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Accelerator-based Light Sources driven by Scientific Applications

Ultra-small & Ultra-fast capabilities enabled by modern accelerators
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Ultra-Fast
Nature Technology
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Il Simultaneous access to
ultra-small spatial and ultra-
fast temporal scales

Il Order of magnitude
improvement in brightness,
coherence, and tunability

B From static structural
analysis to dynamic process
observation

M Essential platform for
materials, chemistry, biology,
and quantum science

ﬂ Imaging

seeing the invisible with coherence.

Scattering

unraveling structures.
through interference

Core capabilities: High spatial resolution * High temporal resolution * High coherence & controllability



Intensity & Spectrum of Synchrotron Light

Source Intensity Spectrum
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Synchrotron Facilities in the World
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Ref: Encyclopedia of the Synchrotron Radiation Facilities

https://www.aps.anl.gov/sites/www.aps.anl.gov/files/APS-Uploads/2020SPring-ENCYCOLPEDIA _Hlres.pdf
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Equilibrium Emittance of Storage Ring

The emittance is defined as the area occupied by the electron

beam in the phase space
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How to achieve lower emittance

ring and its drawbacks:

B |. | : Strong focusing / Chromaticity

and lattice nonlinearity 1

B I, 1: Damping wiggler, reverse bend

/ RF voltage 1

B [, | : Combined function
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Equilibrium Emittance: balance between

classical radiation damping

guantum excitation

initial momentum photon emission:

sudden energy loss

\

initial path
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recirculation:
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damping of transverse momenta

distribution of transverse momenta
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ol » M closed
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closed path for an
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> Path for smaller energy

Slide courtesy of A. Streun, PSI

Future trend of Accelerator-based light source development

» Equilibrium emittance:
2

v E?
€. = C —_— X ——— 203
* qIQ — L:_'[ Nf)ipole E 0

» Energy spread: > Bunch length:

2 v2ls a.c
E q O = —0O
21, + I, ws °
AEll /H_F____‘_‘-““-
e /_x__“l\_\__
- » | Energy spread (eV)
\\ M AI/
D S L AN N W
| e——— E, 6443 mc p

Bunch length (’S)

B Linac-FEL :@ 7] single pass > &
recirculation, # 7% %rasiation damping¥?
quantum excitation-T =, % 3 £ FEL
7 PRUEZER R A ;‘,F, B3z ~ |, 2 undulator
£ R R



Ultimate Storage Ring (USR)-> Diffraction Limited SR (DLSR)

Transverse emittance X, , (1) of X-ray beam from undulator (length L) is convolution
of photon emittance ¢, from e- filament and e- emittance ¢, ,(e-) (Gaussian beams):

Zx,y(fl) =&(4) B Ex,y(e_) = J{Trz(fl) + Jx,yz(e_)\lgrrz(ﬂ) + J’x,yz(e_)

V2L ,
Here a.(A) = o 0'r(1) = 0y, (1) = JA/2L Photon
electron

Jx,}'(e -) = ,/Ex,yﬁx,y J’x,y (e —) = /Ex,y/ﬁx,y

Phase space matching conditions :
Transverse emittance X, , minimized
when g, , is minimized and photon and e-
phase space orientations are matched:

B Note: many
@ _ Zey(D) o L1 authors cite

x.l Lund =4m

st = I'un:l szﬂ
=0.64m

’ o' Photon Electron Total phase space
gr(4) o'yxy(e—) 14 8., = L e o
xy — 21T £ =8pm E.=12pm I =20pm, B, =0.64m

Ref: Perspectives and Challenges for Diffraction-Limited Storage Ring Light Sources, R. Hettel, M. Borland, MOYABI,
PAC2013, CA, USA .
https://epaper.kek.jp/PAC2013/talks/moyab1_talk.pdf
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To approach the diffraction limit
and increase the brightness of
radiation, you need

B smaller electron beam emittance
B better phase space matching
between photon beam and
electron beam

Y
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Trends of Storage Ring Light Sources
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https://proceedings.jacow.org/ipac2017/papers/tuxal.pdf

Ref: Towards Diffraction Limited Storage Ring Based Light Sources, L. Liut and H. Westfahl Jr., 2017.
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2. H7BA (ESRF-EBS, APS-U, HEPS, Korea-4GSR)
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TPS Lattice
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TPS upgrade Study
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Lattice Design Trends for 4GSR (4G Storage Ring)

Table 1 Worldwide ongoing 4GSR projects [25] Ref: New era of synchrotron radiation: fourth-generation storage ring, Seunghwan Shin. 30 August 2021
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1 1 1
APSU 6 42 135 49/19 12.2/52 i 21740 140 | Wes | No
1
ESRF-EBS 6 135 93 6.9/26 180/186 I 34/20 |85 i No 1 No ,
e » I _ I I P Coherence fraction:
HEPS 6 < 60 (35) 10 26/23 :1.032.6 : 1.51.0 : 18 :Yes ,  n/a h tchi
1 I as€ Spacec matcnin
PETRA-NV 6 20 112 40/20 136/217 | 2012 116 1ibd 1 VYes P P &
B Energy Range: Storage ring energies range from 2 to 6 GeV. R

B Emittance: Emittances are below 300 pm, with PETRA-IV achieving a minimum emittance of 20 pm,
aided by its large circumference.
B Lattice Design Trends:

eImplementation of reverse bends is a common trend to increase radiation damping and tunability for Poton. | Bwaen:  ‘otilohee sace
[-function and dispersion function . ool i ol g il i
*Not all machines optimize the beta function for phase space matching between the electron

and photon beams.

*Some machines feature large horizontal beta-functions at the injection point for easier beam injection.
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Magnet Design Trends for 4GSR (4G storage Ring)

Table 2 Magnet field summary for 4GSR [25] 15— di"“'el
Energy (GeV) MAX b’ (T/m) MAX b" (T/m?) MAX b" (T/m’) . ﬁﬂm._h.ore radius (mm) EB"’ T ope

ALS-U 20 105 10,500 n/a : 120 : e ’

ELETTRA 2 24 50 4000 45,000 : 130 : @ o ‘g, -

SLS 27 a7 8000 270,000 1105 1 ?

SOLEIL-U 275 <110 16,000 1,500,000 i 80 i T T

SIRIUS 3 45 2400 n/a : 140 : q";mnll

Diamond-li 35 85 7700 660,000 1120 1 [ -xe

ESRF-EBS 6 a0 3200 37,000 : 128 : 02 ’

HEPS 6 80 7500 670,000 : 125 : E’* 0

PETRA-IV 6 92 B400 330,000 : 125 : ze 532*_ Ky

APS-U 6 86 6300 n/a : 130 : e T s o = 1w

x (mm)
sextupole

2 1
f, Bay = 38(z* — o)

B High Gradient Magnets: Strong focusing quadrupoles with gradients up to 100 T/m are
essential. These magnets often have very small bore apertures to achieve high design fields. The
design and engineering integration are complex, accommodating photon extraction pipes,
adjacent magnets, and other lattice elements (flanges, gate valves, vacuum pumps, absorbers, :
and BPMs). xmm
Octupoles: Used to control higher-order chromatic effects. : ' e~
Longitudinal Gradient Magnets: Necessary to further reduce emittance.
Permanent Magnets: Considered for sustainability and energy efficiency.
Small Bore radius: Require higher precision in manufacturing and alignment.

e
= —B3, = Szy
. P

€ 1
I_JEW = EO(Ts - 3?31':]___.

€ _I_ 23
pﬁ’u— 60{3:5.! y°)

-0 5 0 5 10

Ref: New era of synchrotron radiation: fourth-generation storage ring, Seunghwan Shin. 30 August 2021
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B Beam Spectrum:

time domain

Vacuum Chamber and Collective Effects: Wakefield & Impedance

mmmmmmmm

) & Imnedance (frequency domain) :

B Wakefield ( time domai
Z —i@zd _i¥zdz
(@) =% f Wy@e e —|  Zi(w) —l— fwl(z)e LE Z) () =2 Z,(w)
i -0 ¢ -0 ¢ ¢ i 1(t+T) l(t) 1(t-To) I(t-o) {t=To=1)) 14-2Ty=7y) *‘3“ ™)
Bl Narrow band Impedance: (Cavity) A A A A\ A A\ A
= }\‘“my(” Z|| (CU) = _J'H-
N frequency dome i o

bunch \ |\ [\ A i = ey o

N ’—{l\ / \ /'/\ Lo t | Cf) v 1,(w)
AlRA (e, kb

@_\/ ___________ — .mlllH “ﬁ,,‘ ‘|IHH__ |“i||l-_"llllll‘lllL
turn 1 turn 2 ¢ & 3 o -
B Resistive Wall Impedance: Finite conductivity of chamber wall; long-range waLI;e bt Feos(st) wap L) = 3 emoltseosten)
' § ; ; Z c RW 0o [ W =—00
't U 21 (w) = (14 ) W;% \/20#0w % @~ +i) o 27b V' 2010 [ PwoT i PwoT
Ii(t) zzz I, |cos(pwot) + 5 sin((p + Qs )wot) + 5 sin((p — Qs)wot)}
w>0 ) \ ] \ ]
— + w_
2 . P
Zl(w) - m\jm[sgn((ﬂ) - L] de band de band ‘ | h dn
a _
A Ny [ hpdn

B Instability:
L C) ( kT, — 2" )
- X Ym |t — Kl — M o e

O N e
yn(t) + wﬁyn(t) k=—oc0 Nam WJ_ M

(nwy 050/ )?Me =1%o/

Nryc m-—n ~ =
(2 - wp)n = _imzmo mIm Zm_sztmo toglexp (—i2zmp——) |yu(t) = Fne ¥, Q= awp h, = : :
L Al _ L AmMNTHC e (m + E)
Awy, = 0y —wg = vtz Yp=—w Z1[(PM + w)wy + wg]
2¢ Z)(w)

The transverse impedance can be related to the longitudinal impedance for a circular pipe of radius b by: 7, (@) = ?
@
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Vacuum Chamber and Collective Effects: Wakefield & Impedance

Bl Narrow-Band Impedance: Discrete cavity HOMs, trapped modes, [ ‘ﬂ| b _
L2, b2, high-Q structures, RF cavity ﬂ __n m Y, (t) = e 1, 0=~ wg
n hpdn
/ /' Re (Z)) \Re iZ;) eff I m

[\ . \ L ImZ 1-12Q22 | withAw= NWy—W, )
Lam L . Jm :é*]_',j,_. L s o ! - B . o Z(m)zRS—(DI_Z hm - —1 (nﬂJu Jzojc)zme—(nmﬂazo/c)

o IR 0 1+(2Q@} F(m+§)

Re(Zy (w)) = Re(Z) (~w)) | Re(Z,(w)) = —Re(Z,(~w)) o,

Im(Z; (w)) = — Im(Z; (—w)) If??![_Z_L((xJ)) =—Im(Z (—w))|

Short discontinuities (bellows, Microwave instability (longitudinal) threshold:

B Broad-Bade Impedance:

Z Z :
L 1 -
| . tapers, BPMs, etc.), low-Q effective ; _2na.o,(Ele) (o, 2
N Re model threshold = -
/ .\ n,- - ,\ RZ/n|, E
- 7 o .~ *\ 0”07
. . . - | 1-iQ———=— Q=1 . -
- -+ i I ~, Mo Z(0)= R, — — Fast head tail instability (transverse) threshold:
5 Lt e L "\ i ( 22—l )’ r * 1 GH
~ GHZ -+ 1GHZ ‘\ / . 1+ Q== © ’ 270, (Ele)( o,
—— - — Libreshold = —Z E
~1GHZ 1 GHz (,6| L|bb> \

B Resistive Wall Impedance: beam pipe Finite conductivity of chamber wall;

Re (Zy) 4 long-range wake dominant Iine\ |
Re(Z./n) Im(Z/n) o HIGHEST 1 |
resw resistivewall AT SMALL @ |
. Z, c i 0

RW ~ . 0 |
P band - =2 =1 = e— ZJ_ (w)ru(l—l—’f,)—g S SEEE— |
narrow ban space charge 1 T T T T ﬂ-b 20#{} w QMg :
broad band I 2 3 o

broad band / — w(MHZ} ZR\V 1 ‘ ZD w 4

band T w) = +1) —
0 g 0 x5 20 110

The transverse impedance can be related to the longitudinal impedance for a circular pipe of radius b by:
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RF cavity trends for 4GSR: Main +

mPurpose: Harmonic cavities used to flatten the RF potential to lengthen the T

bunches

- Longer Touschek lifetime 4L \ |

- Less intra-beam scattering I

- Reduced heating of vacuum components | T
TPS HC % E

mType of Harmonic cavity mFill pattern - O TR TR B

- - SLS 2.0 ﬂ ‘_l/_éfui—l Courtesy of Zong-Kai Liu

DIAMOND-II BESSY III 426,67 Jl
HEPS . A L
~2016 1&E#E T B BB
ELETTRA 2.0 ESRF-EBS " « fEE fro S E’j_i‘_
SOLEIL-II HALF ?EO.FE 18: RHCaVItyn}z.n'l', * 2020-21: Nb cavityBa B 7
HALF FLS at KEK ALS-U SIRIUS FLS at KEK APS-U MH MS S5
SIRTUS PETRA IV MAX IV 3 GeV PETRA IV ESRF-EBS ALS-U
HEPS SLS 2.0 SPS 11 SOLEIL-II MAX IV 3 GeV DIAMOND-II ALBA 11
, , , | . . 2025: #AZES=FR
. : . : 1 1 $E# =499, z, i bucket ®i: 21~
SC Active SC Passive NC Active NC Passive Even fill only ~ Hybrid mode (Ogllég\g; Sf';ll}ls) o2 16000 500 mA, 0 keV ID, detuns 469.62KHe o
u| St . T T f ucket 551
https://proceedings.jacow.org/fls2023/papers/mo2|3.pdf FERN AN e S "
. . e . . . . - A R
Ref: Review of Harmonic Cavities in Fourth-Generation Storage Rings, F. J. Cullinanx T T ,",?wm R
, A. Andersson, P. F. Tavares, MAX IV Laboratory, Lund, Sweden, FLS23 Fiting bunch profie B el “&V
. SfAbunchA500EHT G 22 W 3 ' k"
https://journals.aps.org/prab/pdf/10.1103/PhysRevSTAB.4.030701 Profile x#if{isec 5 B pudeten
Bucket 151 @ 20 ’;?T . df;f‘ Bucket 651
J. M. Byrd & M. Georgsson, PRSTAB 4 030701 (2001) . TR wﬁf SIS e
: b . "ﬂ'-.*' N J : f -,-
16

0 100 200 300 400 500 600 700
Bucket Address
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Lattice Design Summary

» Synchrotron Radiation integrals:

i advanced undulators imi i
Brightness & coherence —— | Limited circumference N I — Ldg
(DELTA type etc.) I = ¢ —ds 3 13-
Y Y v p’l‘ p‘t
- = - .'_rk
substantial Iow_emlFta_nce | s short lattice cell 1 I — f PYLLER
beam current (diffr. limit) g magnet + focal length I, = ¢ —ds 02

A"/— \‘ _ = HI .

low dispersion . . _| permanent » Energy spread: I5 = md“’

round beam <+ high gradients 2 Pz
. everywhere magnets y<ls
operation . Pad of = Cp———
small magnet bore 2T 4
small momentum : — _
short bunches | compaction » Equilibriumemittance:
————— strong sextupoles o 5
v 15 E
: ez = Cy 3 X EZ?6°
| on-axis injection 1small beam pipe ;< I, — 1, ! Dipole
. schemes )

H = ,anj,_? -+ 2(1‘_1:?}3:?};; + ",f:c'-"j_-%

high resistive
wall impedance

Coherence fraction:
phase space matching

copper [plated]
vacuum chamber

x lea=4m
B,=10m By =La /27

[thin] NEG coating [«— Vvacuum conductanceand desorption

s YRR 3 TR R £ % emittance, dynamic aperture, Touschek lifetime,
nonlinearity 2. f¥ i~ &8 FIEEem 5 P 4R37 &

® O

Photon Electron Total phase space
phase space phasespace X=41pm,[},=10m
g, =8pm £,=12pm X =20pm,B,=0.64m

Ref: , A. Streun, PSI, Pushing the limits of storage ring light sources, UKSR50 workshop, June 26-29, 2018
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Electron Motion in an Undulator

B, = B,sin(kz), where k = 27/ /,and 4, is the insertion device period length.

IR Sl i A
w B4 . 5 | , l l l l ' l l l 4
X :—(— _"Bx. ) Z= —(‘B ) dp g 3
m ' m- 7 S N s dt Tl
_ eB, coslkz) - £cos(k") "3
o <F .
eB

. _ I
where the dimensionless undulator or deflection parameter lﬂ ﬁl ﬁl z ~mk cos(kz)
is defined as follows:

Fle R REITWT

K =B’ _0.934B,[T |1, [cm] Bi +B: =P (= constant) 12352 4 g2 _ g2
27mnce ; ; ; * z
[ k2 & ' First integral field [Bds=0 (x'=0) & Second
P, = /3| =t A 6082k:l integral field |( | Bds’)ds=0 (x=0) KBt ER (FIK2RE)
’ / K’ i | Kl 2 2
-axis | : 1- =]-—s- ~g(1_ K K
The average velomty along the z-axis is thus: /3 ,3[ 477 ) 22 452 B.~ B ( yrelatyee cos ka)

We will only consider cases in which K/ <<1 and so we can write to a good approximation that T 15 o
e i RLE -

= fBet and kz=Qt where Q= 27xfc/ A, . We have electron angle then: undulator ¥ #p B~ L 15
. U K
E=— ccos(Qr) which can be integrated directly to give e-trajectory: x = —%sm(Or) - ) I
/ ’ v IBZ ~ 1 B 272 B 472
: K- 2
> 4 écos(Qr) < 3 (2Q1).

y y?
’ https://cds.cern. ch/record/362891/f|Ies/CERN 98-04. pdf Insertion Devices: Undulators and Wigglers. Richard P. Walker, p131, Synchrotron
Radiation and Free Electron Laser, 1996, CAS, CERN Accelerator School
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Undulator Coherent Radiation: & 3= & £

In the time it takes the electron to move through one period length from point A to an & 7 AL d v up
. . . 5 . .5 T KARRSE - XD 3B
equivalent point B (4, / fc ) the wavefront from A has advanced by a distance 4,/ oA BRI ER ke
and hence is ahead of the radiation emitted at point B by a distance d where: S iR FESE
Ao
d = B
- . . : . 3T A B BLATE B en
and where 8 is the angle of emission with respect to the electron beam axis. When this iﬁy%#pi /}i;ﬂﬁ fﬂj —?ﬁjﬁﬁ
distance is equal to an integral number, n, of radiation wavelength there is constructive i d "
interference of the radiation from successive poles: d — % — Agcosf
A

a

—=—A,cos0 =nAi

SR i AR

g B A
Inserting the expression for the average electron velocity: ol b PhEL VR B R

1, 1K i C 2= ERBFHES d=n)
g 4/2 P 7‘2
p 2] 4 DN A
results in the following interference condition: 1 1 K2
=~14+—4 —
\ ). K >> 1 wiggler, K = 1 undulator, 272 4y?
0
./‘\—2”72 (1+_2 —|—9",F“) ﬂBﬂ.U T EFD T R JRIE
K= - 0 = 0.0934 B,[T] A,[mm] ; =
https://cds.cern.ch/record/362891/files/CERN-98-04.pdf £Tne A= Sy (1 +—+ 9'7-)

Insertion Devices: Undulators and Wigglers. Richard P. Walker, p131, Synchrotron Radiation and Free Electron Laser, 1996, CAS, CERN Accelerator School
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Principle of Free Electron Laser (FEL)

SASE : & shot-noise 424 ; Self-seeding : #73¥% Jzat 5 Seeded : 2 PFRF 4p+ 227 3= F # A7

Laser puls

£ & inear-accelerator
// —— "
= -20-15-10-5 0 5 10 15 20
Injector-accelerator -20-15-10 =5 0 = 1 15 20 Photon Energy [KeV]
Phaoton Energy [EeW]
Electrongun

FELs produce coherent light by passing a beam of relativistic electrons
through a periodic magnetic structure called an undulator or wiggler. The
alternating magnetic fields of the undulator force the electron bunches to
follow a sinusoidal path, causing them to emit synchrotron radiation. The
key aspects of FEL operation include:

BMElectron Beam: A high-energy, relativistic electron beam is produced by a
linear accelerator (linac).

B Undulator: The electron beam passes through the undulator, which consists
of alternating magnetic fields that induce transverse oscillations in the
electrons.

EMicro-bunching: The emitted radiation interacts with the electron beam,
leading to the formation of micro-bunches, where electrons bunch together at
the radiation wavelength.

B Amplification: The micro-bunched electrons radiate coherently, amplifying
the emitted light in a process called Self-Amplified Spontaneous Emission

(SASE) K:% = 0.0934 B,[T] A,[mm]

2mme

Ref: https://www.psi.ch/en/swissfel/how-it-works
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Ponderomotive force -
VA L ;

The magnetic field B, (green) of radiation and the
electron transverse velocity v, (blue) cause the Lorentz
forces (red). These slightly shift the positions of the
electrons along the bunch until they reach one of the wave
nodes. The slices are created at every other node, so their
spacing equals one wavelength of radiation.
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Microbunching

SASE : & shot-noise 424> ; Self-seeding : #F 3% Jzat 5 Seeded : > PFRF 4p+ 227 37 F #A7

W Differential equations of the low-gain FEL

P _
71’[) f— Qkuc d_n — _ﬂ cos 'l,b n — FY Pyr
b d ‘ xN 3 dt dt 2me.cy? Tr
-—> W M”’““ C ‘ W = —
c
S \id
_‘-%-, 5 284
: B
= 0
s
©
@
-2 0 /2 i3 - 0 n/2 n 3n/2

ponderomotive phase v ponderomotive phase y

L >
g3
5 0 T interaction with phase
QT . - ! H Y
radiation slip
2 > ’
oo
= —)
©
a
> L
4 longitudinal energy modulation density modulation
position in bunch (microbunching)

PN A
S s -
VavavavavavavavVavavavavavavavayav eSS

FEL pulse

D]

Planner Undulator cause electron beam oscillation in x direction: V

Ref: Synchrotron radiation and X-ray free-electron lasers (X-FELs) explained to all users,
active and potential, Yeukuang Hwua, and Giorgio Margaritondod, 2021, JSR

At entrance to the undulator Exponential gain regime Saturation(maximum bunching)
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7 _SASE I/ Seeded : 4p * |+ 2747 p% g B

SASE : d shot-noise 424> ; Self-seeding : #7 ¥ Jcac ; Seeded : D PFFRFApF 22 ¥ 47 F s 4p

Electron
bunch

. m i)

Photons
A Resonant Interaction

Energy Modulation
Incoherent
radiation

Coherent

2 ‘ radiation
3 i § ’ \/\/ Density Modulation
- FEIYVVYE

‘ Coherent Radiation

—-20-15-10-% 0 5 10 15 20
Phaoton Energy [Kev]

Ao K* 5 o
A= 1 6°~°
2n2 ( * 2 +o )

Self-seeding = i

Chicane

k=B _ 0934 B[T] 1 [mm]
2nme

Incoherent emission Coherent emission

Qi

Intensity, log(/)
o

I~ n (number of electrons)

I|'|'| F B
1R uoe
U "

L
Distance

-20-15-10-5 0 5 10 15 20

Monochromator Photon Energy [KeV]

ERL R

B SASE starts from t.he intrinsic shoj[ noise qf the electron beam, leading to « SASE: % L EcdR ~ o dn T 2 RERAT L
spontaneous emission that is amplified as it travels through the undulator.
SASE FELs provide excellent transverse coherence but relatively poor
temporal coherence.

» shot-to-shot #7 2 ! #

« Self-seeding : ¥ monochromator/ & % jj it £ 4% 44
— AR

B Self-seeding: part of the FEL output is used as a seed for subsequent + Seeded (HGHG/EEHG/PEHG) : #3546+ %
amplification stages, enhancing temporal coherence and narrowing the e — B EERATET SRR
bandwidth.

Ref: Features and futures of X-ray free-electron lasers, Nanshun Huang, et. al. The innovation, 2021
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Magnetic Bunch Compression

* Step 1. energy modulation - rf section \\\
* Step 2. dispersive region \ / .
\ /
- - bending magnet, chicane (four-dipole system)... \\//
C h Ica ne R -> Path difference of energy correlated beam 0« i l e i
56 _________ D._______. 5 5 p p PE
< > I T
/_,,/" _"M\H 6: bending angle
',/':,_/"f ﬁ‘“ﬁ-___:‘““mﬁm = = —> _ — p: bending radius
_,,-"/_'.:"/-- H‘“‘“-«-?“mﬁx <> ’ : I 4 B : maget field
,.}"/-:"’-j -:‘-H‘H E: beam energy
;.;,f )| 89 T & 5
— T A
—_ e ] 9 .S I T
l t t
Head ! Tail

(delay)  (advance) |

At E,, the beam follows the red path with an extra pathlength relative to the straight path (dashed) as given by
2
| =(3L+D)6?

If we raise the beam energy to E, 4+ §E, the beam follows a slightly shorter path (blue) with an extra pathlength

aq b 4 CA
2 2 =N J \
I+8l=(2L+D)(0-560)*~(SL+D)(6>—2060) % J\
Relative energy change Relative angle change Pathlength change relative to § §§ | k
2 L l 1 magnetic chicane
5E 58 . 2 _ long. position T
5 = — —_— —5 R56 - _2 EL + D 9 low energy
EO 6 S NNNNNNL high energy

VVVVVVVVV

accelerating cavity
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Seeded FEL = #& #* 4 {8 +4| : HGHG / EEHG / PEHG

A Why need harmonic generation? _ HGHG:
- SEE?F'E.:T:F in TITHTIRINA TR Ian ety I.'I |~| I |-|+ C}Sre 1de§: sn;lgle ergrgy m?dulatllcl)nl—>
A :
Iy - |IIIIIIIIIIIIIIIIIIIIIIII Iy cnican€ bunc 11’1-g, armonic reacn: 10w
i Modulator Radiator (<10). Complexity: low. Key trade-off:
e-beam ’ simple and robust, but wavelength-limited
EEHG :
B

Core idea: two energy modulations with

EEHG Seed laser 1

T I 0y echo interference. Harmonic reach: very
Wil | TN il high (50-100+). Complexity: high. Key
A Modulator1 Modulator2 Radiator trade-off: highest harmonic reach, highly
o-heam . sensitive to beam quality
TGU PEHG:
¢ Seed aser  Nodular Core idea: phase merging via dogleg +
PEHG S . e o e PRase Meraing via =08 €8
W g _ ATITIITI TN T T ++ TGU. Harmonic reach: high (30-100).
@ adiator - Complexity: very high. Key trade-off:
A relaxed energy-spread constraint at the
e cost of complex hardware
HGHG: High gain Harmonic Generation NS (1 N K? g 2)
EEHG: Echo-Enabled Harmonic Generation 2092 2 ! Common features:
PEHG: Phase-Enhanced Harmonic Generation . eB, , Seeded operation. Full temporal
TGU: Transverse Gradient Undulator A= 275(:??0 — 00934 5,111 L] P . b

coherence. Radiator-based FEL gain
Ref: Features and futures of X-ray free-electron lasers, Nanshun Huang, et. al. The innovation, 2021
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Seeded FEL = # i* £ 4| : HGHG / EEHG / PEHG

HGHG (3 iﬁ ‘3 A 4 ) 14 modulator undulator ’§7f§+ THEHBETIRITY R A
A2 E A ERH] ) FFEEI 47E (chicane, R56) = s £ A F1H = % & 3 41
(bunchmg) » A% n = EER A5 7 44 radiator 2k < rmmt%‘ui ’ ﬁ%lt'ﬁ 2= }_Bﬁ‘f%#ﬁl e B o
EFBATERSAFIES AT Ha BATTFEERME AR 0 H s ¥ R Lo

EEHG (v B\ 24 ) 14 B modulator BB ETERY o A R A Apr T
S i i F RN S QIR SR T B SR el B HIA S R
it Wi 1 N b'? AR+ AF HET J GRS f%' H_ ¥ & Sx s dT ~ CSR/ISR #4% l,’?#g
R E L E‘.ﬁi‘d“& °

https://journals.aps.org/prab/pdf/10.1103/PhysRevSTAB.12.030702

PEHG (*E] > Niﬁ HGHG) : 1% dogleg LE2Hwdfra=nd £ * TGU (¥ +
A undulator ) x% PR ERT AR SR PRS- Akt 42 & E (phase
merging ) I|iT i fF - }fE o 3 %RE M n{;‘]’ bunching ehpksk - F]m & B F L B4 5 Ra F
ERHDPRE»-HerBLRFE TGU 1 429 3 - (a) Scheme | TGU modulator

https://arxiv.org/pdf/1312.2823 Se;f":r ;’\H/c;::
(b) Scheme I
TGU

Modulator

Beam

Figure 1. (a) Original PEHG scheme with a TGU modulator for energy modulation and
phase-merging simultaneously; (b) An PEHG variant with a normal modulator for energy
modulation anda TGU for introducing the phase-merging effect.
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Facilities of Free Electron Laser around the World
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'E' Mt 2B kF & (soft X-ray — hard
i | 2 2025 X-ray )
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‘ d ¥ (NC) EM4cit Bdm&E (SC)
16 B R
N W1 ASH: 1% soft X-ray FEL in the word
i W ERMI: 1% seeded soft X-ray FEL
BMLCLS: 1% hard X-ray FEL in the word
SXFEL B SACLA: A compact hard X-ray FEL
| B PAL-XFEL: A hard X-ray with femtosecond-
scale timing jitter

LCLS-1I

curopean-XFEL

FEL shbfdta 4 % p 3 32943 »
, , , Eu-XFEL: 1%t - - -
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JLP3;5+F'&7}BI”€[;5L’<Emﬂ/ FEL.
& N2 fmefpr iy ey W Swiss-FEL: An ultra-compact hard X-ray FEL
5 §OF I - TR B LCLS-II: 1% quasi-CW high-repetition-rate
L 24w~ =d®ma % XFEL
' 4§ @ @ o~ & undulator ™ 3 Bk
il A o o 1 IR Ul
FLASH | | ;E“L’t > A %51\4‘? i® % e H i i

,; 76‘: *ﬁ_\ i

Ref: Features and futures of X-ray free-electron lasers, Nanshun Huang et. al. The innovation, 2021
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Facilities of Free Electron Laser around the World
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Facilities of Free Electron Laser around the World

Wavelength (nm)

Table 1. Major parameters for worldwide X-ray FEL facilities wo o 2 s 2 105 02 0l 0%
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SwissFEL :

P

Linear accelerators
C-band technology

Photocathode -
RF gun BC1 BC2
Injector| [ ath I I I I Linac 1

S-band X-band S-band 9 C-band modules

0.32 GeV

(1) 23 #2ix ~ ® (Injector)
*Photocathode RF gun (S-band)

P E T AkER A2 TR AFER K
sirde gL o

*X-band linearizer (4th X-band)

kBT AR BRG]
A _\_/
joox e

v £ 5032 GeV

AR LS UF
*BC1 ~ BC2 (Bunch Compressor)
F1% RF chirp + 2B %5 > #-bunch B &1 3% - %
BT
sLinac 1 (C-band) + Linac 2 (C-band)
Linac 1 : 9 i# C-band module
Linac 2 : 4 % C-band module
it = 34 2.1 GeV — 2.9-3.15 GeV

o
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Accelerator Layout for Free Electron Laser (FEL)

Layouts of S-band (top), C-band (middle), and X-band (bottom) based XFEL driving linacs
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Gy alice = 148 keV for whole bunch
Q =02nC 0, =840 pm —— 55 um 14.2 pm Switching Yard to FEL2 & FEL3
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https://proceedings.jacow.org/FEL2012/papers/mopd48.pdf  Ref: FEL2012, Nara, Japan, MOPD48, Yujong Kim, et. al
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[l S-band (=3 GHz)

» Lowest RF frequency

» Moderate gradient (~20-22
MV/m)

* Requires longest linac for a
given beam energy

B C-band (~6 GHz)

* Intermediate frequency

* Higher gradient (~30 MV/m)
 Enables significantly shorter
linac than S-band

B X-band (~12 GHz)

* Highest frequency

 Highest gradient (~40—45
MV/m)

* Shortest linac, most compact
facility


https://proceedings.jacow.org/FEL2012/papers/mopd48.pdf
https://proceedings.jacow.org/FEL2012/papers/mopd48.pdf
https://proceedings.jacow.org/FEL2012/papers/mopd48.pdf
https://proceedings.jacow.org/FEL2012/papers/mopd48.pdf
https://proceedings.jacow.org/FEL2012/papers/mopd48.pdf

Steady-State Micro-Bunching (SSMB):

Phase | & Il @ MLS, phase llI: dedicated storage ring

Laser Undulator

Quasi-isochronous storage ring

e~ beam

Phase I: a single
laser shot, shot-lived
microbunching

Phase II: multiple laser
shots, quasi-steady-state
microbunching
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Phase lII: infinite laser
shots, real-steady-state
microbunching
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Experimental demonstration of the mechanism of steady-state microbunching
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Microbunching one turn later



Energy Recover LINAC (ERL)

£ p R

Emit 0.1% Energy _ )
undulator recirculation loop

%/ acceleration
deceleration

b S AAAAT

superconducting linac
1. Accelerate Electron Bunch dump
2. Recover 99.9% Energy

EM4eiE® (ERL) £ - fA4g e fsﬂﬁ i# ® (SCRF hnac) ES AN
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/32~ |- 1% linac > ¥ & RF 4p = & #& (mphase shift) T i& 7 > 7 F &
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EUV-FEL Light Source for Future Lithography

14th International Particle Accelerator Conference,Venice, Italy JACoW Publishing ™ Beam Dump
ISBN: 978-3-95450-231-8 ISSN: 2673-5490 doi: 10.18429/JACoW-IPAC2023-THPM123 ,/"l

EUV-FEL LIGHT SOURCE FOR FUTURE LITHOGRAPHY

N. Nakamura®, R. Kato, H. Sakai, K. Tsuchiya, Y. Tanimoto, Y. Honda, T. Miyajima”, M. Shimada, Beam Energy 800 MeV
T. Tanikawa, O. A. Tanaka, T. Obina, H. Kawata Bunch Charge 60 pC
High Energy Accelerator Research Organization (KEK), Tsukuba, Japan i ©Rey.Hori/KEK Bunch Repetition ~ 162.5 MHz
P e\yl : Average Current 10 mA
Merger RF Frequency 1.3 GHz

2™ Arc
KEEF RN - B B v fed Mteid B (ERL) 5 Proochg s oo™ oo b RS
& EUV—FEL R o PR TS ﬁ’ L R (135 , , , ,
)+ ALY WOKVDC LIl « LA (CW) . FIm I D istion and desgn s o th
NTETF A AT 800MeV - G10mA » SR ERA S B
F EUV-FEL {4 » A ¥4 /niEw i w ﬁ@f‘«)\%‘“i iR v]z )
‘}ﬂlzﬁitMW FBFF o Kt MRS R R pr B e
p % % # EUV-FEL by ERL & k& = » T’Fiﬁ " KEK &7 opot ¥ " eam aump
compact ERL (cERL) i¥ % Proof oC 5 » i& 7 it £ IR- T SBEJS Main linac

Undulators

@ s, ex A BEE R B R T
FEL / SASE R P 0 i ﬂ} e FE-/(= 77 pp T i ¥ E— - 1( o Lr’ K Beam Energy 17.5 MeV
N2 N AL 2 h— " .
FEL j‘a 4’1 =l F&g ﬁé‘_;}i,{,{’q— o B /KR Injection Energy 3-5MeV
ey.nori Bunch Charge 60 pC (max.)
X Injector linac Bunch Repetition ~ 81.25/1300 MHz
r Photocathode DC gun Average Current 1 mA (max.)
RF Frequency 1.3 GHz

Figure 5: Schematic of PoC of the EUV-FEL light source
using the cERL and the cERL parameters.
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Energy Recover LINAC (ERL) facilities around the world

P&
Facility Status Layout / Topology Primary Purpose Key Capability
s-DALINAC  In operation; SRF linac + ERL operation and Superconducting 106
(TU Darmstadt) demonstrated one-turn  recirculation; 180 phase/efficiency studies multi-turn ERL Ll o o) o0 Y,
and two-turn ERL phase shift for operation R M i oo
deceleration N = :
CBETA Operational ERL test ~ SRF linac + FFAG ~ ERL optics and system Multi-energy, multi- e
(Cornell) accelerator; multi-pass  return loop; multi- integration R&D pass ERL optics B 10° ® i )
demonstrated energy transport (FFAG) S L sow w el e
MESA (Mainz) Under construction / Thrice-recirculating ~ Nuclear and particle User-oriented CW ERL o . ©® o : o S0
commissioning SRF ERL; multiple ~ physics user facility operation o
operation modes ® Rt S SR 2 "
EIC Cooler Design and project High-brightness Electron cooling for ERL applied to beam v o e e o o
(BNL) development stage injector + hadron beams cooling Technalogy . mm—)
ERL/recirculator +

cooling section
cERL (KEK) Operational; mA-class Compact ERL; high- ERL core technology  Injector brightness and
fully energy-recovered voltage DC gun + SRF and application R&D  low-loss energy

beam cavities recovery

BINP Long-term user operation Multi-turn ERL with  THz / IR FEL user High-average-power

Recuperator / multiple FELs on facility ERL-FEL

NovoFEL different orbits

CEBAF (JLab) Operational user facility Two SRF linacs + five- Nuclear physics beam  High-energy multi-
pass recirculating linac delivery; ER pass SRF linac

methodology

JLab FEL Operational user FEL ~ ERL-driven FEL with High-average-power Most mature ERL-FEL
energy recovery IR/THz FEL example

bERLinPro/  Commissioning since SRF photoinjector- Next-generation ERL ~ High-current SRF

SEALab (HZB) 2024 centered ERL platform injector R&D injector technology
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Laser Plasma Wakefield Accelerator
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FEL driven by a compact laser plasma accelerator (SASE FEL, 27 nm)
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[Ref.] Nature 595, 516-520 (2021), https://doi.org/10.1038/s41586-021-03678-x
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FEL driven by a compact laser plasma accelerator (seeded FEL, 276 nm)
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[Ref.] Nature Photonics 17, 150-156 (2023), https://doi.org/10.1038/s41566-022-01104-w
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Injector system in MAX-1V
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The Plasma Injector System for PETRA-1V

Enabling laser plasma accelerators (LPAs) for top applications

* Builds upon successful LPA development at DESY (LUX)
for enhanced beam quality, reliability and performance (24/7).

* Active feedback with Al control for enhanced stability (KALDERA).
* Laser guiding technologies for efficient 6 GeV energy gain (HOFI).

« State-of-the-art computing capabilities for precise modeling
and advanced machine learning optimization.

* Novel conceptual beamline, enabling per-mille levels of
energy bandwidth and stability.

plasma injector schematic
laser LPA 6GeV-1%
i

RF structure

CC€H chicane 6 GeV-0.1%
< <50m >

PETRA IV

Laser Plasma Accelerator (LPA)

- Drive Laser (Ti:Sa | Ao=800 nm):
Peak power: ~350 TW, energy: ~20 J.

- Plasma source (~20 cm):

Controlled injection (LUX).
Efficient laser guiding (HOFI).

Energy Compression Beamline (ECB)
- Quad triplet: Beam capturing
- Chromatic chicane: pre-stretcher +

- Bayesian optimization:
maximizes the beam spectral density
at 6 GeV and minimizes the laser energy.

https://accelconf.web.cern.ch/fls2023/talks/mo4b2_talk.pdf
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Storage ring vs Linac FEL

—

Storage ring (TPS) Linac FEL (LCLS)

axi el 8

& e Storage ring Linac FEL
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EEpFE (RE) Z seeded / enhancement 4 it & ¥ #% < SASE ¢ ¥ i % 7 ¥ ; seeded/self-seeding { &
T LA £3. RV ERY TR 1 Ay £ T S R S
L QTS Pa% ~ 5 & @ - fill pattern ¥ % 3+ HA®/CA®: L
g T Ap+ H i# * —*Ff &k (X-ray FEL)
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Comparison between Storage Ring and FEL

Storage Ring Linac FEL

=
- - >

1>

Storage Ring Linac FEL

% v Long-term storage, repetitive v Single-pass, fast-decaying

§ v High average current/brightness v Very high peak current

wo | v Top-up injection v Single-bunch operation

% + Multiple-bunch, tens of ps bunch length v Ultra-short, fs bunch length

g - Max. peak current <100 A - Demand high repetition rate RF power

o - Unable to achieve kA peak current - Require state-of-the-art timing

Y | v Low gain, lower photon energy v High gain, high photon energy

% v Stable, coherent enhancement v Narrow-band, coherent X-rays

g - Unable to reach narrow-bandwidth - Require ultralow o¢/E, fs bunch length,

E X-ray FEL due to long o./E and kA peak current

— - Microbunching washed out every turn - Sensitive to collective effects and rf jitters

0 =

U - Max. peak current <100 A - Require ultralow o./E, fs bunch length and
- Unable to achieve kA peak current kA peak current
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SSMB: Coherent EUYV light source

£ B
EUV high ~a few t KW R
igh power source (~a few tens KW) iz, Riner & chao, PRL 2010 : 1PAC
D. Ratner and W. Chao, PRL 205, 154801 (2010). 2016
A. Chao et al., Proc. of IPAC2016, Busan, Korea (2016) pp. 1048-1053. *-z; & i3 ¢ Ak * RF bucket ( o~
= . - W This original scheme builds micro-buckets inusual =4 2 &) e » * 37 5§ & +
; : = : = : = .: .:”. RF buckets by introducing high power laser undulatorz® = 3 & F & ¢ A& cPmicro-
i @ e <@ <= <= = Interaction through undulator. It looks challenging to buckets— % — % micro-bucket %% £_ip =
= = access EUV (shorter) wavelength range. G ek B, 2 A7 {ﬁ’ﬁf’_gl]}
: bunch » @ &_#% RF bucket 42 & 4 {% % /]
Staggered microbucket SSMB f 5 .Y 5 Blemk Rt A RE
_ bucket 4w p Z PP & 1 d F 5 A A
SR-based PEHG FEL for EUV lithography ¢ % B 4% %_micro-buckets ( staggered )
ol P, EIPACO0T6, By Koveg QULEF DG HOWEA03, W s Fag: &5 d4e# (beam
‘& ﬂ% Q{» 42? heating ) | o
PEHG /FEL #g 84| g 3% ¥ § °
l\ & By using a phase-merging enhanced harmonic 3 4v e BT, 4 K 27K @ emittance,
generation (PEHG), sustainable HHG generation <zt B * T 7§ . & linac FEL :
§ $ has been investigated. It looks challenging to o* — T > LK
assure long term stable operation by suppressing  # & T’;;;j:
5;’{ ) f %t electron beam heating. oF — 5]-’*;'3 DS 3!
Bt e s 0 R AR, oA B2 2,k R
Reversible SSMB with PEHG _
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