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Synchrotron Radiation and Facilities ok

E The first artificial synchrotron radiation

U In 1947, a kind of artificial electromagnetic radiation
was observed in a 70 MeV synchrotron of the General
Electric Corporation, which is the origin of its name
Synchrotron Radiation

U Tracking back history, synchrotron radiation was
predicted by Lienard et. al. at the end of 19" century.
A charged particle will emitt electromagnetic radiation,
when its equilibrium state is changed. For a circulating
particle moving in a speed of relativity, its radiation

Electron

concentratesin a very narrow angle around its moving i 'T“fa'fea""r“\\\
direction. Trajectory™ == = ,

U Synchrotron radiation was validated before its first ___,__L /
observation by measurementsof electron orbit change Electromagnetic AU/ synchrotron
. Radiation Radiation
In a 100 MeV Betatron. <1 1 t

(Non-relativistic Electron)
/s p=1

(Relativistic Electron)
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Synchrotron radiation application

Synchrotron radiation is the main obstacle of
acceleration in high energy, while its unique properties,
high brilliance, continuous spectra, high stability, accurate
predictablitiy, granted the great- potential application in the
studies of the electronic and optical charateristicsof solids
liquids and gases

The applications started from Vacuum UltraViolet, and soon
expandedto X-ray.

The phenomenons of
tansimission scattering and
obsorption /excitation were
took as an powerful investigator
to implement Imagning,
structure/ingredient analysis,
and spectroscopy in physics

: . Fast dynamic process
chemistryand biology.

imaging

®
e ; Photoelectron_

Free Electrons

transmission

Structural analysis of
antibody - virus complex ceramic cross- section
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E Synchrotron radiation facilities

U The1stgeneration light sources parasiticin high energy colliders

U The 2d generation light sources dedicated storage rings, mainly use
photons emitted from dipoles. The developments of insertion
devices and Chasman Green lattice paved the wayto the 34 GLS

-

Ve e

- ‘bl

U The 3" generation light sources featured by low emittance basedon Fantalis-¥ .m.» T

C- Glattice, and higher flux and brilliance from IDs

U The 4™ generation light sources by pushing beam emittance down
to X-ray diffraction limit, delivering high- spatically coherent and
ultimate- highly bright photons.

1960 1970 1980 1990 2000 2010 2020 2030
! ' ! [ | |
1st GLS: (Early 19607 BSRF(1991)
2nd GLS: " Tantalus(1968) HLS(1991)
3rd GLS: SOR(1971) ALS(1993) SSRF(2009) .
4th CLS: SuperACO (1987) MAX-1V(2017) HEPS(2025)
¢ HALF(2028)

Réwe E. M., Particle Acceleraiors,
Vol. 4, pp. 211=227, 1973 V" G
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Invention of Insertion Device %

E Thefirst ID in synchrotron light souce

U Wiggler: served as a synchrotron source first at SLAC
and BINPin 1978, while it waselectrical magnetic type.

U Undulator : permanent- magnetic type, manufactured
in SLACin 1980.
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Strength parameter:

K —

Brmoch, =y = 93.4BA,
A periodic magnetic field device is called undulator if dl (small
amplitude and high frequency of electron oscilation in ID), and a
wiggler if K>> 1 (large amplitude and low frequency).

Spectra:

Photon spectrafrom a wiggler is a continuous curve, just like from a
dipole, while the spectrafrom a undulator is a seriesof peakswhose
energy canvaryin a range by adjusting its gap (or peak field).

More theoritically, the wiggler also emitt line spectra However, the
high- energy peaks are close enough to merge to a curve, because
of the non- zero peak width.

Generally, undulator is used to provide highly bright photons,
wihle wiggler is applied to generate high flux of photons.

Undulator

- Multipole wiggler

Bending magnet

Intensity

Photon energy

10"+

10"

(ph/s/0.1%B.W.)

I

dulator - type

Wiggler - type

102 10° 4
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10*
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Chasman Green Lattice and TME G

E Chasman Green Lattice

U In 1975, Chasmanand Greendesigned a dedicated storage §;
ring for synchrotron facility, which incorporated with high T o 7
field superconducting wigglers serving as hard radiation S2-02= N
ports and made availablea wide spectrum for simultaneous o -
experiments 0 =l \

U The lattice consists of six -
arcs matched to six straight
sections Each arc consists
of two achromatic bends

A%

separatedby a Q- triplet. By " —
S S S
RIQg2 BB B F BBI BB a4l @5 ab BT 84S
U Themost important and remarkable factors were the lattice hoe—h et "9":;,:”_‘ g io "jﬁz
includes six straight sections specificallyfor installing IDs, ¢ e INSERTION

gnd low- beta and fre(.e-.dlspersmn are matcheq for IDsto ChasmanR.. Green G. K., Rowe E. M.. Transactions on
increasethe photon brilliance and suppress Impacts on Nuclear Science, Vol. NS 22, No. 3, 1765-1768, 1975

beam dynamics
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Double - Bend Achromatic (DBA) lattice

The CGstructure is slightly inflexible and the lattice
chromaticity is not easilycontrollable by sextupoles
in the locations availablefor them.

DBA (modified from C- G lattice) replacesthe B-Q
triplets between achromatic dipoles with Q-
doublets, leaving enough spacefor sextupolesand
creating adequate -separation for chromaticity
correction. More familiar to the later learners

This modification greatly improves the flexibility for
adjusting the lattice functions in dipoles
approaching lower emittance, whilst maintaining
low- and zero- dispersionin the straight sections

DBA is the most frequently encountered lattice
amongst the 2" and 3@ GLS

NSLS VUV rlng as an example
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\ ] L. /
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‘ / fo
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Blumberg L. et. al., IEEE Transactions on
Nuclear Science, Vol. NS 26, No. 3, 1979
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E Theoritical Minimum Emittance (TME)

=)

)

U0 When T ¢ a

U Considering constant field dipole, a terse equation with</H>:

0
- 0—,,(=)

o o

Il

U The natural emittance is determined by equilibrium state between quantum excitation and radiation damping.

or (pr

P P , _ _ B=(p ¢’ v)Qir
| [ — ET —) L P BO I

Twiss transport in dipoles:
ra@ 1 g iori

oo
Th——

0 () [
I IS A O B
C SN 1D 1D —(i) - —,im”p Al iQr
= )U = T —-(@{) - OEilr
Toa , and its second derivatives large than 0, the TME is got.
hh—— T
'|' —

Teng L. C, Argonne National Laboratory, LS 17, 1985
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U Achromatic dipole

oand , atthen entrance of dipole are zero,

T 6
Th——

-
g

T O

T

Tt

Solvethe above eqution, result in that when
entrance, the natural emittance

value at 3L/8 away from
reachesits TME

o
V)

Wp v

U Chromatic dipole (assume and

of Diople)
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A TME is proportional to

Fig. 1a
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A Mechanism of minimizing emittance is

reducing the quantum excitation by
optimizing H function in dipoles.

3 that is the
reason of sharp emittance reduction in
MBA lattice. It is also made by
weakening the quantum excitation .
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Construction of the 3 ™ GLSs (%

E The first cluster of the 3@ GLSs

U VUV source Super- ACO, operated in 1987, is o 2
the earliest explorer of the 39 GLSsthat was W

designed from the start with low emittance, LS
and to accomodate severalinsertion devices ' v A
(eight straight sections, six for IDs, and four
dispersion free sections)

U In the research of atomic/molecular/surface
science, and condensed matter physics, f
materials science,the solution to a series of L -
scientific problems relied on highly-intense —
extreme ultraviolet (EUV) and hard X-ray.

Beam enerqgy: 800 MeV,

Low-energy and high-energy light sources Beam emittance: ~30 hm.rad
had been successfully constructed and Ring circumference: 72 m
operated in Western Europe, North America, Beam current: 500 mA
and EastAsia,in 1990 . Number of light ports: 13 (Dipole)
6 (Undulator)
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U A summery of the 3¢

A Large capacity for IDs: the ratios of straight section are 20%~4 (2
A Length of straight ~6 m for different kinds of IDs. ;
A Natural emittance reached lower than 10 nm.rad.

Name E/GeV [ G/ m Nx ! lo,/ mA | Straight | Site Year
nm.rad /'m

ESRF 844.4 Grenoble 1994
APS 7.0 1104 3.0 100 Argonne 1996
Spring-8 8.0 1436 2.8 100 Hyogo 1997
ALS 1.9 196.8 2.1 400 Berkeley 1993
Eletra  2.0/2.4 259.0 7.0 300 Trieste 1994
TLS 1.5 120.0 22 360 Hsinchu 1994
PLS 2.0 280.6 12 200 Pohang 1994
MAX-1l 1.5 90.0 8.8 280 Lund 1996
BESSYII 1.7 240 6.1 200 Berlin 1999
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The medium - energy light sources

In the late 1990 life science,environment science,and energy sciencehad made great innovations,and the
demands for synchrotron radiation were increased The interested photon spectrawas X-ray from 3 to 30
keV.

Combined developed IDs, the medium-energy (E,~3.0GeV) facilities were the best platforms to provide
high flux and brilliance of X-ray from 3~30 keV.

The first 39 generation medium-energy light
source is SwissLight Source (2001), followed by
ANKA (2002) CLS(2003) and SPEAR (2003).

The medium-energy light sources have high
cost- effectiveness With the optimal soft X-ray,
their spectra still fully cover the range from
infrared (Dipole- edge) to hard X- rays (SCW)

— Lic@suiti
Sg\’ r }' 7%’%""&-




E World distribution of the 3@ GLSs

More than 20 3'd- GLSfacilities
are in routinely operation all
over the world.

The dense aeras include East §
Asia, West Europe, and North
America

ESRRAPSSPring, and ALSSLS T
Elettrahad been or were being
upgraded to the 4" GLSs

Most of all the other 3@ GLSs
had their upgrade proposals
that apply MBA lattice to i
reduce the emittance down to K _ESDEACEN
X-ray diffraction limits.
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Nonlinear Optimization &%)

E Harmonic sextupoles

U To reduce the beam emittance, DBA and TBA lattices
apply very strong focusing gradient, resulting in high
chromaticities The sextupoles are used to correct
chromaticities while it nonlinearize the particle motion
leading to not enough dynamic aperture or energy
acceptance

U An effective method is install extra sextupolesin zero-
/low- dispersion sections (harmonic sextupole) to
cancel aberrations of the particle motion. Example
Diamond DBA,SLSTBA

U Fromthe start of lattice design, nonlinear opitimization,
tangled with linear optics design, is a painstaking work.
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E Nonliear driving terms hy=Sh, (27 )02 )20

J

*

U Descripedin perturbation theory, the particle Potam = Moy =

N (;+k) (!+m)

motion consists of fundamental mode and a E(” WENE
seriesof geometric and chromatic aberrations ’

(J+k)

DT, ] [E B,L) B> ﬁ”zm 1[(Jk)‘?’m+(fm)%w]]

pa:ﬂ

U If the aberrations can be reduce sufficientlythat [~ = o |
means particle motion is linearized enough, and {\ \) & %
dynamic acceptancecan be easilyincreased V ‘ 1

3.31 E— S— 2 1011
-1.86
0 00 —— 1 —1
0 ﬂD

@x 10110 Qx-20y 10020

2482849
200284
X

U The first order nonlinear aberrations are most 1
harmful to the lattice performance. N r* /?g

/

U All the parametersin equations are linear optics
and gradient integrals, so caculating the driving
terms is very fast.

A Thecirclesshow vector sum of sextupolesin one cell.
A Theleft plot is only SDand SF,while the right plot show the
results with harmonic sextupoles Cancellationin one cell is

remarkable

U The SLSas an example showing the effects of . .
Streun A., in proceedings of CERNAccelerator School, 203, 2006
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E

0

Frequency Map Analysis (FMA)

FMA was introduced in accelerator physics by J Laskar,in
early 1990 . It wasfirst applied in the ALSstorag ring.

In a conservative system,the motion in phase space takes
place on tori, which are described by either Action (J) or
Frequency( ). A one-to-one maps can be built.

b &N

If the system becomes non-integrable because of
nonlineare perturbation, there is no smooth tori exsiting or
the motion takesplace in random/chaotic layer (resonance)

~

a 0 Q 6 Q¢ M

In this case, stable J/ cannot be found. The diffusion rate
with turns/time is applied to measurethe instability.

-0.32 -

f2 + 0.00005logr

-0.33
“'H. S. Dumas and J. Laskar, PRL,
1 Vol 70, No. 20, 2975, 1993

0.175 0.18 0.185 0.19

h
0 a‘;fz:c t f %

A We use frequency, becauseit is easy sampled
and highly precisewith the method of NAFE
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U ALS as an example FMA shows all the nonlinear resonances (and their relative strenghth and width),

X'/ rad

resonancenodes, islands,and folds in DA and FM.

The new information can help nonlinear optimization in the storage ring. Guide the designerto find a stable
working point, increaseDAs, enhancethe robust of the lattice performance to magnetic errors (prevent any
occuranceof fold, strong resonancesand their nodes).

%10

8.2

0.8
8.15F

_y /o111

8.05 |
L 0.2

. L . . . . .
-0.02 -0.015 -0.01  -0.005 0 0.005 0.01 0.015 0.02
x/m

8 . . 1 0
14 14.05 14.1 14.15 14.2 14.25 143
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E Multi - objective bionical algorithm application
U Designand optimization for storage rings is a typical multi- objective and multi- knob problem.

U Non-dominant sorting of multi objectives to find the optimal-front (Pareto front) enables a global
optimization of the beam optics and dynamics,facilitating to obtain the best solution.

U The Pareto-front is defined as a cluster of solutions, where there is no other solution whose all the

objectivesare prior to those solutions. " | | L x10° B, (m)
/ 1
U The objectives are usually chosen two _ 5] 0.9
or more conflict properties/parameters, °§ 5 08
such as emittance and DA, EA and DA, 24 07
working point and emittance, and so on. g 3 -
.. . g 2r 0.5
U Algorithms: =)
Genetic- Algorithems, Particle Swarm f ' o4
Optimization , etc. o st o s e s YANG L. Ve 6F al, NIMA, 03

s
constraints (case of two objective functions minimized). The arrow s s .
dominance, and dashed lines are broken dominance due to constraints. gl\:/n C. C., el‘. %ﬁ.l, mpmagﬂ 054001, 2012
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E A summary of nonlinear optimization methods

U The basic process of nonlinear optimization is thaappling descent algorithm to adjust the possible knobs,
reaching the best objectives.

Algoritm

Periodicity, Symmetry Driving Terms Gauss Newton Algorithm
LinearOptics Action- Angle Variable L- M Decent Method
PhaseAdvancein Sextupole Approximation of linearity Conjugate Method, Powell Method
Harmonic Sextupole TrackedDA/EA GeneticAlgorithm

Pk Track TrackedFMA Particle SwarmOptimization
Octupole ParameterPredictd by ML Machine Learning

. SE F s%:? S{ﬂhﬁ%?f%ﬁ .




Beam Dynamics on)

E Vertical emittance control Vertical dispersion reduction Corrected betatron coupling
U Vertical emittance originates from betatron coupling and oo /'“\l R I
- . . .EE-J\ \ I 4 go_za_
verticle dispersion EO/AK A, f\ f e Ji\ | Foal
n \ \ N
) X1 w N ~ ~/ ~ Oa - \f \} {\‘ 1 0.23
U Brilliance 6 (_hohadw) (c‘a)s»(c‘:hc‘dn’));@'J N -

U ASP used LOCO method and mechanical alignments to i 4 ~0.01%
successfullycorrect the vertical emittance down to about 1.30 y~- Pm.ra 2470

pm.rad that is well below the hard X- ray diffraction limits. ==

U Side effects of ultralow vertical emittance include strong

intra- beam scattering, and Touschek scattering. (However, : : :
they were not severein ASPcase) : z :
U A conservativecriterion is correcting , below ~50 pm.rad in : : -
low- and medium- energy facilities,~5 pm.rad in high-energy : - :

facilities,reaching diffraction limits of their optimal spectra .
y~100 pm.rad

R. Dowd, et. al., PRSTA&B, 14, 012804, 2011
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E Collective effects

U Beam collective effects concerned in the 39 GLSs,including head-
tail instability, Transverse Mode Coupling Instability, microwave
instability, and coupled bunch instability, had been recognized and
well studied during 1960 to 1980 . With assistanceof bunch
lengthening and transverse feedback, and a delicate impedance
budget, the maximum beam current in the 39 GLSseached500 mA.

Electron Bunch train lons

T
1001] © He added EI
A nominal pressure| 3 =

] o m
80 B - = . o CoPga

60 T

U In 1997, a new kind of beam instability, Fast Beam- lon Instability ,
was observed in the ALS storage ring, by artificially increasing
vaccumpressure

40;I§F

r 4 - EEx F-
n%i&llﬁﬁlﬁﬁilillxxxxaiﬁmiﬁmﬁﬁ‘ﬁ iz Bz Ex

Vertical RMS size (um)

0 10 20 30 40

Number bunches
I | | T
beam current distribution after scraping

L ”H | end of bunch train

(i

160 bunches

U The cure method of FBIlis vaccume clearing, and shortening the 1004 TR Ev e e—

bunCh tl'aln Time (nsec)
Byrd J., et. al., PRL, Vol. 79, No. 1, 7982
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U Transientions induced by highly- intense electron bunch accumulate 50

in the path along the bunch train. The tail bunches are easy to
oscilate coupled by ions. FBllis likely to occur in new rings and linacs

Voltage (mV)

-5

=]




E Bunch lengthening with harmonic cavity

1.0

U Inthe low- and medium- energy light sources,the beam lifetime
reduce to severalhours becauseof the Touschekscattering and
low gaps of IDs Harmonic cavities are used to increase beam
lifetime in TOPUPInjection by lengthening the bunch, and also
provide tune spreadto enhancelLandaudamping.

05

0.0

Voltage (MV)

Phase (rad)

U TwoRFsystems V() = Vgr(p(t) + ¢5) + Vi (ng(t) + nepy,)

. 1 1/1,
Oy (VRF+harm) VRF tharm 2 b Single RF -
% — : = Vv COS(Qbs) —1 08 - system Gdouble ¥ 2Osingle
0, (Vrr) VRE+harm RF
0.6 -

U Theearly applications of harmoni cavity were in Super ACOand -
NSLSVUV-ring, followed by Elettra, SLSand ALSetc. The cavity ' SDOSLtIte):’ﬁ mE
can be normal- and super conducting, active and passive ek .
Harmonic number varies from 3~5. The lengthening factors in 0
the 3" GLSsare about 3. B Tl P ...
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TOPUP Injection

pd

E Beam injection of the storage ring

U Beam injection with pulsed closed- orbit bump
the most common method in the storage ring of the
3rd GLSs SSRFas an example, the injection system
consistsof four kickersand two septums,

100
80|
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