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Experimental demonstration of the mechanism of steady-state

microbunching

1.1 HARfER
o R IEFOCIR. ARSI

o VE¥: Xiujie Deng, Alexander Chao, Jorg Feikes, Arne Hoehl, Wenhui Huang, Ro-
man Klein, Arnold Kruschinski, Ji Li, Aleksandr Matveenko, Yuriy Petenev, Markus
Ries, Chuanxiang Tang, and Lixin Yan ((FZEH#: R FEEEHEE K.
f#E Helmholtz-Zentrum Berlin, 7% [ Physikalisch-Technische Bundesanstalt)

o %% https://www.nature.com/articles/s41586-021-03203-0

1.2 fij#

BT R I g AOEIRHES TR S EORRBED o B ETINEEGOEIR E N 2R T
A PR [ 2 AR AT EIRANIE T Bl dr B9 H A T H0C. AP 5T BAT R =, (Hih
TARGTI R EARAE T, HUPRAEEAL. B hEF ROt AR AN E R (%)
USRS, (HH A2 BRTIKEh I . ARASHER ARG ] A S A SRR, ok
RERL w2 MR 24 BN R SNB B o X T2 38 I F) Y - A R ASAS U BBIERR (steady-state
microbunching, SSMB) &&= A AT 484 SLHLRY o 4578 SSMB VENASCIRTE F1H95C
SR A B EIERY IS DI TEH R X IR AT SSMB L 1Y L8 30k . 3
TR 7N A AR TS N PR A FE - ARAE G 1064 K HIBOL RE R 5 2838 H 14
R OAROR OGRS AR R TR ST o FRATHIZESRAEIA 1 H Rt o (RIA TR0 B)
RE LA THROEHARAORS BEIZ 6 R I BT 10— ORIk, FRATHUYAE R ARG 0E I HOL &+
SHFHGEEE RS, SSMB af PLSEEL. X 4eib2fT SSMB By s &It
P Py — A~ HLRR AL

1.3 FTHRBAIHT

o TTHk & QTR SSMB A —RErEIREE, ASRAER A N Tl SFteA & B
R AT 5%, X TAER SSMB HUSH— A FERITESES . SER A PIIORHE R, Hl—
BB . —BIBZ 00 ML H 7218 (turn-by-turn) FIMHEASCEL, 11

4
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TEAFAEER A N N 13 FL PR 2RO A 2 i (A — M AR E Ry o PRI
KWL E, PR — 1 HER, 13 LASCHE SSMB RYSEEL.

o IS ZLG IR A B SSMB, TMZ2/E/R T SSMB £5 LASEE g ELAL, Rl
FEIAY 2 B AH AL 52 B (precise turn-by-turn phase correlation). X2 &R ETHL
M SSMB LAEMERIN LI R, TR SSMB 1 SE8E TR~ IR o R AR I Ak,
RUGER T HLFB B AL (A E) SRBRATRE R/ VT OB, i Fatads

MR ZAEROEIY 51 optical bucket A FE. WA Bk, %S08 /R T SSMB
P35 one-turn map
{5n+1 =0, + Asin (k1 2, + ¢s)

Zn+1 = Zn — CO776n+1

l

B sl s SSMB, B FSRENR % one-turn map [I7RBTE . 52565230 L |
AR B HO RO 25 5 AU A VR

Quasi-isochronous ring

Dichroic mirror

Laser-e~ interaction

Stored e bunch

Focusing lens

]
"S\i.. Phase-correlated Narrow band- €55 A2
Syt - .
p) \:;\},7 pass filter
Laser Modulater and radiator "-,:‘-:-;:1-;‘9 Photodetector

Microbunching one turn later

Fig.1|Schematic of the experimental set-up. The stored 250-MeV electron harmonics by dichroic mirrors, andthesignal detection focuses onthe second
bunchesare energy-modulated by al,064-nm-wavelength laserinan harmonic. A narrowband-pass filter (centre wavelength, 532 nm; bandwidth,
undulator,and become microbunched after one complete revolutioninthe 3nmFWHM) canbe inserted in front of the photodetector to pick out the
48-m-circumference quasi-isochronous storagering. The undulator radiation narrowband coherentradiation generated from the microbunching.

from the electron bunchesis separated into the fundamental and second

1.4 HpE

SCEERT SSMB 5 [ -5 B B -3 11T T B AT B S S . A6 T AR
T A2 RS SR 05 6 — BB M. T SSMB B 51 T/ 2% Ref. [1];
BT SO — BT S SL A AT DAS % Refs. [, B

25 3Rk

[1] D.F. Ratner, and A.W. Chao, Steady-state microbunching in a storage ring for gener-
ating coherent radiation, Phys. Rev. Lett. 105, 154801 (2010), https://journals.
aps.org/prl/abstract/10.1103/PhysRevLett.105.154801
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[2] X.J. Deng et al., Single-particle dynamics of microbunching, Phys. Rev. Ac-
cel. Beams 23, 044002 (2020), https://journals.aps.org/prab/pdf/10.1103/
PhysRevAccelBeams.23.044002

[3] X.J. Deng et al., Widening and distortion of the particle energy distribution by
chromaticity in quasi-isochronous rings, Phys. Rev. Accel. Beams 23, 044001 (2020),
https://journals.aps.org/prab/pdf/10.1103/PhysRevAccelBeams.23.044001
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Experimental demonstration of the mechanism of steady-state

microbunching

2.1 HEARFEE
o RJH: Nature

o VE¥: Xiujie Deng, Alexander Chao, Jorg Feikes, Arne Hoehl, Wenhui Huang, Ro-
man Klein, Arnold Kruschinski, Ji Li, Aleksandr Matveenko,Yuriy Peten, Markus
Ries, Chuanxiang Tang, and Lixin Yan (FZEHK: FEAYE. FEEIHHEKS.
f#E Helmholtz-Zentrum Berlin, 7% [ Physikalisch-Technische Bundesanstalt)

o {ff%: https://doi.org/10.1038/s41586-021-03203-0

2.2

HEHTRASRER K (steady-state microbunching, SSMB) JE¥ AT DLy 4= 747 55 K24 2
RSN B B B S J AR A S AR AR AT . AT AR R [ A R B
HHHETROCRE R A RE S AIOREHF AR Metrology Light Source (MLS)
AT R SEE AR PR 2 G an ATE AN B 1064 40K FBROEALSROL I
e, AR sl R RO RS g R HEAE, S Issh
FAVHALARAE (PILHOG IR ) B9 1 AL Se S S RO AR JEUEEER BL) . AT AR AR R
I HARTAET o SE Pl 6 PSS TR ST G SRAR I, I RAH T8 5 B A S s
P, SR TE 3 HURRYIEB AR XIHE S ATAL P, 5 FU i PR BE 1 A 2R Tl
RATE e fwoa . VEEIEHTSE TR AT e SR R R R, SRR S i B
T REREL, ORI gt PR T SRR AR TR R

2.3 TTHREAIHT A

o rik: (EEEE S, HIRIIE TARSHERAUSEM, JRR 1RSSR A Ak
IR A GRS AN A AL o 18 I X R 5 J3E ) R 0 AT B R 2R AR A
T AR AR a5 B R B T {5 5 AL BRI SR S5 e 1 T SEME N Jo 22 R B
HSER R B B T ARG A5 4 S o
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o AIHTAL:

— RSCSEEG HY B B AT RS BRI R 5% R S HEE R B A S R, i,
WX ZE IS BT R T BT Rk F REE 250 MeV (PR, Gl 8y
VUK Ak 1) R 5 58 8 LASRAS /NI AH OIS B BB, A T SEIER AOR S Ik
(isochronous) i FFREESE o AEEAEIE UG AT 36" HOM X S S 400 e BRORT
fth 25 & PRI 2R T B A AU B, i FRATHE 2D HAR T S R T R T
Kz, (A2 2%

- 4’!5%45@ T EE R A T A — E BT, BT IR K IO S 51 ks

AR IEAIE 2R, LI R 4% (dichroic mirror) 48 5§ 619 =
TVRIEWE AR, FON R B A TR U3 AT R SR X — R (R R AR
KPR T RS A S R . AW TR, SHATRE O BUER R R,
WO RS S A E . A EiE AT R — R BRI, Eaie
UE TR RHIE L, g R B AR T .
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A&
Electron beam transverse phase space tomography using nanofab-

ricated wire scanners with submicrometer resolution

3.1 EAER
o I ARER S R

o E#: Benedikt Hermann, Vitaliy A. Guzenko, Orell R. Hurzeler et al. (ZEZA[ A4
Paul Scherrer Institut, PSI)

o B S BUEA

o HE¥E:https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeans.
24.022802

3.2 fHH

X 5 FE 7 SR R [ A 5 ) AT A AT A 5 A O B AT A S o
KT RS L& AR AR A AT 2 Ko IR R SO 2 R A 22434875 (wire
scanner) fEECIOL B [ A EE e R R AR S IS RIS R M —Pog RIS AR AT K
AL, Wl NRR S 2 R I [R] B T SR PG A 17 A 2 () BE R AL o R BR RSP
FAE SwissFEL R E RS RARITIE 7iZ i iARIATRUE, A T HOR IR 7R
AR AR S R Bl g2, O H e T BN b 1 5 JEE R SRR [ 5 TR A SR S B 1 4t
T

3.3 TRREAIHT A

o ST TSN TR 2 & i 7R — 465 B Zdlidy, AU H— il
TURE IR 25 MR R B A ) 22 A liar 45 (Mg Fig. 3), Al AR AR
[RIFAEE O Xt BB R AR o PP T — PR T Z50RE 7 A A I AR
F S A LA TH AN R AR 2 B R R B R DU 4R AR 2[R R 5
TRE IR N B SR BURAE L o WERINGE @, y P RIS B EUA [ AR A A
(phase advance) X . ) 45 A7 A7 B ALY 48 A e [ FH 2 ) A0 A 56 JEE o
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o Tuik: e T HIER T ML HE W B ATEAUR AT T RVEIERTE . R 22
P LI AE R [ @ — P el AT T 58 %07 RV R 2R A LA e 2 A
BRI (THRERTRIZY 2 7051 FFZ5HE T AE SwissFEL JE ERYSLIG i %, 5L
WG RIS RSB EE R, BT TR YERESHNERMr . Ha
VEE IR 48 1 S A AT AE A IR ZE A T AN AR S 30 FE - AR 2 A

3.4 AR

z=0.0cm z=0.5cm z=1.0cm z=2.0cm z=4.0cm z=8.0cm
o
(2] 4
g \
A
N Rl AN
® : 0 . ! ? ¢ } ¢ . .
S \ \
<|1|> A ,m A ')Ah‘ ‘ |\ ! | \“r
g )Jk
: A
B it aada® N kit 2 S A "
N
N L i AN '
{0 ' ALLLLAL
o
P
-10 -5 0 5 10 -1 -5 0 5 110 -0 -5 0 5 1 -10 -5 0 5 10 -0 -5 0 5 10 -10 -5 0 5 10

& (um) & (um) & (um) & (um) & (um) & (um)

A 1 IR (ML) MR (R EREL) By R Re R FrA 18R y i, LME
RN RN AR M e 5 s SR A9 S5 5R o [R]—1) (column) f)-5 (RIS B 22 4l e _EAH ]
M 2z AR, [A—AT (row) HFBIXTMARRI B ML 0. R0 IR B R HIE KiK. i
JE—3 (2 = 8 cm) RYFHIVEREIBA ESEEA R AT, 1K BT R TERFRTIRS 2 1 ERy N
FEAAEME . RGN T PR RS o %I ER e — Al (2 = 8 cm)
HURERRRY, MR 23964 5 2 = 0 cm ARTARE— L
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Single shot, nondestructive monitor for longitudinal subpi-
cosecond bunch profile measurements with femtosecond res-

olution

% Ul 2021 4 1 § PRAB i
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5 AHRF I L SR B B 1 A R AR 25 B Bl
Cascaded high-gradient terahertz-driven acceleration of rela-

tivistic electron beams

5.1 HAER
o g3 BRI T IE
o {E#%: Hanxun Xu et al. (FZEHH: HEKF)
o HA: S

o HE¥E: https://doi.org/10.1038/s41566-021-00779-x

5.2 %

K 2LIEB 2 — MR 5 REN AR EE R TR TR e
KA 2E SRS AR A R 1Y J7 ENERBEROR B 2R 15 1 It HAERR 2L R o Aid H Al
S rh T ARAT A IR A L AT RE B B 2 (SR TRAI, A5 REIX A9 Y8 AR M LIS R Bk it 15
AR RR . KRR SARE T ARINE AR =L 85 MV /m HIAGR NG, F45
T RERHE 200 204 keV BYGHIRAHF2X SR SIS IE RPN T 5 o SX L8P B S0 45
AR T X TE AORAE 5 RE R 24 SK S s it iel iy — D B BEgEJE AR SR A 25 4K 50
O H IR AR SR R 22 A B BAT B

5.3  TTRRERAIHT

o GPHTAL: DR H TS 0O KR 2Z 3K S ins T4+ MeV HLF SR A 5250 BicR
(73— ML) 35MeV 1Yy R 24 i Se e W22 S0k (1)), HoAr B9 ARR 22 3K 3 ik
SR ZAE keV BER (S XSH R [3-8]) o AN T 774w B K24
iy, S— Rl A AT E SR ST (coherent transition radiation, CTR) F#24E Kl
ZZIKBN Ik, FMEE WA LiINDOs g™ A KA 22 IS ik Y J5 %, RE &L
M2 pd FEEEN T 132 plo X —mRERIKSIIK P IO R Pl S E AT L
GV /m PSR IR B

TR

— ASCE SIS IE 16 AR TR ST (CTR) A Kb 24 K sh ik i 7 56
(W), FFERAG T 170 £ 84 keV RYRERIIE 7t A HL A 22 SR B A Y
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optic rectification J7H:, CTR J7# Al LA Sk AE RS 1 & 2 MHCIHELI
xmzw%%w (277 SRR T LA PR T MoV, 37T pC B
THIORES (AT 24 BImP2E CTR).

Reflecting mirror
wnh 1.5 mm aperture

Horn coupler

Wnness bunch Aluminium target
wnh 0.5 mm aperture

Off-axis
parabollc
mirror

Drive bunch

—

Quartz capillary

Reflecting / e Y

mirror j

Delay line . ' Terahertz linac
>\ 08
B
2
8
E
B 04
m Dipole magnet

0 2 ‘

Pulse duratlon (ps) Fleld frequency (THZ

o

1

YAG screen

Normalized intensity (a.u.)

A 2: BAZRMF2Z K L hdids . — 1 850 pC. 30.4 MeV B FIRIEECR LA, 74— 1L
0.6 THz NHuBHIH Y] CTR fikiho AR KM 2 Bk rfill i HEFERR & R 5 B A BiOs
5 1.9 pC. 34.3 MeV s A A A EAE M o 18I (o0 T ARG 1 ARk B 2 niae L AR RE
o ar FR4E; b MRS SR O LEIE; o KB EZER YRR d, e 1l OB
RAER) CTR K22k bR RIAEEE (d) AT (e); £ CTR ki A9 £E sUFE B

— AN, BRSO IE TR CTR [9ZUB AR IR 772 (L FIE), i
o A P P T (35 pd) RIS %%%MDM%%CTRA%@W
kS (TR, BORGUNT Z U IR CTR [OMAERIEIE T, 8
SRS T KU RELHN S (204 4 64 keV).

2% 3Rk

[1] Hibberd, M.T., Healy, A.L., Lake, D.S. et al., Acceleration of relativistic beams using
laser-generated terahertz pulses, Nat. Photonics 14, 755-759 (2020), https://www.
nature.com/articles/s41566-020-0674-1
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A 3 BRI ZE B nidgs . 5 RN 24 SR sh B2 st a () = 2L DO 2 it iRy CTR 42,
CREAERT 5 A7 1 B AR RE R S A KR 22 Fa AT o a: FHEE; b, co a5 FEOG ORI & A E Y
CTR Xkt fElm e (206) Fmay () J7 i LRI RS (b) A (o).
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6 T ELMESAHE TR EA R s [PRST-AB 7-07]
Suppression of microbunching instability in the linac coherent
light source

6.1 FEA{FE

2K [FPRRATS A B HEE0E

{E#: Z. Huang, M. Borland, P. Emma, J. Wu, C. Limborg, G. Stupakov, and J.
Welch (F2A#4: SLAC)

S P D

5% https://journals.aps.org/prab/abstract/10.1103/PhysRevSTAB.7.074401

6.2 Hif%

R 220 SCTFSE R L LR TFASIETHY X S22 ] A0k (ray free electron
laser, XFEL) %11, H, SLAC 1R 253698 (linac coherent light source, LCLS) T H ,
H9h ) 25 [al AT (longitudinal space charge, LSC). 5T [A] 2488 (coherent synchrotron
radiation, CSR). ml B Zhnidas /L g5 TE B 3 (linac geometric wakefield) S2
HIRCR B A FEENE (microbunching instability, MBI). 5 HL 54 R B9 AR AH T REH
(uncorrelated energy spread, sk ] HEEL slice energy spread) JEH; /)N, MBI #E551R K,
Ft, AZKRE FiF RE 748 R4 s (vipple) s B HLF A AS B 1“1
(shot moise)o 434 Filf FEL X AEAETRERCAYEK, KNTE AT LAE & =4 B9 38 i Fi o)
AT IR TRERL, EEA G FEL REEMVRTHE T, Eid iR HEHEGRIRHER ¢ (Landau
damping) R A MBI. i 18 SO 5 MRS R R REAZSE AL TERR @ B 2%, Rl
SHEESS (superconducting wiggler, SC wiggler) 56N (laser heater, LH), Ffi
WA RO MBI B AR

6.3 TERREAIHTA

o QU RSB R RBIR R LH #0) MBI YR80, (12— HA I
MR EAR U BSE R IEX A T RAVARBAMERIIE S ILAL, IXRIE SOLFI XA A

3E. L. Saldin, E. A. Schneidmiller, and M.V. Yurkov, DESY Report No. TESLA-FEL-2003-02, 2003.
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6.4

Fig.

LCLS # i &0em typma) MBI 95— T REJT 22093245, B, Rl SC wiggler
Wl R T L

Felk: HFRIA SC wiggler HEAMAEAE T AEBCR A HI TE 00 P RS 4R 5 2
(7R (quantum excitation) 2R, DRI TEHEAE ANEAEREEIEIT: HO7E BO2
Al AR I T AR R TR, (R TN T, WI%IeSC Fig. 7, 155
[ K TR P B 2 TR SRR E T35 FEL undulator A [1ANBER (1 JEH1 T AERL
(B3R 05y ~ plat )

MXTHE, R LH UIRELEMRAERTBE (41, 135 MeV AL, WiZiE X Fig. 1 AbFrar laser
heater HZL0 el [8]) A7 R0 A2 R AE A AR TRERL. 2RM0L Fig. 7, LH AYRAEEAY
f£ Fig. 13, FJLVER], FR1E 5 EROC AR R AR/ NS 7 A ) RO SRG I
ReREMS A AR AR TRERL. Il MBI, FfiA%] FEL ZLRAYFAE undulator N[
SeiAEME T RERL (Fig. 7 R =/AF). & ZIARHTREBCRL 2 T
ALRERTAY 10 £ 15 {5

RS HETTEIA S, Wit LH, ESROEXT 751 42 1 W 7 5E
EREERRITC R AR T MR, B, T e s (JEFS) &4t [Eq.
(14)]« LH X L7 SROBE [ & 5 EE R A BEA [Eq. (15)]v LH FOOERT HE 5 SR ) 4
A [Figs. 8, 10], DAKAE LH fFAEMENF, MBI #5255 (gain) M E [Eq.
(11) 5 Figs. 9, 11].

HE

LH —feae e Ae L RREBLEU/INA bypass chicane H, Z5H7RE R AI 2% 1183
4o R Rs1 # 0 80 Rso # 0 BURHE, IE 00 # 0,00 # 0, LH X HL 1A A

T RERS A RO TRER, MR T (JLF) A THIRERL.

I SCHI A B SR EAE 2R . Horb, B A 251 748 ELEGANT Hhig

LSCDRIFT MBI RESEALE . [l B ULE 24— PhiE ) BT 5508 5 8 i 1A
HIHHE S

2004 2 )5, MiseA V2T LH W AR MBL & X XFEL YERERIOFTE. 2

T trickle heating, — AR AEHETUNN fFEE LH fUELR, EXRIRSUEE R
>k 2010 £ERGIESC U] A RERI T

4Linac Coherent Light Source (LCLS) Conceptual Design Report, SLAC Report No. SLAC-R-593, 2002
PHFREREA 4.5 GeV, 2% Fig. 1.
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[1] Z. Huang et al., Measurements of the linac coherent light source laser heater and its
impact on the x-ray free-electron laser performance, Phys. Rev. STAB 13 020703
(2010), http://dx.doi.org/10.1103/PhysRevSTAB. 13.020703
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PRAB 5i# SR 2R
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7 LCLS #othm#has K HX H b HOCKEER IR [PRST-AB 13-
02]
Measurements of the linac coherent light source laser heater

and its impact on the x-ray free-electron laser performance

T IEALE
o S EBARAHS E R TG

o VE#&: Z. Huang, A. Brachmann, F.-J. Decker, Y. Ding, D. Dowell, P. Emma, J.
Frisch, S. Gilevich, G. Hays, Ph. Hering, R. Iverson, H. Loos, A. Miahnahri, H.-D.
Nuhn, D. Ratner, G. Stupakov, J. Turner, J. Welch, W. White, J. Wu, and D. Xiang

(FEZHLH: SLAC)

o BRI PRI, ML SCIG

o HE¥Z:https://journals.aps.org/prab/abstract/10.1103/PhysRevSTAB.13.020703

7.2

an SLAC By LCLS, 1Fh X B2 E HH 730t (free electron laser, FEL) iRk
HRISE AR, ARG Ar (undulator) ZHT, AR5 2 2GR AT SRR A R
JETE (microbunching instability, MBI) Y52 Wi (R FL 7 AROREIE . A EAE T REHLRE
w2y — gl WGErE R0 SASE FEL HZOaEts T, S0t B ag i plsa
fHJE (Landau damping) 2 LA GIGCR AT EME. N, £ LCLS WTEANA: RS
HE R T WOB I (laser heater, LH), | FIZLAMSOGAE— G B3 a5 TR
T (co-propagate) >R 135 MeV HL7 K. fEXFIBSCH, 4% LH KRG ia T
AOTE N, 2258 Bl R IA R IEAE T RERL (uncorrelated energy spread or slice energy
spread) , FEEROGREIRILEIRTL (A1, 1 pd) B AAERAAETUN HR 8 S Il
W (anomalous heating effect), A58 7 FJH LH #)ii] MBI 5HX FEL 2(HERI S

7.3 TTRREAIHT A

o Tifk: X4k (1] JERYH — ke IR THROE I AER I £ H8 S iXIR R T A 5L R
FIT XFEL S0 S04 97 AR — - /R B 0 S s
St [U] W9SMHT. K2 10 = 15 1%,
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I, MFR trickle heating, Section ITLD (3412, B&fE LH FiAb RG22 L Hiks
P AEAR B o 5390, AEIX R SCHE s R T =4 Ry 1A 23 Al AT (longitudinal
space charge, LSC) #81, RERKIIMFRE SLIE RIS EIHIZE R [Eq. (6)].

JRERH LH, |7 B KA REAAE RIS =774 COTR (coherent optical
transition radiation), “REFZMIESE OTR VAR ) RUF BT SO 66 L el
fE BCL Z 5o A, FIER BTl — B wire scanner. 2T REFEUR
e, FIHAE M BN YAG B 456 RE fmf sl m etk . ME AR AR EY
RERL (0 HERZIE keV)o

7.4 H7E

)
7‘2

BRI Ea. (1) oap. 31H 1] B9 Ea. (8) A e 7 BT /502y

KTt LH &g, &F 2, 8

S5 3k

[1] Z. Huang et al., Suppression of microbunching instability in the linac coherent light
source, Phys. Rev. STAB 7 074401 (2004), https://journals.aps.org/prab/pdf/
10.1103/PhysRevSTAB.7.074401

[2] J. Tang et al., Laguerre-Gaussian Mode Laser Heater for Microbunching Instability
Suppression in Free-Electron Lasers, Phys. Rev. Lett. 124 134801 (2020)

[3] S. Li et al., Laser Heater Transverse Shaping to Improve Microbunching Suppresion
for X-ray FELs, Proceedings of FEL2015, Daejeon, Korea (WEP005), https://
inspirehep.net/files/0£688cbebed24637683607d28d18a039
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PRAB &i# SR B
HIH: 2021/3/21 e ZEAR

8 BTN SRS = AR K LR Rk o [PRL 126]
Generation of Terawatt Attosecond Pulses from Relativistic

Transition Radiation
8.1 HARFHE
I GRS

fE#: Xinlu Xu, David B. Cesar, Sebastien Corde, Vitaly Yakimenko, Mark J.
Hogan, Chan Joshi, Agostino Marinelli, and Warren B. Mori (F24[f): SLAC)

KA BB

o 4. https://doi.org/10.1103/PhysRevlett.126.094801

8.2 fiH%

M EA KRR [ RACE T I (E R T AR R A A s T S B TR
(high-density plasma) FATI <742 —SFrId R, AT Z AR AR ST (rela-
tivistic transition radiation, RTR), 4% ~100 FF> (as) pYsmfkep, HAEFEDFE N ~1
KEC (10" W, TW) T EAS LI (VUV) 55T FIRERERCA /NI KD RREERT ] 1 ik
i (satellite pulses)o MFKIMAEAK | NFRIGHIR AR, SR 2T 5. 1R
W R R S EAREDE RT HE A B B R B (plasma skin depth) K152
FOE , 4 RTR. PIEEALE]E BT 25 B8 O FREm RIS 5 I AB, H
R A AR F B R AR SIS E 8 A . RTR. [k B9/ 50 i 45 8 1Al P RER 2
Hrb, SFR AR R AR IR T B IR B R AN ER B xx 57 & AE AR
% (phase mixing) Rij Y AH T 85 F 20

8.3 THRREAIHT A

o FIHEBERST (transition radiation, TR) A DR Rk, oA —LLpike iy 4E
SRR, AR IR, AEERTE SR M o B RD Ik 1 AT LA ] FE R A A Y R 2B
ST Ek B AR RO R, ATREME X JEIIM-PRET SEE A B R AR A RS
H—PRpE s (B BRI RKIRG MR Bkt 2k, SREEE]
HEsk, AT MRS . FIH =42 MHXHE PIC (particle in cell) 45
LT RTR &5 PR EEE, DA R R e o= R I i BT Rb ik b e M-3Rk
TAGE AT . LRI, SEBTR IR —2 T AR, BTt L
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FIG. 1: Relativistic transition radiation when an electron
beam propagates through a plasma. (a) The charge den-
sity isosurfaces of the beam (blue, yellow and green) and the
plasma (gray) at t = Ofs. The beam center is z = —1.5pm.
(b) The charge density isosurface of the plasma electrons at
t = 10fs. (c) The isosurfaces of the radiated transverse elec-
tric field E; (green and blue) and the axial current j. (red
and yellow represent forward current density while cyan rep-
resents the backward current density) at ¢t = 26.7fs.

jm

TR R o 1A AT RS AR, ABBCE 1) Je YRR AT AR 2 AR . X it e
B 55 SR A B kb ) 98 PR A O PR A R

o FIBEUT RTR j=AERERKF RS . 5F RTR MHLE, T &Imiashig s
TR G T MRS 2 % 4R, RTR B4 0E T 48 3] 56 & 194 % (VUV X
i), =ik 18 ff. RTR MBI kb RIBEEIE 2208, kR (b) sk
PR RS AR AR AL o M AR ST RO AL S5 A ST 25 R AT I RS — 2. I
b, AT AN R FR B B Bl A 2 BT B0 K i ) o AT AR A o BT kb ) 7 2 %
TR ARSI L R AT i A AN EURR

8.4 HE

RTR KA E FARE RTS8l X, (HE Y AR KT R R,
B R SRR E N, iz sh b @ EXenT, B B B I F8CE, 15
S HIARHE TR,
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FIG. 2: Attosecond radiation pulse. (a) The recorded electric
field when np = npo (blue) and 1000n40 (red). Normalized
intensity profile of the radiation (pulse 2) is shown in the
inset. (b) The distribution of the transverse electrical field
in the  — y plane at t = 27.1fs and z = —1.5um. The gray
arrows indicate the direction of the field. The solid blue line
shows the field amplitude at ¥y = Oum and the dashed red
line is for magnitude of the incident Coulomb field. (c¢) The
spectrum of the radiation when n,, = nyo (blue), 1000n40 (red)
and the fitted scaling law (yellow).
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Nature Photonics 5§ SR RIEFH
H 1. 2021/3/21 BN ZEAR

9 BT UOGA A 25k i AR T S A
Acceleration of relativistic beams using laser-generated tera-

hertz pulses

9.1 HEARFE
o K PALINETT %
o YE#: Morgan T. Hibberd, Alisa L. Healy et al. (F#H#J): Sci-Tech Daresbury)
o KA S

o ¥ https://doi.org/10.1038/s41566-020-0674-1

9.2

SEGEHSIN (radio-frequency, RF) HARME, H#EOE £ R (THz) fkop
SR Iy FRRLF- s g AT AR -3 B RE Fe- I TR B A ) A 28 TRLEEA T BT PR A 42 o A
VSR T AR 24 SRl B 2 i e th AR R V8 - IR 0o 20 1o 7 305 ) A 24
FRH IR I R 5 R B S B R B DL RS Y TAEMR 5 5 35 MeV. 60 pC HEL AT
HEAEM, ATLAS R 6 ps FE7 SR T2 RIMIRERTA M, th ] IXIE R 2 ps HEL72R
BEATEENARAARR AT RE R 2 (10 keV)o 2X— [FIHEGUESCRHEN, 1 KRR 5 AR R R
EANNAER @R, AL E A R KRB e s Es 1 o

9.3 TTHREAIHT A

o BIFTRG ARSUZSE A THz SRS TARXSEME (Bt MeV) HL7 AL .
N, ZE ST T THz RIS HIIME T 58, FF58 0 7R H] (6 ps)
FO RE IR ) SE B AR AR T (2 ps) HOMIER SRS . 2 )i FTE AR R T A S8 Ry 73—
MR R 7R THz SRl sege- o 7R ey 72 [L.

o ks XA TAERT TETA R ECTRRY THz I %€, FF0HE 1707 &S
XY FE R R - A A VR (R 3207 22 1 — KA R B 519 K AL A2
AR M EABER (Bt pC) M. T2 EIEIErE R, Z AU H]
T2y 2 pd B9 THz kb, FILOGTAET 2 MV/m fPRE IR, ST m] i
2Ry THz kb BE4seBl 2], A3 iR EZ T S 0] LU A2 S A hns i A
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9.4 HTMHTIEWIES (coherent transition radiation, CTR) A 245K 3h
Ti ZRL SR

35 MeV

electron beam
from CLARA @

Aluminium mirror with
400 pm aperture

Dielectric-lined
waveguide Fused-quartz
lining

,r..ur
< 1]

Off-axis i x YAG

parabolic Quasi-TEM,
mirror mode

screen

Quadrupole
magnet
(triplet)

Dipole
magnet

o

n
=}

Top
Bottom

o
®©

-

PTFE T
0 phase-shifter
plate

I
=3}

100 GHz
(FWHM)

Electric field (a.u.)
Amplitude (a.u.)
o
'S

Top
Bottom

IS4
o

L
=]
(=]

0 4 8 12 16 20 24

0 0.2 0.4 0.6 0.8
Time delay (ps)

Frequency (THz)

A 40 (a) LA E R K20 R M (PTFE) BB B TEMo 45,
HREZN P, 5 35 MeV B-FAUHEAR M S5 H H R AU GRS 131 TR
FRER AR A RS = (bye) T AR AR A _E A B0 B AR ik O R 1] (b)
FIARTE (c) FUH A EEIBUEIN L, JEsRAEN PO PRI AL

25 3Rk

[1] Xu, H., Yan, L., Du, Y. et al, Cascaded high-gradient terahertz-driven accelera-

tion of relativistic electron beams, Nat. Photonics (2021), https://www.nature.com/
articles/s41566-021-00779-x

[2] Guogqian Liao, Yutong Li, Hao Liu et al., Multimillijoule coherent terahertz bursts
from picosecond laser-irradiated metal foils, Proceedings of the National Academy of

Sciences Mar 2019, 116 (10) 3994-3999, https://www.pnas.org/content/116/10/
3994
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1012 : Measured | - b i Modelled
0.5 - L
o THz off | THz off

: THz on THz on

Spectral density (a.u.)

'
35.50

1 I L 1
35.45 35.50 35.55

1 1
35.45 35.55

Energy (MeV) Energy (MeV)

&1 5: MR AT E . (a) HBEARK (2 ps, FWHM). {RAEHL (21 keV, FWHM) 1] F17 AL
T THz KAJFR AR B ARAYEERS : (b) 8 THz B RITEAARGL 07 B 2109 H 7R AE

T
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10 #i& betatron izzflgE WM ELE KL #r [PRST-AB 09-
08]
Linear analysis of Hamilton perturbation theory for coupled

betatron motion

10.1 HAEFR
o 35 MR BN
o YE#: M. Takao (SPring-8)
o RAL PR, SIS

o 4§%: https://journals.aps.org/prab/pdf/10.1103/PhysRevSTAB.9.084002

10.2  f3E

— RN PR EAR G betatron IS ) ) Sl i b H UL BT (Hamil-
ton perturbation theory) B4 47041 (matrix formalism) X FPIES T795, A
N T A IF R T, XIS SR R A B I HEZE B AR M AT e
WA BRI E . (et Rl SRR betatron JEFNE LLLUENHRIE S . FIFIX
AN, T AR RE ik A 3h 1%, IR P44 (beam envelope) Y3 1%, H
MEIEEIFROR K (RS FEREI L5501 (symplecticity), [RUMRTELEXS ML, K545
A REIES A TE A (normal modes) &K (coupling matrix) F9at. SR
SO IXEEFE G FEFE LI Courant-Snyder JEARIZRIAX T Hisk, FHIXLLLEH, W]
ARG T AR I E G P LRI A I Bl 022474

10.3  wIk kAl Hr A

o Filk: BIEATS SPring8 [H T GERII HINAE B IES, AT IR
. SRR R SR S R P — 20 06 T8 (2-D visible light intexfer-
ometer) S5 FHIF AR X STARBERINL (x-ray beam profile monitor). X7
FIORITT 275 F A KEK AR A

TSRSV S TS TR (sum resonance, vy, + vy, ~ ¢ € Z) ok Z3t3E (difference resonance, v, — v, ~
q€Z), HEERNEE,
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R IE SO R R & B 2 R B B 1, )T BAT s A SeRI R R
(EAFIFEE, HRAE EROZASTA KRR X1 SO 3% T R TR R A 3
WA ARSI PR X T Zetidbik, ERBLE S LMEITrFmER T, AL
RITE FEL 1 SR PATIS F) 0 A  r 20 A o

10.4 HE

XIS RZHOE 1, (BT REEIAZ LS, B, RS0 5 i
TR B IE- T EF I BB o X T IR T HRTE N, A& Bt [ S & B 5
XM ATE . A, iXk1e 3Rk betatron tunes v,, v, 45 betatron amplitude
BAHRKZR, B, B FAEME AEES RBYHO X8 IR FRE LA i A R ] A Y H T
HRILAT 0
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11 RS THMET R ES ST [PRST-AB 6-04]
Calculation of the coherent synchrotron radiation impedance

from a wiggler

1.1 EAAFE
- 2% BRYSHERHEA

o {E#&: Juhao Wu, Tor O. Raubenheimer, and Gennady V. Stupakov (3= ZH[14:
SLAC)

o AL FIL

o HE¥E:https://journals.aps.org/prab/abstract/10.1103/PhysRevSTAB.6.040701

11.2 5

KZH T HTREHST (coherent synchrotron radiation, CSR) B35 7 &
AN k. SR, AEARRMEM TN (linear collider) MYBH/E#F (damping
ring) e, AR — SN & A BH B 238 (damping wiggler) F. XS SCHES R
2T CSR SEU0A R T SHT, B RRAEY KA . 85E 4 b
(scaling) ZJ&, IXRESAFEIHZER AT AL K JoR A& K EL (universal function)
FoRo FARBEEINRIE R, B, R SR RGO T, A AT R Rk =

11.3  BEHke AR A

o wrHk: XT R AL AR RS (wiggler) Bl (undulator),
CSR 5 $f) R sl L T 5 /S 2 7 BEL 4 Bk b s L A
RAEEXHR (pole) 77 AEH) CSR 2 AEifi 2 HRSE A I A st T8, Hk, H
R E LT A W WA ILAR S (TR AR IX AT (6 BB A2 7R A ) o #8150

SEAE XML 25 R AR X HEORL F BL e I B — ERE R 2 T, Gt — A B, WAk 7 X
e R, BT R LR, B B [E SRR I BRI AN o [RI, A0 SR — 25 BT i PR A ) i S5
JE, R, EiE YRR R b TAEM I IaTT, HA S E AR E M, FMREH T T
T k4

IXEY K ERZEZNE undulator parameter (M5 K < 1), 5 wiggler parameter (M5 K > 1), FAF{wiE
1375 g S SR A S A S P PR v Y B

VLR BRIEOL T, FRAR AR AT DAL — B S AR 1 — AR AR o
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FIG. 3. The normalized wake Green function
—w(s)[K/(yk,)]* as a function of the normalized coordinate

L.

BEAh, gy X Y BT 2 BHPTHY S-S RE v B AN N fir . AR S
WG OU N AT B R A A . TR BT R P BB A T AR 2

o0 2 oo
Z(k) = / w(s)e_““ds — —Zk%/ G(C)e—zli(lc/ko)gdC
0 7 Jo

v

Cmi n max

K2 Cmin . Cmax . oo .
= —ik— {/ [Eq.(14)] 6_4Z(k/k°)CdC _|_/ [Eq.(11)] e—4z(k/ko)Cd< +/ [Bq.(22)] e—4z(k/ko)Cdc}
0
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FIG. 4 The imaginary part of the normalized impedance
Z(k)/k,, as a function of the normalized wave number k/k,.
Solid line: numerical solution from Eq. (23); dotted line:
analytical low-frequency asymptotic behavior from Eq. (26);
and dashed line: analytical high-frequency asymptotic behav-
ior from Eq. (27).

FIG. 5. The real part of the normalized impedance Z(k)/k,,
as a function of the normalized wave number k/k,. Solid line:
numerical solution from Eq. (23); dotted line: analytical low-
frequency asymptotic behavior from Eq. (26); and dashed line:
analytical high-frequency asymptotic behavior from Eq. (27).
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o BT XER BRSO TC ST, SRR BT — RO BRI, w]
DB ARA RIS . B2, XA LRIARRIATE . FR—0R. 5 [B] diE
SFHIEAR. R FEL FHHTA A BB

11.4 HE

HEREL EESUNI s 15 2 (U2 8 5 2) AR FEL ALREE .
RIS IR KR R BLET (See. TILB), 1S T 1] thry—abeise.

WIXNEE XA TR, RN CSR B SMHIEE R, 50—/ TIE 2] -
= F X AR 2RI FE ST 04 7 AE Next Linear Collider (NLC) FH IR HIGRIR A A FaE
o

S5 3k

[1] E.L. Saldin, E.A. Schneidmiller, and M.V. Yurkov, Radiative interaction of elec-
trons in a bunch moving in an undulator, Nucl. Instrum. Methods Phys. Res.,
Sect. A 417, 158 (1998), https://www.sciencedirect.com/science/article/
pii/S0168900298006238

[2] Juhao Wu, G.V. Stupakov, T.O. Raubenheimer, and Z. Huang, Impact of the wiggler
coherent synchrotron radiation impedance on the beam instability and damping
ring optimization, Phys. Rev. STAB 6,104404 (2003), https://journals.aps.org/
prab/abstract/10.1103/PhysRevSTAB.6.104404

[3] G. Stupakov and S. Krinsky, Derivation of FEL gain using wakefield approach, Pro-
ceedings of the 2003 Particle Accelerator Conference, pp.3225-3227
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12 PEARGTH T R 2B R S LY UN mA fa g e 5 PR BM AL Y 5 [PRST-
AB 6-10]
Impact of the wiggler coherent synchrotron radiation impedance

on the beam instability and damping ring optimization

12.1  EAFE
o 2R ZRTHHEN

o YE#: Juhao Wu, G. V. Stupakov, T. O. Raubenheimer, and Zhirong Huang (3%t
Pty SLAC)

o AL FIE

o HE¥E:https://journals.aps.org/prab/abstract/10.1103/PhysRevSTAB.6.104404

12.2 #5E

T [F 24 HT (coherent synchrotron radiation, CSR) AU AN TR AR RERLS
R, IBA]REFEERMATIENM . SEHIKR T CSR SERIIAATLE R G R 25X
R RIS ) CSR ATRUENE . SR, V2 I St SRR
RSO o T B I SRR R L XL AP S D6 (luminosity) HXHEL,
i DAPHNE. PEP-II. KEK-B. CESR-C 5ACKHEZXHENLHIFHIE AT . X i8St
58 K > 1 {fEEd CSR SEMIIAATENE . XD AREELRLLT B TR E
(beam pipe) g IRV T EEH (FX)) (RAI BT ENE (microwave instability).
WX BRI ARG B B 25 5 T B B L AE ST R RCR B RS E I KR S R
k. MHAPKRERH CSR MHIT S Ak CSR BHPTRIAREZE 7, WiFRENSIR LI e
BT S

12.3  BTHREAIHT A

o TUHR: XIS SCEET AR AAEME N 3 M SR A AEVE R Viasov Ji R, H4AE [1]
BRI AETREE P CSR FHBAEN Viasov J5HE, 20T B3 AR H Je BRAR AR
AT FEIATE MR (growth rate, NIETC Fig. 4), LAMAHRT R
R{E I 5E (threshold particle number per bunch),
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T AT RO MR R A (microbunching instability, MBI). 7Ef%
FFERHR, RAEARTRRE TR I A A CRMEAE mm S52%), BUERIAIR, AL
A A2 E M (microwave instability, MWI),

12.4 HE

KT A CSR B SHETTRIHESA T, nLAZEEER SRt [1.

25 3Rk

[1] Juhao Wu, G.V. Stupakov, T.O. Raubenheimer, and Z. Huang, Calculation
of the coherent synchrotron radiation impedance from a wiggler, Phys. Rev.
STAB 6, 040701 (2003), https://journals.aps.org/prab/abstract/10.1103/
PhysRevSTAB.6.040701
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HE R TR RIGTT
H35: 2021/3/30 HRIMETA: SRR

13 I PR OLER < 0 7 A B SR R T A 6 ik e
Multimillijoule coherent terahertz bursts from picosecond

laser-irradiated metal foils

13.1 EARfFE
. 4P NI
o YE#: Guogian Liao (SJTU), Yutong Li (CAS) et al.
o KA S

o %¥7: https://www.pnas.org/content/116/10/3994

13.2 HE

e DR KR 2% (10" Hz, THz) $8EHIEIEY 2 b 2R, filtn, BT
THz PR 2R E g A THz ¥plictsiile S8, 12401k, @i T MBI E s
BT SR BOCa R KR 2 IR A RE AR RE i 2 H (mJ) BYRBRZZ K
bl R SR A T R BRI T 42 R BT AR R At mT (1 TH
WK RERE Y SRS o AN, MR TSE A S5 B AR IS R T I, A DO R 24 /e
FXH— IR T ~4 e SERCI S A ERY BRI, R RO IE B #EA kit = A2 7Y
SHEHE T AR A TSR ST (coherent transition radiation, CTR) f& THz f=/E )£
BUlo VEAMESIIER T, ARSOMES T AR PAE (high-resistivity silicon) HURLESE] A
BT RIS o WS KR 2% RE 5 AU AT LA & 90 o HH Y £ Rl E 2 B
o, MTHITE 7 XS 2206 (relativistic THz optics) FUFFEH AL,

13.3  BTHREAIHT A

o GPFTAG: (ST ROCHUL SRS | S0 TR CTR 148 THz kg Js
AL B0 TEH md /Y THz i, THz fkif g FuOdieg RaR o 4E 0.1~1
THz Jull, fEe/EHEzRER THz HipHitE2] 4 GV/m. tbsh, ASCRHA] Tk
i (prepulse) $R AL EBIER %, PR THz fkobaEadem 1 4 5.

o TURk: ASGTETHEC m [y THz fkob, Fiid L3 iein 1 e r P B pL il 5%
AR PO s <5 e R REa% Y R - 2R 22 i RE DX TR TT ™ A2 B A I e (H

1 JLab THz FEL KZ9%(H pl.
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B 1RHE . ASCHERIES R HEHIROEEER 60 J, il b i ROt
REIAZNVEIG o (HASCHE A R PR b $2 iUA B SR YA R 73 sl T LAR. F 2 RE
WOLHUk THz fkebRyseserh, FEaEmpr 4R THz JRifrIsES

13.4 REZEUE R HEEHR
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L TR

K 6: S BN E K. (A) M image plate MM (B) M5 1 RERAITEECE
PR S (C) HI CMOS K22 AHBLIN SRR MR 22 eI o (D) AHIE EPRAL T A HE
P A S B KB 25 R S B 25 TR o0 A, 8 B Sk A KR 2GR T [ DAm AR I, (Ui
TR TR B FRIEZ 75° 4bR) THz 850, AR 1 H B 7 LR R R E .
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14 MBS &S H HRFEDEHEE R R
Derivation of FEL gain using wakefield approach

14.1 EAR{FER
o 432 ARS8 i O
« YE&: G. Stupakov (SLAC) and S. Krinsky (BNL)
o i

o {f%: https://accelconf.web.cern.ch/p03/PAPERS/RPPG025. PDF

14.2 5%

R VE ORI 22 S R 3 7 ik flik— 4 5l HE 706 (free electron laser, FEL) A
RETEIIE . Se R AT BIR BN Grar ) — 49N Yy, SARFIH Viasov 72, i&
YRR AR 5, SEREIS 2174 FEL Aa/E R IERIEHOC R MHee
RN MES TR A2

14.3  wrdk Al H A

o TR RSB UGE I, KET 2003 EHRLTMEAE S (particle accel-
erator conference, PAC)H, i 3:45 \—FhEIG I , DF5T MRS Sk AR B HE I — 2
P01 TSR AR R s SO, S48 )5, A\ Vlasov 5 Fokker-Planck
TR 2% s SHFST A 1 TG R A % Maxwell-Lorentz J5 B4 Ay
Ao BRSSO R AT 7 R 5 2 40 BT 55 19— % FEL {5
BER, —ERE LS HRR RS R — M ER LS4

o QIFT: BAAMESERIN O R S A M E b B HOEIE R R85, AR
RV SCHETHT AE TR Viasov iR — P IRVEIE, IO TS Siesh b 1
RZAMEXIEhR R, TR, R abrEL

of of rodf , . _
% — ?7(5& - 705 jjw(z - Cv 8)f(<7 67 5>d<d6 =0

of of rodf : g 2= _
— g—néa—?%jfw(z—c,s)f <C,(5,s—ﬁ> d¢dé =0

2 P AR E B EERS & S BGE S0 T LAZE JACoW %%, http://www.jacow.org/.
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14.4

Y,

M

~

RS Y FEL R En By, (6) Bk, i, %0 wy (2% Ba. (3)]
LRI LR R A AR GE . U N B, 774 FEL AAUENER X R
AMUBRTH v =20 =0 B, MRFEETARKE, B v <2p, Hrh, p 2y Pierce
parameter (/1 X FK FEL parameter), i XA BR X AR AR FET 558
TIBEHEIR RN o A T #E— IR i, RSP e — 17, 1EER TAE
JEHEIRBUVAF L PO R, 193] T4E v — 0 BB R BE R

IXEWVHES ., WS TFIHEIR S (retardation condition) fE—f#tET
e AT G SRR TEE AT B AW &, W 2R (causality). H
BEEWEHE L IMABEISESL S, A REf32) ERR FEL fAH0E R,

XIS NS, BF MR TS O™, SO JUAC A i 1 45
m
o Eq.(3) THMX LT 245, H

. 4
Ey=Hy=2v,Hy = —WUULVS
c

V| )
A s
Ey=Hy=.Hy= 701&73

« Eq.(5) ‘a5l T 14 c
o Eq.(6) HHY otherwize iV A otherwise
o Eq.(14) R ATT &' O 8

S. Krinsky 7 2014 fEiHitt, 4 YF4 26 F 7 SR aEe 5 [ B i TR0 e T
1, A TR LA LT FEL 2014 AERAES0HT R /23U,

BN wakefield; FE#8SRUE, XERIFHN N advanced field.
“https://accelconf.web.cern.ch/FEL2014/talks/moa01_talk.pdf. https://accelconf.web.cern.ch/
FEL2014/papers/moa01.pdf
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