 L F- B A TR s T Ik

(a) Ey

¢ -/

Litee

! Electron lens

2D
l y TOF
= 1
. DLD
Entrance slit T _L’_L ’/ B
X 3D

PEWCAR 4110, 554 200 mm ERAETE 2 eV T
BlifE FiAH] 5 meV gl PR Okt 6.2 eV).
T 3o = 22 B B AR 0 A% L R B ] B2 B3k
fift e 2 R PRI L. 2% R G SR e RO G IR
TRk rhZ SR, A PRI 0.06°, SR
TR OGS S0 R 58 5L 14 £ 2 BEST BT RE 1. 2009 48
Wannberg!l 7E L 3EA AT LS, $&0 AA 3
I RATIHE] R S8 (AR-TOF), il id ¥ BB R 458
S H AL T 5 A B IR A, IT A5 A BRI 2 it 1 B
() A7 e G A 7R o i B . A% O S A 5
5t 5 BB, A [ 4G i 2 T EL RSB 3D B
AR, ERGAEL 5B NIE T 1—20 eV
SIREE MM BE 71, BUERE R /PR IE 5 meV
(@1 eV, 100 ps HFE4HE%). 2010 4F, Ohrwall
BA 12 7E BESSY [F20 4 55 I 3k iz e AR, i)
FRIE FIBR Y N 72 2 = 4k fe - A0 B 0 A B0, JF
E SE A R AR L A T A0 S i 7T

2010 4E )5, TOF-ARPES % 4% 4 @I
J& B AR R GY, TG 5 2P AR 5 R B T
TS KAVt B 45 . Berntsen F1BA 13 FF
1 10.5 eV 0t TOF R4k H = UGB OGRS
THEMIS 1000 % TOF 43 14X, S8 +15°4H2 U5 £
W 4.7 meV BE &R PER, HAER LR AT (delay-
line detector, DLD) 37 4 4> A HL I X P 3 ] 55t
B T N T Rk SR Bi2212 2K 1 bt
2013 4F Ovsyannikov 1A 4 #2H1H ARTOF AR
W 7N TCH T B S 25 ps BFA] 2 HER BRI 25 1Y
ghG, B RRCRIETE 3 MRS, HHE BESSY
1358 S0Pl 8.1 KGR F Y 3.8 meV ## = 4 ¥
K Z TAES F Ohrwall A1 A 2010 4F i 28, 584
B IR 2RI 78 A 2R M A 1 5 T I e ) 2
B 8 X REFE T OCEEVE . [FI4F, Wang [A1BA 149
FIH B TOF %1 (SPECS Phoibos 225) fili #i

(b)

Electron lens
Drift tube

o | y
oan
t/Ey X

K4 BT ILE.  (a) BBRIBAIHTAL (b) 0 HE CAT I R4

Fig. 4. Comparison of electron spectrometers: (a) Hemispherical analyzer; (b) angle-resolved time-of-flight spectrometer.
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FIFF A 1A BiySeq H T4 i B 2K P v k2 Al
e, BIE T TOF AR S o 125 1 0 30 B A
fiE J1. Holldack H1BA 6] £ BESSY 11 St H A& i)
ki AR (PPRE) 5 ARTOF {454, it
AT X LK P4 B L 19 meV BE R /3 PER I
103 [ F 23R HT AL Bt R AR 5%, S IRk 2%
1) B S 3 ) s () - % 5 3 T RS B 4. 17T Oloft
BN 17 U 7E SACLA H i L TGRS Ll it
BT S TOF HARMEWISE Ti-1s B T30
0 0REN T 3 keV shE TS MM LAY 3 eV
eI A%, Medjanik %5 18 JF %4 il 423 5h &8 W idss
it TOF A8 &2 #r 52 B UY 24 56 1% bk B0 2 | 7
3 h P 5E N = 4E A LK IX 478 55 . Kiihn %5 49 gF—
ALY 60° T8 M A B el i AR L kK f
JEAE 5 R R 2 430°, FFAF 1000 eV B HE N IR 15
1 eV e, IESE TOF $ AR 7E# X 54k fE
DX iR A B s )

AR K, TOF-ARPES £ RfEME P J122 5
A5G I 5 0 A S8 W, AE R B ROLIR 5 &2
Z= M4 B 5 v e B AN . Zong A BA PO SR
Scienta ARTOF 10k #RM#ZSF5Y LaTes YEEAHAS,
WL 10.75 eV I IMEIR S 230 fs Pkt E4EBAR
SEPL 50 meV R PER, B UCOULIN S B 1oy %
& MR A Bh 257 Ak . Maklar 25 BYU A%} H
552 W], TOF Zf BBi7E 1 MHz G AT
STHBURYicE BT By T3 61 BIER A S R k1 R1 3 <8
TH 2GR AL L. 2021 4F, Schonhense
HIBA B2 7E FLASH ¢ % 1 2¢ HEXTOF 3 & W fi
%, 38 A L O BT AR G A [R] ER A 0 R
3—4 MY, SEPL 120 meV BERM RS 50 fs I
(6] £} 2h 4% . Berntsen A BA 43 JF & 19 10.5 eV &
YOk RSt 8 MHz 2R 5B Bk
AMEFEAR, 7E Au(111) FRmAM &P 0.021 A
Bl 4y BERM 4.7 meV R/ HER, H = 4E 50
RE N B R T HIEELIERE S /724, Guo H1BA B3
PE— AR U = R R, SR 22 38 s
55 5 BRI O R B B2 7E 250 kHz B & J R RS2
9—18 meV 7 Vi, Fi ik £ B AT - IR S 56 55
UE 165 fs B3 HER, BIf#dT i 2k Bi-2212
Ho A S RE R Y sh AR

BMATT S, ARTOF HiAG 4545 i ] €473
S EIR 2 Mg, S TR T RER S AR
[FAE 0 o, G 2 BT T A i 5 SR, [ B

R Ik IR S 2 4k (5 BT REJ], ARTOF
TERBPOLH FREIE I R B S RE R PR L T
SEARFA RO PR ] BRI R G PERE, SR D
YR | =R AR SR R P RS T
SR L T O T H. Kok ARTOF H AR
T 53 B s R OBUR (A0 MHz 2% Yb JEEF
), A Bl R ME ] 2 ] L faf 5O, R Ak
ZUER S AT & A AR A R IR AR A
S5EHTEAFPRAEERE S, AR A6 e s [R] 43 3¢
ARPES 1Y REPGURE BE T K AT oG FR 2 i X
) e A0 R AT, e A Bl SCHR AR R S5 4 M AR TR
KRS R R A4k Sh A FREAR.

5 TOF A A Bl T3 4 280 8y

TEMR T3 ) 2 E e b, W S T g i
AL (the cold target recoil ion momentum spec-
troscopy, COLTRIMS) Fl3# £ BAL RGE (velocity
map imaging, VMI) J& WALz & & FB, H
TGS oA EAE S COLTRIMS
HYFE AR Lk (LI 5) 2 ad ik I 5 F bz - 1) — 4
Bl oA R AT PR R B B 12T, REfE T
S - O R R TR A T sl G
WK AT, AH HAS B3 WA S s i B (Hi
RUE R 0.1 mm) DL EHEIN 25T T8 P 9 Ji 5 i
2Bl i VML R (] 6) 38 4 i i i 5 R g vt
JCHL T AT AT AR 5, IR Abel 284
P YER 254, P T RETS BY USSP R B
SR, (XTI A B oA (73 PR RE 1 2 BR T
PG R B B T SR T A A B2 SR T A I TR b A
TOF A1 H 473 2L H ZAY M (4. TOF i id

Super-sonic gas jet

lon detector

Projectile beam
'<
Y

Fl 5 COLTRIMS % & J5 il & ]
Fig. 5. Schematic diagram of the COLTRIMS apparatus.

Electron detector
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W7~ DR BIERI 5 T () AT R[], S
U IRE R, HA RIS SRAS I Rl o3 BRI sl a7
fit 1. #£ COLTRIMS H, TOF #{ Ik I 5 B -1
B0 CATE R, S5 5 DLD 45 A B A5 S 4
GIFEH =i g, o OR Sl i o A i A B N
£ VMI Hr) TOF W T X 3 A [ far Jo1 BE A9 25 5,
T B GR35 A1, 3R PG 2 A ) 5 e LE
ATHEPE. TOF 2K By 15 B[] 43 B R A3 58 N B
RERE G A B Tl )it 72, MR ARZOL S
JEAH AR FH O OO L S AL T G S0 4.

CCD camera

1
- MCP /Phosphor
imager

€ —— Flight tube

Ground

Extractor — %

Repeller

ﬁ 5 Skimmer

Pulsed

valve

paser beal

K6 VMI 3 E 5 R A
Fig. 6. Schematic diagram of the VMI apparatus.

COLTRIMS AR % BIHZAS TOF &+
RO HT 5% 22 4L 1987 4, Ullrich A1 Schmidt-
Bocking® 1 k4 H 3L F TOF By P i F sl ik
AL, A TOF $7 AW & 5 v 25 - [ 3l )3 %
RA% G2 AR Al 2 1 DT B 3kt T BRI e PR i, S
B prad g (fIRE 3x10°6 rad) A9 AP FHEU A2
T, AR R R B B, 1993 4F: Frohne
ATk AT B g PR R i TOF 5#2)E-
S5 BC PR A7 PR 5 b ) S 3 = Ak 3y ik .
TOF Z 4638 ik i) (8] 25 53 B ff o DA 17 sl i o0 it (49
HEE 11 a.n. FWHM), Bt A4 m) 7 B 1 R e P e
B Rl S P R AT Ne B 9N ) s i 2 A R
fiE. Z AR TR T #4422 T 40 i S i AR 5, 512
BT 90°H7 MK AE B T-Sh =BG RN &, T T
SRS I R R ] R PR 1995 4F Mergel 45 P
TF R SR S R G, i i R R B
Yseit, R 1:2 4R IX 5 IR X K B HsE B
— BB A SR AR Be A 330 mV /em [ 34 4] HEHCH

Yy, ¥4 5 gy i J v FR 4 YN0 +0.13 a.u. (FWHM
#0.26 a.u.), ## 7] +£0.02 a.u., SEE P E TS
B R RG BE I . [R]4F Moshammer [ BA P9 FF % 119
COLTRIMS it 10 G (1 G = 104 T) %ha#3%
S5 EER, 2T 30 eV LUFHFI4
A il &, H TOF RE0R R SUMGE i AR
MIEE (40 mm HAR), BLA —EAFANE, BT 7
B3 HER IR 1 ns; 54 13 cm HLI3Z 035 X ) LA
BoeE, i gl i o HER IR F]40.08 a.u. 1998
4F: Mergel A1 BA 00 3R H 55 # L £2 0037 (1.4 V/em)
gh A W R AE, SEEUHE X B 7 = 2SR
£ 38 B AT A R BRI R i S R R
T, Mm s PERIs AK, , = +0.075 a.u,,
AK,= £0.15 a.u.

I+ Z4E3k, COLTRIMS [ 4 b it 8] 23 9t
SERRG IR, RS M IR R .
2000 4 Dorner 45 01 J Jié G 38 26 BHH 5 X
BRI, ST 200 7 CAT R R RIA B 1 [
HAd sk, ARG EE AR IR E T S 4 B
B, 454G TOF Rl &, K456 st [
JE4i % 10—20 ns, BERF TRFERCE, I FE
TR S 2 ) PR A T OGRS AR
Weber 4562 3@k COLTRIMS 254 220 fs, 800 nm
KPP A U T He2 B T =4k sh By
3. SEgrh TOF W& 455 00 7% 5t S i 3l 3 it
SCELT meV BEIX B3l hE 1 EkG B E A, UL £
T PO A IR T 1] 19 5 L0 254 (45 35 5 6.6
10" W /cm?), i HL UL R AL T SR oy
HEHE. 2006 4, Ergler 45 163 ) FH P2 1 4 A% o
SRE R H A BB, o TOF 5 7 fs AL 4R
DB E K 2S5 B A HE T DY 4k sl A iy i 2 v
b, LR T IR A S R IR IS, 2012 4F
Schmidt 4564 3@ ;3 COLTRIMS S8 T Hy iR
PRI TR BR S M MR, H TOF RELS AR
KT 225 80 mm N AT AEIR £k PHAR G 25 Y
P EAF B, KR i she B ) Hetaliit (F
TP B 0.04 aaw), M 800 Uh A% % PRI £
G3AR, TURE HEULIN R B A I R AR 2 ] 1 A
S50, ST USSR T 2R . 2014 4F,
Sabbar %5 6 JF % T AttoCOLTRIMS %8 | 528
T BRI E E (T h NARMER 22 < 60 as),
JE4 COLTRIMS F T Bl ik v isf sl gl JE 000 o, o
IE T FROG-CRAB S #H AR MW AT, JFE R
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LT AR i TR R 372K 14 RF [) 2300 2. 2019
4E, Fehre % 06 ¥ COLTRIMS Z 4t H A FHBZ
B (R 119 V/em, MK 21 cm) &1
WE R B REIR TH B2 2.5 keV. % 2 5838 3 K BR
ARk I A S A, SCPL T R AT A
A [ B AT HE, CF, OYAERR R 1 =2 3l & % i
2020 4F Grundmann 5% 67 75 & 40T WU HL 25 525
FIF COLTRIMS H ff il 5 J5i X6 A1 L 711 =
Heliie, 454 SRR A TR I L B R (144
R Ik e e R T (>96% R AHER) LIs/IME
RS, T B R ZE AR Bk 43
W, Ha7s G T 48013801 247 28 (zeptosecond,
1zs = 102 s) AR AN EEIR | 22 . T TOF K
PR E] RUEE 0 124058 b A% O AE .

Zi LAriR, TOF HARM#SHES) T COLTRIMS
1 & J, HAE 7 B T RS A R BR 8 T A
P TNk 37 1] Z2 M R A S WU A TR AR
W 2 522 180, TOF B (8] 53 H R 1 75 SR 43l T R0
i DT T AR BR T 2 HLAT R TR AR ) A SE SR £ FH
WA, SB[ 5 2 )45 2 G o [R) 28 AR HG 2
P i ¥ 7 1, TOF $2HE0) Sk FE i 7 (5 B RS
oo s R 2R ARG OCHK, BRI AR
RS EAEE. Aok TOF #AR7E COLTRIMS
W & R TN LA JLAN 7 it — &[] 23 )
e BR 2B, A B 5 B e ik op (an BT R ik o) #5 22
SEE SRS AR SRR (1) 8 122 g RS
MY 5 T, Al B R R S sldg E ALY
HESR 2% /el T RES], DA 25 (] 43 B TR £
R BRI A SRR R, =R Y S G I B A,
B X T A 2 K AR 2R IV S i 43 A AR A 37
BT TR M 9 QAT Ao ) 3R A2 D2 e e A
A PR RS, AUFE A TDC FEFIA] | 32 TF R AL A
SEEFEICHE AT, AT N B R R RO RN
- [ B PR P S 30 5 5K 3K 26 U — 2D 4R T
COLTRIMS 7E 8 PR ] 0 FER I G R 53 B )
RETT, AW AR EAE ] RO 5l ) 2 f T o
KIGEAR S

TE VMI AR K R, TOF HAR R &
%00 & F B¢, Eppink fl Parker® F 1997 41
UCHEH VMI F A R B 5 5o 38 4] f 375 R A
[ S 114) 5 - 5 5 B DN 4[] — o7 ¥, [l st )
TOF X5 A[a Ffar bk 7, g T T4
TR RE R R, WSS A R H AR Ba e 3

fih. 2000 4F:, Eland H1BA 9% DLD 5 TOF 454,
TFET ENLFRZR TR RN 3D SR R5.
Z R G A DLD 1B 18] 5 BEfe 1 Ff B R,
[ AC S T TRy =i sh i it MAs & g
SIS R AL T SR R FEAE. 2001 4F, Kitsopoulos
FATBA (00 FF & ik v U] 7 G AR, 8 U i A R 4
B 3 B FAE TOF 4 BRI, 456 1 T
D ESA AR AR vpoC YD B, S0 T S8 A 114 % 1]
S EE. X — i e S S5l TOF 2 HER
IRFINFD RS, (HAZ BR T T RS B (10 ns) &
RO k. 2003 4E, Suits A1 Lin HABA M7
G4 B R & (DC slice imaging), i i
I E e S0 B TOF S, 454 30K 40 i i
[E] 7145 (1 ns) 530 40 FD Z isf [8] 43 8. 2014 4F
Li PATBA 1731 SR M s 5 3 CMOS AHBIL S ey i 4K
FAALEGE G, FEE 462 3D-VMI REL. %R 4%
0 3 ' A% 1 A G T ol /B O B O
I HECFASEREE PMT B AR B TOF 5 4., 52
U5 AR BL 47 A TR 2 SR, I IE] 4 B Gk
200 ps, 25 [ 5HER K 500 pm, FH L LB TE
F A, AL S8 DLD RYFERT [E] BRI, 2015 4F
Li AN 2 TR R G, R PGEINIRA (P4T)
SHEHAHEE (S-PM) B MCP HIERERS,
¥+ TOF 3 PER5E % 0.48 ns, it 2k IY
PIA B AT ES TOF W, ffDk 1 8 %6 i A ] e
(<1 ns) 227 25 (0 K6 00 e R0, Ay o] A6 £ 1) 4%
S AR T S HF. Urbain B1BA 7 £ 2015 4F
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Abstract

Time-of-flight photoelectron spectroscopy (TOF-PES) with exceptional energy and temporal resolution has
emerged as a cornerstone diagnostic tool in attosecond science and ultrafast dynamics. This work
comprehensively reviews the TOF-PES technology, its basic principles, and its crucial role in attosecond
metrology. The first part in this paper introduces the historical development of TOF methods, from early ion
mass spectrometry to modern photoelectron applications, detailing key innovations such as energy and spatial
focusing, magnetic shielding, and delay-line detectors. The implementation of magnetic bottle spectrometers
(MBES) is discussed in depth, emphasizing their advantages in wide-angle electron collection and improving
energy resolution through trajectory collimation and magnetic gradient design.

We then focus on the application of TOF-PES in attosecond pulse characterization, particularly in the
RABBITT (reconstruction of attosecond beating by interference of two-photon transitions) and attosecond
streaking techniques. A broad array of experimental breakthroughs is reviewed, including ultrafast delay
scanning, energy-time mapping through photoelectron modulation, and the use of MBES to analyze the phase
and amplitude of attosecond pulse trains with accuracy below 50 attosecond. These advances indicate that the
TOF-PES is a key driving factor for temporal phase reconstruction and group delay measurement in the
extreme-ultraviolet (XUV) spectral range.

Then the integration of TOF-based detection in time- and angle-resolved photoemission spectroscopy (TR-
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ARPES and ARTOF) is explored, making it possible to realize the full 3D momentum-resolved detection
without mechanical rotation or slits. The synergistic effect between TOF and ultrafast laser sources promotes
the simultaneous improvement of energy and momentum resolution in the Brillouin zone, with applications
covering topological materials, superconductors, and charge-density wave systems.

Finally, this review extends to momentum-resolved ultrafast electron-ion coincidence techniques. The use of
TOF in COLTRIMS (cold target recoil ion momentum spectroscopy) and VMI (velocity map imaging) is
evaluated, highlighting its indispensable role in resolving related electron-ion dynamics, few-body fragmentation
processes, and tunneling time delays on attosecond and even zeptosecond scales.

Overall, this work emphasizes the central role of TOF-PES in advancing the frontiers of ultrafast science.
Although current challenges include space-charge effects, detector response limitations, and data handling
complexity, future advances in quantum detection, Al-driven trajectory correction, and high-repetition-rate
light sources are expected to overcome these barriers. TOF-PES, through its continuous evolution, is still a key

platform for detecting quantum dynamics on the fastest known timescale.

Keywords: time-of-flight photoelectron spectrometer, attosecond pulse characterization, angle-resolved

photoelectron spectroscopy, ultrafast electron dynamics
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