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El instrumento apropiado &

para la dimension de interes

C=) >~
y N &
10°m 10" m 10710 m 10" m <10 "™ m
Solid Molecule Atom Nucleus Nucleon Quark

La longitud de onda de De Broglie asociada para una
particula define el minimo tamano del objeto que se puede

resolve}rl
A= — 7 h ~ 4 x 1()_15 eV s (h:Planck’s constant, p: particle momentum)
p

Resolver tamanos pequenos de objetos requiere

particulas con mayor momento
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Unidad de energia E§

™ Unidades: energia [eV], momento [eV/c] and masa [eV/c?]
& masa del electron: 0.511 MeV/c? ~ 9.109 x 10 *'kg

Ejemplo sobre la escala de
energia: bateria del celular
Voltage: 3.8 V

=

3.8 eV energia del electron
para ir de un electrodo a otro

;Cuantas baterias necesitariamos para

acelerar un electron a 1 GeV (~masa del
proton)?

1 x 10%eV
3.8eV

~ 203 157 894 batteries
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Aceleracion electrostatica & §-

Los mas comunes son |os generadores Cockcroft-Walton y el Van
de Graaff
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., COmo cubrir grandes distancias? F—

Campos oscilando a radio frecuencias (RF)

Al cambiar la carga
de las placas en
fase con el
movimiento de las
particulas, podemos
hacer que las
particulas siempre
experimenten una
aceleracion

|

¥ + f + £ + + f + +
1

* + + + + ¥ + + + +

Base de los aceleradores mas modernos a gran escala
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; COmMo funciona un acelerador? ?—

™ Objetivo: mantener particulas suficientes confinadas en un
volumen bien definido para acelerarlas

™ ¢ COmMo? Fuerza de Lorentz. Usar una secuencia (red) de
magnetos y cavidades de aceleracion

/ /// { )

F(t) = q|E(t) + v(t) x B(1)]
® El campo eléctrico acelera
particulas
m Particulas de diferente

energia (velocidad) se

comportan diferente dentro
del campo magnético

B El campo magnetico
confina a las particulas en
una trayectoria dada
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Instituto de
Fiemplo: ciclotron = §
. UNAM
4 La fuente de particulas
se localiza en un campo
magnético vertical
cercano al centro del
anillo
& Un campo eléctrico de
RF es generado entre el
nueco (gap) con una
frecuencia fija
i Las particulas giran en
es pilar mientras son
aceleradas por el
campo E cada vez que
atraviesan el gap
# Max. energia para

External beam protones: 20 MeV
Inventado por Lawrence, premio Nobel 1939 E L 62 BQ RIZHaX
P —

2my,
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Ejemplo: sincrotron

B Es un tubo largo en forma de anillo por el que viajan las particulas

B La aceleracion es por medio de una serie de cavidades RF

B Los magnetos de enfoque permiten mantener a las particulas en una orbita a radio
constante

B A medida que se aceleran las particulas, alcanzan velocidades cada vez mas rapidas.
Por lo tanto, la fuerza del campo magnético debe aumentar a medida que aumenta la
velocidad de la particula para mantener la particula en una orbita constante

Main (27km) ring Service shaft

Wiy

lSmaller (accelerator) ring

tftttw%;

Collision

B Y

Focusing magnets |
Bending magnets

Electron beam Positron beam

Collision detector
El Hadron Electron Ring Accelerator, HERA tiene un diametro de 2 km (intensidad del campo 5 T). El acelerador es capaz de acelerar
protones a energias hasta de 820 GeV y electrones a 30 GeV (los electrones estan limitados por la radiacion sincrotréon «y4

Febrero 10, 2022 Antonio Ortiz (UNAM) 11



Experimentos con colisionadore ?—

Supongamos que
gueremos colisionar
protones
Para altas energias,
Mp<<Elab

La energia en centro de

| Toda la energia de las particulas | =
masa, /s, en una colisidon con

| esta disponible para la produccion | ;
de particulas! | un protdn blanco en reposo

€S

Para colisionadores
circulares, haces de igual
energia pero momento
opuesto:
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Deteccion de particulas 5§

[ Los detectores sélo reconstruyen
particulas “estables”

[A Para detectar una particula, ésta debe
interactuar y depositar energia

A Al final, las sefales son obtenidas de
iInteracciones de particulas cargadas

A Las particulas neutras (photons,
neutrons) tienen que transtferir su
energia a particulas cargadas para ser
medidas
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| 6gica de la deteccion &

Primary cosmic ray

A Las particulas no son
‘vistas”, en su lugar, su
naturaleza y existencia
se "deducen” por medio
de un experimento l6gico

Particle cascade

o . . =
(coincidencias, disparos, - =
deteccion de los =
productos ...)" = -

=
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Ciencias

Fisica de los detectores & &~

A Un detector de particulas es un instrumento usado
para medir una o0 mas propiedades de las particulas

Propiedades de una particula: Principio de deteccion:

[ posicion y direccion [ posicion y rastreo

[ momento [F rastreo en un campo
magnético

[ energia [4 calorimetria

[ masa [ identificacion de

[ velocidad particulas

[ Radiacion Cherenkov y
tliempo de vuelo
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Interaccion de particulas y f,
radiacion con la materia

Diterentes tipos de interacciones de particulas neutras y
cargadas

[ Deteccion de particulas cargadas (ionizacion,
Bremsstrahlung, Cherenkov)

[4{ Deteccion de rayos y (Efectos photo eléctrico y
Compton, produccion de pares)

[4 Deteccion de neutrones (interaccion fuerte)

[4 Deteccion de neutrinos (interaccion débil)
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Particulas cargadas

A. Interaccion con
los electrones
atomicos. Las
particulas incidentes

pierden energia y los
atomos se excitan o
ionizan

Febrero 10, 2022

B. Interaccion con los
nucleos atomicos. Las
particulas se
dispersan, se pueden
emitir Bremsstrahlung
photons

Antonio Ortiz

Instituto de
Ciencias
Nucleares
UNAM

C. Cuando la velocidad de las particulas
es mas grande que la velocidad de la luz
en el medio, la onda EM de choque se
manifiesta como radiacion Cherenkov.
Cuando la particula atraviesa la frontera
entre dos medios, hay una probabilidad
de 1% para producir fotones de rayos X

(NAw) (transition radiation, TRD) ¢4




Energia perdida por |on|zac:|“|Nﬁ’c§%i%f—
part\cu\as pesadas

[ Para particulas pesadas (mo>>me) la energia perdida
promedio dE por longitud dx se describe por la

dE, - 7 2

ecuacion de Bethe-Bloch (BB) (0.1<8y<1000) i
P el mo
_01535 MeV o 2/g

Medio absorbente Particula incidente
[: mean excitation energy §z: charge

(=16 L2 eV for £>1) p=v/c
Z. atomic number y=(1-p2)1/2

A: atomic weight
p. density

Wmax: max. energy

transfer in one
6. density correction collisions
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Entendiendo BB

~dE/dx (MeV g lem?)

dE

ZQ

— x —=In(af®~?)

dx

Ll LA | llYl‘ 1
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[ Particulas de
lonizacion minima
(MIP)

PYYY‘T\? V rrrrrr ] T ”"I Y t1ﬂT ™7 rrtyf‘:
: X I =322eV i
20.0 = 1 M dE/dx va como ~f2
Radiative eff -
10.0}- become important -~ [dependencia
- .\ Approx T\ ax :j preCisa: ~ ﬂ-5/3
ol A dE /dx without & i . o
220>\ Minimu ,L _.——+ [ASubida relativista:
A 10Nni1zation e —t - 3
20 '_COI'I'eCt. ". A - dE/dX~|n(ﬁy)2
SN .
1.0 = > BoczB—?/Is/‘{xh Complete dE /dx gsa’[uraCIOﬂ d alta ,B}/
06 bl ool il il ol . md  debida a efectos de
0.1 1.0 10 100 1000 10000 -
By = p/Me densidad (o)
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Bremsstrahlung =§

A Si las particulas cargadas se (des)aceleran en el campo
de Coulomb del ndcleo, una fraccion de su energia
cinética se emitira en tforma de fotones

dF 72 ., e 183

~ < 2
oz ~ 4aN, 17 ( ) Eln(Zl/S)

47’(’60771062

A Energia perdida proporcional a 1/me?: relevante para
electrones (0 muones ultra-relativistic)

[4 Para electrones: < dE > E
B —
pdCE' rems X()
donde XO es |a Iongitud de An electron has, on average, a fraction
L 1/e (~0.368) left of its original energy
radiacion after traveling through Xo
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Aplicaciones (I)

* rticle track E
._partic

gating plane I

cathode plane e S

anode plane ‘,-'T e

‘ .;! “-_‘
7 N
Fi]

i ¥, |
f’if/ffrf / f' / / } \'

Febrero 10, 2022
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Camara de Proyeccion

Temporal (TPC)

Principales ventajas

M Rastreo completo solo con
un detector (buena
resolucion en momento)

™ ldentificacion de particulas
dE/dx (resolucion ~5-10%)

™ Arrastre paralelo a B para
suprimir difusion transversal

Retos

™M Tiempo de arrastre largo
(bajo rate)

™ Altos voltajes (descargas)

™ Gran volumen de datos

Antonio Ortiz (UNAM) 23



Ciencias

Aplicaciones () FHi g

Camara de Proyeccion

Temporal (TPC)

Principales ventajas

M Rastreo completo solo con
un detector (buena
resolucion en momento)

™ ldentificacion de particulas
dE/dx (resolucion ~5-10%)

™ Arrastre paralelo a B para
suprimir difusion transversal

Charged particle Retos

| &@ Tiempo de arrastre largo
(bajo rate)

AN & Altos voltajes (descargas)

nduced charge & Gran volumen de datos

lonisation cloud
P 4Bl Signal charge
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Aplicaciones (I1) FHi g

Camara de Placas Resistivas Multiespaciadas (MRPC)

™ Placas de vidrio resistivo apiladas

M Se aplica un alto voltaje a las placas externas

™ La ionizacion se amplifica gracias al campo eléctrico intenso
entre las placas

o La resolucion temporal es de algunos pico-segundos. Util para
mediciones de tiempo de vuelo (PID)

Pick-up Resistive layer

electrode \ l |
\ | |

LY

—< Cathode = -9 kV

ass —| | |{- 6kV)
s — 7 | ](- 3kv)
v . - A
‘ L ) wuas g_,'.q pS =
glass — | JIU KV -~ paan
W 300 pum
[ (1 3kV
.;___:_ dss I & } ': i.' }\ .l‘."'
, - — — Anode = +9 kV
Mylar ,‘
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Interaccion de particulas y radiacion y con la materia

Febrero 10, 2022 Antonio Ortiz (UNAM)
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Interaccién de fotones 5§~
[ Deteccion indirecta a través de interacciones en el medio,

particulas cargadas producidas (ionizacion)
A Los fotones se pueden absorber completamente

A efecto fotoe/ectr/co

A Producaon de pares

i

v + nuclouc oa-l- 1rlon

IZD|sperS|on de fotones a partir de electrones atomicos cuasl
libres

gcgmpton o _

7+e—>7+e
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Seccion eficaz total

[ Atomic photoelectric effect

[4 Rayleigh (coherent) scattering-
atom neither ionised nor excited

[ Incoherent scattering (Compton

scattering off an electron)

o
o
ol

Pair p
Pair p

Photo

roduction, nuclear field
roduction, electron field

nuclear interactions. In this

Interactions the target nucleus is
broken up

Febrero 10, 2022 Antonio Ortiz (UNAM)
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> ]
(a) Carbon (Z = 6)
1 Mb |— o% o - experimental Oy —

1 kb

ction (barns/atom)

Cross se

b

10 mb

(b) Lead (Z = 82) -

o -experimental Oy,

1 b
1 MeV 1 GeV 100 GeV
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Aplicaciones = §

For the measurement of fast light signals Photocathode
o Photon
we use the photomultiplier (PMT) _2kV
kLight in the visible or ultraviolet range,
e.g. from a scintillation counter -
iberates electrons from a photocathode
via the photoelectric effect

PHOTO-
PHOTOCATHODE ELECTRON

DYNODES aLie VACUUM
ENTRANCE FOCUSING ENVELOPE
VVINDC{ / GRID
/‘.‘/ 7 //]F\\ - ANODE
/é | E \\ »
LIGHT N . clr T
R o ! = OUTPUT
i T SIGNAL
"”I_‘_MMr_WMMF“MMhﬁ MMFM [TTPRNTIT ‘ l » ‘
HIGH VOLTAGE

SUPPLY
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Aplicaciones

For the measurement of fast light signals  Detector tomography using gamma

we use the photomultiplier (PMT) conversions

Lightin the visible or ultraviolet range, e ——
e.g. from a scintillation counter - E | m<o9 ALICE Performance -
liberates electrons from a photocathode > 150}~ SsP 0 May 2011
via the photoelectric effect - sop -
100 — )

PHOTOCATHODE  EL EOTRON 50; { |

DYNODES ENGVLQ_SOSPE VACUUM B | i
ENTRANCE FOCUSING B |
WINDOW R ‘ / GRID l Oj —
_ i, ANODE . :
, > -0 =
e / clrg Lo :
. SITAL -1 OojSPD drift gasi
Al Wil w«r]m—mmrmij W < > - _ -
-150|— TPC inner TPC inner —

| field cage containment
HIGH VOLTAGE - vessel vessel -
SUPPLY _20 7\ L 11 ‘ I | ‘ I | ‘ I I | ‘ TP\C\ﬂo\ds\\ | ‘ I | ‘ L 1 1 \7
Moo 150 100 50 0 50 100 1;0( 2)00
cm
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Radiacion Cherenkov 5§
4 Una particula cargada (velocidad, v) atravesando un medio

con indice de refraccion n polariza atomos a lo largo de su
trayectoria (dipolos eléctricos)

Momento dipolar diterente de cero.
Variacion temporal del campo dipolo
=radiacion (1=300-600 nm)
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Angulo Cherenkov =§

[ Efecto de treshold: La

radlacion se emite si
1
6 > 6(: — E
4 En el threshold, la radiacion
se emite en la direccion

“hacla delante”
6 — 50 — ‘90 =0

4 El maximo angulo se logra para

1
Medium with refractive index n 5 — ]_ — Hgax — arCCOS(_)

AC 1 "
COSQC — E — @
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Aplicaciones S
Ring Imaging Cherenkov counters, RICH

4 Arreglo conveniente, longitud
focal: = Rs/2

QUJ

QN
D
.

\\O .
o’

Cherenkov radiator
detector surface
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Aplicaciones E§

Ring Imaging Cherenkov counters, RICH

%, [ Arreglo conveniente, longitud
| focal: f= Rs/2
. “ [ Emision al mismo angulo (6c) w.r.t.
S la trayectoria de |a particula
. .': » _:5333’:':“-"-'- """""" , RS
cha(ged paﬁ\g\ie , r = f HC — _QC
2 2
- donde r es el radio del anillo. Si

Cherenkov radiator

medimos r, entonces conoceremos la

velocidad de la particula
B = 1/ncos(2r/Rs)

Si con otro detector medimos p, entonces podemos determina

detector surface

la masa de la particula!
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Complex detector for specific physics goals
Example: study of the Quark-Gluon-Plasma via heavy-ion
collisions at relativistic energies
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e e e . . final detected
Relativistic HCCWY-IOH Collisions particle distributions

made by Chun Shen Kinetic
freeze-out

Hadronization
Initial energy
density

N
collision

overlap zone
pre-.
equilibrium . hvdrod . I
collision evolution =
t~0fm/c T~1fm/c T ~ 10 fm/c t ~ 1010 fm/c
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Different technologies in a single detector::

UNAM

&, ITS SPD (Pixel)

THE ALICE DETECTOR _
b. ITS SDD (Drifl)

PR IAS. RN R Y. ava¥) , (16) = c. ITS SSD(SUIP)

@ e 2), d. voand TO
..,...,.,..______________________] " o e, FMD
I
o — et T LY
4 /éagggﬁ_g B
@ ([N ] | l'm '\
- N e
‘“\ &x .. ‘r?g [
1. ITS .L‘@
2. FMD, TO, VO
3. TPC
4, TRD
5 TOF - —~
6. HMPID by
7. EMCal
8. DCal
9. PHQOS, CPV
10, L2 Magnet
11, Absorber
12. Muon Tracker
13. Muon Wall
14, Muon Trigger e _
15. Dipole Magnet | —_— '
16, PMD
17. AD
186.ZD0C
19. ACORDE
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| inear accelerators 5§
Bases for the linear accelerators
Replace static fields by time-varying fields by only exposing the

bunch to the wave at certain selected points. The gaps increase
length with distance

Wideroe linac, 25kV, 1MHz oscillator,

acceleration up to 50 keV

Particl Linac |, up to 200 MHz, protons could
article be accelerated up to 50 MeV

beam

To an energy increase ,
corresponds a speed increase, -f==t"""
i and the particle has to travel more »
in the sh|elded region to be |n ‘
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Antiproton  Proton
Direction Direction

.
Y /
£ R
I
!
-
\l
\‘:\\
Y -‘.\'\
“
"5\ -
“ \
-\ 5
\0
\

TARGET HALL

*(  ANTIPROTON
f \ SOURCE
COF \ .1‘.
j | ,?\_/
T\ﬁ“‘ /) \()~ BOOSTER
e e~/ UNAC
T O
"COCKCROFT-WALTON
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Proton-proton or
electron-electron
colliders should have
two vacuum beam
pipes. This is not the
case of proton-
antiproton or electron-
positron colliders
because the colliding
beams propagate in
opposite directions In
the same beam pipe
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Table 2.1 Radiation length Xy for some common materials

Material Radiation length X
Alr 304 m

Water 36 cm

Shielding concrete 10.7 cm

Nylon 36.7 cm
Aluminium (Al) 3.9 cm

Silicon (S1) 9.36 cm

Iron (Fe) 1.76 cm

Lead (Pb) 0.56 cm
Uranium (U) 0.32 cm
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How to get protons: duoplasmatron source

Protons are produced by the ionization of H>
plasma enhanced by an electron beam

Anode

Expansion cup

Magnets
H; inlet =—>
- I__ N Tt e ’__ — Y | N R N . -
- |
[ | —
= To Linac
Electron cathode Plasma chamber

A

__# Proton exiting from the about | mm? hole have a
gty | speed of 1.4 % ¢, v ~4000 km/s

The SPACE SHUTTLE goes only up to 8 km/s

b Back of the source
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How to get antiprotons

TARGET

p N
& -
= h
i &__\\w
4 ™

Starting from high energy p

and with a very low efficiency
\_ J
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The last generation of synchrotrons: strong focusing machine

Dipoles are interleaved with quadrupoles to focus the beam. Quadrupoles act on charged
particles as lens for light. By alternating focusing and defocusing lens (Alternating Grandient
quadrupoles) the beam dimension is kept small (even few mum?).

~Dipole Bending Magnets J
» 2N Y\
o= el ETEL

d

Modern particles accelerators for high
energy up to LHC energy (7 TeV) work
in this way.

Febrero 10, 2022 Antonio Ortiz (UNAM) 46




Ciencias

Energy loss at small p %%

[ BB cannot be used for slow particles, i.e., for particles
which move with velocities which are comparable to those
of atomic electrons or slower
[ Effects of atomic binding have to be considered

A For these velocities

62

>> 1077, a =
e b > - dmeghc

the energy loss is proportional to particle’s velocity. For
example, the energy loss of slow protons in silicon can be
described by:

dE GeV

— 61.2 <5x107°
do 5g/cm2’ b .
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Applications (111) S

Gas Electron Multiplier (GEM)

™ Thin polymer foil, metal-coated on both sides perforated with high
density holes

™ Electrons are collected on patterned readout board

™ A fast signal can be detected on the lower GEM electrode for
triggering or energy discrimination

: Raw Material Vacuum deposited
copper on polyimide
= ApplyingResist ____ Image Transfer
: Patterning Resist UV Exposure
& Development
::: Copper Etching
::: Resist Stripping
: )« Polyimide Etching and Cleaning
I S5um |
70 um
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Transition radiation &=l

[ Transition radiation occurs if a relativistic particle (large y)

passes the boundary between two media with different
refraction indices (n1=ny)

Re-arrangement of electric field:

7 M A charged particle approaching a boundary
- -2 creates a magnetic dipole with its mirror
charge
M Y. 577 [ The time-dependent dipole field causes the

emission of electromagnetic radiation

A Energy radiated (S) from a single boundary:

1
S = g&zzﬁwpv (hwy, =~ 20 eV, for commonly used plastic radiators)
P ”» . 1
A Angle of emission of transition-radiation photons: 0 = N
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[/ Effective threshold: for particles with y<1000 almost no

transition-radiation photons are emitted

[ Photon multiplicity can be increased if large number of
boundaries are traversed by the particle

A Only X-ray photons (E>20 keV) can traverse many radiators

(low Z) w/o being absorbed

Detector with high efficiency for X-ray
photons (high Z, like krypton or xenon)

5
Ophoto X A

y-Absorption

Slow signal

TR
Electron

/\/"\/'\-/’\/\-N

Fast signal

| Wires

Radiator foils
Z as low as possible
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mplementation S

,._, B | T T 1T T I | T T T I | | 1 T 1T T I | |
= 0.25[ L —
€ T F  ATLAS Preliminary t 11 -
g8 r 2yt
Q. 0'2: *  Electron candidates }' Y7 -
% - =  Generic tracks ;f .
< 015 ¢ Electrons (MC) 2 —
O B o : ectrons i
= - SONaNic IACis (M) & from Conversions
E,) 0.1 }' —
T - ) Z
- Mainly Pions R _
0.05 Louamaaesadigi---—---" R
- TRT endcap =
O _I [ | | I I I I | I | | I I T I | I | | I Y I | I | |
10 10>  y-factor 10° 10
1 10 1 10
Pion momentum (GeV) Electron momentum (GeV)
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-Few words about calorimetry * F—

™ Calorimetric methods imply total absorption of the particle
energy in a bulk of matter followed by the measurement of
the deposﬂed energy
. Resolution improves with energy

S . and ~constant over 4x
OR 1
O eor reanonan o, cles ol X ﬁ

SxE

™ ~10 GeV muons: energy loss mainly by ionization. To
absorb all its energy one would need 9 m of iron or 8 m of
lead (quite big bulk of material!)

™ For very high energies (>1 TeV), calorimetry is possible,
since energy loss Is proportional to E

™ No issues for photons, electrons and hadrons
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Calorimeter types e

Sampling calorimeters: Layers of passive absorber (Pb or
Cu) alternate with active detector layers such as scintillator or
liquid argon

WRNHRR N

Homogeneous calorimeters: A single medium serves as
both absorber and detector, e.g. liquified Xe or Kr, deeds
crystal scintillators, ... e

————— e

1L
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10 e O I e ,dE ) Z 2% 2mec? Py 2
q —( ) = 2rNaremec®p 7 g5 (== Winax) = 28% = 8(57)]

En materiales absorbentes

H, liquid

Ly igeros, Z/A=0.5 la energia
> perdida en el MIP;

S 3 dE i & MeV
5] SiREri pdz ™" " g /cm?
% i —

2 rer—= PR 25 ——
: LHanS
I I Hj liquid: 397
_ Tl & 20
| | IlIlII| | | IIIIlI| | | lIIIII| | 1 11 | | L1 E i
1 1111 L1111 Q
0.1 1.0 10 100 1000 10 000 T I
Py = p/Mc S
| | IIlIII| | | lIIIIII | | IIIIllI | | IIIIllI | | IIIIllI é) 1'5
0.1 1.0 10 100 1000 < i
Muon momentum (GeV/c) 7
| | |||III| | | |IIIII| | | IIIIII| | 1 IIIIII| | 1 IIIIII| % B
0.1 1.0 10 100 1000 L 10
Pion momentum (GeV/c) I
| | | |IIIll| | | IIIIllI | | IIIIIII | | IIIIllI | 11 11111 B
0.1 1.0 10 100 1000 10000 05 -H He Li Be B CNO Ne Fe Sn
Proton momentum (GeV/c) . 5 s 10 -0 50 100
VA
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Algunos numero
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Para materiales ligeros: dE/dx at MIP=1-2 MeVcm?2/g

[ Para un material con p=1g/cm3,

AFE = 100 — 200 MeV

espesor=100 cm

M Hierro, espesor = 100 cm, p=7.87 g/cms3

AFE ~ (1.4MeVg ™ 'cm?)(100 cm)(

M Plomo, espesor = 100 cm, p=1-

7.87¢g/cm”) = 1102 MeV

.35 g/cms3

AFE ~ (1.1 MeVg ™ 'cm?)(100 cm) (-

1.35g/cm’) = 1248 MeV
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Energia perdida total =
E

dF ‘ d ‘ dFE ‘ dFE ‘ dF ‘
tot. — ioni. brems. air pr. hotonucl.

dx dx dax dp 'PATPTT g P
e+e via virtual y in the inelastic interactions
Coulomb field of the with nuclei via virtual
nuclei < E gauge particles «<E

Contribuciones a la
pérdida de energia de
los muones en el hierro
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Poder de frenado

—_— B | | _
bﬁ — —
L ;
= u” on Cu
% 100 == E
E - Bethe :
— -/ Anderson- _
Qg) nd Ziegler .
Q -2 i Radiative =
- £ 3 effects Eue f
= 10 FE3 reach 1% . —
¢ -5 . " Radiative =
= B Minimum / losses -
g : ionization A - ]
» [ Nuclear SR, W .
s - | losses '_ . .
§ ¢ Without 0
1 | | | | | | - | |
0.001 0.01 0.1 1 10 100 1000 10% 105
B
| | | | | | | | | |
0.1 1 10 100 1 10 100 1 10 100
[MeV/c] [GeV/c] [TeV/c]

Muon momentum
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fect of particles or radiation can be

used as a working principle for a particle

Febrero 10, 2022

detector.”

—Claus Grupen
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