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1 —FpETRSMEBRMNRER. S ek
A Compact High-Power Radiation Source Based on Steady-

State Microbunching Mechanism

1.1 EARfFEE
o 0K FPARSTS B R TR0

o VE&: Alex Chao, Xiujie Deng, Wenhui Huang, Tenghui Rui, Chuanxiang Tang,
Jorg Feikes, Roman Klein, Ji Li, Markus Ries, Arne Hoehl, Daniel Ratner, Eduardo
Granados, Chao Feng, Bocheng Jiang, Xiaofan Wang, Hao-Wen Luo, Po-Hsun Wu

(EZH: FHAER)
C R IS
o HE¥E:https://wuw.slac.stanford.edu/pubs/slacpubs/17000/slac-pub-17241.
pdf
1.2 fHHE

IXES TS AR A 2018 E4E 1 E Strasbourg 2573 High-brightness Sources and Light-
driven Interactions Congress FIF AT H 2 W o AEALFIEHE R FIE AR SSMB (F3
BME R, steady-state microbunching, SSMB) S4/EHAIBA, HAr & it— 13T SSMB
PURIH LB AR AR, HIR iR, 4L (continuous-wave, CW) #ix0izfT
Y 13.50m BEUV S BAREY R I A2 2 SR G R IR S AN o

1.3 BEHREGHT
Vg2 S TR T A 22 S22 7 F L AR SV S JE DL LM
o BT ARG S AT T TR > 1 kW, EEL RIS
HITE,
o SEGRIRIEIT WEIKTION RIS NES . TARUE . H RN - (chip)
1RIR
o s LK 13.5 nm SEEDEIERREEESR < 1 %, B e TIoEcl.

PRI BT S TR


https://www.slac.stanford.edu/pubs/slacpubs/17000/slac-pub-17241.pdf
https://www.slac.stanford.edu/pubs/slacpubs/17000/slac-pub-17241.pdf

o REFHIERNE: ZORMER < 0.1 mrad. JPAERARSILILHE 10 121745 C

(wafer),
o FEME: ARHPERRITAMIT BN EWBAE, MM EBOLIIEER <1 %.
o T OB E TR R A AU B
o (RIIFE.
* TUHK:

— TR SSMB Bt #1831, 2],
LT 2SS SSMB LA AT RE T
RE IR B FRiKo

— HEMBT R&D Frko

— JEURERIE A (R, BT B ROTRT T E b, GRS
30 % HYTEIFE.

— $1XF EUV, HuiHET SSMB HLHIA PRI 7%, 208 g s 47 5T

— ARG AT A BEAEIEITA . 32— 45 A SEURAER ST 16 0T 850 ) /e
PSR AR AL P de SO S EL BT E Lot

— W R R RO ESRIB SRR T ~ MV, FENE ~ 0.1 fs. 7250
Ji, DUEEHESK, [Fi4eE duty factor.

— Y HAHE g EOREAZ) MHz, [k 10 ko ] BB H] [ AR B4
INiE S o UNSRICIE R EAER , AT 22 20 1 JRR . B e T o e e PO 4
2K

XA S UE A BRI SR 5 R
Z, 5x+ SSMB TH] [n] U H L AN ZI

1.4 SSMB T.{EJRBH/

T SSMB MU 73R, HEOEI BT h—4HiHlas (modulator) S 4E4T 2
(radiator) 41, Hrbr, R b /MIROL (BB MLIMIOE) S EGAA, XA T 48
CIEENE) & B I ey DS et R R N K A S R Y SN v N e r S - 1.
H BT T B a4 AT o

{£ SSMB i fEERH , B EIB1THI LT IR SR AT, K T AL Gl A7 PR i AL o
SSMB fift (FER N _EAn SR PR SlE , WA R EAE S (RF) 5. 25 &34 ST < Ja B RE
FERE, T LAY B E s U RE 5 o AR Gk A, SR KD E T 9M R
ZRIBYHE ; AE SSMB H, IR AH =S R BY 5 0l AMES OGN RDRE , FESHIE A 2
5 MEGE R . BT SSMB 19 & HLHIA R T B HHETIHOE (free electron laser, FEL), %
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TREAFPRR FEL AL 5 258 5 B (ORI, (B2 T SSMB I 7 2R A o

N FER A SRR AT 2R SSMB AR

Mirror Radiator Radiation Mirror
T e
Modulator Modulator
™ e
R
4 Reg 56 F
in 272 212
~ Vpsin=— ~ V_sin 5%
m Ay m herm
Mirror Radiator Mirror
i Modulator Modulator*}:

1
A

Figure 1: A strong focusing SSMB insertion and a storage ring with two such
insertions.

M EUV A SSMB f7E5F, A BRI B %

1. ghm R (longitudinal strong focusing, LSF) 7% = SR AH(FIRUES I
(ac ~ 107°), FFHJER 8l LS R F A REAR, DAZERFRUR AT H B4 IE . 2R
e 2 R B S SR IR S

2. A3 (reversible) J7 5% = BORIFHIG N, HAZRBIEIT T, WP RS RE
AR R o FE IR A SN AR AN B G SR IR

HETMS . P SIS, BPURES R

235 3Rk

[1] D.F. Ratner and A.W. Chao, Steady-State Microbunching in a Storage Ring for
Generating Coherent Radiation, Phys. Rev. Lett. 105, 154801 (2010). https://
journals.aps.org/prl/abstract/10.1103/PhysRevLett.105.154801
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[2] A. Chao et al., High power radiation source using the steady-state microbunching
mechanism, Int. Part. Accel. Conf., Busan, Korea (2016). https://accelconf .web.
cern.ch/ipac2016/papers/tuxb01.pdf
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2 HESFEIPEAEAE SN [NIMA 301]
Quasi-isochronous storage ring
2.1 EARFE
o O Whsh
YE#: Claudio Pellegrini and David Robin (F=##1#4: UCLA)
FA: P R R AL

%597 https://www.sciencedirect.com/science/article/abs/pii/0168900291907348

2.2

X2 B THE SR AR IIR S 2 —, i 1 R 5 2 TR AL
J57 o PHESEE R P~ A PRSP T A AR A = I (B PR R AT o SR T8 SCEE
KW, ARACEE AT AR FF 2K (millimeter, mm) Figle, R EINR IR = — 4R
Ko

2.3 TTHREAIHT R

TEH TSR, SR ph R 2 SRt oy Stk veell, 45
aR

o = ags

Hrh, o NEhEJESEF T (momentum compaction factor), vs NMNAIPRZG IR (syn-
chrotron tune). H17F v, o< o, BIA o o< Voo —BERUL, LGEMETFH (JEZERE)
1 o 2920 1072, TESERPER o 20208 1077770 §igt. b, TESER MM A IR IR IR
b s s N

o DUk WEEMNEGE IR SE RN X FELE TN 12, Bl
TR K e BEAh, 8 RN 0 A ) B 7727 9 5 i B AR A 5 A IR R 1]
IR M — T 72 MBS R BRI NI B H 2 AT B LN o (AR R A7
=, Wla=a(0), Hi, §=(F—-E,)/Es.

SRR, ARSI KR th S SR AR 05 PR HIBCT R RO, SR e

RUIE, AR S R SRR T B8

X BN RO R S £ 1 VS I 73R
SKR T k4= synchrobetatron coupling {& i .



https://www.sciencedirect.com/science/article/abs/pii/0168900291907348

o QTR IS SRR s TR T R

V' =a(d)0
;o eVo . Uy .
0= o W+ 0s) = o (14 Jed) + fluctuations

o

M, EARTEMEfRN

v =a(d)d
§ = —rp— 2% 75+ fuctuati
= —K 27TES € uctuations

Hor, YRR £ = 22 cos é,.

ZWERERRN, LLER) o —Boin Ty SURIT

_ AY)2r
0= Rp/E

253% ¢(1+%)2+@¥+(7V1]*:%
)3 10

:Ol1+042(5+“'

O+ ---

2 "2
ﬁ%%ﬁﬁ%@+i)+@¥—1xlmiyﬂ+~w

HTLLETRE, XRIESOEE R 3 AR (Sec. 3), MM A 4R
OTBHJERIN. . P25 R[] 20 B FHL @ R o

Z5E oo, WMTHE an WBUIME? = an B o SRS RO SR 1F M A AP R S FHE
RV RE. 27 T

R TE SCHY SR iR P SR, FE BRI ENE (microwave instabil-
ity)o I FHEEARLIERIZE R

27Toz1E5(505)2
Iy = 1z

n

f

SFIH = =nd,2’ =n'0. XH z (AT EIT IR
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Fig. 5. Three curves which define the stability limits for &; shown for three different values of damping with §,=0.001 and
Yo = 0.0001.
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Fig. 6. Three curves which define the stability limits for «; shown for three different values of damping with §, =0.003 and
Yo = 0.0003.
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TR a0 WL, B, ARSI, B, 2 an NI R R T
HORE . SRR S B |52 | Sk KB 3 o I o KBS I R B
DM o WETEL, FESeh BRI IUME BV RN BT W 31
BN, PRI e A R R (AP T S P R

FIN,  EHETEVERE AP A FSE TE R (E R, (i 2L A AP AR A PR R AN
Hge HATVEMIHCR/NTHERR, HAGFAEIZARUENE. M52, MaEMER
TRIRME BT AR E L HHCR S5 T [ PR e 7 i e o

XL SR Viasov 04, JREIGBUTE, A

. o0 d
1= __ el 2y d_ﬁ dA
4rag Eso? n a+ b+ A+ dA?
_ Vp Vp, _ a ) g forg iy L S _ :
/E\:EFI, a = \/inats}fuoal ) b= fnatsiuooq d= \/icrioq ) A= o o{ﬂ‘ﬁ#ﬁ@%j‘j Vn = VnR+ZVnI € (C

‘—_jf kao

HZ 7 R A S S M, B X = s i — Ao B8 e — s var = 0,
27K instability onset, SRJGRAF Lp 5 ver HIR R FEZ H— 35T BBR (broadband
resonator) SEETVE BT, e HESE R AR A7 AT REZE HH A S Y B IR IRE. L o< 1/ oy,
5 ay REANK.

L—lfrrl'——v*" T T T 7T -r—*[ - —T T -} T T T ﬁ,
o a, =35x 10° /0
a, = 50 x 1072

o @, = 10x 107° /

F a; = 0 e
104 ~
Ip
arbitrary
units
103 j'
. N B N |
100 500 1000 5000 10000

I/TD(S_I)
Fig. 7. Microwave instability threshold peak current as a function of inverse damping time. The peak current is 1n arbitrary units.

B T INRRATREESN, I Tk RARUETNE (fast head-tail instability), £7
Loy o< 1/yJons HIHRE M?@%Eﬁ PEfE IR S m A FRE TERER A A1 89
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24 Hp

WESEHPE SRR A SE XA, FREAE o = O(FFEBY 8 0) AYE L FR MR EAE
WHAEN! (transition energy)l, TiEZEHHERIER HAE o < 1, I EEMITATEER N 0,
MEAKM ar = 0 I, RAIAST EJETHNFARE, T o < 1 —ERE ERIAHZ
[AASUE X [A] . A RFE R RIFA/NSTERE a1, 0 5 & 5 RZERESBHE R E

w30 Eq. (14) Ak, MA

KB TALIS% [I] 0 Ea. (13)

R o = 0 WEh 5225 & s s XRS5 &7 hday . EEIX
TAET IR 25 8 S RO

BRSSO B R RGEPERS (5 Viasov 447, 1 /2B consting beam 5
BBR BB . Auhilh sk A

2% 3Rk

[1] David Robin, Etienne Forest, Claudio Pellegrini, and Ali Amiry, Quasi-isochronous
storage rings, Phys. Rev. E 48, 2149 (1993). https://journals.aps.org/pre/
abstract/10.1103/PhysRevE.48.2149

THE, FIEHEN 0,
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3 AR LS E #1735 [PRAB 24-9]

Ultralow longitudinal emittance storage rings

3.1 EARFER
o 2R RRDETERE BRI B
e /F#&: Y. Zhang, X. J. Deng, Z. L. Pan, Z.Z. Li, K. S. Zhou, W. H. Huang, R. K. Li,
C.X. Tang, and A. W. Chao (FEAH#): JHFEK)

o FA: HR. BUER

o 4% :https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.
24.090701

3.2

RGN A G B BN E L DR B RERL S RS, 7 s D MRS o a)
Eo HITHRATHYE F IR, FLF A A 2R I AT N 6 JEE o — L AR i e
LT B SWOETEMI 2. I A Twiss B NAERRZS G S R
B R (6D one-turn map), IXFHTE LS H_EId =MERIEXSIN P K T TTRRAY
TS/ MR RS R T 5o 1B BT AR beta REUSRRIRYILITFR, 4
A1 5 B IR LE T 258 M I =5, R EL, XT 400 MeV L ~~fiff /7 PR RE S 15 1)1 BOK
(picometer, 107" m) ) (JLf. EHR) RIELSH

puudy

3.3 TUEREBIHT A
. Tk
1. E XY\ Twiss BEZ 5, A
M55 = COS @ + asin @
mseg = [ sin ¢

Mes = —7 Sin ¢

Mg = COS ¢ — asin ¢

L e 5 AN U B
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X TR FHRENH AN, 6, a RN, BI B,y #F s JLFEE. A, |
Eq. (4b), gL beta BRET LAG L B = Bo — 20056 + Yords, W AR E], XY
THEFSN I FRER B LAEIE) W5, rse(AIIERT ) AR BHC S .

2. Section IT [AIEU LLFHN IR Twiss BREHLIS 5 GRAIME R Twiss BRI%L.

3. 3l 5I N I & DT REL Co, Cp, C,y 5 Section TIT 43 HilHE S tH A4
Dt AR A TWOCTRHIER AN & 5T B2 DTk R & 15 2 =345t radiation
integral PG ITE AT & Egs. (13, 20, 24),

4. ZVe SR BB PHE T T R B =T S SR d A R IR L S R S, 45
HH BB DR AP PN TRIARAIG 2 5 L T AR BRI A 51 T o 3 A RPN RS B (BT
&4 DBA. TBA %), — RSB (arc) SR FINLITITE. B
I L2500 A2 Table T (RF) 5 Table 1T (laser modulator),

5. fEAFHEROCHTIAHEOL N, BT B A& 5 A

1A
RNTNGTEY

Hrp, Ao VPR REE IR, 0 B R R o TR, AR RS T
(e (H 2 )~ mrad {9 R8-S HERHIIRE K.

o BT

L AT A TR IR, SO R AT R 23R, i &
AR E T OB F3 05 . AR % S S SO B f T —
SRR L. BT T RS T B S ML O ] B 730 ) 2
PFo RIE SOOI — BT = 4 Twiss 4. XEAHAETH
SR L SSMB 7 221 2 AL B

2. I A MR 0L, BT R RSN S B A K SR AR, €, =
Col I [Eq. (8)]. #2558 LT Y RS EETTIRREC W T

V2 B320°

L ~
Al = / g (f)3d§ = Caao + CsfBo + Cyo
o |p(3)]

ARG —SRAAE REAE [F) —MEZL N 70 A A [F) A XTI A S BE R R 2 Mo 200
&, & YA intrinsic Twiss (IT), HARAFENBIFRIIAR Twiss &S 1T
REht, BERSORIEAR AN A S B A/ N (BAN 0)0
3.4 H7E
FI YA Twiss &l Courant-Snyder BREHLVF ] LB AL Gl (7 PR R Ze i
ar A IRARR I BRI AR E ML -
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4 FET AR, S R AUk [NIMA 865]
Ultrashort high-brightness pulses from storage rings

4.1 FEARFEE
« 2 RTENNEF
o {E#: Shaukat Khan (Zentrum fur Synchrotronstrahlung DELTA, TU Dortmund
University, {#[F)

o B W&

o ¥ https://wuw.sciencedirect.com/science/article/abs/pii/S01689002163079877
via%3Dihub

4.2 HHHE

ST IR A KR AT, HoE ARG A T R . AT 1R AT
SRS TR N N ECE T AE . SR I ELR B RGN R AR,
H FE IO (free electron laser, FEL) o HE - (7 IR EE 5T 52 i 2K © 1S 2 E itk e (H
JEIRRENG L (DN T3 — AT o il 1T 14 4L (continuous-wave, CW) J{635%F
L7 SR T RE R A R RE S AR L1 AN I Bk BIRR A HZR K (steady-state microbunching).
PR, WOLA T AR B B O RE R, TR e 2 R
— Pl HAR AR RN INA DI R &0, ANIMARISARE . e ek

4.3 TIRREAIHT A
o ik: JETIRRYSEEL R R
b AN /At
 4An20,0.0,0, (dw/w)
X T WG SRR S . BT (dw/w) WIS BG4 R IE L. 1515
B, i (dw/w) BLO.1 %o

VENIXRIE Ry otk s — . VEE A 28— R A [EA 1 W 17 24 ] 25
FRAPCIRSEEEREW M N SRR B — . FE TR AF AP ORI 0 P

1. FaSHER W (steady-state microbunching in storage rings)
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— Low-a mode = ##4&£4s RF I EGE G IR, SR KLY AT DA/ h—1 4%
w2 (10 ps—1 ps), KRECARH BT K2 R DRSO 1L, RF
JI& B B R AL RERAME S AR SR AR .

— TR, WREEAME SRR E 0 IR R SE I AR 2 . HH,
IR 2R AR H B AT Lol i 1 2R 5 AN ER O AR Y e HR AT AL A F
IEI, AT EE i phase bucket #1715, i RF %6 174 5 MR, gk
REAEM AR AP (F R 2 . B PR 4] = all-optical storage ring, H4<
K] LA/ N =808 (~1 fs). HET, bunch current mf beam density
5&4 RF B FIREARZ

— =R AT RESCIREOE TR H 1 77 =

()~ @

laser undulator

Fig. 2. Three scenarios for a storage ring driven by a continuous-wave laser. (a) The light wave emerging from an optical cavity interacts with the electron beam in an
undulator. (b} The undulator is within the optical cavity. (c) The light wave from the cavity is deflected by mirrors and interacts with electrons in more than one undulator.

— YPOLEUL RE R, ARC 2T 55 phase space bucket FCAHEIA
Dol BT ISP, T T ACB RS =
SR AFER (quasi-isochronous storage ring).

— FH—FATRE: FIH RF #MEARARER I, T FHBOE IR SR B i
WH .

2. K BIRCR ] (temporary microbuncing in storage rings)

— MW =4 (coherent harmonic generation, CHG)

— [ =4 (echo-enables harmonic generation, EEHG)

— X RFRTEFHEOCHIR . mJ, kHz = Hix: 1 MHz
IR T SRR IR
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5 Ml PR o SR B SR SR I %o i 5

Strong RF focusing for luminosity increase: short bunches at
the IP

5.1 BAfFE
o R HURLTAREZh A

o {E#&: A. Gallo, P. Raimondi, M. Zobov (Istituto Nazionale di Fisica Nucleare,

Laboratori Nazionali di Frascati)
o A LR, HUEIE

o 4fFE: https://arxiv.org/abs/physics/0404020

52 %

N AORHE LAY O SRR T 18 I A A AT B i g 2P B I s B (Tuminos-
ity)o % JEEVPINAN (hourglass effect), fEHAX ST KA, R beta BAELEIN
@%&jﬁé@ﬁﬁ#ﬁgﬁa ED ﬁx,y ~ Ozo E\{ﬂ

r 1 1 1
X X xX —
Umgy V Bx@y 0z

A, ARG IR M ) beta pREY, ARG SR SAHESE T . @ISR (radio-
frequency, RF) 62 Sa R R A+, Yl iR ERE S ECE R AV REHCE . AT LATIUAL,
RHAHCEEAE RE RS, FEXE R i ki és E 2 BEPTTH§Eir RE 1,
RUERHAEACHI AL &, W RENS B S B A ESEPE (microwave instability) 5540 [ 4 Hf i 22
(potentila well distortion) 2L SR i .

5.3 TTRREAIHT A
o TUHk:

L OXEIE L ET 2003 EF ARG E S FHRHEHLIFES (Workshop on
e*e in the 1-2 GeV range), $5IFI A\ SR FEAHENLE L . 32006 048
HiEEF A Courant-Snyder 5 Twiss FRCHIAN A ) 11220 — e KA A 2.
RET Reo fENONAZERE (L) ToPES RE JBAEAYNABRETT A E
%.
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5.4

Longitudinal conjugate vanables =>

I=0'T=>

ep = AE[E == relative energy error

&
o
P

I Re(8) = Reg(85)
u(,-o..\-)-[n 1 H)

Drift Space
L ]

with T = delay of the particle

respect to the synchronous one

\!(x\)—[_‘:"i;‘._'! I‘ /VEIBI(S)

RF Cavity = long. thin lens

Figure 1: Longitudinal dynamics linear model.

2.

)

A AL P e AR R4 (one-turn map) , AT LASRAS A FZAGZ ) Courant-Snyder
B Twiss pRECS PHTIN R AIMERALE s ORI SEL, R G R
Ver KK 0.v KEIRERL oap/e F5o TEE, HIT Courant-Snyder v B s ¢
K (BRPE RF JErf, {H RF RO TRACE T, 2SRRI, oar/e
MW & HT Livoville @B, ARSI ep 2 VHia. “PERTEYIE
KT REMREINFARALSE AT (phase advance) HIZR AR AT LIS £

XIS R e TN R AR R RS2 T (RE acceptance), il

I BUERE-- R AU R HAE G AN A AL E A 23 [A) - separatrix JE#5. 5
o T I ERERGEAFIAAR, separatrix JEIRZEE s M. HERZT,
B AR R A 25 H] separatrix FEASo

Voyd

b

FIHIGNIR Courant-Snyder B Twiss PRECHLIF AT LB HTAL EE (L G fif 47 2Rl B Ze i
ar A IRAR R RIBOR AR E ML -
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Longitudinal emittance [pm]

20 4

o
-I- Ll

1 0_. e

® Simulations ° Simulations
cevsenne = o JE

I O S

a_=-0171 :
il..‘lE = 51" NIEV’ lIIIIIIIIIII.EIIIIIIIIIIII
: (0 /E), =049 % j
; ...Lri“E =105 m . .

fRF = .jqﬂll MHz ' I

Figure 2: Longitudinal emittance and energy spread
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------- o @RF

¢ Simulations e Simulations  §
g @IP :
. (,(L_ =-0.171 ) < i R (-
{E=510MeV | .
(O /E)y = 049 Gogrrhromrrmemesees oo
L =105m

H . : ring
4 . ""l;'.:fm' =500 MHz

Figure 3:

Phase advance u [°]
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NIMA i SR ZERH
H#: 2021/10/12

6 SR BB EFEOCAR 2800 [NIMA 1015]
Analysis of modulation parameters for high repetition rate

seeded FEL

6.1 FEALEE
o 3 FARGS H R THROL
. {E#: Qika Jia (3EHLH: NSRL)
o BM: BIR

o ¥ https://wuw.sciencedirect.com/science/article/abs/pii/S016890022100752X7
via%3Dihub

6.2

XS EAM B B0 (free electron laser, FEL) #AER, X EFh /1 H3
Jek iR RE R MR EOR G Y TR WILA V21 Bt RO ot
PRSI HIHOCHI 2R . XIS A LA = FPledt i N 240y FEL fih
FEPE, W = RRATIE A B A (optical gain) SRR SL T, AFDT R AVRE R
HRCR il K

1. FHI B 772 (modulator lengthening scheme) = 4if | #5 K KT =1 FEL

B2 (FEL gain length) B, JEd 8 e U sl 25 N o

2. I T TT % (oscillator-amplifier scheme) = fFAERMACTEOL, HAEIREART )
HIRAIEA ~63 %, H HIRGa K BERZ N =4 FEL M4 KE.

3. BIHHITTS (self-modulation scheme) = FEF M HIIRIG S HT w2 M EIA X, By
P lE AR KA R
6.3  TTERERAIHT A
* UMKk

— E R RO R R TR L. TR R TR . — R
FRES IR ERA . = E H RO RV EER OSSN, [
AL HR I AR Z94E MHz 52
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5 T S R 19 7 A I b 008 St ik = Fhit
BRI HI 220 FEL SRt e IOt a8 gl ., A
7 ZE Y RE B SRS R i 8IS

— XHEg e s 1P 724 (high gain harmonic generation, HGHG) 7%, LA

N B S
nD (%) ~n+ 0.81n/3
nD (%”) <1

(5) <4(3) <o
PP 1 ) R O 2 5 0 i e IS S RE U AR IR IR I S &R, AT S 21
78 HGHG BT, MHIHOE T R S RIEHCER R S0 = 350, [aph e
A — O LR A S 2 K I HIOE R ER Py ~ 0.001pper Peo

0.030 : [
0.025 + 1
0.020 + | 1

0.015 , 1

P/pP,

= t
s

0.010_\ ~ -

0005+ -~ .

0.000 = I = I -
1 2 3 4

Fig. 1. The relation of the power of the seed laser and the length of the modulation
undulator for p; = 51073, p, = 1¥1073, 5, = 1*107%, n = 6. The values satisfying the
requirements of the energy modulation (Eq. (4)) lie between the two dashed lines.

— WTERBMT R R, i A = T Jag B WAL FHR—AE AL

Mg, AT EHIEOC IR S WG a KT Skt B, 305 ar KREEIN P

B WAHIROE DR AT RS (2, HBma RS, WHIOE H

TRHIVERAFZ R, B, WSRO B AT R BAE . %8 SR A

A RARD 7 FEL SE0REMEIGIREE, WZSR MHz 45 ~100 MW /BURHRP T, X80 g0 H i
WOt AL TCIE LS.
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AR AT BRI AT (2528 S ) o IO S B R A S EA
PR S e e, A

Avp  2Leq [p1Pr X
0l Ly V 3P X
Hrp, B KERT 5.2 5 FEL 8 mKER, A Eq. (11); KT 5.2 %
FEL & ERT, A Eq. (13). KT HGHG F0L, REMZS M EIOE DI
HIFHIRER R R W N E . ATLLEERY AR T =4 FEL s
I, S e Y BN Z BN i

I | | | I
*
Al
FoN
N
N
0.01 =+ b .
I~ ~ b
“+ N ~ 4
. *
~ "~
KN ~.
N .
L . ~
-
u— \\_ “‘\
< S
o e R
V& -
0.001 + .. s T .
=+ -~ ~ ]
4 ~ e ~ - 8
\\ e, "
~ . L N
~ N
~ s
~ ~
~ ~
~ ~
\-\. \\
-\\ \\
1E-4 +————— | —
1 2 3 4 5 6 7
fg

Fig. 3. The relation of the power of the seed laser and the length of the modulation
undulator. The values of related parameters are the same as in Fig. 1. The dashed lines:
the modulator lengthening scheme; The dotted lines: the lines in Fig. 1. The values
satisfying the requirements of the energy modulation lie between the two dashed lines.

= XMTFIRG- T RITE, WM 8, ORI . S B 5 5
i F AR A O RE R IR, R LA R I a B TR b AT
KEL, HIEIREARS DRIREI L R ~ 0.632, FFHIFHIG IS RL N =4
FEL BRI, e R AU ol

- XTHBEGTE, o3, searAsIkiE S am ARG a o, SR
AREAEA R 2t B IR HIRUN A B 2 R0 R A I RE Y 5% 00 T &

* FEXRIESCATH, R T GG AR EAE R AR A (FST)

U AT DA 32 B PO ) S O Th R
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28 —m———7—— 17— 17— 17— 17— 1.0

2.4- \
\\ n 0-8
g 2.0 “\
] \
SEPT 06
—~ v o
8 121 "R
g v . 0.4
8 A "
'qv 0.8 1 "
', 10.2
0.4 N R
0.0 T T T T T T T T T |H"‘h|h_‘--"0.0

Fig. 4. The total return fraction of the radiation power in the resonator (Eq. (16), the
dashed line) and the energy modulation (Eq. (17), the solid line) with the undulator
length.

Fig. 5. The equivalent modulator length of the self-modulation scheme, the solid line:
numerical calculated by Eqs. (9) and (A.5); the dashed line and dotted line: the result
of Eq. (21).
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RERCAM], AT StpbEdma i AArr » BRI (B2, ILAb AT AT
JEW e AT Rse B (EfRJA— T R G

6.4 HE

AL AW RLLT G. Dattoli K.
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JAP 5% FERR : AR
H#: 2021/10/13

7 WA HESHRRE A 2 ET R [JAP 50]
Evaluation of beam distribution parameters in an electron

storage ring

7.1 EAfEE
o B iR
o E¥&: AW. Chao (SLAC/Stanford)
o A FIp

o ¥ https://aip.scitation.org/doi/abs/10.1063/1.326070

7.2 fE

BRI SR SR TSR . RIS (Rt —F
AR (beam distribution center) 5 —F4H (beam sizes and shapes) F— %75
Fo XN BAIETTE R R4 R IRE S, oV B - AR IR R AR 7] 3 2R AR A
o JE R M1 A HBTHE T i #x A SLIM (Solution by LInear Matrices)o

7.3 TURRERAIHT N

o QIETE: AT BB SIS TR, Bk 2% R B A LA
R TR IR, TR IR SO A A 4 M 2 ] B = 4 S ) R B A
5T TR R, A E R,

o TElk: NPT TREEER, GRTPER T T R e R A S A Y S AR
W o

— RN R BT LM Xo + X, o, Xo AEREA O, X
BT Xo BITR B0 . TR, — A (FAR) PRI N Xo = 0.
o DB R R R A S R (AR R TR B . AT () AT
s, HANFR Xo AERAFEL (closed orbit).

— IR Xo # 0 HJEE AT RE

PHL, RS B SN R L R RIS B R B4
RETEHINT N L SIAISE 2 G S

26
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1. quadrupole misalignment
2. additional dipole magnets for correction or injection
3. energy loss compensated by synchrotron radiation
Tk 20 B 7 N 2 R B MR A R S N MR o X B SR H Y AT
JIFCRENS ) 025 JE XSSOV R, FF H A A A 4R R AR & o
— LV (s) = [Xo(s) T, E=AELET, V(s) WTLLERSEANTTEERE M 1R
FEAHSRIE I W (s) FERERHER 52, Rl
To, Ty, Yo, Yo (8 + 2T R) = o, 24, Yo, Yg (5)
Vi=MVi& < 5,=0 = W(s)V(s) = V(s)
As=21R

— LLEV(s) A 7Tx LA, M el W oy 7x 7 5. B M4EREFE N NIE
LN T B RIP AR RNV 53 H o

— AEAER AL Xo(s) Ja, REBIAHE Rz shud BEE - OBusR G . LA
W (s) RYRFAESRIT W (s) HIRHIEIA T 3R o

— FREENFIERRAT R, M FERE AR 2 22 55 (symplecticity)o BRICHT
B RUE B 7740, 3T T EE TR A2 R 0]

— TR RERYAR G RN, SKRAFRHE R SO A5, HE TR A E X
AN, AL k=292, WK Ek=1,11,111,

— PSR S I RER AR AN © SR R R AR AT O I AR
one-turn map T 5

T(s0)Ek(s0) = M Ex(s0)

WAEZE JEAE so A HDGF, TR ZS A ARG AR B

0

0
0
AX(S()) = 0
0

u
L Eo

W, 78 s > s0 ZJa, XA B SR EAARYE 2152
AX(s)= Y AE(s)
k==4I,+11+III
RAEAE Ap FITHRL, BBIIRAAE AX (so) AT AR S 155 HERE], XY Ei(s)
AR 6 x 6 ALAmAE L o
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— Ap A

i B (so) k= 1,11,111
A= o
~ige Eia(s0). b = —1, ~IT,~111

— NGRS AN ES I, At P RST E TR, A

d 1 -~ u?
E (|Al") = T <Nﬁ> | Eys(s)|*ds
0

op, (Vi) = 2935 15 0y = Somh . BuRimatess, A

d 20
) (|Axl*) = —Tok (| Arl*)

I, AT LS 2P RS AR & B

Cry® [ |Ews(s)|
€ = <’Ak|2> _ <’A,k’2> _ Czék ’ ’;ES()'):J ds

SNYER A A B e
(XiX;)(s) =2 Y (|A*) Re [Epi(s)E},(s)]

k=IIIIII
7.4 Hp
KT SLIM #3FE4HE N4 L2 (1] 1 §6.5.
FT SLIM iR A —BebE, ] LUE 2168 H B etk sl =, 7% 2.

25 3Rk

[1] A.W. Chao, Lectures on Accelerator Physics, World Scientific (2020)

2] A.W. Chao, Evaluation of radiative spin polarization in an electron storage ring,
g g
NIMA 29, 180 (1981). https://www.sciencedirect.com/science/article/abs/

pi i/0029554X819000697via%3Dihub
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PRAB 5i# SR H: RIGT
HH: 2021/10/15 BB B

8 FALEKCPAMR BT 23 AR A St FERI B2 R &2 [PRAB 24-
09]
Quantum efficiency, intrinsic emittance, and response time

measurements of a titanium nitride photocathode

8.1 HAFH
o 2 K- RIIE
o {E#: Chenjie An, Rui Zhu, Jun Xu, Yaqi Liu, and Dapeng Yu (FEA4#: Jbi
KF)

o HE¥7:https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.
24.093401

8.2 fHH

G BAAR Y 0 F & S AR 52 Wi P~ P e AN e 2 PE RER A o SRR SCAIF 5 1 284
HEBCRABOLIK R AL ER (titanium nitride, TiN) B FRCEAIAM AT, TFH
BT AN I R T E T IR A RE N, REFRCRMEAN 7T x 1078 ~ 5 x 1075,
KT 266 nm (4.66 V) (RSP, WERAAE &GN 0.54 pm/mm. 46 T-RE R
T DR B 70016 Uk AT (two-photon photoemission),  ELAAE % 4f i
SR IR TIGHC . 7 BB B IR T 2 5 T D R B G R 6 I B AAE & 5 31
9 0.28 ~ 0.60 pm/mm, URATE EESGFOC RS, AER 5T I/ ME &R 0.28
pm/mmo. AR OG- TRERL S T RN, Wi AR F PR A (A LA RN B )
JZIK, TEBA T TiN SRR A M o7 s () 4200 46 R e 5 I ] o 8o TN R14g 9 56 FL R 5
BEAT E AR L IF FOAEE IR, VB T AT D R A F-RE SR TiN 77421
X R FHE 2R AR (prompt).

8.3  THRRERAIHT A

o BRI ERUE RO AR B T TIN SERIMAME AT 1
R I e AW R P TR A TRI A T e Aol T A PR AL 2 S JEE U e A 52 225 ] FEL Aoy
BN, SR B/ INT 1A O T T e TG AR M B2 R 1] P
ISR ARk EE 101 A IR, i 2 (A AR A TRl SR TN

29


https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.24.093401
https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.24.093401

BN <2 BN A FEL - R A DN A A1, At T TN B A i Bz Fof ) 5 <22 B A
P, HAEEOGF A0 BROE LA S 80957 B K 42/ (prompt) o

o wrik: HESIEIE 2R TIN ROV RrrRes (A 1) JhEd Ee sl
i1 TiN BIARA DR L

5F = Measured
Dowell model

Z 4 |- - - - Vecchione monocrystalline .
5 F-——— Vecchione polyerystalline
2 3t -
=

[+ B ]

5 -

= 1 i
o

43 44 4.5 4.6 4.7 4.8
Photon energy (eV)

1: TiN A AP RCEFDEFRER IS M E R H Dowell #IF] Vecchione F LRI &
B2 AR L B8 4.30 1 4.31 eV, 1R4E Vecchione 22 5!, IHeRECH 4.26-4.36 €V,

W7 HOG & S AOET RSP FIE O FIOASE LS E (TE 2), [RIFE A
AR ST ERARAGE T TIN BRI TR A, BRI B3 2 R sos 257 &
Zhip 2 TIN PRI AAER ST MR A A S 4 @B, B aeEmg .
8.4 HY¥
KT Dowell BRIFYHE, FLAZ% [I]; KT Vecchione HLEAAIIE, AL
% 2]
2% 3k

[1] D. H. Dowell and J. F. Schmerge, Quantum efficiency and thermal emittance of metal
photocathodes, Phys. Rev. ST Accel. Beams 12, 074201 (2009). https://journals.
aps.org/prab/abstract/10.1103/PhysRevSTAB.12.074201
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v 1 T 1

n Measured

Dowell model

- - - - = Vecchione monocrystalline
.

b
~1

bt
o

o
=

Emittance (pm/mm)
=
]

=
L

3.8 4.0 42 4.4 4.6 4.8
Photon energy (eV)

=

(S ]
T

1

A 2: T TN AR REDE FRER T RYBE A . ] Dowell AU Vecchione H BRI &
RV IR A BN 4.11 F1 4.08 eV #R#JE Vecchione 2 St MILL5 . ek £ifE 4.00-4.16 eV

TEHEA -

[2] T. Vecchione, D. Dowell, W. Wan, J. Feng, and H. A. Padmore, Quantum efficiency
and transverse momentum from metals, in Proceedings of FEL2013, New York, NY,
2013 (JACoW, Geneva, Switzerland, 2013), p. 424. https://accelconf.web.cern.
ch/FEL2013/papers/tupso83.pdf
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NIMA i SR ZERH
H#: 2021/10/20

9 WM H HHEFEOCH RSB RZY. [NIMA 293]
Large harmonic bunching in a high-gain free-electron laser
9.1 EAFER
5335 [FPEESTS B TR0
{E# : R. BonifacioL, De Salvo, and P. Pierini (F#AHf: INFN, FAF))

S HiE

5% https://www.sciencedirect.com/science/article/abs/pii/0168900290903343

9.2

RIS R AT S8 A B RO AR S e S . IR i
Fg e s B B HEFROCE RIS E 2 RS, R IR AR A I L AR
KR UGS (RRnlE =) . FF H =V0B A ISR B RHCR 1) =15 . XA 45

S YA ON B F H SR RSB A - (bunching factor) FESEFI RE A% 1A S 5 EL e % Y
FORESR R 1E A — DR S iXRIE SO Ja ok & R 1Y s &1 150 B i 06 A R I
AR

9.3  TTEREAIH A

o QBTG DN TR S et B A ROE SR S R ST AR R Y AL
i, SBR[ TUE A SR 0 S SC R EE R & o e,
HER 2 SRR T R 2 A AT RS, TN AT B R L S 25
INT LR, T B HBR R SLIR SRR IXRTE SR I B TRTRE A B s B

o wEk: BRSSP 2N + 1 Mashr i

do,
Pt
% = 2}; Fy(&) (Ape™ + Apem)
R (")

b, Fifi) = (1'% s (i) = s ()
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BRI ARG b, = (e77) , Py = (pe= ™) [, MBI |As| < | A, (e7™*) <
L XF k>3, (pPe ™) < 1, AILAKKRBIILEI %A%, A

- = Ab
%%ﬂﬁm

((113:32 = 21F| A1y
iﬁﬁ_&F%y+&ﬂd%i%)

RGBT AR PR AEIX RS SCZ T AT U AR
A TR TRk, E2 2> 1 I, B IRIITG BE

9.4 HE
WA KT LA R AR R g T o RO M BEARRE . (HASBE

I

25 3Rk

[1] R. Bonifacio, C. Pellegrini, and L.M. Narducci, Collective instabilities and high-
gain regime in a free electron laser, Optics Communications 50, (1984), 373. https:

//www.sciencedirect.com/science/article/abs/pii/0030401884901056
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JOSA B SRR . AR
H#1: 2021/10/20

10 AHBETFEL AR RFHRNSE 2 [JAP 10]
Unified view of free-electron laser dynamics and of higher-

harmonics electron bunching

10.1 EAR{EFE
o 4335 AR F
o {E#: G. Dattoli, L. Giannessi, and A. Torre (EZA[f4: Ente per le Nuove Tech-
nologie, 'Energiae I’Ambient ENEA, = KF])
o A FIB

o 4% :https://www.osapublishing.org/josab/fulltext.cfm?uri=josab-10-11-2136&
id=6981

10.2 g

X CE H HHE TIOE (free electron laser, FEL) B /)%, (i 3RkA# Liouville
TR, LT FARBERINRENLSE, S5 FHRS FEL Mg~ 4 WHE
Mo AT T R TR KA RERH ELIR 34T o

10.3  wEEkE Al HT A

o Tk DRSSO BRI AR 2 AR IS, T TR FEL
WAL R A R PR LB
o BIHE: RETEHE HE TR E BT RIS, X e L X T
B 12 MO S A A TR o TSI A R
— BN TR R, BHMEEE, FRETLUIE Louville 1, £
ap dp s . . Op
En + V% — QRSIHI/)%
oot G SURA AR (v, )0 AR o BT S W v R
REFEF, p=L S (1) e™b,(v,7). JITEATLIE HELFHIS-225

s b 0% 0
ia—: = nub, — TRE (bp—1 — bps1)

MR, XERERA T v ARG R,
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PRGBS T L E B SRERIE. B b, = > e e = 2%, N L
m=0
7T DAE— 2 L R
. T (n—1) /
bgln)(y7 7') = %efinm— /0 [abn—lay(yv T )] einuT/dTl
#ﬁdzzﬁwr%ﬁo
— B ERO T RE R R G, W LA R . A A R
SR AR & 56 R B8 30 Eq. (29).
XS CAE Section 4 YRERH 5 —FiSRARCE M UL RS R T T . U
Feynman-Dyson &, A

Y= Z bn(V,T) |n>

NIARALAS ¢ ROEIRREEIS TRE, 2% Eq. (34). T2 BRITRIETS
EA LT RS RERIA . . BRI RERIN IR RRR e LS
~ ~Q}%OT5 —51'1/7'85f(y)
RPE %
— DLEA A BARE 45 B i 7 ROGIERE, X TR A, T LME SO Ry R A
b b 1 0 0
ZE = nl/bn — 5 (&Ebn_l — a*gbn+1)

Hep, B nea

bs

a=—ij /00 b, (v, 7)dv
S R E kb i DL (SRRSO R B 5l i), A BT Ren) LAk
—EHETN

i = nvb,, — 5 (a (z — AT;7T) %bn_l(z, T)—a* (z — AT;7) %bnﬂ(z, T))

sth, )
a(z—Ar;T) = —ijz/ by(z, v, 7)dv
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PRAB 5i# SR 2R
H#: 2021/10/20

11 BT RORLN. B [B] 75 3G 5 3 i 7= AR LI Y R SRR R 1 55
[PRST-AB 16-07]

Bunching coefficients in echo-enabled harmonic generation

111 FARfER
o 2 iR
« Y£#: G. Dattoli and E. Sabia (FZH|#: ENEA)
o RAL FRIB

o 4% :https://journals.aps.org/prab/abstract/10.1103/PhysRevSTAB. 16.070702

11.2 HE

JEASHEX (Coulombian diffusion) &4 E@{jﬁﬁiﬁ' T H HHETHOE (seeded free electron
laser) [ HLFHRAFR A1 R 8 WEUF LA, X ROV ] LB 2 JOT B oA, gt
iM% Liouville Jy#&. fni—>k, M Liouville J7REFRATTREMS A 5T HL +~ AAEAH 25 B Y
1% XRWICRH, AR WU KBS KA Liouville AL /7 REAYHELTY . ATLASE
AT ] B 55 19 72 4F (echo-enabled harmonic generation, EEHG) [ GHL I 3E—
R

11.3  TTHREEIHT A

o BUFTRG —RAEINE GRS AW L AT, R 2R I, R 2t
FE VR A AL AR 22 PR o WA o SN EARAH RO, anZE(ed 8,
ST 2 RSSO — B R s el g TR
Ja . YR BT AR BB B A

o TTHk: PIEENLUT YA
— M Liouville J7FR&5 H B H — B liid EEHG FEL i, (B =S H 2
BN f(p.¢;s), A

f of f of
Y g A oY _jr_y
9s P ap s M
5 YRR P (intrabeam scattering, IBS) 2 .
X B REE TR T e s T, YRR R M e RIS T R 2 RS R
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XHHNGBE T Lo MG HTE H = BZ + AV((). £, T
[ A B His¥r. F3t Liouville 75 R i@ ARl LU
f(p.C;8) =U(s) fo(p, C)
W, U(s) = els, %87 U(s) BIT, A
b5 — o [BrE—aV'E]s o B AVIOE | (ATBSQ {pé% V,agp})
PR, R RIFAAAE A, B AR o . B, H28 50 5
BT LS A
F(p. ¢ 8) =U(s) fo(p, C)
= e IBPE V'S ()
r e B AV O fi(p,€)
— e B fy (p+ AsV'(0), )
= fo(p+ AsV'(¢),¢ — Bsp)
= folp— Aysin (¢ — Bip),( — Bip| =
SRR
WSS E A S I AT Bk S I B . B%E. Liouville 77 F& IF
i

1 o % [p—A; sin(¢C—Bip)]?

of . _ of f _
Gy~ LI =025 L= D5 =0
52

o, D A R B2 I s SIS AT UG K f(p, G s) ~ ¢ 0 els fo(p, €)
TN DA LS R, RASEE AR, (ARSI T — M
WA <1, EEIBOGHR RS/ NF R A S RESL, BIZBELLF A2 T

1 . 1 . .
o~ gl Ausin((=Bip)]* _ 6—5[p2—2A1pSIH(C—B1P)+A?SIHQ(C—Blp)]

X1 EEHG —fORHor. I, BTG4
BERT SRR E LBk SR B 447

. . _ . 2 .
6zws1n9 ysin“0 _ § eznOHJn<x’y)

n=—oo
o0

(—1)" Hysor (2, y)
HJn(x7y) - ZO 2n+27’ T'(n + 7")'

n/2 n—2r, r

x Yy
Hy(z,y) = n! Zo rl(n — 2r)!

H— A AR ES

82

HJn<x7 y) = eya?,]n<gj)

37



11.4 HE

FER, XERNO PO B Gae iy, EHBOCIRIE A HEEIE, B A, B
HEEL B e A R A& AR B B H PR S e Re s e, IX BRI E P AT
B BEAE Y, U symmetric split operator technique, 7] PAZZ (1],

25 3Rk

[1] G. Dattoli, L. Giannessi, P. L. Ottaviani, and A. Torre, Split-operator technique and
solution of Liouville propagation equations, Phys. Rev. E 51, 821 (1995). https:
//journals.aps.org/pre/pdf/10.1103/PhysRevE.51.821
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JAP 5% FERR : AR
H#1: 2021/10/20

12 HEBFEOUSI Y BERHE A ST [JAP 78]
Free electron laser dynamics, evolution of the bunching co-

efficients, and coherent harmonic generation

12.1 BEAREFEE
C ghd: AN
o ¥ G. Dattoli, L. Giannessi, P. L. Ottaviani, and A. Segreto (F24#: ENEA)
o AL L. B

o f{f%: https://aip.scitation.org/doi/10.1063/1.359699

12.2 5E

I H L OE YR R 88 B2 L A R (bunching) 545 5f” (emission) 564
FIMHEAER, AT B R B, SRR SRR A 23 [R5 v T B A oy e sl
Fro IXRIESCE B MNBE LSRR T ZS[H 0 A Liouville J5Re, FRA5 HL T AR A

12.3  TTEREAIHT A

o OIS BUE L, XES TSR Liouville J5FEHY 7 iEF7 N symmetric split operator
technique. IMH T BRI W AR i 7 2 h i g is T iE, ek Xt
AEE N R EH BB TROE, (PERCR G, BT TIE,

XTI H B RO AP A, Liouville J7RAUN FEE

dp 0 5y . 0 B ap s B
3T+{V3§ —QRsm(ay}p—O—> aT—{A—{—B}p—O
Hom AR LA )

(v, ¢ 7) = B p(w, (5 0)
HEE, BHET A S B ARRE (commute), HIGIEAATEE S M AR
TRk RIS SR — KA symmetric split operator technique, LR i
BERER o7 JEAE/N, FERAN Rk (iterate)

o

U
p(v, ¢ 07) = e 2 P2 41, ¢, 0)
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M), BT @R SRR R . SRR R, BRI, SEERR Y
Fn AT LGB SR A 5> 2597 J7FE (differential finite difference equations), 7] £
1283 Appendix A,

FEEF, KR EIE R 183CHY Section 1T 25 ARG 4 UK 4IPS s
Section 1T M2 [&AIHE s ik 7 an FE A5

BORFESC Section TV 14 T (A4 25 EAE MR SRS 25 B, LT Liouville Jy
BRI © Bk, KA LRl

Op 9 i€ | gremi) L\
8T+{V8C [ae™ + a*e }ay}p—o
d U
d—z:Z27Tj1/;oob1(l/,7')dV

BE PR T E AR TG DU PR A X R e SO A5 E o

40



JAP 5% FERR : AR
Hiy: 2021/10/21

13 FAE B as i R 28 B B e H0EEhE [JAP 99]
Theory of high gain free-electron lasers operating with seg-

mented undulators

13.1 BEAREFE
o K HHHEFEDE
o {E¥: G. Dattoli, L. Mezi, P. L. Ottaviani, and S. Pagnutti (FE4/#: ENEA)
o B S

o %% https://aip.scitation.org/doi/10.1063/1.2171810

13.2 HE

PRI SO A4 B 28 253925 1 s FMOE (free electron laser, FEL)
A B BCK B £ 55T (self-amplified spontaneous emission, SASE) #¥ 2. Xk 18 3CF|
MM, RERS R o BO e i R %, HEERUE . BRI 7.tk
WG a2 IZE R XA AT BT REAE S AL Hh 1 Y (linear, planar) =i 42 g
(helical) 3% ar 4kl FEL 4Rttt 7ok, iXERIGET® T XEH (biharmonic)”
W ar T AT RETE o

13.3  TTHREAIHT A

« QUL RIS G. Dattoli — SRS U A AT ST, 16 3C0IHT A
FET LR AT B 53 FEL B0 SMT R 55— B o i It
IR IE] = A AR

o TUHR: IXEESCEME MO EIG S FEL WRRIEI 2, S RETTR. BRI
THRERERI M Gar i, KEIZMEEE AR 20% JTHih ., dEii o
LSREOT 0. teiy, BEPRER A v S AEAT LL—FERO R . iR, &
U AR IR I HIRTR RGN, Jo@ — ik FERR =G PIRS FLiRARIR B, 8
e T OB HH B, (HRHHROR . AR AR A T RE U AR X 218 an T

A

VT B B W e R AR S AR B W 2 ) 2 A A v RS 8 (phase shifter) (3R, 2 396 W BEM % 2 Y
9 FEL 35240 7 5 5 S 24 BB B,
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1 Limear vndiiaior
102 4 A, = 0028m, l&lﬁmﬂ.@&ﬂ’ﬁfw

Yo, =1.00k0%m,p =2 303 18, h=322 6o

POWER (MW)

10 4

102

Z(m)

FIG. 1. Power of the fundamental harmonic P; (units in megawatts) vs z,
total relative energy spread o vs z, and square modulus of the first five
bunching coefficients |b,|*(i=1,...,5) vs z. Simulation parameters: X\,
=2.8 cm, K=1.5, 0,=107°, p=2.303X 1073, and operating wavelength \
=322.16 nm.
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R ST Bil g deth FEL S 220004 . Rellie 558 — Bi e A LR
PR = KRR Ol T8 B s (U AR O RS . Rk, 8
TR A DUA BRI R R A SRR RO 8 B, |
TR CLAFARER, RIS

XE1ESCH AR NS

— FEWT SR AIRERL = Egs. (3,4);

— LEWT SRR A7 (BT TLKE) = Eq. (7);

— Wi UE S B e N T B R S K 2 = Section 111,
IXEEE S Section T TS = Hir. HEZR], FEH B HN n UGOHH
WS R B Ve B DY, AN SR EE B A E G AR R AR n YOI R
X— T SR 4 R S BEBIISE R —2, 2% VH.

1 Linear undiialor
102 { A= 0028, K=1500. 22000 W PLo
{57 O, p= 2305 18, N= 32280 oy . P
100 ipowen (MW) 5 "
.; _',A:' ?u:fﬂwﬂm
3 N=322 Bm
10% 5 4
1 F Sstimuation
104 1
1
106 ! Heor= simuahon
1
108 4
E
10-103'
E
10-123 y T
0 2 4 6 8 1C 12 14

Z{m)

FIG. 3. Comparison between numerical and semianalytical results for the
case of Fig. 2(a).

WICEJF R A XK (biharmonic) "5 dw . BI— B 5 as N AL R 701> J7
Al AN BRI RE3% ., CFR biorthogonal undulator, 4i7{5 2% Section IV,

13.4

M

Ly
RRIESOFA S Eq. (5) BT
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PRAB 5i# SR 2R
H#: 2021/10/22

14 ARAHX IR Y HL P EE B S L PiEE [PRST-AB 7-04]
Resistive-wall wake and impedance for nonultrarelativistic

beams

14.1  EAFE
o S Bl HEbUHE
o {E#: Frank Zimmermann (CERN) and Katsunobu Oide (KEK)
o AL HIR

o E¥Z:https://journals.aps.org/prab/abstract/10.1103/PhysRevSTAB.7.044201

14.2 HHHE

LT IR R ST THEE TS (ultrarelativistic) WA, ¥if-LA
I gl . XFMEILEA TR SHEPTRITE, ok oA g S e 5o
FEHIH . AR, X/NT 10 GeV [l PR e BB T, R gEE/ N T obiE. X
FE Ve SCIT B Y SR A AL T AR AR 10 ol e () A BB 1) S5 48 1) B 3 SRR, FF TR AE
FREST, XFRIERXE RO ARG B35

14.3  TTERERAIHT A

o QUFTR RVE HRL A F LR AR FE A 2 F B ) A R R, XS R
Y5 FITRI e AL B FHXEHE S R AR R 0L, X2 — 2Kkt
R AR — B[], kT i A R Y S TR T R 2 B T A e 4
E/\jo

RIS SR BT, SRR 15E SRR . — G o = R e [ FEL LB
BHDT . JosRmEI IR (FEHAKHT) dipole mode BHHT, A/ FIH] Panofsky-Wenzel i&
HRAFEIRE R (R fEBY) BB

o Tk RRIESCEIHIRT H a2 o sl B Il ar SRR 1 GeV A REIRE
I, ok AR BRI . SLE AR M o SRR SO Tk
REAT USSR

18411: SNS, J-PARC, PS, PS booster of LHC accelerator complex.
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1. 28 AR e I F BB BT A8 TE A I
2. 4 AR MRS T HE BELRE R4 O R PR R Ot

3. FHEHE S M Maxwell EIFAG . % RIS beam pipe:
4. FF—BIg0T BT SR B

5. P HIBREE R BHE v,

KRS I IR 58 5 SCAER S AR IR 1 0 T 1 R 34 B AR e L
fa

Wiz, ) = Wi(2)
Wi (2, r,7) — Wi(2)
Wii(z,ry) — Wi(z)

R E SOk E BR AL (SD)o ££ beam pipe FUDEZH, 6, =1, = 1,0 =
0: f£ beam pipe FRHEEFM BRI REL e, = 1, = 1,0 < 00,

SKAEIXA R AR A, e i S BB SRR IZE, B0 R
A Maxwell ﬁﬁﬁjﬁﬁaﬂ’\] P F4AF (wall boundary) 5 ARG )i R 44 (source
boundary) ke SKAFLFERH beam pipe iYL FRIE T LA R ] A1 o

£ beam pipe wall P, ETTRERIAFILOREE R REL Koo AHIET A Lo fif, 3
T2 & pipe wall (IR > BEIRIREL (skin depth). IXH, HI57RN 0 fr TR
[Eas. (33,34)], RNy 0 By 1 WETTRE [Egs. (41,42)]. — ol FRIHE
BEEERHBUAR

,Z()Ckz
Zy(w) =1

{Ko(krr) (k) 2B BR) Ko (bY) + kPN /fz)Ko(bkr)Kl(bA)}

WA (bky ) Ko (BN) — Ky (N2 — K2) T (bky ) K1 (DN

2mw

8 [N} > 1, kybgan < LIELR, A

7 2
ZH((,«)) =1 OCkT

2mw

{Ko(kﬂ“) — Io(k,7) [L — isgn(w)] ¢ Ko(bky) + dskint Kl(bkr):|

[1 —isgn(w)] 21y(bk,) — dskinw? 11 (k)
LA ES5 Rai ot, LIS

Zo [[sgn(w) — 7] woskin k2(20% — r?) k2 r
1= TP G D 2 2 (@) ) e
e [ 2% 4 ! n b Il (w)+ Il (w)

w

Z)(w) =~

Y S EHE VIR A % . MIERER j = oE, B, o ARER,
2033 sy SR FHIR A8 24 303 (Lorenz condition). 1% 2, it 0+ 5 A% Lorentz condition )i % Lorenz condition,
MEAEE CREIRE R
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HTMG Rt PR RE R E T 0 R LR o k- 0 70 2 T FELART 28802 Y BT ik o

T ULARHE S5 B BT AL & VP2 AR (singularity) , UGG T A2 HR B )
T B R w BRI AR A IR
1

Wé(z) = %/ Z”(w)ewz/vdw _ %/ Z‘I<w)e[zRew—Imw]z/vdw

HEEE], AR HTT 2 > 0 4, XN w BRSSP, DA EARVET R BT A £
(e EPEPINAAEN R, BT, £ 2 > 0 FERY .. XEMA USSR, KA
AR A RAA XS MERY . 28T, ITBIRY R w BRI AL
R, 78 2 >0 BEREY.

MARERE 2 <0 1F0, WE w & FrSLH BRI (A7) T LARSAUE N TR
g, Bl w — w+ie, RGNS T EIRAE. XEI € > 0 X EIH]
WA —MRECER e, ALY AT RERY M3 S Ohmic heating 5 radiation
losso JXAMUIYIE, S8 211 i BB AR 0 v A8 Sk 7 BT AT BE RO A
WA Wiz > 0) =0, MR R R

XREIEIC Section IV R AR A1 FHHT, MRS JFRL A7 E M 1) JE 2w 82 (dipole
mode). MEFATTRER T — LR

Ar = A, +iA,
j:l: - jr + j<p
IS5 R RARAA dipole mode AR, #4J5IFH Panofsky-Wenzel 533475 £1 1
FHHT, A Eq. (124)
Z1 (@) = 25—
ARR(®)
()" + k2

1 —isgn(w) 4 — b2k? + $k2r? — 2 k22
- w/e A3 yin O

SRR S ] LAE B E L [Eq. (126)] i, 4 Section TILH KNI Y. 5
. TTLASERIFIIREY Panofsky-Wenzel ;23R 4 Bq. (127)

0
Wi i(z,r) = o /TWL”(Z,T)dZ

~
~

PIEEE], XHA Panofsky-Wenzel EHLZHE FINHR, & T ARG HAS b .

46



FIH B4 RIGHINE dipole mode FHEL [Eq. (122)], R AISG4%E A5G G
dipole wake [Eq. (129)], #AJ5F]H LL_EHHE Panofsky-Wenzel iE¥152## [\ dipole
mode &,

7E Section VI, SRS SC IS B A HLFHLEE A SIS FTTERE, %8124 beam pipe fY
SHIE o M T INRIRE RTINS F— it (constant scalar)EZ R, bt
951 AR B R R B8, X A AT R FIE o R E RO € = 1,y = 1o
A, X EE R H BB R 7E beam pipe HHRIAEIR SR TR R

£ beam pipe M, SCHC 7" 5 YR H IR E . X T BRI E A TE H S
W, W FREALMSHZ (ac conductivity)s SRR (anomalous skin effect).
e FHALY. (magnetoresistance effect) ¢, MGXEAYEE R H IR :

- X FHE = I Table I, HLSIEFEER LA KEH
_ . ag
oW =T
— SHIRIRSUY. = UL Table IT, 7EARAKIR . &G T, BFHFEE B
% (mean free path) T HRBEVERE

2
5skin =
1100 |w|
AR T LUT S \
w>0.027—2—
to(pt)

S AR o 77527 Table 11,

— WERHANY. = JL Table I, 44N 205 KIS, £ beam pipe AR A HE ¥
[FIESRAG L85, M= AR . W A AEEARIRIR . SRR IR o

14.4 HE

B RESORIAEIRR TR . % FEEIME w By, IR & 35, FO47E beam pipe H1. k I
ATRER BTG ARSI, T Section TILA. BXFEIESCAERRANEE]. WHER L™
SRS, 4 w 5k AEREA A . (B

2% 8] beam pipe FPEFANLIIAFR (cubic symmetry) B, d1: Al Cu, Feo X THESREUR AR, XE

M o BARRR R4, FRER A RAREUEIKE (tensor).
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KT LG R e Ry LR R S TR e, nTEAZ2% (1] 1Y Chap-
ter 2o F34b, XEIECENIFZ 2% CHOS T LR R ST R A S % M E.

Ht T SSMB HL TR A1, 425 beam pipe 1550 T, W RN S50 ~ 2.8x10?

Hz. 1% beam pipe SEJH Cu 5 Al, WAL SEIX A4 RATHEN (25163
Table D). JFIR 2. Xt RAGRIHHUELZGEN . 15 beam pipe SRNNIE - 7 AL
HI A R TR (relax) B, K FRRZ S RIHE . XD ROBAER R 16 S0 i A%

2% 3k

[1] A.W. Chao, Physics of Collective Beam Instabilities in High Energy Accelerators,
7 %k https://www.slac.stanford.edu/~achao/wileybook.html
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