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Aceleradores de particulas
* Para qué sirven?
* Como se pueden observar particulas muy muy pequenas?

 Construyamos juntos un acelerador

* Los aceleradores del CERN
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Para que sirven?

» ~30000 aceleradores se usan hoy en dia en el mundo:
> ,4,% radioterapia
» 4,1% implantacion de iones
» 9% aplicaciones industriales
» 4,% investigacion en baja energia
>1% produccidn de isdtopos médicos  oDAMENTAL PARTIELES ANp INTERACTIONS
»<1% investigacion fundamental

i -
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Particle Processes
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El mundo microscopico =2 los atomos

» En una playa tipica hay decenas de miles de millones de millones de granos de arena

» Pero ... en un solo grano de arena hay tantos atomos como en la playa granos de arena

- Spanish teacher program, Reyes Alemany Fernandez




El mundo microscopico =2 los constituyentes de los
atomos

» El nucleo del atomo tiene el 99% de toda la masa del atomo

» Si el atomo fuese tan grande como el estadio de Francia

> ... el nucleo seria del tamano de una pelota
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Como podemos observar estructuras tan pequenas?

Agregado de moleculas:
celulas/bacterias
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Como podemos observar estructuras tan pequenas?

Agregados de
atomos: moleculas o] |
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Como podemos observar estructuras tan pequenas?

Atomos: nucleo + electrones
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Como podemos observar estructuras tan pequenas?

Aggregate of ] 10 micro meter o0.1eV

molecules: Optical
cell/bacteria 100 hano 10eV microscope
meter

Aggregate of ] 1 nano meter 1 keV Electron LHC 27 km circumterence
atoms: molecules microscope 7T€V beam energy

Atoms: ] 0.1 nano meter 10 keV Synchrotron
nucleus+electrons radiation

Nucleus (Oxygen: 0.01 pico meter >100MeV  Low energy e-or
8p+8n) p+ accelerator

Aggregate of 1femto meter >1GeV High energy p+
quarks: hadrons accelerator

Quarks+leptons ] 1 atto meter >1TeV High energy e- or
p+ collider
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Un pequeno parentesis: unidades de energia | Enegia-esh

capacidad que tiene un
sistema de producir

» En fisica, energia se mide usualmente en Julios (J) trabajo

1 Julio = energia gastada (o trabajo producido) al ejercer
una fuerza de un Newton a lo largo de un metro de
distancia (SI)

> Julios no son convenientes cuando tratamos con haces
de particulas porque la energia es muy pequena

» Es por esto que una nueva unidad de energia se invento = eV
= energia cinetica ganada por una particula elemental de Energy = 1.602 109 J
carga 1.602 1029 C cuando atraviesa un potencial de 1 Voltio

, One Volt
o rikeV=103eV,1MeV=10%eV,1GeV=10%¢eV, 1TeV =10*? eV +

¢
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Como podemos acelerar particulas cargadas?

» El acelerador mas simple usa un campo electrico constante (acelerador DC)
entre dos electrodos producido por un generador de voltaje.

particle source Exit window towards the target

;‘ » Uno de los electrodos contiene la fuente de
e | particulas

» E.g.sisetrata de haces de electrones la
fuente es un catodo termoionico (usado muy
Field-free field , ,
region frecuentemente en tecnologia de vacio)
particle beam

» En la region aceleradora hay un buen vacio
Fig. 1.3 General principle of the electrostatic accelerator. pa I'a EVItaI’ |aS CO|ISIOﬂ€S con el gaS I’eSIdU8|

» La energia alcanzada es limitada
» Depende del voltaje maximo que puede proporcionar el generador
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Como podemos acelerar particulas cargadas?

Cual es la energia limite que se puede alcanzar en un acelerador de voltaje electrostatico?

a 10 uS/cm b 100 pS/em
. 7 ’ o 11 kV 10.5 kV
> Formacion del fenomeno corona /v\

( 1000 uS/cm d 10 000 pS/cm
8.5 kV 6 kV

HV de ~ MegaVoltios =» energia de
) / Spanish teacher program, Reyes Alemany Fernandez |aS pa I‘tI'CU|aS ~ pOCOS MEV




Ejemplos de aceleradores electrostaticos

» Cockroft-Walton (1030's) ® Usado en el CERN hasta los anos 70,

o I aceleraba protones hasta 750 keV

HV ~ 4 MV

» Van de Graaff (1030's)

HV ~2 MV —10 MV

/: Spanish teacher program, Reyes Alemany Fernandez



Como podriamos evitar el fenomeno de la corona
y acelerar mas alla de unos pocos MeV?

» Ising 1925 =» voltaje alterno!! =» aceleradores AC

Y

Rolf Wideroe |

» Wideroe 1928 =» primera prueba exitosa de y
acelerador AC | Gustsfsing

g
' Generator

Accelerated
Particles

vaverorm

Generador de voltaje RF: U(t) = U, g, Sinwt b\ . Sinusora
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Aceleradores lineales AC

» Generador de voltaje RF: U(t) = U, g Sinwt

» Energia alcanzada por la particula cuando cruza el campo acelerador entre s1y s2:
52

W = AEnergy = f M Fetectric = qEeiectric
s1

S2 clectric €5 Cte entre s1y s2 cuando la particular cruza el

> E
campo, por lo tanto, gand E,,. ... salen fuera de la integral

W = AEnergy = fl qulectriC ds - » Unicamente nos queda integrar ente s1y s2 =» s2-51 = As
S

W = AEnergy = =U

W = AEnergy = qU = quaxSi

Average phase of the RF
voltage the particle sees as it
crosses the gap

One Full Cycle or Period (T) Second Period (2T)
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Aceleradores lineales AC

» Sien lugar de una zona aceleradora ponemos varias en serie, la energia al pasar por la
zona n-esima:
W = AEnergy = nqU = nqU,,,4,Sine,
» La ganancia en energia es proporcional al numero de zonas aceleradoras, n, que
atraviesa la particula

» En el CERN los primeros aceleradores en la cadena son lineales: LINAC2, LINAC3,
LINAC[|. LINAC 2

= D (4tank5,33m) .

= > ; :

= -

; / Spanish teacher program, Reyes Alemany Fernandez *.  Pulseof beam ~100 pslong every 1.2 s
v s



Cual es la energia limite en los aceleradores
lineales?

‘ Compact Linear Collider S

radiofrequency (RF) structures and a two-beam concept to
produce accelerating fields as high as 100 MV per meter to
reach a nominal total energy of 3 TeV

A
v

= 5o km

ano y precio son el problema de los aceleradores lineales cuando crecen con la energia

y / Spanish teacher program, Reyes Alemany Fernandez
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Como podemos incrementar la energia de las particulas
sin incrementar cada vez el tamano del acelerador?
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Como podemos incrementar la energia de las
particulas sin incrementar cada vez el tamano del
acelerador?

@
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Como podemos incrementar la energia de las
particulas sin incrementar cada vez el tamano del
acelerador?

@
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Y como podemos mantener las particulas
cargadas dando vueltas en circulos?

Preguntemos a Dr. Lorentz

Hendrik Antoon Lorentz

Arnhem, Netherlands
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Y como podemos mantener las particulas
cargadas dando vueltas en circulos?

» Necesitamos un campo magneti

Fuerza de LORENTZ

F=@-Brtq @25)

Si hay un Si hay un

campo campo El producto cruzado de dos
eléctrico magnetico vectores es otro vector
presente presente

~_@g: particle charge

/" Spanish teacher program, Reyes Alemany Fernandez



Antes de continuar debemos comprender que es la
rigidez de un haz

» Cual es la condicion para tener una orbita circular en presencia de un campo magnetico

uniforme? ,
Fuerza de Lorentz = Fuerza centrifuga

,  p:radio de curvatura
m-v

m: masa particula

FLorentz —q-v- B = Fcentrifugal —

P v: velocidad particula

centrifugal

force -
5 . P — - ~ e
centripetal \

force \ \

Lorentz forcey

p
Bp = —
q

p=m-v

ZI LT IR FOrmula de la rigidez del haz
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Construyamos nuestro primer acelerador
circular, ?que necesitamos?

» Necesitamos un campo magnético perpendicular a la trayectoria de las particulas para
curvarlas
» Necesitamos un campo eléctrico para dar energia a las particulas

Spanish teacher program, Reyes Alemany Fernandez



Nuestro primer acelerador circular =» ciclotron

Magnetic field bends
path of charged particle

Square wave
electric field
accelerates
charge at

each gap

El primer acelerador circular fue desarrollado por E. O.
Lawrence en Univ. California en 1930.

En 1932 Lawrence y Livingston construyeron el primer
ciclotron con 1.2 MeV de energia

Si B es constante y uniforme =» p
incrementa conforme el momento de la
partlcular incrementa (debido a el campo
s eléctrico)

E.O. Lavx‘)‘r&]ce

) camara de vacio tiene que ser suficientemente grande como para acomodar toda la trayectoria espiral de la particular,
desde la Fuente hasta la extraccion
/ Spanish teacher program, Reyes Alemany Fernandez



Lo estamos hacienda muy bien, pero con ciclotrones no podemos
llegar a energias de GeV o mas, ?queé es lo que podemos hacer?

Aggregate of ] 10 micro meter
molecules:

_ Optical microscope
cell/bacteria

100 nano
meter

Aggregate of ] 1 nano meter Electron microscope
atoms:
molecules

Atoms: ] 0.1 nano meter Synchrotron radiation
nucleus+electron
S

Nucleus 0.01 pico meter Low energy e- or p+ accelerator
(Oxygen: 8p+8n)

1 femto meter High energy p+ accelerator
guarks: hadrons

Quarks+leptons ) 1 atto meter High energy e- or p+ collider
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Cual es la limitacion de un ciclotron?

» Si B es constante y uniforme =» p aumenta con la energia de la particula =»
obtenemos una orbita espiral = ciclotron

p

’qu_B

» Podemos incrementar B, pero hay un limite tecnologico al valor de B =» ~ 2 Tesla para

imanes conductores normales
p=7TeV/c=710*eV/3108 m/s

?Como de grande seria LHC si fuera un ciclotron? B = 2 Tesla = 2 Vs/m>
Q=1e
7 1014
p XX/ 3108% N\ o
p=—= = 17km == C = 2np = 107 km

qB 1% - 2\(&(771\ N
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Cual es la limitacion de un ciclotron?

» Al fina de cuentas la espiral se hace mas y mas grande
=>» el tamano y el coste del ciclotron aumenta'!

?ﬁ" VA”‘E. S A
*RIUMF ciclotron, Canada ™

E=TTm, e energ|a final 520 Mev\

TS 1 jons travel 45 km -




La pregunta clave es por tanto: como podemos mantener el

radio del acelerador constante, pero aum%rgia?

» Si B aumenta sincronamente con el momento de la particula tal que el cociente
p/B permanece constante, entonces el radio es CONSTANTE

» El principio de los sincrotrones fue desarrollado casi
simultaneamente por E. M. McMillan (California
University) & V. Veksler (Soviet Union) en 1945

E. M. McMiIIan V. Veksler

» 1949: Cosmotron @BNL =» proton » 2008: LHC =» proton synchrotron of
synchrotron of3 3 GeV, C 57 m 7000 GeV, C =27 km
ST = N » There is a technical limit to the value of B,
G i LL.L.ma =5y = ~ 2 Tesla for normal conducting magnets
s e e and ~ 8 Tesla for superconducting
magnets

/- Spanish teacher program, Reyes Alemany Fernandez



COnStrUya mos un sincrotron! > B incrementa sincronamente con el
momento de la particula (p), que
+ - incrementa debido al campo
Q acelerador = p/B permanece cte =
. el radio del acelerador es cte

. / Spanish teacher program, Reyes Alemany Fernandez



Construyamos un sincrotron!

Spanish teacher program, Reyes Alemany Fernandez
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Construyamos un sincrotron!

Qué necesitamos para
construir un sincrotron?

/’ Spanish teacher program, Reyes Alemany Fernandez



Necesitamos dipolos para curvar la trayectoria

e.g. SPS 747 dipole magnets (normal conducting) e.g. LHC 1232 dipole magnets (superconducting)

— ’
-

- LHC DIPOLE : STANDARD CROSS-SECTION

.

T E‘R @4” b 4

3-'-31-;




Necesitamos cavidades de radio frequencia para acelerar

SPS RF cavities LHC RF cavities

Voltaje acelerador
total =16 MV

A oltage gen indu
side the RF ny n n age
vmh radio frecuency of

Protons never feel a force
in the backward direction.

" VoItaJe acelerador

total = 8 MV » Every time a proton passes through the LHC RF system gets 16 MeV

» Since every proton passes 11245 times per second
through the RF system

» The total energy received per second is:
16 MeV/lap x 11245 laps/s = 1.8 105 MeV/s = 0.18 TeV/s

Velling e c.a\jity > Takes ~ 20 to bring the beams to 7 TeV
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Que mas necesitamos?

» Las particulas tienen que hacer un largo viaje a muy alta velocidad (~ velocidad de Ia
luz) conforme son aceleradas

» Una particula puede comenzar su viaje en una direccion que la aleja de la orbita de
referencia dentro de la camara de vacio y al final se choca contra las paredes

» Necesitamos una fuerza que la obligue a volver a la trayectoria de referencia

» ?Conoceis una fuerza que obliga a los cuerpos a volver a su posicion de equilibrio
cuando son desplazados de esta?
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El equivalente mecanico

» The gutter below illustrates how the > The force we are looking for is of the
particles in our accelerator should be type:
focused

Spring Mass Systems

IEpring — -kx

K = spring constant

X =displacement from relaxed
position

F = restoring force

*If a spring is stretched or
compressed, it oscillatesin
SHM when it is released.

Position

le— T —>
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Campos cuadripolares 4mmmp Ley de Hook

» Un iman cuadripolar genera un campo magnetico que incrementa linealmente
conforme la particular se aleja del centro del iman

» En el eje x (horizontal) el campo es vertical: B, = —g - x

» En el ejey (vertical) el campo es horizontal: B, = —g -y

» Tiene 4 polos, 2 norte y 2 sur

» No hay campo magnetico en el eje central

Horizontal focusing quadrupole Vertical focusing quadrupole

Spanish teacher program, Reyes Alemany Fernandez
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Campos cuadripolares

LHC quadrupole

Normal conducting quadrupole

Spanish teacher program, Reyes Alemany Fernandez
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Qué hemos aprendido?

» Ahora sabemos como guiar las particulas a lo largo de una orbita muy bien definida

» Ahora sabemos como focalizar las particulas para mantenerlas dentro de la camara de
vacio alrededor de la orbita de referencia

» Sabemos que los campos eléctricos (RF) aceleran las particulas

» De esta manera las particulas son aceleradas y almacenadas durante horas (~ 12 horas)

viajando a casi v~c = L=10%-10** km varias veces la distancia Sol-Pluton y vuelta
Diameter ~ 4-5 cm | | |

\ \ o, - Eris
N | 2 B & x
.\ = e % € o
\\ - B, = (®)
SAYE I R
%‘ %c % \ 2 : Pluto %
g = ‘ |
| | Makemake * ;-
- . | Makemake - ;-
LHC vacuum pipe Ultra high _ |
~vacuum: 10*° mbar, like at 1000 Ceres'. |
km over see level

| Comets |

2 / Spanish teacher program, Reyes Alemany Ferna
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1 Atoms: nucleus+electrons 107%° 0.1 nano meter 10 keV Synchrotron radiation

0:" Aggregate of quarks: hadrons 1075 1 femto meter >1GeV High energy p+ accelerator

=~ Quarks+leptons 28 1 atto meter >1TeV High energy e- or p+ collider >

Hasta que energia podemos acelerar ahora nuestras

particulas? Tomemos el LHC como ejemplo

, .- . p
La formula de oro que seguro conocéis de memoria=» Bp = —

q
] : . 26658.9 m
Circunferencia =» Fijada!!! por LEP: 26658.9 m =»p ~ ————-66% ~ 2800 m
~ 66% de los imanes

Campo magnético en los dipolos del LHC = 8 Tesla son dipolos

Necesitamos tecnologia superconductora!!

p=033-q-B-p=033-8T-2780m =

Aggregate of molecules: 105 10 micro meter o.1eV
cell/bacteria Optical microscope
100 nano meter 10eV

Finalmente
podemos observar

Aggregate of atoms: molecules -9 1nano meter 1 keV Electron microscope

Field limit for normal conducting
magnets due to saturation

Nucleus (Oxygen: 8p+8n) 104 0.01 pico meter >100 MeV Low energy e- or p+ accelerator

quarks, leptonesy
el Higgs!! FELICIDADES!!
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Y la ultima pregunta del dia!

Por qué LHC y los colisionadores de particulas tienen dos haces en direcciones opuestas
que colisionan en los experimentos?

Energia en centro de masas o
energia disponible para la colision

Vs = \J2E,m, = 3.74 TeV

Fixed Hydrogen target

Toda la energia de la particula esta

Vs = 2E,=14TeV

/’ Spanish teacher program, Reyes Alemany Fernandez
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H - WW? - evuv candidate and no jets

Longitudinal view Transverse view

CMS Candidate H =>» 4

. | == I | | |
| 1 [
Run 189483, Ev. no. 9065966 1 L — -
Sep 19, 2011, 10:11:20 CESi = ey
=5 GATLAS \ \
EXPERIMENT \\
http://atlas.ch LU : N b ,

YT
A\l
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Transparencias de apoyo
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How can we observe such small particles?

Spanish teacher program, Reyes Alemany Fernandez



How can we observe such small particles?

The structures under research are EXTRAORDINARILY SMALL (~ <105 m)
~_=>» probes with correspondingly high spatial resolution are needed. Visible
Vi light is inadequate: size ~ 5107 m
'=» what could we use instead?

Spanish teacher program, Reyes Alemany Fernandez
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How can we observe such small particles?

Let’s ask De Broglie

The actual state of our knowledge is
always provisional and... there must
be, beyond what is actually known,

immense new regions to discover.

— fouis deBlwglw —

AZQUOTES

y / Spanish teacher program, Reyes Alemany Fernandez



In his 1924 PhD thesis suggested that
"MOVING OBJECTS ACT LIKE WAVES”

A particle of mass m and speed v behaves like a wave with wavelength A

Wave-like T particle

Particle-like

elativistic beta = v/c
Energy of the particle (eV)

: / Spanish teacher program, Reyes Alemany Fernandez
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»

Amplitude

t =15 =» frequency (f) = 2 Hz

i
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How can we observe such small particles?

» We just saw that photons are limited in size,
what else we can use?

Wave and
Wave-like T particle

» Good candidates are the microscopic particles itself

» We just learnt they are waves as well

' patinite > Its De Broglie wavelength must be small
compared to the size of the structure

De Broglie wavelength

A—h A_h_hc ||»E—hc
 mu - mv  Ef AR

- / Spanish teacher program, Reyes Alemany Fernandez



Let’s build our first circular accelerator!!

» We need a magnetic field perpendicular to the particle trajectory to bend the particles
» We need an electric field to give energy to the particles =» magnetic fields do not
change the energy of the particles, why? |8

by
u

g Those are vectors! They have direction and magnitude
AEnergy =
s1

This is the scalar product:

If A and B are parallel =» 6 = 0°
=>» cosf=1

The force gives the maximum
- energy increase -

/

s
: / on’;
> /4 vl
oL
- 4 "
44 - "
y 4

If A and B are orthogonal = 8 = go°
= cosf=o0

AEnergy =o

‘ Since the magnetic field is

orthogonal to the particle
trajectory AEnergy =o

Spanish teacher program, Reyes Alemany Fernandez



A little parenthesis about Relativity

» For over 200 years Newton'’s equations of motion were believed to describe nature
correctly. But in 1905 Einstein discovered an error in these laws and proposed a solution.

d(m-v) dv
F = = @— = m-a Newton assumes m is constant
dt dt

» But Einstein realised that the mass of a body increases with velocity!!

m, is the rest mass, the mass of a not-moving body
c: speed of light (3x105 km/s)
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A little parenthesis about Relativity

Relativistic gamma factor

» As the velocity of the particle gets closer to ¢, the
mass m is greater and greater S protons ‘

Apollo 10

» The body inertia increases and increases and the iy = rasa'y
force applied to move the particle is less and less "
efficient, so the velocity increases more and more
slowly and asymptotically approaches c

~ » But it will never be equal to c because the mass grows exponentially

7/

m-c? 7000 GeV v

| E
= — = = = 7463 —=0.9999 = Relativistic beta fact
e.g. LHC Y o~ ma-cZ 0938 GeV ) . B elativistic beta factor
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We need dipole magnets

» Adipole with a uniform field deviates a particle by an angle 6

» The bending angle 6 depends on:
» thelength L
» the magnetic field B
» the particle momentum

arc = angle - radius

arc = L angle =0 radius = p
L=6:-p Dipole seen
from the top
L B N LB _ LB
B oeE ~Bp P
q

- Spanish teacher program, Reyes Alemany Fernandez
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Focusing and Stable motion

» Quadrupoles will keep the beams focused in both planes when the position in the
accelerator, type and strength of the quadrupoles are well chosen

» By now our accelerator is composed of:

> Dipoles, constrain the beam to some closed path (orbit)

> Focusing and Defocusing Quadrupoles, provide horizontal and vertical
focusing in order to constrain the beam in transverse directions

> RF accelerating system

» A combination of focusing and defocusing sections that is very often used is the so
called: FODO lattice
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FODO cell

» The FODO cell is defined as follows:

Defocusing quadrupole
(QD) focuses in vertical and
defocuses in horizontal

dnnaubey

‘FODO’ cell \

Drift space it is instrumented with
dipoles, RF cavities, etc



Circular accelerator with a FODO structure

.XE_ =M Ds * I\-Iq.] - l\'l[_u v I\'Iq.j - hl[}:_{ - h"qu - h"[[}g . I'HIQ{ - h‘i D1 " XU' I;!QI”‘

quadrupole

=0

trajectory

Fig. 3.21 Calculation of particle motion through a structure of multiple beam steering

elements. (by K. Wille)

Fig. 3.31 Example of a circular accelerator employing a FODO structure. The ring
consists of a number of identical cells, each consisting of two bending magnets, with

quadrupoles arranged with alternating polarity between them. (by K. Wille)
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This is our first circular accelerator =» cyclotron

Py VaCUUM

P
p=—
qB
The first circular accelerator was developed by E. O
If B is a constant uniform magnetic field at Univ. California in 1930
=» pincreases as the particle momentum iy A ; 32 Lawr gston built the first
incre \‘ cyclotro iments with 1.2 MeV peak
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JThe vacuum chamber has to be big enough energy

jeaccommodate the full particle trajectory
ore extraction

Classical cyclotrons only work for NON-RELATIVISTIC particles. Why?
Let’s go back to the beam rigidity formula, for a proton:

P B: constant magnetic field perpendicular to the particle trajectory
i)7'/” < (:',— p: local curvature radius
p; particle momentum
e: elementary electric charge
Expressing above as a function of the local curvature radius and converting the momentum to

energy .
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where wl is the CYCLOTRON FREQUENCY or LARMOR FREQUENCY.
wL = wRF such every time the particle crosses the gap sees an accelerating electric field.

Since the particle is NON-RELATIVISTIC, relativistic gamma = 1, and m = m0, and since B is also
constant, and increase of energy cannot be compensated by an increase of revolution frequency,
therefore is compensated by an increase of bending radius, p. Therefore, the particle describes a
spiral.

When the particle becomes relativistic we cannot assume m = m0, but m=YmO0 which increases with
energy. In this case, wL, decreases and therefore, wRF will have to be decreased accordingly. This gives
rise to the S : TROPR

K= 600 VeV

Eror : K+ Eo = 600MeX + 938 eV = 4532 MeV

B bcho4 B | cped o Epri= Eol - 538 -5%
pe = 1249 MeY

p= 1245 NeY/c
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Bp= 333 p(6vc)
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SynchroCyclotrons only work for a limited range of energies and provide with pulsed beam, therefore

they provide with less intensity than cyclotrons, but a bit more energy. The solution to this intensity
limitation is the use of cyclotrons in which the magnetic field increases as the radius increases =

Wese ﬁi([’ﬁ”? - cTe
m(£)




