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view Accelerators and Beams (PRAB) B80T S5, 8 (HART) St klikE
PRAB ] EZen9iT), Satsr 3k Py2r (American Physical Society, APS) J N #H
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bpace charge effects for the ERL prototype at Daresbury Laboratoryl

BEA7 IR ZE R AR AR IR [WEPAB114]

IPotential performance limit of storage rings{

A7 R TSk B — R 7 BB [PRL 80]

|A Mechanism of Anomalous Diffusion in Particle Beams{

T 1) F — OB ZIH AR B0 25 SR 26 4h B ph M T 80% [JJAP 62]

IHigh-power EUYV free-electron laser for future lithographyl

PR B R o 5 ML BELBE B FEL B [7-11]
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1 REE [ K B a5 A B 28 TR A RO 58 [MOPKF060]
Space charge effects for the ERL prototype at Daresbury Lab-

oratory

L1 ARG
5% ZRTHNF

{E#: B. Muratori, C. Gerth, and N. Vinokurov (F##[fJ: ASTeC, Daresbury
Laboratory, Z[H)

S P D

54%: https://accelconf.web.cern.ch/e04/PAPERS/MOPKFO60.PDF

1.2 f%

R SCEET I AE S F Daresbury Laboratory 1EAE#RHYT 35 MeV RE RIS H
Nk s |5 (energy recovery linac prototye, ERLP), #%7EANBH 7 8.85 MeV,
WAL A B F - PR 2 (A HO AT RS Y 3 )7 o 2K Kapchinsky-Viadimirsky €128 /5%, Jf:
5 ASTRA ki~ #RERBHURR 7 25 R L

1.3 TTRRERAIHT A

o BTG RXRIE SO A5 ] FAT RN SR AE R ) @, y 7 R B HUERRYTCAE . PRl
L AR s AR B9 AT EERE I o

 DTH: XM 1ESC Kapchinsky-Viadimirsky (KV) 53 i EL45 5 R T i

4] T
n — _K
T =R R ety
47 Y
/! — _K
V=R T b 1 b)
/E\:EP> a’ = Ewﬁxa b = Eyﬁyo %%Tﬁ%ﬁﬁﬁ (round beam) 5 ﬁ
4] 1 €2
" K,’L’ - B - _? - O
N (T AR R
47 1 2
V' 4 K, (2)b — ~

(67)°Io (a+b)  b°
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Pt 7% & laminar JT(U (RIVETES 2006 S SO ), A 21058 A 4% 4

2
B (B)lo

— H 2 A S AN e, A3 1A FAr AN AT LAE v,y DT TRIG T (SRRE) AR Y
Wk, HUERRREN
1 AI(s) L

F,  (By)3Lya(a+Db)
%5, FIF Twiss matrix FOEHETREE J = TJ,0-t, Byl

TS D Twiss matrix FUATHIUE. A T2 )G, staeit Sk — Buh e
JRHIAR SR I, A

=6 (<Be><7>—<ay>?)

1 1\”
() ()

BRI UBEFA%5 R
1 1\* (1} [1 1
()G - () (D)

ol 1(5) = Inawexp (=52 ) o BB EERIGHORATLURE), 72 s AR RAHEER

IEPHERE R ST Toxk, (CEPIRRE LS AR W, e ReBa )
P, JUR I PR N 2R

2
_Exo

SN I, RO AR B, RS AT D — 5 ASTRA H
B — 9" EBR”(upper bond). XTHA BB TUMR B EHBL, HBIRIZE 25 R
1 ASTRA BAUEHY 2,y J7 R HFE o

HF Daresbury Laboratory f) ERLP 2%, 8.85 MeV. 4 ps. 80 pC. #JiHtd w14
— KRG 3 pm, WY B RS B SRR BUE DL T B PR E DL
PAGER . B R, e REERS B
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Figure 5: Transverse beam sizes and normalized emittance ~ Figure 6: Transverse beam sizes and normalized emittance
with and without space charge together with the analytic ~ with and without space charge together with the analytic
estimate for the first (short) transfer line. estimate for the second (long) transfer line.

1.4 HE

R, XRIEH v AR tune, M2 v M TAFRYRESE TAEAFRAE 2005
F PAC, BT MM ASTRA, ibtb# 17 GPT #iilz5 R, A2 *https://accelconf.
web.cern.ch/p05/papers/rppt020.pdf.

Fe T 23 [a) A AR ) B £2 5718, B] 2 F5https://sci-hub.ru/https://doi.org/
10.1063/1.1420425,
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2 fEFIHITEAERREIR SR [WEPAB114]

Potential performance limit of storage rings

2.1 EAfEE
. R HE
o {E#: Xiaobiao Huang (SLAC)
o B BB, B

o FE4%: https://accelconf.web.cern.ch/ipac2017/papers/wepabl14.pdf

T2 B8 A (multi-bend achromat, MBA) T TR, HAGY
SEA VIR R S R, ATLAUL, AU R A AR SO CTRCR BT S HREE . JR
£ BERAG IS S R B IR B P RRAL, EERE) X L B TR R
BRo XREIESC, ML PR AL At A R ENR ER RNBETRY. AR s 2
T SEE ORI KRR AR R

2.3 TGIEREAIHT A

o wrik: IXREIESCIEIE AT TR B E B RN OB IT TR, M OETRRY
BE B RERERR TS T B B Al 1 UL AR REAR R

H M 2010 4 MAX-IV 5]\ MBA &l 2 )5, THENHR EVE2 RS 720
EJFIR% ok MBA /RN AR 5. XM R RS S FERE R A 2R, F)
HI MBA 0] LUSEREA) H S84 5 RE FUJEE RO RRRE IR T 10 22 50 f%, RIS EERE 10
£ 50 fifo BT ABGRAVPINRLY, A MR R A A S e gk py h o r & (RD
betatron PREG CRRE), MIMEARRETA G . — Mok, REN B AL
RECEAE LT E bR e o

Ng

Hefr, B =qmoc® FRLFRERE Ne = 2m/0. HEITHIHFITTREL 0. TR
TCTRI AL mIERT LA, SHEITT A SR, iy
REIA BN A /N B AR AT UG AL, @32 2. IR RSt —

€2 X V202 o


https://accelconf.web.cern.ch/ipac2017/papers/wepab114.pdf

M EFGERT AR, RERBUG, M2t RE AR A A BT B AR, JATM, BB FEATZ
J& . RN (intrabeam scattering, IBS) RN AT AA 215 5 M A FTREZHE . ItE
b, BUINEY betatron PR (O HUR BT RRE R AL R R 45 tet B 2 AL
BERIRSTRUN, R EHE O RS RERR G, RGBSR A~ A
7o BT AW NARLNEY), SRR ARG 3 1 2a AU el i AL N, Al
REX 8 A7 PR A RE 7 £ Mo

N T IEE SRR S AT A RO A AR T, R PR B R TR
= CREE zy JTRR G, IR LR AL E A R AR R 2,y TR RS
RIS SCI BT X AN =i SO AR RE RS Mt T 18 -

L Aesf sy, 25 YA R E R R &R

153 TnRL5s 3
By, C B, C

~ 1.5
km 3.5 2 3 E3.5
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-1y °

2. ARNHHRY., 25 HHT ER R R
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Ey
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HE2HEZBL H U EERRALFEREAK 25 T,
3. ARZRMEZN A0, BT BHE L A0 2 N AR R AR

A& = By [KyLy| o< L0, [KyLy)

Hrh, [KoLo) AR MBI TRKE L5 0. WM, 1455 20 1
(Ko Lo] AREIAZIFIFER A NS TR XIS INAEARIK SN (resonance driving
terms, RDTs) {H, W hosooo, h11110, hoozzoo MG HIT Y R AT GERIFE &, RDTs
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Figure 1: Emittance scaling for IBS limited ring with optimal
beam energy.

2.4 HEp

IR RIE B, N RER ARG F PO H AR 742 100 keV G 5 AER L
T A RIFBERAETIE. HRES AR 1 pm (10712 m),

FHHI 2 #rih A M. Borland, Exploration of a Tevatron-Sized Ultimate Storage
Ring, ICFA Newsletter 57, p.48 (§3.4). https://icfa-usa.jlab.org/archive/newsletter/
icfa_bd_nl 57.pdf
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3 EFFIRRLF AR — R RH Y LS [PRL 80]

A Mechanism of Anomalous Diffusion in Particle Beams

3.1 FARMEE
o K RFT

o /E¥&: D. Jeon, M. Ball, J. Budnick, C. M. Chu, M. Ellison, B. Hamilton, X. Kang,
L. L. Kiang, S. Y. Lee, K. Y. Ng, A. Pei, A. Riabko, T. Sloan, and M. Syphers (3
ZifL: TUB)

o BEDL. S

o HE¥Z:https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.80.2314

3.2 hgHE

Sk FHI AR S AL ) A4 ) S S LR (parametric resonance) 544~ , 204
TRLTFA O HY SEEE N o ST A B, AEX PR K B IS K SR S E IR
Rk (separatrix) [ff - HY IS SIAHICHR , FHXTZR 8 09 A& 5 BB U SR g 1
(AR € N 7 QU U I RUEF VA 95 e B N 7 N S SR E G R i N i e s e i )
e EPEBL KA BIHENMHE$1Z0ME (Indiana University Cyclotron Facility, [UCF) 2]
PR B ) SE RS B S e i AE I A

3.3 TEREAIHT A

o QTR IXRIWRSUE AR TUCE YAIERHON TR SC0E, YA Sy, MEs
FEUESE—Ff S i3 8L o 44 S i 3 s L o i [) s A K o = DX TR) - PRkl
B (fast diffusion). ZE{84 8L (slow diffusion). #fl] (saturation) [X[f]. FEHRH
P X A — R A A B K IRIE IR, X0 T AR AT N R 79 HO S B itE 2
BRI 255, IRGIRIEH GRS, B AEgA8 X A, dehR s iR
W REGEENEAT, O RS TR T DX O B A RO R

o TTHR: RXRIBSUTLARA IS RGEH, S RIELNC RN HY B IEL

R B iRy B EE Rl 2 Z e R, B o ~ Dt, Hp, D Ry HR
Bo PORY RO A RN R MR AR


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.80.2314

BE . IRV ENEPA R RN s s T R T G
0 = —vyfsin ¢ — rsin(ho + Ag)] — A6 + DE(H)
b= vs0

Heb, o RN S2F kAL BN Z, 0 RN S22k 11 6E &
#, 0 NMEAEHE, vs A synchrotron tune, D = D?/2, r=Vy/Vi, h = hy/hy,
ARG REL, € () MR, T2

(€O)EW@)=6(0-0), (&@)=0
TK B AR R ] R SR SRR I RSO, A
Ag(t) = Asin (vnf + o) + Ady
AR HE i TUCE i FEEAH 0SS A RF IR X R 18 SCK i i s
A,V = fnf fo, Ado, IR BTSN o

T Fig. 1 25 HifE IUCE 3 ZNEASEE e U2 A AR BER AL AT 1L 1 (moutain
range plot). AN Y SEEE BE G ML S5 45 SRR SR AL BIAG 2 o

TN 02 = LN (0 — bave)®s MISLIRAGE] oK BRI A Fig. 2
6. WBIT ML, Fig. 4 4 H EISe 2 RAGBUEM R . ATLAEE], &
GRS ME TR B, XTI R B e Ao JE B

BT Ago S, FHIHLHEIHXT v U F Fig. 3 SRR fr B, MSHY
A (Zel&) BEASCH YR (A1) BIBIT

N T R B SR RSO R B 5, SRR SORBUERA, AL f
R AL SR AR AN R 6 B R e B R

H = %VS(SQ + v [ (1 — cos @) — %(1 — coslho + Ad))
1B A AR — [EE AL B Poincare BRI, ERZESLRY
Tl X e AR EAE R LR E I ZI AR ZS Rl A, B P EUSCR T BRI BILA] -

RIS SCEA B E51E , I BOpLa BE I 18] 3840 43 = X ) - il 8k (fast
diffusion). Z#189 5 (slow diffusion). HIF (saturation) [X[A]. FEHPEY HX [H]—

PRGN E R JES5% 4 RF RGN ZE.
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FIG. 1. The mountain range plot of the evolution of the
beam profile under the action of a modulational secondary rf
system, where r = 0.11, fi, = 1400 Hz, and A = 100°. The
horizontal axis is the bunch length of a total of 512 channels
with 1 ns resolution; the total number of profile traces were

1024 in about 25 ms.

4000.0 ’
3000.0
o
& 20000
“o
f =1400 Hz, f =667 Hz,
10000 | A=100°, r=0.11
0.0 A .
0.0 10000.0 20000.0
t(us)

FIG. 2. Data of o2 (ns?) obtained from the observed profile
data shown in Fig. 1 for f,, = 1400 Hz, A = 100°, r = 0.11,

and h = 9.

11

4000.0 ; .
f =1400 Hz, £ =667 Hz, A=100’,
r=0.11

3000.0 1

—

2 20000

Nb .

Ap,=245
1000.0 | 1
Ap=180°
*%.0 10.0 20.0

t(ms)

FIG. 4. o2 (ns?) obtained from numerical simulations for two
different values of the relative phase difference Ay, 180°
and 245°, respectively, while keeping the other parameters
the same. These calculations were carried out under the
conditions f,, = 1400 Hz, A = 100°, r = 0.11, and h = 9.
The diffusion process and the final beam size depend sensitively
on the value of relative phase difference A¢y.



| " Lo 1

20 40 60 8 0 5 10 15 20 25
t (ms) t(ms)

FIG. 3. Data of o? (ns?) for A =50°, r = 0.2, and f, =
1100 Hz (left) and 2700 Hz (right), respectively. The evolution
of the rms bunch lengths differs from that of Fig. 2. The left
plot shows a characteristic linear growth of o2, while the right
plot shows a characteristic anomalous diffusion.

PP REAE ARSI IR IER . 102 TR A RO 7 B S RO 2 B LR X
8, WRGIRIEIT IR0 N AL AEZRIRY ALK, RPR el HA R
PR, I AR R DO B Y RS R E
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4 T )R ROGZIEAR B B SRR LA B BB EOE [JJAP 62]
High-power EUYV free-electron laser for future lithography

4.1 EEFR
o K FBERATS H B EFE0E
o YE# : Norio Nakamura, Ryukou Kato, Hiroshi Sakai, Kimichika Tsuchiya, Yasunori

Tanimoto, Yosuke Honda, Tsukasa Miyajima, Miho Shimada, Takanori Tanikawa,
Olga A. Tanaka (FEH): KEK)

o JAL: BB B

o 4f%: https://iopscience.iop.org/article/10.35848/1347-4065/acc18c

4.2 HHH

AR INEZ] (EUV lithography) foARH, &I AR SIS T 5 i FEHLAUY,
DASIEBIL B ey B S R R BE R Y BB L2 (numerical aperture, NA) XA K8 7 il F2
WAIEAK AR BN IXFIE ST R R TR T RER M EZINER: (energy
recovery linac, ERL) fS 28 RSN A A FROLRE (EUV-FEL), HIFARAO6A
HURATIE. B30, & H AT AR /M2 TR RO 51 2055 8 IR (laser-
produced plasma, LPP) #itt, EUV-FEL JEIRBAVFLAUR, FIan: B a2/ MNE S
WE AT, AITHEE SRS (beyond EUC, BEUV), JEjf BEUV-FEL, X4k
HAEZI R AR AT R IEAE  BARAE & g A AE A T AR

AN, XES R SR HT T4 KEK IEFEHTHH) cERL (compact ERL) fifi ff] IR-FEL
(7 EUV-FEL BETEUIR SER0R . MO8 7 FASOLZI EUV-FEL
JE LN EUV-FEL B /S3E B rg st

4.3  TTHREAIHT AR

o BT RIS T ERL-FEL JF#™E EUV &5 BEUV JeiR R,
FHREE MK 2 R EERAUS: R

o thk: RXRIESONBIBICZIEAR PR — MERSE— R0 R — JHR, &
SCh \

R=hgy
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Hir, ky FOtZIHIFESHL (process parameter), A ASEIRATHOLR . NA SH%E
fLi2, A1 NA =nsing, Hr, 0 GRS ZHREaE, Mg R, ALk
WL EIN NA, 2B MBI XRIRSC IR 28 17T LPP USRS
JRYIRZ) 250 W, (FAE R 8538, FE Mo/Si b2 KA S =2 {5 . It
B, IEATREALSN S b 5 2T AR -

XSSO R R TR T RER AL B4 Es (energy recovery linac, ERL) [
VRSN E RO E (EUV-FEL), M TARICZIN A1 T Fig.
2 25 tHELT ERL-FEL, 41X} 13.5 nm EUV #i i () F 20 TH2 480 7Em R BT A
JE—EWTEA, HARNGR IS AT, R A G U2 2P A A RTEE , Fig. 4
g T A R A E s FEL SRR 8 H IR S A0SR TRV R,
RGNS Y5 E Mo/Si RGHESI TS, RILGRIE T 76 Filb2aib e, et iahe
AR . AL PP AL HZ (optical beamline), SEHRSGIERE A v J7 R JETE,
E x JTIESE, RNEET5 RN 10 DI, 2 RliEE 10 DM diEs (scanner).
SR GRS R AR, (KT RS A B {E

Beam Dump

v
....
.t

Parameter Design value

Beam Energy 800 MeV

Bunch Charge 60 pC
Bunch Repetition 162.5 MHz
Average Current 10 mA
RF Frequency 1.3 GHz
EUV Wavelength 13.5 nm
EUV Power > 10 kW

Fig. 2. Ilustration and design parameters of the EUV-FEL light source based on ERL. The electron beam with the bunch charge of 60 pC and the bunch
repetition of 162.5 MHz is accelerated up to 800 MeV and recirculated to generate the high-power EUV light (>10 kW) by the FEL system. After the FEL
lasing, the electron beam is returned back to the main SC linac for energy recovery and dumped at the beam dump.

R
i)
7N

EIXRIE L FEEPHE EUV-FEL, XTi#—~E74%%] BEUV-FEL W25 H 7 )11
REM TR, 2% NI Fig. 60 ixXJLFh 7 S0 EAR AT A PR B 40 T R AR IX RS 18 S0 i
ge AR B RZ AT T o TR SERRAG T5 255 R T LR A [R) R 150 B A, A A {4 B

TR R R, XL Section 2.5 $R £ a] LUEIE 2l f8 4T 7 R AL TP

At Pt RARSTIZIE RO s-polarization, A7BT M F] high-NA S6Z%]
e
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Undulator section length [m]

Wavelength[nm]

FEL power with 4% tapering : 17.8 kW @ 9.75 mA (162.5 MHz)
35.5 kW @ 19.5 mA (325 MHz)

Fig. 4.

(a) Simulated FEL pulse energy per electron bunch of the EUV-FEL light source as a function of the undulator section length with untapering and an

optimum linear tapering of 4% and (b) FEL power spectrum at the FEL exit. The calculated EUV-FEL power with 4% tapering is 17.8 kW at 9.75 mA for the
bunch repetition frequency of 162.5 MHz and 35.5 kW at 19.5 mA for 325 MHz. The bandwidth of the EUV-FEL spectrum is sufficiently narrow for that of

the Mo/Si mirror reflectivity shown by a broken line.
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Fig. 6. Three possible upgrade schemes to a BEUV-FEL based on (a) single-loop layout, (b) double loop layout with the main linac divided into two parts
and (c) double loop layout by twice acceleration using half of the main-linac or shorter. (d) Simulated BEUV-FEL spectrum. Adapted with permission from
Ref. 20. (e) Measured BEUV mirror reflectivity. Adapted with permission from Ref. 21.
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R IE SR E b TR B L IHAER A, %507 ERL-FEL 7%, iaf7i i
PRV DPRAA 7 MW, BT A AR ST, U0 € Table 1 254,
Rl EEAR T EET LPP B 50, Z0dE 2 scale ZJm, RAMKT 4 fH2 14
R ZEN . WISt AR, ET 858 a4 AR S EIRA R
N BRI T %

Table I. Electricity consumption of the EUV-FEL light source.

Item Electric power [MW]
Refrigerator System 32
RF Source 1.3
Other Components 1.0
Infrastructure 1.5
Total 7.0
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5 AMRKEESEE iR [7-11]
Impedance of finite length resistive cylinder
5.1 HAFER
« 7K HSRYHE
« £#: S. Krinsky, B. Podobedov, and R. L. Gluckstern (F:3H1#J: BNL)
o BAU: WP

o %% https://journals.aps.org/prab/pdf/10.1103/PhysRevSTAB.7.114401

5.2 %

BOR S tH A FR BB S FE 1 5, 8 T A5 SRttt BT ROy
WA B (0% RS . SRR RN ka® > g FOB. Fo o EPRREG, g b
SRERIE, 2% T Fig. L 3RS ARSI AN AEiIE
HORZIAT AR R

——k = ————— ——————————————————————————————— —>z

FIG. 1. Cylindrical tube of radius a, having finite conductivity o in a section of length g, and infinite conductivity outside this
interval.

5.3 TTHREAIHT A
o BIFT X IR A A FRIC HL B R 5 e i BERY B Ry — s, v —
Ji e AEASASEARR SAE I T, IR NGNS FERE G O T, 25 T
HIZR =
o DUk XRIBSCORE S. Krinsky RYIRSUNEE . FEIESUT L — MU 5% 18 SRy £ 5
S5 o A PRI PRI & e i AR EE R BT Al & O

Zs(k)g
2ma

Z(a,g;k) = Gl(a,g; k)

17


https://journals.aps.org/prab/pdf/10.1103/PhysRevSTAB.7.114401

Hr,

20 = (L+ )2y 5

X G FRE b DL
— Feass AEtEIE DL, D ke® < g

1 (2a2 )1/3
) S0 = T~ _
L+ 16— 1) (kso)”? " \Zo

— A WEEL. B ka® > g

_ 27k . . /
~ GT (kfsg) _ (ksg) 2 1 _ e_(k‘Sg)2 _ % +]6_(ksg)2 erfl (ksg):| 5 Sg - 22900_
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