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1. HISTORIA

Los aceleradores de particulas

e Los primeros aceleradores fueron construidos por fisicos de particulas en los afios 30. El
objetivo de estos era romper el nicleo del atomos usando la energia de colision de las
particulas. De estos experimentos pretendian obtener informacion basica sobre las leyes
fundamentales de la fisica que gobiernan el comportamiento del universo.

e Lineales (electrostaticos):
e Cockroft-Walton (Cavendish Laboratory, Cambridge 1932) : protones a 600 keV
e Van de Graaff (MIT, Boston 1931): 1 MV

e Circulares :

e Ciclotron (Berkeley, California, E. O. Lawrence & M. S. Livingston, 1932): protones

al.2 MeV

e Betatron (Illinois, 1940): electrones a 300 MeV

e Sincrotron (Idea: McMillan , Berkeley Radiation Lab, California, 1945):
electrones a varias decenas de MeV
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1. HISTORIA

e Sincrotrones (focalizacién débil) :

e Bevatron (Lawrence Berkeley Lab, California, 1950): protones a 6.3 GeV

o Cosmotron (Brookhaven National Lab, New York 1953): protones a 3.3 GeV

e Sincrotrones (focalizacion fuerte: gradientes alternos) :
e CERN Proton Sincrotron (1961, Ginebra, 1959): protones a 28 GeV
e SPS, 2x (CERN, Ginebra, 1976): protones-antiprotones (300-450 GeV) , electrones-

positrones (->LEP)

e Tevatron, 2x (Fermilab, Chicago, 1983): protones a ~ 1TeV
e LEP, 2x (CERN, Ginebra, 1989->2000): electrones-positrones a ~45 GeV
e LHC, 2x (CERN, Ginebra, 2008): protones-protones a 7 TeV

e SPEAR 2x (SLAC, 1972): electrones —positrones a 4 GeV (dedicada a partir de 1990)
e SOR-RIing (Tokyo, 1974): electrones a 300 MeV (dedicada)

o ESRF (Grenoble, 1994): electrones 6 GeV

o APS (Argonne National Lab, Illinois, 1995) : electrones a 7 GeV

e Spring-8 (Hyogo, Japon, 1997):electrones 8 GeV

e ALBA (Barcelona, 2010 ): electrones 3 GeV
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1. HISTORIA

El origen de la luz de sincroton

e La radiacion sincrotdn se observd por primera vez en los laboratorios de la compaiia General
Electric en EEUU en 1947 en el recién propuesto (McMillan, 1945) sincrotron.

e Al principio de consideraba un efecto indeseable, pues las particulas perdian energia, pero en
los anos 60 fue reconocida por como una radiacion con excelentes propiedades.

e Se comenzo a utilizar en modo parasito a la par que se realizaban experimentos en Fisica de
Particulas (SPEAR) €<—— 12 generacion de fuentes de RS

e Pronto se desarrollaron las primeras maquinas dedicadas a la produccion de RS
(SOR-Ring) €—— 22 generacion de fuentes de RS




2. CONCEPTQOS BASICOS

CQué es la radiacion sincrotron?

« Radiacion electromagnética emitida cuando particulas cargadas de muy
alta energia se desplazan en trayectorias curvas.

cDonde se produce?

« Tangencialmente a la trayectoria del haz de electrones en los imanes

dipolares de los anillos de almacenamiento.
Diople bending magnet /hu

Multiple Undulator or Wiggler
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2. CONCEPTQOS BASICOS

¢Para qué sirven?

¢De qué estan hechos los planetas?
éen que procesos se sustenta la vida?

écomo podemos explicar las propiedades de la
materia y desarrollar nuevos materiales?

ésera posible un dia conquistar los virus,
predecir las catastrofes naturales o eliminar la
contaminacion ambiental?

e Se necesita un profundo conocimiento de la estructura de la materia
para contestar estas cuestiones.

e Las fuentes de radiacion sincroton pueden compararse con
“supermicroscopios” capaces de revelar informacion util en
numerosos campos de investigacion.

e Hay en torno a 50 sincrotrones en el mundo que son usados por un

numero creciente de cientificos 9
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1. Alta intensidad,103-10° superior a la de

3. PROPIEDADES tubos de Rayos X

2. Amplio rango de longitudes de onda

3. Polarizacion lineal en el plano de la drbita
(eliptica: con inserciones).

4. Alta colimacion o pequeia divergencia

5. Precisa estructura temporal

pulsada.
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3. PROPIEDADES
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3. PROPIEDADES

2. Amplio rango de longitudes de onda
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3. PROPIEDADES

3. Fuerte polarizacion en el plano de la orbita.
4. Alta colimacion o pequena divergencia

Electron Orbit
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3. PROPIEDADES

5. Precisa estructura temporal pulsada, en la escala
de los femto o pico segundos

—r
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4. PATRONES DE EMISION

radiation cone ¢ il
the tangenttothe orag

Colimacién de la LS: 1/

Energia Critica

E_(keV)= 0.665E ,(GeV)> B(T')
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4. PATRONES DE EMISION

Angulo de apertura del cono:
1/y = Mc?/E
M2 = 0.511 Mel, si E =6 Gel,
v

(1/y) = (0.511MeV)/(6 GeV) = 0.08 mrad = 0.0049
ESTRUCTURA TEMPORAL (RF)
e Haz: paquetes de electrones
e Anchura: Paquete de ~3cmav =c

v
pulso de ~100 picosegundos

POLARIZACION
e Electron dipolo eléctrico oscilante en plano de la orbita

e Radiacion polarizada casi al 100% -




4. PATRONES DE EMISION

El flujo de fotones, F, emitido por la fuente es funcién de la energa de las particulas E, de
la energia critica, €., v de la intensidad de corriente, I, que circula por el anillo:

F|fotones/s/mrad/0.1%BW| = 2.457 10" E[GeV] I[mA] 6(3)

wc =frecuencia critica

| e o s o 7
0.1
5 0.0l
0.001
0.0001
0.001 0.01 0.1 ! 10
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4. PATRONES DE EMISION

La potencia emitida por unidad de intervalo de frecuencia (w) viene dada por:

P, P,  w
Ty uT,.S(J(,)

donde la funcion universal S viene dada por:

!
) 9\/§ w OG- w w
Sy =252 [ Kops( ()
We 8T W, ;‘-"; We We
v la frecuencia erttica w,.:
3 (,“}‘3
“"r: = —_——
2 p

Obviamente se cumple :

[Tsa) =1
JA \'.-t)(_- We

)
La energia de cada fotéon emitido es:

€= hw
si definimos n(e)de como el nimero de fotones emitidos por unidad de tiempo 0 05 1.0 15 2.0 25
on energia entre € y € + de, se cumple £ w/wc
dP,
€ nie)de = = Ldw
L F

dn o, da Normalized power spectrum S and
‘ ' photon number spectrum F

P, e

w(e) = 2 F(5)
€2 €

con

€ O BRI -
F(F—C)=(€—C) 'S(;;)
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4. PARAMETROS FUNDAMENTALES

Por la condicién de equilibrio en la érbita se cumple que:

R P _ VI(T + 2mec?)
el3 cel3

siendo p = meySe (5 =v/e).

En las fuentes de sincrotrén se cumple que T'(~ GeV') >> m.c?(511keV)
(siendo E = T + mec? la energia total) por lo cnal con muy buena aproximacion:

E~T =ceBR
que conduce a la muy utilizada expresion
E|GeV] = 0.3B[T|R|m)
El pardametro +:

E E[GeV]

me®  0.511 x 103

y =
Los pardametros criticos:
~Be

F € 45 x 102 )
T — 4.9 T
R Rim|

3
we[MHz) =

B

(SRR

. o2 oove (EIGEV])
e.[eV] = 665 BIT)(E[GeV])? = 2218 4> 1)

R|m]

o0
=]

‘e RImMm 18.6
A4 =5STEIGev = BT (EIGeV)

(3

E: Energia de las particulas
cargadas que criculan por el
anillo

£.w_A_ : Energia, frecuencia,
longitud de onda criticas de los
fotones emitidos

B : Campo magnético

R: Radio de curvatura

|

EMITANCIA Y BRILLO

Emitancia: tamano del haz x
divergencia.

_Brillo : fot/seg/angulo solido/area
Sup emisora

. Brillo espectral: brillo/0.1 % BW
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5. DISPOSITVQOS DE INSERCION

Fuentes de Luz

Imanes curvadores
Fuentes de lu7 de primera y
segunda generacion

Onduladores y wigglers multipolares
Fuentes de lug de tercera generacion

+ Electrones

—>» Luz de Sincrotron
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5. DISPOSITVOS DE INSERCION

12 generacion : Aceleradores de fisica de altas energias

22 generacion : Radiacion emitida “iman de curvatura” (BM)

Bending Magnet

Electron bunch

3@ generacion : radiacion emitida “dispositivos insercion”
(wiggler, ondulador)

Electron
A-ray

emission

21




INSERTION DEVICE (WIGGLER OR UNDULATOR)
PERMANENT MAGNETIC MATERIAL

Nd-Fe-B e |
@

5. DISPOSITVOS DE INSERCION

e Dipolos magneticos alternos que producen
campos magneticos perpendiculares al haz

e Modifican emitancia y el brillo del haz

’ . Gap @ 1-3
e Parametro de deflexion: il

eBA,

2rm,.c’

Electrons

K

~~ Synchrotron
Radiation

X-rays
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5. DISPOSITVOS DE INSERCION

Wiggler

Disposicion de imanes permanentes (verde y amarillos) en un wiggler. La
longitud del periodo es “larga”. Parametro de deflexion K >>1

Halt-Silvered
Mirrar

Mirrar

La trayectoria de un haz de electrones en un wiggler (linea azul). Las
flechas rojas simbolizan la radiacion sincrotron emitida, la intensidad
aumenta por el solapamiento de los conos de radiacion.
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5. DISPOSITVOQOS DE INSERCION

Iman de curvatura
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5. DISPOSITVQOS DE INSERCION
Ondulador

Trayectoria de un haz de electrones en un ondulador (linea azul). Las
flechas rojas simbolizan la radiacidn sincrotrén emitida. En este caso tiene
lugar un fendmeno de interferencia. Pardmetro de deflexion K <<1
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6. COMPONENTES TECNICOS

INYECTOR
e Caiidn de electrones
e Linac: acelerador lineal

BOOSTER + ANILLO DE ACUMULACION:
e Red magneética (lattice)

e Conjunto de imanes
e Dipolos: curvan la trayectoria del haz
e Cuadrupolos: focalizan
e Sextupolos: correcciones de las orbitas.

» Fija propiedades basicas haz:“emitancia”,dimensiones

(dinamica transversal)

e Sistema de RF
 Fuentes de alimentacion, guias de ondas
e Cavidades RF
e Acelera (Booster) y/o suministra al haz la energia perdida como
radiacion sincrotron (anillo de acumulacion)
(dinamica longitudinal)

) @)
(O]




6. COMPONENTES TECNICOS

Dinamica transversal: red magnética Dinamica longitudinal: sistema RF

Particlas Qutside the RF Bucket Syrchronous Partsele

Particles Oscillating about the RF Bucket Seperatnx

An EF Bucket With Vanious Particle Trajactones
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6. COMPONENTES TECNICOS

BOSTER+ ANILLO DE ACUMULACION (continuacion):

o Sistema de alto (booster)/ultraalto (anillo de acumulacion)
vacio
e El haz de electrones circula en un tubo en ultraltovacio, (P=10-2-10-10
torr) para mantener su intensidad (1/2 de la inicial tras 5-50 horas).

28




6. COMPONENTES TECNICOS

IMANES

SR Dipolo
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6. COMPONENTES TECNICOS

Iman de curvatura

y linea de extraccion

;

Courtesy: E.Huttel, ANKA
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6. COMPONENTES TECNICOS W
Frecuencia

Refr
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Alimentacion:
guias de ondas
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6. COMPONENTES TECNICOS

Montaje de un sector de vacio en el Swiss Light Source

Vacio

Cortesia de L.Rivkin,
SLS




Multipletes de
cuadrupolos,

sextupolos de
correccign, etc

Linea experimental

Dipolos de
curvatura

3

Inyector
\

Insercion

Preclos

o Anillo 32 generacion, 90 m y 3 GeV de energia: 160 millages de euros
(mas otros tantos para la construccion de "beam-lines”)




nearly to the speed of light.

When an electron bunch enters an accelerating chamber,
it speeds toward a positive charge on the far wall
(oppo-sites ateriXt 2). While the electrons race
through a hole into the next chamber, the charges are
reversed, so the now-negative charge repels the electrons
and the now-positive charge ahead attracts them.

The linear accelerator (linac) has 120 small accelerating
chambers. Large magnetic focusing (+=0 2) coils
around the chambers keep the electrons in tight bunches.
When the electrons leave the linac, they are traveling fast
enough to go around the world 71/2 times in one second,
but they need more energy to generate x rays.

AT THE END OF LINAC
T
Q 300 billonts
bt

Distance Speed
S meters 99.9948% of speed of ight

(299,777,000 meters per second)

Linac: How do you make the electrons go faster?
2] A long series of accelerating chambers drives electrons

+‘V +

accelerating chambers

Enery
50 million
electron volts

AT THE END OF ELECTRON GUN

Speed
59.5% of speed of

Distance
1 meter . ight 120,000

(178,484,000 meters per second)

Viaje de los electrones
desde el canon, al linac,
booster y anillo

Booster
synchrotron

the speed of light.
Push-ing closer to light
speed makes the electrons
gain mass, though, and
this increases their
energy. So the booster’s
“accelerat-ing chamber,”
which boosts the
electrons’ energy by 30
times, does it mostly by
increasing their mass, not

their speed.

Ring: How do you increase the e
Like a circular slide, the booster increases |

The electrons race around the booster ring
more than 1 million times, forced into their near-circular
path by bend magnets. They get their “boost” on each
turn from an accelerating chamber (a larger version of
those in the linac), but even so, they can’t go faster than

Storage Ring: How do electrons generate light?

Electrons zip around the storage
ring 1.5 million times per second,
producing bright light at every turn.

Once the electrons reach their target energy, an injection
system transfers them from the booster to the storage ring,
where they circulate for hours. At every curve in their path,
the electrons emit light (photons «—0 4) forward like a car
headlight. Electrons curving through the bend magnets
(+=02) in the ring’s 12 arc sections emit fanlike beams of
photons, like cars rounding a bend at night. Between these
curves are straight sections where multi-magnet devices called

undulator

bend magnets ~ 2

undulators wiggle the electrons back
and forth, so the light from each
wiggle overlaps and forms a narrow
beam 100 million times brighter than
conventional x-ray (+—0 6) sources.

undulator

focusing magnet -
bend magnet The electrons travel in a vacuum
accelerating chamber with fewer atoms per unit

chamber volume than outer space, so there are

almost no collisions to slow them

down. However, each photon they

Time
Q 0.33 seconds

AT THE END OF BOOSTER CYCLE wiHo a

Distance Speed Energy emit carries off a bit of the electrons’
98,000 99.999994% of speed of light W 1.5 billon energy («—05). which is

Kilometers (299,792,000 meters per second) electron volts replen-ished in two accelerating

chambers (like the one in the

Storage ring

booster).

AFTER FOUR HOURS IN STORAGE RING

Time Distance Speed Energy
4hours 432 billion 99.999994% of speed of light 1.5 billion
Kilometers (299,792,000 meters per second) electron volts

Beamlines: What happens to all those photons?

b Beamlines deliver the photons down an optical obstacle
course from the storage ring to the experiment.

Beamline mirrors steer and focus a thin beam of photons (+—0 4)
down meters of vacuum pipe from the storage ring to the target, a
sample of interest inside an experiment chamber (endstation).
Some experiments use all the available photons, but the
storage ring produces so many photons that scientists can
afford to be choosy about which photons they use.
Scientists who want to select only photons with
certain wavelengths (+—0 5) use beamlines
with monochromators (“one-color-ers”)
which act like prisms, spreading the thin
photon beam into a spectrum of
different wavelengths so only the
desired ones go through an exit slit.
Researchers make observations by
using the photons to produce small
changes in their samples, and a
variety of instruments record the
results. Computers help convert the "
instruments’ readings into images, 2 ’ e 4 g Y *
graphs, or even 3-D models, making
new information available for
advancing science and technology.

monochromator

vaculim pipe —b o i

experiment chamber



/. Los tres mayores sincrotrones del mundo

ESRF, Europa-France

APS, USA Spring-8, Japon




7. Los sincrotrones del mundo




/. Los sincrotrones del mundo

* TSRF - Laboratory of Nuclear Science - Tohuku University

» SuperSOR Light Source - Institute for Solid State Physics -

University of Tokyo

* National Institute of Radiological Sciences (NIRS)

* Nano-Hana

* NSSR - Nagoya University

* UVSOR - Institute for Molecular Research

* Rits SR - MIRRORCLE-20 - MIRRORCLE-6X -
Synchrotron Light Life Science Center - Ritsumeikan University

* KSR - Institute for Chemical Research - Kyoto University

* SAGA Synchrotron Light Research Center

* HISOR - Hiroshima University

* Spring8 - NewSUBARU - NIJI-llI

* PF - PF-AR - NIJI-II - NIJI-IV - TERAS

*National Institute of Advanced Industrial Science and Technology

a¥
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/. Los sincrotrones del mundo

Asia
, PR
, Armenia
, Japan
, Japan
, India
, Japan
, Japan
Nano-Hana, Japan
, P.R. China
, Talwan
, Japan
, Japan
, Korea
, KEK, Japan
, Japan
, Japan
, Jordan
, Thailand
, Japan
, Singapore
, Russian Federation
, P.R. China
, Japan
, Japan
, Japan
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Europe

, Spain
, Germany
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The brightest source in America for light
from ultraviolet through soft x rays is not a
laser, a medical x-ray machine, or even the
sun. It is a beam of electrons, accelerated
nearly to the speed of light by a large
particle accelerator called a synchrotron—
the Advanced Light Source.

Inside the ALS tells how the electrons start
out, speed up, gain energy, and produce
exceptionally bright light. This light, often
focused into beams thinner than a human
hair, fuels scientific experiments from
physics to forensics.

An electron at the Advanced Light
Source travels a long but speedy journey 4% =

on s way to generating Hgh—the yellow ot
electrons  at ri 15 mters
give an idea Sk might be ket =]

Storage Ring

The text and pictures around the edge of the poster will help you follow the action inside the
ALS, beginning with the electron gun (7. Whenever you see the key symbol ~—9, you can
find more explanation in the Key Concepts section below.

Key Concepts 0

What s an lectron? «Fraquency i the number of waves thatpas one place each
An ehectron .2 neguively charged partice tha obits outside the second.
rom. Gectins can be puled » nerg eers 1 the amourt of energy caried by on photon
an decrc curent. In power ke A lctron vk (e i a very small ot o eneray, useol for
amp cords, fo example, clectronsflow through i, DULIn heALS  measusing thethy whounts of energy tha il photons
they cculat inide 3 vacuum chambe. Cany. Highhenergy, high requency photons have the thortest
evdengohs
do you make an electron in the ALS do things? <
i you want the lectron 10 peed up, put posiive anc/or negatve . What s an x roy?
charges nearby. The posve chargis il act the negatvey X aysare gt with photon energies o about 100 electron vols
changed electron (opposies atrach, and the negaiive charges will
repan

f you want a moving electron to change x 0y, which have st the ight nergis 1o explore many of
direction, use 3 magnet; for instance, il y the atomicievel propertis of matt

you place & magnet with its north pole

above and its south pole below the

electron’s path, the electron will curve to

the right. This effectis used in bend magnets,

undolators, and focusing magnets at the ALS.

3. How does the ALS generate light
from electrons?
It makes the electrons accelerate (change their speed or direction of

travel). Whenever an electron (or any other charged particle) Wavelength

Beamline

Linac: How do you make the electrons go faster?

A long series of accelrating chambers drives lectrons
nearly to the speed of light
When an electron bunch enters an accelerating chamber,
it speeds toward a positive charge on the far wall
po.sites aterBt 2. Whi the dectrons race
Uhrough a hole into the next chamber, the charges are
reversed, 50 the now-negative charge repels the electrons
and the now-positve charge ahead attracts them
The linear accelerator (inac) has 120 small accelerating
chambers Large magnetic focusing (v—.2) coils
around the chambers keep the electrons in tight bunches
When the electrons leave the fina, they are traveling fast
enough to go around the world 777 times in one second,
but they need more energy to generate x fays.

Il o:‘.“ / =y

Bumm Ring

L

Storage Ring

Inside the

Storage Ring

Target on Science

The bright beams of the ALS illuminate the mysteries of our world, enhancing our

acceler-ates, it produces ght. Uight produced this way is called O S
synchrotron light. sl
wavelength
4. What s a photon?

A photon is a "particl” of light. All light can behave cither a5 particles
or s waves depending on what you do with it—that's why schentists
speak of bght sametimes as photons and sometimes as waves.

name of wave

5. What is ight?
The lht our eessee s anly  small art ofthe vast specrum of ght
also called efectromagnetic radiation. AR light travels at t

Specd (299,792,455 melers per second in vacoum) and con be
described wsing a few simple quantites:

 Wavelength is the distance from one peak o the next in a light

1 Wavelength Frequency

ability to see as well as to draw conclusions about what we can't see.

The special features of ALS light make it a very useful tool for science. Just a few of
the research possibilities include detecting minute traces of substances on surfaces
to find out what's there, taking high-resolution images of malaria-infected blood
cells to find out how the disease affects them, and providing finely detailed spectra
of molecules to reveal the behavior of their electrons—a kind of “chemical

meaning the rays of light are very intense and are focuse
to a small spot. The ALS delivers America’s

brightest light in the ultraviolet and soft x-ray

regions of the electromagnetic spectrum (

fingerprinting.
The most prized characteristic of ALS light is high brightness, I " ! .

(uaves per
‘Secand) 1 Z 100 0!
NN Energy of

hoton

1012

10"

10"

10

o7

o

5), making posWible a host of different
experiments that were once only
dreamed of.

(electron voits)

o You Find These lmside the ALS?

http://www.lightsources.org/images/posters/alsposterl.jpg

concentration images of red blood cels infected with esks based an theory

Storage Ring: How do electrons generate light?

Electrons zip around the storage
ring 1.5 million times per second, =
producing bright light at every turn.

Orce the lectrons reachtheie arget energy,an injection '..-.,.';’ Soemten

system transfers them from the booster to the storage ring,

where they circulate for hours. AL every curve in theie path, -
the electrons emit ight (photons w—0 4) forward like a car

headiight Eiectrons curving through the bend magnets S

(+02) in the ring’s 12 arc sections emit faniike beams of
photons, ke cars rounding a bend at night. Between these
curves are sraight sections where multi-magnet devices calied

undulators wiggle the electrons back

mnlgi=lE] and forth, so the ight from each
wiggle overlaps and forms a narrow
beam 100 millon times brighter than
conventional x-ray (v 6) sources

‘ Like a circular slide, the booster increases

The electrons race around the booster ring
more than 1 million times, forced into their near-circular
path by bend magnets. They get their “boost” on each
tum from an accelerating chamber (a larger version of
those in the finac), but even 5o, they can't go faster than
the speed of light

Pushving closer to light

increasing their mass, not otatng S et
their speed. e

emit caries off & bit o the electrons’
tich is

replenished in two accelerating
chambers (ike the one in the
booster

Beamiines deliver the photons down an optica obstadie
course from the storage ring to the experime

Beamiine mirrors steer and focus a thin beam of photons (-’“u

down meters o vacuum pipe from the storage ring to the target,

sample of interest inside an experiment chamber (endstation)

Some experiments use ol the avaiable photons, but the

Scientists who want 10 select only photons with

different wavelengths so only the
desired ones go through an exit it
Researchers make observations by
using the photons to produce small
changes in their samples, and a
variety of instruments record the

Pr—
Yoy and visbleJight microscope  protems i
& malra paraste. Wth the ALS’ soft
X rays, bologits can view cels in neae
Ratuea envitonments, obtaiing much
eare images than wih vsbie Iight

s map o iron concentaton
o e tha st
Siicon sola col answered a
2 Pagging question: Why gt the
W e

particies were interfering with its

tectron Bnding Encrgy (V)

2 These spectra represent encrgies of electrons
sfected rom sicon ezfluonde by
incom-ing x rays. The ALS specrum has

D A T e
i distinct peaks provide & beter es o1
theoretical models of molecular structure.
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