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Outline

* The mission of a synchrotron light source designer

* The photon as an (almost) ideal investigation tool

 Electrons as sources of high quality photons

* Properties of synchrotron radiation

* Building the accelerator — ring-based synchrotron light sources

e Optimizing the accelerator for use as a synchrotron light source
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Synchrotron Light Source Designer's Mission
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“Design the best probe to characterize natural
processes and derive laws of nature.”

ESRF (Grenoble, France) | ~ SSRF (Shanghai, China)
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In the Broadest Sense
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Probing Nature: Resolution Requirements

 Size of the probe defines the spatial resolution of the measurement E—— F
> probe must be smaller or at least comparable in size to the object
to be measured » photons allow covering broad range

» Similarly, if you want to measure fast phenomena you have to probe them &8
with a high temporal resolution > short photon pulses are such a probe ~ #& &

* Photons with appropriate AE can be absorbed by atoms » want to select
specific probe energy with high accuracy = energy resolution

- Exper‘imental physicist/engineer Who Waw.-(mg Microwave! Infrared Visible Ultraviolet
wants to build a great probe: has to 108 102 10 sx106 108 00 1012

find the way to generate short pulses W\/\/\/\/\/\NWW‘M
About the size of..

with lots of photons at many wave-

lengths distributed over a tightly ‘ ﬁlf P é @Fb J% ST

controlled bandwidth! Buildings Mumans HoneyBee Pinpoint Protozoans Molecules  Atoms  Atomic Nuclei

J! ° Lasers do that to a certain extent, but if you need many photons per pulse or
&: wavelengths all the way down to hard x-rays = synchrotron light sources
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Accelerated Electrons as Sources of Photons

* According to quantum field theory, a particle moving Y
in free space is “surrounded” by a cloud of additional — (:;'\Wv‘w
o ° . . . e
virtual particles including photons that form and dissolve, Al -

and indissolubly travel with it

* Such photons live for extremely short periods of time and are bound so tightly
to the particle that they cannot be detected (hence the attribute “virtual”)

* However, if a particle undergoes strong transverse
N acceleration, it can detach itself from its virtual
~ BT photons which then become real and can be
| L detected (and used!)

* In accelerators, charged particles can be forced on curved trajectories by
magnetic fields. This transverse acceleration allows for the separation of
virtual photons = synchrotron radiation (SR) is generated
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Accelerated Electrons as Sources of Photons (cont.)

* So how does this transverse acceleration generate synchrotron radiation (SR)? }f
-> Alfred Liénard, 1898: high-velocity particle undergoing centripetal acceleration |
along a circular trajectory at radiates: 1 4
SN 2 T A g )
P, = g’ 72 dpi v = Eot . e 1869-1958 _
6meg(mc?)? dt mc?  B=

* For a particle accelerator this results in the following SR power: \
ALS electrons at 1.89 GeV

4 >y =3700
c 5 .
2 Z) , p = curvature radius > v=0.99999999635 x ¢

P, =
+ 67’(’60 P

* Radiated power increases dramatically with energy y = sets practical limit for maximum
energy obtainable with a synchrotron

* The higher the particle energy y and the sharper the curved trajectory p, the shorter the
wavelength photons can have, and the larger the number of photons generated -»
lighter particles radiate more photons than heavier ones

= Need to build compact high-energy electron accelerators for generation of SR
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The Troubled Origins of Synchrotron Radiation

|4 >

ol “= . First observation of synchrotron radiation (SR)

{ from an accelerator in 1947: from 70 MeV
electron beam at the General Electric

[ Synchrotron (hence the name) in Schenectady, NY

SR

* Electron accelerators were initially developed to probe
elementary (subnuclear) particles to study the
fundamental nature of matter, space, time, and energy

. * However, other researchers soon realized that SR was the brightest
source of infrared, ultraviolet, and x-rays, and that it could be
most useful for studying matter on the scale of atoms & molecules

f
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Brightness of a Light Source

* Photon brightness (sometimes referred to as spectral brightness or
brilliance) is the ultimate parameter to characterize performance of
a light source

number of photons in a given AX/A

Brightness unit = ———— , , :
unit time, unit area, unit solid angle

number of photons in a given AX/\

Flux unit = —
unit time

* From this definition, one can see that brightness represents
the photon density in 4-D transverse phase space within a
bandwidth and averaged over a unit of time

SLS (Villigen, Switzerland)

P =
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How Bright are Synchrotron Light Sources?

What's going on here?

2
3 \ 102 1015
- | i 102 | mem y_ : 101
NS 1020/ 3" generation light sources 1021 X-ray Brightness 1013
ki A million more 102 | Computing speed 1012
aE. B ~ ALS Undulator t 1019 1011
~ | 4t nd . 1018 101
t 15t &2 (rﬁz’"bggz;)sources ' 107 105 Computing
£ B . M 101 108 speed
§ 1 015 ALS Bend X-rays 1015 107
S = — 101 108 \
-~ — 101 108
§ — 1012 104
5 | e One billion 10" 10°  One million
o 10
1010 . N
10° Moore’s Law | 40 |
X Ray Tube 107 10.1
— v } } } }
5| o= 1960 1970 1980 1990 2000
1 0 60-W Light Bulb
| Cendle  Remark: some of the sources are compared at
- different wavelengths!
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How Bright are Synchrotron Light Sources?

4t generation light sources FELs

1030

Peak
Brightness

1 025

T

4th generation light sources ERLs
(& ultimate storage rings)

I

2
2 ‘ 102 1015
pr — i 102 | wem y_ : 1014
£ 4020[_ 3" generation light sources 102 X-ray Brightness 101
™~ 1
b A million more 10% | wms Computing speed 1012
‘E- | ~ ALS Undulator : 1013 101
~ | 4st nd A 1018 1010
€ 1562 (rﬁ,zniogg::;f ources & 1017 10° Computing
£ B ) X 1016 108 speed
31015 = X-rays s .
@ B Hagnet 1014 108 N
P — 101 105
§ — 1012 104
5 n One billion 10" 10°  One million
o 10

10" - N

10% Moore’s Law | 4q0
X Ray Tube 1 07 . 0.1 v
- v } ! } }
5 | o s 1960 1970 1980 1990 2000
1 0 - 60-W Light Bulb

| Cendle  Remark: some of the sources are compared at
| different wavelengths!

High brightness is very desirable:
faster experiments, higher coherence, improved
spatial, time and energy resolutions in experiments, ...
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Properties of Synchr. Radiation: Angular Distribution

* At high energies synchrotron radiation becomes more focused

Co-moving Frame (Eigen Frame) Lab Frame

bending radiug bending radiug

/ accelerating pnocelernting
force force
e / clectron y
{/ 'l o #

trajectory

TR<s electron

clectron trajectory

rachation Held

* This is a relativistic effect

* Can show that cone angle scales like 1/y = for high-energy rings this
forward-directed cone becomes extremely narrow
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Properties of Synchr. Radiation: Bandwidth

* Since emission cone IS SO harrow, O ~
observer sees only very short section
of electron trajectory (only few mm)
Alpgp=20p~ —

electron
trajectory

* Think of a search light = pulse length is determined by path length

difference between electron and photon Relativistic Doppler boost

Al Al Al All—BQ Al N
At=t,—t,=———=—(1-0)= ~
v B c Bc( B) pc 14+ 0 5(: 27 cys

* This leads to very short pulses with huge bandwidth A, - - ~ &
— Example: ALS at 1.9 GeV with 5-m bending radius
Al ~270mm — At~329x10""s - Aw~3.04 x10'% 57!

A
max = 2_00 ~4.83 x 10" Hz — A\pin = C =~ 0.62 nm | Very broad band!

Tr f max

J=

= A
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Properties of Synchr. Radiation: Polarization

* Synchrotron radiation observed in the plane of the -
particle orbit is is horizontally polarized -GZ/:’
* To an out-of-plane observer, synchrotron radiation is <
elliptically polarized yf
- Short 1 5 ol Long A 2

2 88288888888
s+ M M M H MH M L
Ne & & & & & & >

0 0 0 ' ' i 1 ' 0 1 ¥ ' ' i
-1.006-3 Q00E+0 1.006-3 2.006-3 2. 5063 20062 -1.506-2 -1LO0E2 -SOCE-3 173-18 SOCE-3 10062 1S0E2 2.008-2

* This characteristic of synchrotron radiation is heavily exploited in
experiments where polarization of the incident photons is important

e As we'll see later, there are specific devices we use to control and
optimize the polarization of the generated synchrotron radiation for
each individual experiment

Pa

h A
“f”ﬁ ""| Simon C. Leemann ¢ “The Machine” — Light Sources 101 Tutorial e ALS User Meeting, LBNL, Aug 27, 2020 l ‘
BERKELEY LAB 14/35 ALS ‘l‘




Building the Accelerator: Main Ingredients

e Maxwell's equations (in vacuum, differential form, S| units)

vE =L . .
— Gauss' law / Coulomb's law
€0 ‘ -
ﬁé —0 No-name law
= nl 0B Faradav's | 13«1879\
v >< E —_— — E ara ay S law Y —., James CleRMaxwell
— ' - Ampere's law
V X B = poj+ iy
" 1853-1928 4
* Lorentz force F:q(E+17>< B) @
p: charge density eoftoc® =1
f: current density
~ ~ €0 = 8.85 x 10712 F/m [Cz/Nm2] Permittivity of free space
j=o0F, o : conductivity po = 4m x 107" H/m [N/A?] Permeability of free space
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Building the Accelerator: Accelerating Particles

* Lorentz force tells us we'll use electric fields to accelerate particles
(and magnetic fields will be used to guide and deflect) because
magnetic fields cannot perform work

—

qu(ﬁ—l—ﬁ’xg)

#O unless £ | § always =0

= Electric fields can can modify particle energy ("accelerate")

* Most accelerators rely on magnetic fields to steer, eg. particle with
momentum p and charge g in a uniform magnetic field B moves on a

circle with radius b= P {armor radius

qB
N -
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Electric Fields for Acceleration

* There are many ways to generate strong electric fields

* High efficiency and reliability in storage rings (=synchrotron operating at fixed
energy) can be achieved with radio-frequency (RF) cavities

e For the TMo10 mode in a metallic "pillbox" cavity:

™ TMo1o _
/-\ N E\ modes L = Fo(r) cos(wet)
) i - f e, 24050
a T T on 2T a
B Example: ALS RF cavities at f =500 MHz » a = 229.5 mm
L

* RF fields need to be synchronized to particle's arrival time:

Ter

=5 AN it

: To=hT¢ — fo= 7 heN

: A & R .
10 Synchronicity Condition

T,=3T, =h=3 |
h JT ( iln : 10x10”°
~ . '
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Electric Fields for Acceleration: Real RF Cavities

LEP - CERN

DA®NE - Frascati

Most light sources rely on room temperature RF cavities, but sometimes we also encounter
superconducting cavities (eg. CLS, DIAMOND, SLS 3HC).

>
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Magnetic Fields for Steering/Focusing

 Various types of magnets are used for beam confinement

— Dipoles » used to steer and deflect beams

— Quadrupoles - used to focus beams \!

Ky
@ B=| Kz |, K =const
/ 0

— Sextupoles - apply chromatic correcﬁons ‘

— Octupoles, Decapoles, ... = correct higher-order aberrations

 And sometimes we use hybrids, i.e. "combined-function magnets"

J=
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Magnetic Fields for Steering/Focusing: Real Magnets

SESAME Q Quadrupoles

ALS Gradient Dipole

Al VIAX IV octupole (lower half)

These are all room temperature electromagnets, but superconducting and permanent
magnet-based schemes are also employed.

- > ,/‘\
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Vacuum Systems Ensure Beam Quality & Lifetime

* Vacuum systems consisting of vacuum chambers & vacuum pumps
ensure UHV conditions (=10-9 mbar or torr) for the stored electron

beam = limit scattering = long beam lifetime, good beam quality
‘ " sputterion pump

Turbomolecular Pump

SLS-2 Dipole Chamber

/

cooling channel

ante chamber

\

crotch absorber

AN —

radiation port

e Vacuum chambers also integrate many other integral pieces of
equipment, eg. beam diagnostics (beam position monitors, current
transformers, profile monitors [flags/screens], pressure gauges, etc.)

NEG cartridge
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Putting it all together — real accelerators

Vacuum Chamber

S Pa
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At a Glance: Particle Dynamics in a Storage Ring

* Electrons oscillate around the nominal particle position and energy!

* Damping of these oscillations is due to the emission of synchrotron radiation

* Motion in the transverse plane:

pesign orbit 2(s) = \/€282(s) cos [\IJ;U(S) — \I’a;,o]

general particle
trajectory

ZK@==V&@@Agcmqmy@)_q@p] b [

* Longitudinal motion:

ap >0 and Q>0
10% 1 T T T

. . _ . \\ _ r

As(t) — e apt (A@ZQt+B6 th) L . o %0
2 ool
.~ P00 _ ; . F
AE(t) = —iQ—=e Pt Ae™¥ — Be ¥ i
e o e (4" + Be™ )]
0 10 2 30 0 Sox10°
Tune [a.u]
i/ll "A
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From Single Particle to Beam

* So far we have discussed the dynamics of a single particle, but in
typical accelerators particles circulate in bunches (105-1013 particles
per bunch) with many such bunches making up the entire beam

* Fortunately, statistical mechanics gives us well developed and highly
suited tools for representing and understanding these large numbers

of particles . -
| , .4 - y |

"
4

= Particles lose their individuality and are
instead represented by their distribution in "
phase space (position-momentum space)

* The evolution of such a phase space
distribution in the ring can be studied and
the behavior of the whole beam bl
characterized

\}isible synchrotron radiation at MAX IV
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From Single Particle to Beam (cont.)

* Two important consequences follow: collective effects & emittance

e Collective effects

— beam particles interact with other beam particles (space : -

charge, scattering) as well as beam M e L
surroundings (impedance) » beam i ,d>‘ )

instability, particle loss = need to avoid this
(such effects usually limit maximum current that can stably be stored)

e Electron beam emittance

— measure of electron beam phase space density directly
related to brightness of the emitted synchrotron radiation

= in order to create high-brightness photon sources, the ~-
ultimate goal is therefore to design for low-emittance -

beams of high current ("high-brightness electron beam")

= \ ’
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Electron Beam Emittance in Storage Rings

 Emittance in a ring is an equilibrium state that results primarily from
two competing processes

— Recoil during photon emission damps/reduces

electron oscillations (radiation damping) [y pil/ du
— Random energy loss associated with photon = . .

emission induces/increases electron
oscillations (quantum excitation)

* Small emittances (small phase space volume) therefore require large
radiation damping and small quantum excitation

=|t can be shown that in storage rings this is obtained by increasing

synchrotron radiation losses and minimizing the "dispersion” (path
difference between on- and off-energy electrons)

~ A ’4
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The Quest for Lower and Lower Emittance Lattices

/M Triple-Bend Achromat
‘,f' : \ ___Dispersion Function : Dispersion Function
[\ N | N
Double-Bend Achromat = Ten nm [\ ) Few nm
| emittances | emittances Achromat = section of
[\ .y magnetic lattice with
| \/ zero dispersion at both
1/2 Insertion Straight ~ / | 3% 112 Insertion Straight| 1/2 Insertion Straight | \ | 1/2Insertion Straighf ends
> /s &oQ < > <> [ <—>
7 - % | N | 0
|
lo\e I
Q&\)Q < Ach%om at - < Achrc{Smat >
o> , ,
Multi-Bend Achromat * Storage rings typically built from modular cells called "sectors"
|
| Tens of pm » Sector is usually composed of arc (where most magnets are
| i . . : .
| emittances located) and straight sections to house insertion devices (IDs)
|
| * Sector magnetic design is called lattice » most storage ring
| Dispersion Function properties are determined by this magnetic lattice
1/2 Insertion Straight : 1/2 Insertion Straigh{ . . .
<> \/\ N \ /V <—>| o Latest ultra-low emittance lattice designs employ strong
| . . .
focusing lattices called "multi-bend achromats" (MBAs) where
| dispersion is focused to very lower values » "4th-generation
< > .
Achromat storage rings" (such as ALS-U)
|
~ S
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Ultralow Emittance & the Diffraction Limit

e Scientific case for a light source defines target photon wavelength
region (eg. UV, soft, tender, hard x-rays)

* Phase space area (emittance) occupied by a photon of wavelength A
IS: )\/4T[ (ALS optimized for =1 keV photons [A=1.2 nm] = =0.1 nm rad emittance)

 When electron beam emittance in storage ring is smaller than single-

photon emittance - light source is "diffraction limited" (photons appear
to emerge from point source)

* Example:

— ALS electron beam emittance optimized over
the years from =6 nm rad to =2 nm rad today

— ALS-U emittance will reach =0.08 nm rad
- diffraction limit achieved (by virtue of

ambitious multi-bend achromat lattice design) SOLEIL (Gif-sur- Yvette France)
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Ultralow Emittance & the Diffraction Limit (cont.)

23 16
107 ¢
= : ALS-U 1
i oo 4
10|
L o2 m MAX-IV
0
= ; MAX-IV s 5 B L
= f o [ ALS ~ N~
@ 20| 8 \
prd 10 ; 0 .14
- i 210 \
S | o
$10"| -
—— ‘ < —
£ | ' g - APS
" - —
9 10‘4 \ : 210"} - 1
L . ‘
.é ’, 4 L 8
|£ «— soft x-rays —» : n—softxrays—v\‘ . i
16 | J ST i kS st 2.9 i
10
10 102 10° 10* 10° 10’ 10° 10° 10* 10°
Photon Energy [eV] Photon Energy [eV]

* Achieving/surpassing diffraction limit = high transverse coherence
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Optimizing the Photon Source

* The battle to maximize photon brightness is fought on two fronts:

— In the accelerator » optimizing the design to get high stored
current and smallest emittances (as just discussed)

— In the accelerator elements where synchrotron radiation is
actually generated: dipole magnets and insertion devices (IDs)
> This is what we'll discuss in the final part of this tutorial

] ﬂ
/”,/”,,’ | m IH Hlmllmlll‘mm””“mm“ﬁmﬂ\ﬁmﬂmm\\mp >

NSLS-II (Brookhaven, NY)

=
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Bending Magnet Sources & Radiation

* Bend magnet spectrum is divided evenly db _ Pt g (i) P = 2heta

(in power) at the critical frequency: o e
B 3cy?
2p

We

 This frequency corresponds to a photon
energy we can express as a function of
electron beam energy and bend magnet

field alone:  p 1.y — 665 2 [GeV] BT

[GeV] [T] [keV]
ALS 1.9 1.5 3.6

radiation fan
electron beam \ mask

' ' ' \
ALS 19 5.0 12.0 —>—€\

Superbends
ALS-U 20 0.86 2.3 bending magnet

ALS-U high- 20 3.2 8.5 probe
field bend
electron beam
- A "4
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Insertion Devices: Undulators & Wigglers

traversed many small bending magnets and\
synchrotron radiation at each

girders = by adjusting magnetic gap we modify
the field at beam and therefore the properties
of the emitted photons ..

g 0.8
period
0.6 \

B g/)\’“ 2
B = By cosh ™! Wi
Au
Amp 4w (me?) 1
© 3 3¢y B
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Undulator Radiation

* In an undulator

— beam oscillates at much smaller amplitude - constructive  *°

* In a wiggler we get a lot of radiation in a
oroad bend magnet-like spectrum

interference between radiation emitted on different
"wiggles" along device leads to discrete peaks in spectrum

~

\)
~
03

| [
)

10" —

)

—

o
3
1

.
e
o

AVERAGE SPECTRAL BRILLIANCE
PHOTONS
| e |

(Sec)(mm)?(mr)*(0.1% BANDWIDTH)

(

10!5

1 | |

Advanced Light Source
1.3 GeV, 400 ma

Undulator D, 142 Poles
A, =35cm, B, = 0.57 Tesla

P

p—

30 Pole W gle (2.3|Tesla)
-t y = ﬂ

— T T

feaoNN
v

U

— we get "higher harmonics" because constructive interference
satisfied for A is obviously also satisfied for A/N = undulators
can emit high-energy photons (within narrow bandwidth)

even in rings with low/medium beam energy

Fundamental
(1st harmonic)

Red shift off axis
)\ K2 >/
/?)\ — )\u COSH — CtAC 2/‘)/?\(1;7 —|— ry292> o

Lorentz boost

1 2 4

PHOTON ENERGY (keV)

— the strength parameter K determines the wavelength of the peaks in the spectrum » K
is adjusted by varying the gap in the undulator » wavelength-tunable device!

~
A
I
Frreeerer
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Elliptically Polarizing Undulators (EPUs)

* Permanent magnet arrays are split and can be
mechanically shifted (in the longitudinal direction) ,
> modifies plane of "wiggling" and thus the

PO

* EP

PO
to elliptical (incl. circular)

.

>
: A
rrrrrrr ’"'|

BERKELEY LAB

arization of the emitted synchr. radiation

Js allow for complete control of the

arization from linear (H, V, and inclined)
|

ALS EPU50 (1998) * &
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Zoom Poll

Besides electrons, which of the following is best suited as source of
synchrotron radiation?

A) Proton

B) Baseball

C) Positron

D) Higgs Boson
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Zoom Poll

Besides electrons, which of the following is best suited as source of
synchrotron radiation?

A) Proton

B) Baseball

C) Positron

D) Higgs Boson

=(C) is a suitable source of SR. Most
light sources rely on electrons. But
there are notable exceptions that
use positrons (eqg. PETRA I11).
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