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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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Intensity & Spectrum of Synchrotron Light
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Synchrotron Facilities in the World
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Equilibrium Emittance of Storage Ring
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Equilibrium Emittance: balance between
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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_)
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when g, , is minimized and photon and e-
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To approach the diffraction limit
and increase the brightness of
radiation, you need

A smaller electron beam emittance
A better phase space matching
between photon beam and
electron beam
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Trends of Storage RingLight Sources
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Trends of Storage RingLight Sources
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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: fourtfeneration storage ringseunghwarshin. 30 August 2021
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(GeV) (pm) (1e— 4) source point :@inj. point : (%)/TL {h}:He— Si :bends: point move
ALS-U 20 108 93 20/28 ¢ 11020 I 2510 }27 i Yes i No
1 1
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2 1 1 1 I 1
1 I I 11 1
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1 1
SRIUS 3 250 8.5 1.5/15 110.0/170 I 3739 1160 1 No | na
1 1
Diamond- 3.5 136 90 6.0/2.5 15.0/6.0 | 16/40 in : i‘r’es I No
I I : I I
1 1 1 1
1 1 1
APSU 6 42 135 49/19 12.2/5.2 i 21740 140 | Nes 1 No
1
ESRF-EBS 6 135 9.3 6.9/26 180/186 I 3420 185 1Mo 1 No
» i i [ b1 Coherence fr
HEPS 6 <6035 10 26/23 11.0/26 I 1510 118 | les | a
I : ' i i phase space
PETRAIV 6 20 1.2 40/20 136/217 i 2012 416 ¥qbd 1 Yes
A Energy Range:Storage ring energies range from 2 to 6 GeV. e T
A Emittance: Emittances are below 300 pm, wRETRAIV achieving a minimum emittance 20 pm,

aided by itdarge circumference.
A Lattice Design Trends

Amplementation ofeverse bendds a common trend to increase radiation dampingtamability for moon: | eeemon: okl lcie sbaca
b-function and dispersion functian ey eglprb ol A
ANot all mac hi nes o pphdsarspacemaiclngetweenthaeldcttomct i on f or

and photon beams.
A'So me ma c h lameshsrizdntal hdtfunctiensat the injection point for easier beamjection.
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Table 2 Magnet field summary for 4GSR [25]

MAX b" (T/m?)

MAX b™ (T/m°)

Energy (GeV) MAX b’ (T/m) . ﬁﬂm._h.ore radius (mm)

ALS-U 20 105 10,500 n/a : 120 :
ELETTRA 2 24 50 4000 45,000 : 13.0 :
SLSAII 27 97 8000 270,000 1105 1
SOLEIL-U 275 < 110 16,000 1,500,000 : 80 :
SIRIUS 3 45 2400 n/a : 140 :
Diamond-lI 35 85 7700 660,000 : 120 :
ESRF-EBS 6 90 3200 37,000 : 128 :
HEPS 6 80 7500 670,000 : 125 :
PETRA-IV 6 92 6400 330,000 : 125 :
APS-U 6 86 6300 n/a : 130 :

FE

High Gradient Magnets: Strong focusing quadrupol@sth gradients up to 100 T/m are

essential. These magnets often have gergll bore aperturde 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, absorl. _. _,

and BPMs).

T > > >

Octupoles:Used to control higheorder chromatic effects.

Longitudinal Gradient Magnets: Necessary téurther reduce emittance
Permanent Magnets Considered for sustainability aedergy efficiency

Small Bore radiusRequire higher precision in manufacturing and alignment.

Ref: New era of synchrotron radiation: foustfeneration storage ringseunghwargshin. 30 August 2021
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Vacuum Chafbéelreanhdve Effect s: Wa k

Nar mdw R LYLISRFIYyOSY|5Aa0NBGS OFo@Aaie |ha th,ﬁe YoR&ss
7, 12, KAM® K a (0 NoaOXi deNBZaAsii & 2y Y(t) = Fne ™, 2=~ wyg
n [ hpdn
| /' Re (Z;} \Re iZ;) eff
'\ \ L Im i . \ 1-12Q22 | withp + R. ¢b .
Sl g, ) e han = ——— (N 09/ )2~ Mw0320/)
R Ay 0 1+(2Q@} F(m +§)
Rﬁ’fzu (@) = Re(Z (= ) | [Re(Zy(w)) = —Re(Z,(~w)) o
Im(Z; (w)) = — Im(Z; (—w)) If??![_Z_L((xJ)) =—Im(Z (—w))|
” BroadBapd Impedance: { K2NI RA&®DSB{ ERF dz\|Micrdwave instability (longitudinal) threshold:
7 <o S « A A X Al v ~2a
1 ul L3 L\I.Jét aaxzwsSbad® ZOIUI _ Zﬂﬂcﬁz(ﬁfe)(_if
B fl\ Y2 RS - treshold = R zu/nl, \E
N\ -iQ=—=+ g L. A R |
o —f — Zo)=R———= ClLaua KSIR UFAf AyaiuloAf Al
AN / e I 270, (Efe)( 0,
~—— O Dipreshold = 72—\ E
-1 GHZ 1 GHE (ﬁlzl-lbb> \
Resistive Walmpedance beam pipe Finite conductivity of chamber walll;
Ro (Zq) 4 longrange wake dominant line
Re(Z/n) Im(Z/n) HIGHEST 1 \
resistive wall resistivewall . AT SMALL @ !
/ ZR'“?(Q)) (1+ ?’) Z{) ‘/L i ®
ALREED e Do spacecharge” e } I __13 + o\ 201w @y i
broad band / W — w(MHZ) B - Z o o,
0 = narrow band - ZH (W) ~ (1 + 3) %1;‘ 20_#{)

2¢ Z|
The transverse impedance can be related to the longitudinal impedance for a circular pipe of radius 7, () —E—Uu
)
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RF cavity trends for 4GSR: Main +

- Purpose:Harmonic cavities used to flatten the RF potentialetogthen the

bunches

- Longer Touschek lifetime

- Less intrabeam scattering

- Reduced heating of vacuum components

- Type of Harmonic cavity - CAf f LJI

(@=t:N
(@m-

SLS 2.0
DIAMOND-II BESSY III
HEPS
ELETTRA 2.0 ESRF-EBS
SOLEIL-II HALF
HALE FLS at KEK ALSU SIRIUS FLS at KEK APS-U
SIRIUS 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

L5
1.0
0.5 —
g .
g .
§ 0.0 >
5
05
Lo
& L Ll L1=17a7
A AL % L2=15
25 N A

‘g LBp

4260.67

Even fill only Hybrici mode Unevén fill
(other reasons)

KOG LAYKKLNE OS SHAwEIEIOSNEDREF 2 NA Kk Tt a

Ref: Review of Harmonic Cavities in FowuBneration Storage Rings, F. J. Cullinan
, A. Andersson, P. F. Tavares, MAX IV Laboratory, Lund, Sweden, FLS23

https://journals.aps.org/prab/pdf/10.1103/PhysRevSTAB.4.030701
Wod ad . DESNRNIBA da2®yf ¢ h o H1nmmm

SC Alctive SC Péssive NC Active NC Péssive
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https://proceedings.jacow.org/fls2023/papers/mo2l3.pdf
https://proceedings.jacow.org/fls2023/papers/mo2l3.pdf
https://proceedings.jacow.org/fls2023/papers/mo2l3.pdf
https://proceedings.jacow.org/fls2023/papers/mo2l3.pdf
https://proceedings.jacow.org/fls2023/papers/mo2l3.pdf
https://proceedings.jacow.org/fls2023/papers/mo2l3.pdf
https://proceedings.jacow.org/fls2023/papers/mo2l3.pdf
https://journals.aps.org/prab/pdf/10.1103/PhysRevSTAB.4.030701

cC e I g n

U Synchrotron Radiation integrals:

i advanced undulators imi i
Brightness & coherence |—— | Limited circumference N o — 1 e
(DELTA type etc.) I = ¢ —ds 3 i
Y Y v p’l‘ p"{'
i I itt : n.k
substantial ow emittance | s short lattice cell 1 I — fgr};, s
beam current (diffr. limit) g magnet + focal length I, = ¢ —ds 02
‘_’__———‘— \‘ b HI
low dispersion . . _| permanent » Energy spread: I5 = | 3|d“”
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 2 .
v 15 E?
: E:r: = Cq 3 (.4 E 2 63
| on-axis injection 1small beam pipe ;< I, — 1, ! Dipole
. schemes )

— - —-— - p 2
high resistive H = Batly + 2000, + Y21l

wall impedance

Coherence fracti
phase space matct

x lea=4m

copper [plated]
vacuum chamber

By = L /27

[thin] NEG coating [«— Vvacuum conductanceand desorption

X | 7 emittance, dynamic apertyfBouschekifetime,
nonlinearity] ¢ h A 3 7

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, J2% 2618
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Electron Motion in an Undulator

B = B,sin(kz), where k =2/ Z,and /,is the insertion device period length. A O n
s i e - —
i=—I(-:2B,) =2 (B d Lo
ym ! m 45, ) l | J — = —e¥x B
B Y sl LN s dt
o eB, coslkz) B. =x/c="cos(kz) ;3 _
m k ' * .
* . eBy
: . . T = cos(kz)
where the dimensionless undulator or deflection parameter lﬂ ﬁl ﬁl ymk
is defined as follows: e -
2 3 o) v L < QR
K= iB % ~0.934B, [T}, [em] P: + P> =p" (= constant) J B2 4 g2 g2
2mnc : ; : - “
[ k2 & ' First integral field [Bds=0 (x'=0) & Second
P = /3| 1— e 6082k:l integral field J( | Bds’)ds=0 (x=0) g1 ,LA YB 02 y
. , L X ﬂ ﬂ ]_ _ K . i _ l _ KZ KQ K2
The average velomty along the z-axis is thus: 477 ) =1T2,7 4y B, ~f (1 T cos ka)

We will only consider cases in which K/ <<1 and so we can write to a good approximation that % d
un %

. We have electron angle then:

= fect and kz=Qr where Q=27pc/ A,

K
ccos(Qr) which can be integrated directly to give e-trajectory: x = —Bsm(Or) B
dhae Pel— -1

v
/

.\.':

K l\‘.’2 c <

X' —cos(Qr) z=f 5 (2€27).

https://cds.cern. ch/record/362891/f|Ies/CER%O4 pdf Insertion Devices: Undulators and Wigglers. Richard P. Walker, p131, Synchrotr
Radiation and Free Electron Laser, 1996, CAS, CERN Accelerator School
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https://cds.cern.ch/record/362891/files/CERN-98-04.pdf
https://cds.cern.ch/record/362891/files/CERN-98-04.pdf
https://cds.cern.ch/record/362891/files/CERN-98-04.pdf
https://cds.cern.ch/record/362891/files/CERN-98-04.pdf
https://cds.cern.ch/record/362891/files/CERN-98-04.pdf

Undulator Coherent Radiation:Q 0 A

In the time it takes the electron to move through one period length from point A to an I A C 9 3B
equivalent point B (4, / fic ) the wavefront from A has advanced by a distance 4,/ / A n A AA>
and hence is ahead of the radiation emitted at point B by a distance d where: B > 3
A Xo
d=—=—-4,c0s6 B
_ o , _ , A B RV B H AA
and where 8 is the angle of emission with respect to the electron beam axis. When this NYZA> J]3Ce
distance is equal to an integral number, n, of radiation wavelength there is constructive ab
interference of the radiation from successive poles: )g’

A

a

—=—A,cos0 =nAi

Inserting the expression for the average electron velocity: wol¥
1 1 KX’ . s~
—=1+ -+ 3
Jéi 2v° 4y

¢

results in the following interference condition:

) 7 K >> 1 wiggler, K ~ 1 undulator, 5 29 4y
A= 2 [ 14+ — +6%° _ -
Iy > v  eB, | VK BUtAQDL Ju:
K == 0.0934 B,[T'] A,[mm] 5 <
https://cds.cern.ch/record/362891/files/ CER®8-04.pdf £Te A= 2ny? (1 e 9272)

Insertion Devices: Undulators and Wigglers. Richard P. Walker, p131, Synchrotron Radiation and Free Electron Las8/CEFN, Abkelerator School
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https://cds.cern.ch/record/362891/files/CERN-98-04.pdf
https://cds.cern.ch/record/362891/files/CERN-98-04.pdf
https://cds.cern.ch/record/362891/files/CERN-98-04.pdf
https://cds.cern.ch/record/362891/files/CERN-98-04.pdf
https://cds.cern.ch/record/362891/files/CERN-98-04.pdf
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AEl ectrah Begenm gy, relativistic e
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Refrhttps:// www. psi-i-twcohr/kesn/ swi ssf el / how
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https://www.psi.ch/en/swissfel/how-it-works
https://www.psi.ch/en/swissfel/how-it-works
https://www.psi.ch/en/swissfel/how-it-works
https://www.psi.ch/en/swissfel/how-it-works
https://www.psi.ch/en/swissfel/how-it-works

Microbunching

SASHEO shnbi O Seséedi ng | Seedbgd T4 K o

~ Differential equations of théow-gain FEL

d d E\K — Vr
71’[) — gkuc ’)7 _T) — — o COS’l,b 7? = FY Py
dt dt 2mcy2 Ir

Iy | )))&?

-n/2 0 /2 b4 3n/2 _ 2 0 2
ponderomotive phase y

relative energy #viation 1
<

n 3n/2
ponderomotive phase y

T interaction with phase .
) radiation X

energy density

particle particle

Ll
longitudinal energy modulation
position in bunch

density modulation
(microbunching)

D))
D)
)
D)
)
D]

A

Y avavavaValalaValavaVlaVlavaVaVaVay e Wi
FEL pulse

Planner Undulator cause electron beam oscillation in x direction: ¥

Ref:Synchrotron radiation and-iy freeelectron lasers (KELS) explained to all users,
active and potentialyeukuandgdwua and GiorgidMargaritondod 2021, JSR
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Electron
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Resonant Interaction

Energy Modulation
Coherent

: ' radiation
i § ’ \/\\/\AE Density Modulation

‘ Coherent Radiation

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

Ao K* 5 o
A= 1 6°~°
2n2 ( * 2 +o )

i = I
Incoherent emission Self__seedmg Coherent emission K =85 _ 0.0934 B,[T] 4, [mm] 3
Chicane — ; Hik
I I I : \ : I I I I Il"l I|"'I I:", ;il Q;;;:nhcmrclccxm.m
IRRnnnnnan .
Monochromator ey (ke 2
BT
A SASEtarts from the intrinsic shotASAé&m%eugf .IIE\?JTeIe.[ctron
spontaneous emission that i s ampl Jhdtt@sﬁi.ota | ravels thr
SASE FELsexpcredviiedet tr abnuste e Bseveb kg Sglf-seeacngow monochromator/ o
temporal. coherence 3 AR
A Self-seeding part of the FEL output is used as a seed for subsequent A seedett HGHG/EEHG/PEH® | | o
amplification stagesnhancing temporal cohereramdnarrowing the T8 8 Vo A K A

bandwidth

Ref: Features and futures ofrdy freeelectron lasers\anshurHuang, et. al. The innovation, 2021
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Magneti c Bunch Compressi on

* 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
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(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

Future trend of Acceleratorbased light source development



Seeded FElt ° &® a dHGHG/EEHG /PEHG

A 2 Keg YySSR KlNJrzy)\oH(EH@yS_NJ GA2yK
HGHG EEE-;:"ll?“T:r — i Sh?carmee burllcf?lneg-laarmon?c Iregc% I|O\?V o
VIV - I ; .
A Modulator Illll!ialdi!\t!rlllIIIIIIIIIIIII (O 1 @omplexity: low. Key tradeff:
simple and robust, but wavelengdimited
EEHG .
B

Core idea: two energy modulations with
EEHG Seed laser 1

m L RRRRRLT T - echo interference-larmonic reach: very
Uy | TINN T W .= high (50 100+).Complexity: high. Key
A Modulator1 Modulator 2 Radiator " tradeoff: highest harmonic reach, highly
sensitive to beam quality
c T6U PEHG:
Seed | Modulator . . . . .
oe T m— o o oo oy
o/ IR e o '
Radiator Complexity: very high. Key tradeff:
A relaxed energygpread constraint at the
cost of complex hardware
HGHG: High gain Harmonic Generation N (1 S )
EEHG: EﬁheEna;]bled I;IIarmonic Generation 2092 2 ! Common features:
PEHG: Phas&nhanced Harmonic Generation By ‘ Seeded operation. Full temporal
TGU: Transverse Gradient Undulator e 0934 BolT 1 Aglmm] P ' P

coherence. Radiatdrased FEL gain

Ref: Features and futures ofr&y freeelectron laserd\anshurHuang, et. al. The innovation, 2021
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p) Y q 31 a ) B B & A a W
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B 2 NI < a L
https://journals.aps.org/prab/pdf/10.1103/PhysRevSTAB.12.030702

PEHGY 18 W HGHGY :° i1 dogleg/Jd 4 . & ow3Yqn TGUY

- undulatoy v 11° I~ .0 N yT° 1B p _ WY phase
mergingg 3 QR "~ ¢ I1BY | va bunchingA Y, nz A 2)
~ _ . TGU I.I.I L (a) Scheme | TGU modulator

Seed
Beam »

y ; ’ Chicane
(b) Scheme I
Seed
e 4
3
U

Modulator TG

https://arxiv.org/pdf/1312.2823

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.

Future trend of Acceleratdrased light source development


https://journals.aps.org/prab/pdf/10.1103/PhysRevSTAB.12.030702
https://arxiv.org/pdf/1312.2823

El ectron Laser
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Table 1. Major parameters for worldwide X-ray FEL facilities

Beam Photon Repetition Pulse duration
Facility energy (GeV) energy (eV) rate (Hz) (FWHM) (fs)
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