
Lecture 19 111219 

•  Il pdf delle lezioni puo’ essere scaricato da  
•  http://www.fisgeo.unipg.it/~fiandrin/

didattica_fisica/cosmic_rays1920/ 
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E. Fiandrini Cosmic Rays 1920 



Experimental detection of cosmic rays




Cosmic Rays

p 
(~90%)

e- (~1%)

He (~8%)

Be, C, Fe 

(~1%)

e+,p

•  Cosmic ray Flux: Intensity of CR in space per 
unit of area, solid angle, time and energy

•  Energy range up to 1020 eV
•  Intensities spanning 30 orders of magnitude

•  Most of cosmic rays are protons and nuclei
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Cosmic ray flux at Earth 	
  

POWER LAW SPECTRUM	
  

“KNEE”	
  

“ANKLE”	
  

1 particle per m2 per second	
  

1 particle per m2 per year	
  

1 particle per km2 per year	
  



Experimental detection
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Space exp	
  

Balloon exp	
  
Ground exp	
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•  Primary cosmic rays interact with atmosphere. Only secondary CRs from 
interactions reach the ground.

•  Flux steeply falling as function of energy. Need large collection areas 



Counting rate


•  Il goal di tutti gli esperimenti di raggi cosmici e’ 
di determinare il flusso di particelle di una data 
specie in uno specifico intervallo di energia/
momento/rigidita’/velocita’/…


•  Per farlo occorre identificare, contare le 
particelle che attraversano l’apparato 
sperimentale con un’energia/momento/rigidita’ 
X fra X e X + ∆X


•  Identificare una particella significa 
determinarne massa e carica elettrica con il 
segno




The	
  flux	
  intensity	
  determines	
  the	
  
experimental	
  tecnique	
  to	
  be	
  used	
  to	
  
determine	
  the	
  CR	
  flux	
  
	
  
Two	
  class	
  of	
  detec;on	
  tecniques:	
  
-­‐direct	
  detec;on	
  
-­‐indirect	
  detec;on	
  
	
  
At	
  low	
  energy	
  the	
  atmosphere	
  
screens	
  the	
  CR	
  fluxà	
  need	
  to	
  go	
  in	
  
space,	
  outside	
  atmosphere	
  or	
  in	
  
stratosphere	
  where	
  few	
  residual	
  
atmosphere	
  is	
  present	
  above	
  the	
  
apparatusà	
  Direct	
  measurement	
  
	
  
At	
  very	
  high	
  energy,	
  the	
  flux	
  is	
  low,	
  
direct	
  detec;on	
  is	
  not	
  feasible	
  à	
  use	
  
atmosphere	
  as	
  ac;ve	
  medium	
  and	
  
detect	
  the	
  secondary	
  (charged	
  and/
or	
  photons	
  CR	
  that	
  reach	
  groundà	
  
Indirect	
  measurement	
  



Counting rate


•  What is measured in any CR experiment is the 
counting rate dNi/dt, not the flux Ji


•  Practically, in any experiment, data are 
collected for a time T during which Ni particles 
of the specie i (crossing the detector volume 
and interacting with its active materials) are 
identified and counted


•  The relationship between dNi/dt and Ji must be 
found, i.e. the Instrument Response Function 
(IRF) must be known


Rivelatori	
  di	
  Par;celle	
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Direct measurement


•  Direct measurements means that primary CR 
enter the detector without any interaction with 
spurious material (i.e. atmopsphere) before 
they enter the detector volume


•  Allow for a complete identification of the 
particle at low energy (spectrometric + 
calorimetric measurement) and partial id for 
intermediate energies below the knee 
(calorimentric only)
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Space Borne experiments

•  √  Direct measurements outside atmosphere
•  √  Continuous duty cycles, typically many years of lifetime
•  √  Field of view covering the whole sky
•  X  Smaller acceptances
•  X  Operation in space and communications not trivial
•  X  “Use once and destroy”



IMP	
  series	
  <	
  GeV/n	
  
ACE-­‐CRIS/SIS	
  	
  Ekin	
  <	
  GeV/n	
  
VOYAGER-­‐HET/CRS	
  <	
  100	
  MeV/n	
  
ULYSSES-­‐HET	
  (nuclei)	
  	
  <	
  100	
  MeV/n	
  
ULYSSES-­‐KET	
  	
  (electrons)	
  <	
  10	
  GeV	
  
CRRES/ONR	
  <	
  (nuclei)	
  600	
  MeV/n	
  
HEAO3-­‐C2	
  (nuclei)	
  <	
  40	
  GeV/n	
  

Long	
  missions	
  (years)	
  
Small	
  payloads	
  
Low	
  energies..	
  

CRRES	
  VOYAGER	
  

ULYSSES	
  

HEAO	
  ACE	
  
IMPJ	
  

Long	
  missions	
  
Large	
  payloads	
  

Short	
  missions	
  (days)/	
  Larger	
  payloads	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

CRN	
  on	
  Challenger	
  	
  
(3.5	
  days	
  1985)	
  

AMS-­‐01	
  on	
  Discovery	
  
(8	
  days,	
  1998)	
  

PAMELA	
  
AMS-­‐02	
  

Fermi-­‐LAT	
  

DAMPE	
  	
   CALET	
  



Mechanical stress at launch: 
§ Static acceleration 
§ Random vibration 
§ Sinusoidal vibration 
§ Pyroshock 

Life in space: 
§ Thermal stresses due to Sun-light 

(seasonal / day-night effects) 
§ Vacuum 

Careful Design, Model validation 
and Qualification are needed to 

ensure highest possible reliability 

Operations in Space



Operations in Space

Thermal 
Stress 

Functional 
check 

Mechanical 
Stress  

Thermal cycles 
in Vacuum 

Functional 
check 

 Full space qualification sequence before launch: 
■   Operational tests after stress 
■   Verification of dynamical behaviour 
■   Verification of thermal model  

Functional 
check 

EMC 

Space is a harsh environment



Operations in Space
Space is a harsh environment

Typically 3 step for test procedure: 
Thermal, Vibration, Thermo-Vacuum 



Operations in Space
THERMO-VACUUM TESTS
 VIBRATION TESTS


THERMAL MODELS
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Prototype 

Prototype 

Prototype 

EM 

QM1 

QM2 

FM, FS 
(==QM2) 

functional 

+ Vibration, 
Thermal 

+ Thermal-
Vacuum, 

EMC, Prod. 

All (min level) 

Models Testing Components 
Performance, 

Beam Test  

The long process to fly….
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Balloon experiments

•  √  Larger acceptances than space borne experiments
•  √  Direct measurements
•  X  Orbit limited at North poles for maximum 1 month
•  X  Residual atmosphere above the payload

ATIC

BESS



Indirect measurement


•  Indirect measurements means that primary 
CR interact with the atmopshere producing 
shower of particles that partly reach the 
ground, where they are collected by arrays of 
detectors.


•  Do not allow for the identification of the 
particle and heavily rely on MonteCarlo 
simulation of the interactions pf primaries 
with atmospehre
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Ground based experiments
Gamma Rays	
  Charged CRs	
  

•  √  Large collection areas à probe CR energies TeV –Eev ranges
•  X  Indirect measurements

•  Primary CR identified via the analysis of shower shapes and composition at 
ground (highly rely on MonteCarlo simulations)

•  Main systematics are the parametrization of X-sections at very high energies



Particle Identification (in space)
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•  Direct identification of the cosmic rays via measurement of their
•  Velocity (Time of Flight systems, Cherenkov Radiation detectors)
•  Charge (dE/dX detectors, Cherenkov Radiation detectors)
•  Energy or Rigidity (Calorimeters, Spectrometers)
•  Sign of the charge (Spectrometers)
•  Peculiar Interactions (TR detectors, Calorimeters, Neutron detectors, …)
•  Incoming Direction (Tracking detectors)
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Particle identification is fundamental for antimatter measurements



Particle Identification
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•  Particles are uniquely identified by their velocity, momentum and sign of 
the charge combining the information from several subdetectors

•  Curvature in magnetic field

•  Velocity after time of flight measurements

•  Ionization losses 

•  Calorimetric measurements

•  Cherenkov and Transition Radiation

•  Typically, measurements are more than the number of searched 
parameters à multiple measurements used to over-constrain the values 
and to crosscheck systematic effects

•  NB: at high energies (βà1), the sensitivity of velocity measurements 
decreases. Complementary techniques used to infer the particle energy.

⇢ / R =
p
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Bethe Bloch


•  Only	
  valid	
  for	
  “heavy”	
  
particles	
  (m≥mµ) i.e.	
  
not	
  electrons	
  

•  For	
  a	
  given	
  material,	
  
dE/dX	
  depends	
  only	
  on β 
- independent	
  of	
  mass	
  
of	
  particle	
  and	
  z	
  of	
  
incident	
  particle	
  

•  First	
  approximation:	
  	
  
medium	
  characterized	
  by	
  
electron	
  density	
  ~Z/A	
  

Z/A~0.5 

Z/A	
  =	
  1	
  

€ 

dE
dX

∝
1
β 2

dE
dX

∝ lnγ 2

“log	
  relativistic	
  rise”	
  

“kinematical	
  term”	
  

βγ ≈ 3-4 (v≈0.96c)  
Minimum	
  ionizing	
  particles,	
  MIPs	
  

“Fermi	
  plateau”	
  	
  
at	
  large	
  γ 

€ 

−
dE
dX

= 4πNAre
2mec

2z2 Z
A
1
β 2

1
2
ln 2mec

2γ 2β 2Tmax
I2

−β 2 −
δ
2

' 

( 
) 

* 

+ 
, 

€ 

dE
dX min

~ 1-2 MeV g-1 cm2 

True	
  for	
  all	
  particles	
  with	
  same	
  charge	
  

0.31	
  MeV	
  g-­‐1	
  cm2	
  

Specific energy loss expressed in terms of grammage

X = ⇢x
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Ionization energy losses
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Main effect of energy loss in materials: 
continuous energy losses by ionization 
from scattering off atomic electrons



Scattering off electrons: high energy losses, 
small trajectory deviation

Scattering off nuclei: small energy losses, high 
scattering angles (multiple scattering)


Bethe-Block formula: energy loss per unit of grammage


z,β


Z,A


Energy loss depends on particle and medium properties.


dE

dX
= 0.31MeV/(g/cm

2
) z2

Z

A

1

�2


1

2

log(f(�))� �2 � �(��)

�
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X = ⇢x
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proportionality to particle charge used to identify heavy nuclei




Minimum Ionizing particles
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dE

dX |min
⇡ 1.5÷ 2 MeV/(g/cm2)
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Below minimum: higher energy losses ~ 1/β2 

Above minimum: energy loss approx. constant (relativistic rise)



At very high energies (above the “critical energy”) radiative energy losses 
dominates.
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Energy	
  loss	
  fluctuations	
  
La	
  perdita	
  di	
  energia	
  dE/dx	
  (Bethe	
  Block)	
  descrive	
  la	
  perdita	
  media	
  di	
  
energia	
  per	
  una	
  particella	
  nell'attraversare	
  uno	
  spessore	
  dX	
  di	
  
materiale.	
  Cio'	
  significa	
  che	
  in	
  un	
  fascio,	
  una	
  particella	
  in	
  media	
  
perde	
  <dE/dX>	
  

−
dE
dx

= ρKz2 Z
A
1
β 2

ln 2mc
2β 2γ 2

I
−β 2 −

δ γ( )
2

"

#
$

%

&
'

−
dE
dx

≠ −
dE
dx

Se	
  fissiamo	
  l'attenzione	
  su	
  una	
  singola	
  particella,	
  in	
  generale	
  

a	
  causa	
  delle	
  fluttuazioni	
  statistiche	
  che	
  avvengono	
  	
  
i.  nel	
  numero	
  di	
  collisioni	
  con	
  gli	
  elettroni	
  del	
  mezzo	
  
ii. nella	
  perdita	
  di	
  energia	
  nelle	
  singole	
  collisioni	
  

In	
  un	
  mezzo	
  omogeneo,	
  dalla	
  BB	
  si	
  ha	
  <dE>	
  ∝	
  X	
   dE ≈ ρKz2 Z
A
1
β 2

X

ovvero	
  la	
  perdita	
  totale	
  in	
  uno	
  spessore	
  ΔX,	
  ΔE	
  ≠	
  <ΔE>	
  

δE	
  distribuite	
  statisticamente	
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Energy	
  loss	
  fluctuations	
  for	
  R<<L	
  

Un	
  fascio	
  di	
  particelle	
  monoenergetiche	
  con	
  E	
  =	
  E0	
  
mostrera'	
  uno	
  sparpagliamento	
  σ	
  intorno	
  a	
  E	
  =	
  E0	
  -­‐<dE>,	
  
dopo	
  aver	
  attraversato	
  un	
  spessore	
  (costante)	
  di	
  
materiale	
  e	
  non	
  sara'	
  piu'	
  monoenergetico	
  (una	
  delta	
  di	
  
Dirac)	
  	
  con	
  E	
  =	
  E0	
  -­‐<dE>,	
  ma	
  mostrera’	
  una	
  distribuzione	
  
di	
  perdite	
  intorno	
  a	
  quella	
  media.	
  	
  
	
  
La	
  forma	
  della	
  distribuzione	
  dipende	
  	
  
dallo	
  spessore	
  attraversato	
  
	
  
Nel	
  trattare	
  il	
  problema	
  delle	
  fluttuazioni,	
  
tradizionalmente	
  si	
  hanno	
  due	
  grandi	
  classi	
  di	
  
assorbitori:	
  
1. assorbitori	
  spessi	
  
2. assorbitori	
  sottili	
  



•  La	
  distinzione	
  tra	
  assorbitori	
  spessi	
  
e	
  sottili	
  non	
  e'	
  netta.	
  

•  L'assorbitore	
  diventa	
  spesso	
  quando	
  il	
  
#	
  di	
  collisioni	
  N	
  à	
  ∞	
  ma	
  nella	
  
pratica	
  e'	
  sempre	
  finito	
  e	
  non	
  e'	
  
facile	
  distinguere	
  sempre	
  bene	
  i	
  due	
  
casi	
  (anche	
  perche'	
  siamo	
  nell'ipotesi	
  
che	
  la	
  particella	
  perda	
  una	
  frazione	
  
piccola	
  dell'energia,	
  cioe'	
  R<<L)	
  

	
  

26

Energy	
  loss	
  fluctuations	
  for	
  R<<L	
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Roughly,	
  for	
  a	
  MIP	
  the	
  energy	
  loss	
  in	
  a	
  thickness	
  X	
  g/cm2	
  of	
  
absorber	
  is	
  ΔE	
  =	
  <dE/dX>X	
  and	
  also	
  ΔE	
  =	
  Σ0

ΝδEi	
  
The	
  δEi	
  are	
  distributed	
  statistically	
  according	
  to	
  their	
  
probability	
  between	
  δEmin	
  and	
  δEmax	
  
	
  
If	
  N	
  à	
  ∞,	
  ΔE	
  >>	
  δEi,	
  for	
  any	
  i	
  and	
  thus	
  also	
  for	
  the	
  max	
  
cinematically	
  allowed	
  δEmax:	
  ΔE	
  >>	
  δEmax	
  
	
  

	
   	
   	
  <dE/dX>X	
  >>	
  δEmax	
  
Therefore	
  a	
  detector	
  can	
  be	
  said	
  “thick”	
  if	
  	
  

	
   	
   	
  X	
  >>	
  δEmax/<dE/dX>	
  
	
  
In	
  other	
  words,	
  the	
  detector	
  is	
  thick	
  if	
  single	
  collisions	
  with	
  
large	
  energy	
  transfers	
  are	
  not	
  important	
  for	
  the	
  AVERAGE	
  total	
  
energy	
  loss	
  
	
  

thick	
  and	
  thin	
  absorbers	
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•  Is	
  a	
  1	
  cm	
  scintillator	
  thick	
  or	
  thin	
  for	
  1	
  GeV	
  muon?	
  

Wmax	
  >>	
  ΔE	
  	
  
So	
  1	
  cm	
  plastic	
  scintillator	
  
is	
  NOT	
  thick	
  	
  

∆E	
  =	
  (dE/dX)(ρx) 

Actually,	
  even	
  1	
  cm	
  of	
  Pb	
  is	
  not	
  thick	
  
since	
  DE	
  =	
  (dE/dX)(ρx)	
  =	
  1.1*11.35*1	
  =	
  
12.5	
  MeV!! 



Energy	
  loss	
  probability	
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€ 

k = 2πNAre
2mec

2z2 Z
A
1
β 2

€ 

P(E)dE = k X
E 2 dE where	
  

  Trascurando	
  lo	
  spin	
  dell'e-­‐	
  (ie	
  scattering	
  di	
  Coulomb),	
  la	
  
probabilita'	
  di	
  espellere	
  un	
  e-­‐	
  di	
  energia	
  fra	
  E	
  ed	
  E	
  +	
  dE	
  e'	
  :	
  

Si	
  ricordi	
  la	
  distribuzione	
  del	
  #	
  di	
  	
  e-­‐	
  
espulsi	
  con	
  E	
  fra	
  E	
  ed	
  E+dE	
  in	
  una	
  collisione	
  

E	
  di	
  fatto	
  e’	
  la	
  probabilita’	
  che	
  un	
  e-­‐	
  venga	
  emesso	
  con	
  energia	
  fra	
  E	
  
ed	
  E+dE	
  entro	
  l’intervallo	
  di	
  energie	
  permesse,a	
  meno	
  di	
  una	
  
normalizzazione	
  ∫n(E)dE	
  =	
  1:	
  
Emin	
  e’	
  dell’ordine	
  di	
  I	
  il	
  potenziale	
  di	
  ionizzazione	
  
Emax	
  e’	
  dato	
  dalla	
  max	
  energia	
  trasferibile	
  in	
  un	
  urto	
  

(1) 

P(E)dE = k X
E 2 (1−β

2 E
Emax

)dE

P(E)dE = k X
E 2 (1−β

2 E
Emax

+
1
2

E
E +mc2

)dE

La	
  distribuzioni	
  esatta	
  per	
  elettroni	
  e'	
  

La	
  distribuzioni	
  esatta	
  per	
  particelle	
  pesanti	
  di	
  spin	
  ½	
  e'	
  

La	
  probabilita'	
  di	
  emissione	
  (cosi'	
  come	
  lo	
  spettro)	
  e'	
  limitata	
  
dalla	
  cinematica	
  fra	
  Emin	
  <	
  E	
  <	
  Emax	
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Energy	
  loss	
  probability	
  

P(E)dE ≈ k X
E 2 dE

La	
  distribuzione	
  descrive	
  bene	
  la	
  
probabilita’	
  finche’	
  il	
  
trasferimento	
  di	
  energia	
  e’	
  
grande	
  rispetto	
  all’energia	
  di	
  
legame	
  atomico	
  (regione	
  verde).	
  
A	
  basse	
  energie	
  (es.	
  per	
  
collisioni	
  distanti)	
  entrano	
  in	
  
gioco	
  altri	
  effetti	
  (screening/
polarizzazione	
  del	
  mezzo,	
  
eccitazione	
  di	
  elettroni	
  atomici,	
  
oscillazioni	
  atomiche).	
  
	
  
	
  

Andamento	
  schematico	
  della	
  probabilita'	
  di	
  
perdere	
  un'energia	
  W	
  in	
  una	
  collisione.	
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iron 
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Il	
  numero	
  di	
  collisioni	
  nel	
  mezzo	
  determina	
  la	
  distribuzione	
  delle	
  
perdite	
  di	
  energia	
  intorno	
  al	
  valore	
  medio	
  <dE>	
  
	
  
Ciò	
  deriva	
  direttamente	
  dal	
  teorema	
  del	
  limite	
  centrale:	
  la	
  somma	
  
di	
  N	
  variabili	
  casuali,	
  che	
  seguono	
  tutte	
  la	
  stessa	
  distribuzione	
  
statistica,	
  diventa	
  una	
  gaussiana	
  nel	
  limite	
  di	
  Nà∞.	
  
	
  
Se	
  consideriamo	
  come	
  variabile	
  casuale	
  la	
  dE,	
  cioè	
  l’energia	
  persa	
  
in	
  una	
  collisione	
  singola,	
  che	
  le	
  collisioni	
  sono	
  statisticamente	
  
indipendenti	
  e	
  che	
  in	
  ogni	
  collisione	
  la	
  velocità	
  β	
  del	
  proiettile	
  
non	
  è	
  cambiata	
  in	
  maniera	
  apprezzabile	
  in	
  modo	
  che	
  dσ(E)/dE	
  è	
  
costante	
  è	
  l’energia	
  totale	
  persa	
  è	
  la	
  somma	
  di	
  tutte	
  le	
  dE,	
  tutte	
  
con	
  la	
  stessa	
  distribuzione	
  ed	
  e'	
  quindi	
  gaussiana.	
  
	
  
Per	
  assorbitori	
  relativamente	
  spessi	
  la	
  distribuzione	
  della	
  perdita	
  
di	
  energia	
  è	
  gaussiana.	
  
	
  
	
  

Energy	
  loss	
  fluctuations	
  for	
  R<<L	
  



Energy loss probability (1) 

€ 

k = 2πNAre
2mec

2z2 Z
A
1
β 2

€ 

P(E)dE = k X
E 2 dE con 

La	
  probabilita'	
  e'	
  piccata	
  a	
  piccoli	
  valori	
  di	
  E,	
  cioe'	
  per	
  valori	
  ∼	
  
Emin:	
  la	
  maggior	
  parte	
  delle	
  collisioni	
  comporta	
  piccole	
  perdite	
  di	
  E,	
  
ma	
  c'e'	
  una	
  probabilita'	
  finita	
  che	
  in	
  una	
  singola	
  collisione	
  avvenga	
  
una	
  perdita	
  "grande",	
  vicina	
  a	
  Emax	
  
Se	
  N	
  e'	
  sufficientemente	
  elevato,	
  in	
  media	
  le	
  perdite	
  di	
  energia	
  
saranno	
  simmetriche	
  intorno	
  al	
  valore	
  medio:	
  singole	
  collisioni	
  con	
  
alta	
  E	
  sono	
  compensate	
  da	
  tante	
  collisioni	
  a	
  bassa	
  E,	
  in	
  modo	
  che	
  la	
  
distribuzione	
  tenda	
  a	
  una	
  gaussiana,	
  in	
  cui	
  il	
  valore	
  medio	
  <dE>	
  e	
  la	
  
perdita	
  di	
  energia	
  piu'	
  probabile	
  dEmp	
  coincidono	
  
	
  
	
  

  Real	
  detector	
  measures	
  the	
  energy	
  ΔE deposited	
  in	
  a	
  layer	
  
of	
  finite	
  thickness δx. 

  For	
  thick	
  layers	
  and	
  high	
  density	
  materials:	
  
Many	
  collisions	
  
Central	
  limit	
  theorem:	
  distribution	
  →	
  Gaussian	
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Assorbitori	
  spessi:	
  limite	
  
gaussiano.	
  

Se	
  il	
  materiale	
  è	
  spesso	
  (ma	
  non	
  troppo)	
  o	
  denso	
  è	
  N	
  è	
  grande	
  
quindi	
  vale	
  il	
  teorema	
  del	
  limite	
  centrale	
  e	
  la	
  perdita	
  totale	
  
di	
  energia	
  E	
  è	
  distribuita	
  secondo	
  una	
  gaussiana	
  
	
  
	
  
	
  
	
  
Con	
  X	
  spessore	
  del	
  materiale,	
  E	
  perdita	
  di	
  energia	
  
nell’assorbitore,	
  	
  	
  	
  perdita	
  di	
  energia	
  media	
  =	
  (dE/dX)X,	
  e	
  σ	
  
la	
  sua	
  deviazione	
  standard.	
  
	
  

f (X,E)∝ exp −
E −E(X)( )

2

2σ 2 (X)

#

$

%
%

&

'

(
(

E
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Assorbitori	
  spessi:	
  limite	
  gaussiano.	
  

Bohr	
  ha	
  calcolato	
  la	
  deviazione	
  standard	
  σ0 per	
  particelle	
  non	
  
relativistiche:	
  
 
 
 
Dove	
  NA	
  è	
  il	
  numero	
  di	
  Avogadro,	
  re	
  il	
  raggio	
  classico	
  
dell’elettrone,	
  ρ la	
  densità,	
  At	
  il	
  peso	
  atomico	
  (in	
  kg/mol)	
  e	
  Zt	
  
il	
  numero	
  atomico	
  dell’assorbitore.	
  
Estesa	
  a	
  particelle	
  relativistiche	
  diventa:	
  
	
  
	
  
	
  
•  For	
  a	
  Gaussian	
  distribution	
  resulting	
  from	
  N	
  random	
  events	
  

the	
  ratio	
  of	
  the	
  width/mean	
  ∝	
  1/√N	
  
•  Increasing	
  the	
  thickness	
  of	
  the	
  detector	
  decreases	
  the	
  

relative	
  width	
  of	
  the	
  Gaussian	
  peak	
  
 
 
 
 

σ 2
0 = 4πZinc

2 Zt argetnae
4x = 4πre

2NA (mec
2 )2Zinc

2 Zt
At
ρx = 0.157Zinc

2 Z
A
ρx MeV 2!" #$

( )
2

2
2
1

2
0

2

1
1

β
β

σσ
−

−
=



Energy loss probability (2) 

€ 

k = 2πNAre
2mec

2z2 Z
A
1
β 2

€ 

P(E)dE = k X
E 2 dE con 

La	
  probabilita'	
  e'	
  piccata	
  a	
  piccoli	
  valori	
  di	
  E,	
  cioe'	
  per	
  valori	
  ∼	
  
Emin:	
  la	
  maggior	
  parte	
  delle	
  collisioni	
  comporta	
  piccole	
  perdite	
  di	
  E,	
  
ma	
  c'e'	
  una	
  probabilita'	
  finita	
  che	
  in	
  una	
  singola	
  collisione	
  avvenga	
  
una	
  perdita	
  "grande",	
  vicina	
  a	
  Emax	
  
Se	
  N	
  non	
  e'	
  sufficientemente	
  elevato,	
  singole	
  collisioni	
  con	
  grande	
  E	
  
non	
  sono	
  compensate	
  da	
  tante	
  collisioni	
  con	
  piccola	
  E:	
  la	
  
distribuzione	
  delle	
  perdite	
  non	
  e'	
  simmetrica	
  intorno	
  al	
  valore	
  medio.	
  
Le	
  singole	
  collisioni	
  spostano	
  il	
  valore	
  medio	
  verso	
  alti	
  valori	
  di	
  E,	
  
mentre	
  la	
  maggior	
  parte	
  delle	
  perdite	
  e'	
  con	
  piccola	
  E,	
  cioe'	
  il	
  
valore	
  piu'	
  probabile	
  rimane	
  piccolo	
  
	
  
	
  

  For	
  thin	
  layers	
  or	
  low	
  density	
  materials:	
  
Few	
  collisions,	
  some	
  with	
  high	
  energy	
  transfer.	
  

⇒  Energy	
  loss	
  distributions	
  show	
  large	
  fluctuations	
  	
  
	
  	
  towards	
  high	
  losses	
  
⇒  Long	
  Landau	
  tails	
   e- 

δ electron 
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Energy	
  loss	
  probability	
  

0
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Average

Gauss fit to maximum

Energy	
  loss	
  distribution	
  differs	
  a	
  lot	
  from	
  a	
  gaussian.	
  
Only	
  around	
  the	
  peak	
  the	
  E	
  loss	
  distribution	
  is	
  approximated	
  
by	
  a	
  gaussian:	
  the	
  width	
  is	
  large	
  and	
  asymmetric,	
  does	
  not	
  
fall	
  as	
  1/√X.	
  
This	
  has	
  important	
  consequences	
  from	
  a	
  practical	
  point	
  of	
  
view:	
  it	
  makes	
  the	
  average	
  E	
  loss,	
  <dE/dX>,	
  useless	
  for	
  
measuring	
  the	
  energy	
  deposit	
  in	
  the	
  medium:	
  it	
  will	
  fluctuate	
  
in	
  a	
  non-­‐gaussian	
  way	
  due	
  high	
  energy	
  deposit	
  fluctuations	
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Delta	
  rays,	
  most	
  probably	
  energy	
  loss	
  

While	
  <dE/dX>	
  is	
  affected	
  by	
  fluctuations,	
  peak	
  
position	
  (most	
  probable	
  energy	
  loss)	
  is	
  not	
  
affected;	
  therefore	
  it	
  is	
  used	
  when	
  	
  
sampling	
  dE/dx	
  loss.	
  
•  It	
  is	
  important	
  to	
  keep	
  in	
  	
  
mind	
  that	
  the	
  m.p.	
  value	
  	
  
and	
  the	
  average	
  value	
  	
  
do	
  not	
  coincide	
  

Straggling	
  functions	
  in	
  silicon	
  for	
  500	
  MeV	
  
pions,	
  normalized	
  to	
  unity	
  at	
  the	
  most	
  probable	
  
value	
  Δ/x.	
  The	
  width	
  w	
  is	
  the	
  FWHM.	
  
	
  
Bibliografia	
  Fernow	
  (Introduction	
  to	
  experimental	
  particle	
  
physics)	
  
http://pdg.lbl.gov	
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La probabilita’ di avere una perdita di energia W dopo aver attraversato uno 
spessore ∆x di materiale puo’ essre parametrizzata come segue  
 
 
 
 
 
 
 
 
 
 
ε’ è	
  il	
  taglio	
  sulla	
  minima	
  energia	
  trasferibile	
  nel	
  singolo	
  
urto,	
  in	
  accordo	
  all’assunzione	
  ξ/Ebind >> 1 (e in modo tale che la 
perdita media sia quella della bethe-bloch.	
  

          χ W, x( ) = 1
ξ
fL λ( )

con   λ = 1
ξ
W −W −ξ ln ξ

ε '
+1− cE

"

#$
%

&'
;

         lnε ' = ln
1−β 2( ) I 2

2mv2 +β 2;

         cE = 0.577   (costante di Eulero)

Assorbitori	
  sottili:	
  teoria	
  di	
  Landau	
  
(cenni)	
  

W e’ la perdita media di energia 
(dalla bethe –vloch) 
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La funzione universale fL(λ) può essere espressa come segue: 
 
 
 
Valutando numericamente  fL(λ) si ottiene per  
il valore più probabile per la perdita di energia: 
 
 
 
δ= correzione per effetto densità  
e FWHM=4.02ξ
 

( ) ( ) ( )duuef uu
L π

π
λ λ sin1

0

ln∫
∞

+−=

[ ]δξ ε
ξ −+= 198.0ln 'mpW

Assorbitori	
  sottili:	
  teoria	
  di	
  Landau	
  
(cenni)	
  



Charge ID

41


dE

dX
/ z2

<latexit sha1_base64="AX5g6CLoQuNkMyWuCAUqz1tmMTM=">AAACEHicbZDLSgMxFIYz9VbrbdSlm2ARXZWZIuiyKILLCvYCnVoymUwbmkmGJCPWYR7Bja/ixoUibl26821M20G09YfAx3/O4eT8fsyo0o7zZRUWFpeWV4qrpbX1jc0te3unqUQiMWlgwYRs+0gRRjlpaKoZaceSoMhnpOUPz8f11i2Rigp+rUcx6Uaoz2lIMdLG6tmHXigRTr3IF3dpkF1kP9jOoBdLEWsB72+qPbvsVJyJ4Dy4OZRBrnrP/vQCgZOIcI0ZUqrjOrHupkhqihnJSl6iSIzwEPVJxyBHEVHddHJQBg+ME8BQSPO4hhP390SKIqVGkW86I6QHarY2Nv+rdRIdnnZTyuNEE46ni8KEQXPkOB0YUEmwZiMDCEtq/grxAJmEtMmwZEJwZ0+eh2a14hq+Oi7XzvI4imAP7IMj4IITUAOXoA4aAIMH8ARewKv1aD1bb9b7tLVg5TO74I+sj28dH53c</latexit><latexit sha1_base64="AX5g6CLoQuNkMyWuCAUqz1tmMTM=">AAACEHicbZDLSgMxFIYz9VbrbdSlm2ARXZWZIuiyKILLCvYCnVoymUwbmkmGJCPWYR7Bja/ixoUibl26821M20G09YfAx3/O4eT8fsyo0o7zZRUWFpeWV4qrpbX1jc0te3unqUQiMWlgwYRs+0gRRjlpaKoZaceSoMhnpOUPz8f11i2Rigp+rUcx6Uaoz2lIMdLG6tmHXigRTr3IF3dpkF1kP9jOoBdLEWsB72+qPbvsVJyJ4Dy4OZRBrnrP/vQCgZOIcI0ZUqrjOrHupkhqihnJSl6iSIzwEPVJxyBHEVHddHJQBg+ME8BQSPO4hhP390SKIqVGkW86I6QHarY2Nv+rdRIdnnZTyuNEE46ni8KEQXPkOB0YUEmwZiMDCEtq/grxAJmEtMmwZEJwZ0+eh2a14hq+Oi7XzvI4imAP7IMj4IITUAOXoA4aAIMH8ARewKv1aD1bb9b7tLVg5TO74I+sj28dH53c</latexit><latexit sha1_base64="AX5g6CLoQuNkMyWuCAUqz1tmMTM=">AAACEHicbZDLSgMxFIYz9VbrbdSlm2ARXZWZIuiyKILLCvYCnVoymUwbmkmGJCPWYR7Bja/ixoUibl26821M20G09YfAx3/O4eT8fsyo0o7zZRUWFpeWV4qrpbX1jc0te3unqUQiMWlgwYRs+0gRRjlpaKoZaceSoMhnpOUPz8f11i2Rigp+rUcx6Uaoz2lIMdLG6tmHXigRTr3IF3dpkF1kP9jOoBdLEWsB72+qPbvsVJyJ4Dy4OZRBrnrP/vQCgZOIcI0ZUqrjOrHupkhqihnJSl6iSIzwEPVJxyBHEVHddHJQBg+ME8BQSPO4hhP390SKIqVGkW86I6QHarY2Nv+rdRIdnnZTyuNEE46ni8KEQXPkOB0YUEmwZiMDCEtq/grxAJmEtMmwZEJwZ0+eh2a14hq+Oi7XzvI4imAP7IMj4IITUAOXoA4aAIMH8ARewKv1aD1bb9b7tLVg5TO74I+sj28dH53c</latexit><latexit sha1_base64="AX5g6CLoQuNkMyWuCAUqz1tmMTM=">AAACEHicbZDLSgMxFIYz9VbrbdSlm2ARXZWZIuiyKILLCvYCnVoymUwbmkmGJCPWYR7Bja/ixoUibl26821M20G09YfAx3/O4eT8fsyo0o7zZRUWFpeWV4qrpbX1jc0te3unqUQiMWlgwYRs+0gRRjlpaKoZaceSoMhnpOUPz8f11i2Rigp+rUcx6Uaoz2lIMdLG6tmHXigRTr3IF3dpkF1kP9jOoBdLEWsB72+qPbvsVJyJ4Dy4OZRBrnrP/vQCgZOIcI0ZUqrjOrHupkhqihnJSl6iSIzwEPVJxyBHEVHddHJQBg+ME8BQSPO4hhP390SKIqVGkW86I6QHarY2Nv+rdRIdnnZTyuNEE46ni8KEQXPkOB0YUEmwZiMDCEtq/grxAJmEtMmwZEJwZ0+eh2a14hq+Oi7XzvI4imAP7IMj4IITUAOXoA4aAIMH8ARewKv1aD1bb9b7tLVg5TO74I+sj28dH53c</latexit>

charge proportionality used to identify heavy nuclei


Distribution of energy deposits can have long tails



Consequence: multiple measurements of energy deposits are needed to sample the 
Landau distribution and correctly infer the particle charge


Charge sampled in one layer of silicon

“Landau” distribution, long tails


Charge sampled in seven layer of silicon

Estimator built using mean / truncated mean / likelihood

à Charge resolution improved




H He Li Be B C N O
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The	
  Landau/Vavilov	
  distribution	
  depends	
  on	
  two	
  parameters:	
  
q  the	
  most	
  probable	
  energy	
  loss	
  Wmp	
  and	
  	
  
q  the	
  FWHM	
  of	
  the	
  distribution	
  ~ξ

Typical	
  application	
  of	
  the	
  Landau	
  distribution	
  is	
  the	
  CHARGE	
  
Identification	
  of	
  the	
  incident	
  particle,	
  since	
  Wmp	
  =	
  Wmp(Zinc,β)	
  and	
  <W>	
  
=	
  W(Zinc,β)	
  
The	
  particle	
  crosses	
  N	
  active	
  layers	
  in	
  which	
  it	
  deposits	
  δEi,	
  i=1,…,N	
  
according	
  to	
  the	
  Landau	
  distribution.	
  
Then	
  by	
  a	
  numerical	
  fit,	
  one	
  finds	
  the	
  best	
  parameters	
  Wmp,FWHM	
  that	
  
describes	
  the	
  measured	
  set	
  of	
  δEi.	
  Knowing	
  Wmp,	
  and	
  the	
  width	
  it	
  is	
  
possible	
  to	
  get	
  Zinc	
  



Charge	
  ID	
  

•  Conseguenze	
  sperimentali:	
  
–  ID	
  di	
  carica	
  fatta	
  
tramite	
  la	
  misura	
  del	
  
deposito	
  di	
  energia	
  
(noto	
  β e/o	
  p):	
  
necessita'	
  di	
  avere	
  
piu'	
  misure	
  di	
  dE/dX	
  
per	
  campionare	
  la	
  
distribuzione	
  di	
  
Landau/Vavilov	
  da	
  cui	
  
ricavare	
  Wmp	
  e	
  quindi	
  
il	
  valore	
  assoluto	
  
della	
  carica	
  dato	
  che	
  
Wmp∝Zinc2	
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Charge	
  ID:	
  Multiple	
  measurements	
  of	
  charge	
  

CHARGE	
  ESTIMATOR	
  –	
  TRK	
  LAYER1	
   CHARGE	
  ESTIMATOR	
  –	
  TRD	
  

CHARGE	
  ESTIMATOR	
  –	
  ECAL	
  

H	
   He	
   Li	
   Be	
   B	
   C	
   N	
   O	
  
H	
   He	
   Li	
   Be	
   B	
   C	
   N	
   O	
  

H	
   He	
  
Li	
   Be	
  

B	
  
C	
   N	
   O	
  

NT	
  [	
  04	
  /	
  18	
  ]	
  



Charge	
  measurement	
  using	
  Tracker	
  

animated	
  slide	
  –	
  set	
  full	
  screen	
   NT	
  [	
  05	
  /	
  18	
  ]	
  



~	
  1/β2	
  	
  

relaGvisGc	
  rise	
  

EDep = k

z

2

�

2
f(�)�x

Bethe-­‐Bloch	
  for	
  Protons	
  



Velocity	
  correc;ons	
  to	
  the	
  measured	
  dE/dX	
  
To	
  eliminate	
  the	
  velocity	
  dependence	
  of	
  the	
  charge,	
  usually	
  a	
  velocity	
  
correction	
  is	
  applied	
  to	
  the	
  measured	
  energy	
  depositions	
  

ΔEcorr	
  =	
  ΔEmeas	
  *	
  β/F(β)	
  	
  



APer	
  Rigidity	
  CorrecGon	
  (high-­‐Z)	
  



Fragmenta;on	
  studies	
  in	
  the	
  detector	
  

•  Layer1	
  charge	
  Q	
  

Carbo
n	
  6%	
  

Oxyge
n	
  1	
  %

	
  

-­‐	
  	
  	
  Mul;-­‐Z	
  fit	
  

Layer-­‐1	
  Q	
  distribuSon	
  

Boron	
  >
	
  90%	
  

INNER	
  +	
  TOF:	
  
BORON	
  SELECTION	
  

Example:	
  secondary	
  producSon	
  of	
  Boron	
  in	
  TRD	
  material	
  by	
  Z>5	
  nuclei	
  

Redundancy	
   in	
   Z-­‐measurements	
   allows	
   us	
   to	
   study	
   different	
   fragmenta;on	
  
processes	
  appearing	
  at	
  different	
  levels	
  in	
  the	
  detector.	
  

LAYER-­‐1	
  

LAYER-­‐2	
  USED	
  
TO	
  BUILD	
  	
  

Z	
  TEMPLATES	
  
Boron	
  

Z>5	
  	
  
Nucleus	
  

InteracSon	
  

NT	
  [	
  06	
  /	
  18	
  ]	
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Scintillators

Conversion of ionization energy in photons detected with photodetectors


Organic/plastic scintillators:

- low Z, density = 1 g/cm3

- fast (ns)

- low light yield

- used for timing applications



Inorganic/crystal scintillators:

- high Z, dense

- slow

- high light yield

- used for calorimetric applications




A fraction of energy deposited in the 
scintillator creates photons in the 
visible range (details depend on the 
material)



Typical energy to create one photon 
= 100 eV/γ
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Scintillators


Photomultipliers (PMT) convert 
photons in measureable electric 
pulses






Photocathode: photons generate a free photoelectron via photoelectric effect



Dynodes: d.d.p. (kV) between dynodes accelerates electrons. Electrons hitting dynodes may 
generate a number (approx 3-5) of free electrons to be accelerated



Anode: at the end of many diodes (approx. 10), electrons are collected



For each photoelectron, approx. 107 electrons are collected at the anode (gain of the PMT)



Photo-detection efficiency < 30% for PMTs


IPMT / N� / �E
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Scintillators


Plastic scintillators are used in space detectors as planes to “trigger” (i.e. start) the 
data acquisition of the whole detector



Time coincidence between different planes used as fast trigger signal




Time of flight
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� =
�S

c (t1 � t2)
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•  Path of relativistic particles: 30 cm/ns

•  Typical spans are order of 1m à time resolution of ns are needed to measure the 

particle velocity up to c

•  Fast Scintillators coupled to fast photodetectors (PMT, SiPM) are commonly used
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Solid state detectors


TRANSIENT:	
  
gradient	
  of	
  concentra;on	
  -­‐-­‐>	
  diffusion	
  of	
  
charge	
  carriers	
  

x

~E
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EQUILIBRIUM:	
  
crea;on	
  of	
  space	
  charge	
  zone	
  

depleted	
  zone:	
  no	
  charge	
  carrier,	
  net	
  electric	
  charge!=0	
  
P	
  and	
  N	
  zone:	
  charge	
  equilibrium,	
  net	
  electric	
  charge=0	
  

zona	
  elenricamente	
  neutra	
   zona	
  elenricamente	
  neutra	
  

p-­‐n	
  juncSon	
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Solid state detectors
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Solid state detectors

The depletion zone is maximized by application of a reverse bias voltage


The charge is collected in one (or few more strips) -> 
this provides information on the particle crossing 
position



Strip readout pitch approx 100µm (or less) -> can 
achieve position resolution down to 10µm or better 
using center of gravity of energy deposit.



The amount of charge, proportional to the ionization 
and to Z2, is used to infer the charge of the particle
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Solid state detectors


10 

La giunzione p-n  e i rivelatori a microstrip di silicio  

 Una particella carica attraversa un 
sottile strato (300µ m) di silicio drogato n  
ed interagendo con il materiale libera 
24000 coppie e/h (x Z2)   

 Sulla superficie del silicio sono 
impiantate delle sottili strisce di 
drogaggio p+ (6µ m  ogni 108 µ m) ed il 
sistema p+-n è mantenuto in condizioni 
di polarizzazione inversa  

 Le cariche e/h generate vengono 
raccolte dalle due parti della 
giunzione sulle strisce p+ e su delle 
strisce n+ dirette in senso ortogonale 
tramite contatti metallici  

 L’ampiezza del segnale rilasciato ci 
permette di valutare la carica Z della 
particella  

 La posizione della striscia colpita permette di risalire alla 
posizione di passaggio della particella  

A	
  charged	
  par;cle	
  crosses	
  a	
  thin	
  layer	
  of	
  n-­‐doped	
  
silicon	
  (typically	
  300µm)	
  and	
  interac;ng	
  with	
  the	
  
material	
  frees	
  in	
  average	
  100	
  e/h	
  pairs	
  per	
  µm,	
  for	
  
a	
  total	
  of	
  30·∙103	
  pairs	
  in	
  300µm	
  
	
  
In	
  the	
  silicon	
  surface,	
  thin	
  p+	
  strips	
  are	
  implanted	
  
(c.a.	
  10µm	
  every	
  c.a.	
  100µm).	
  The	
  p+/n	
  system	
  is	
  
kept	
  in	
  reverse	
  polariza;on.	
  Less	
  than	
  100V	
  are	
  
needed	
  to	
  completely	
  deplete	
  the	
  silicon	
  bulk.	
  
	
  
The	
  e/h	
  pairs	
  are	
  collected	
  on	
  the	
  opposite	
  sides	
  of	
  
the	
  silicon.	
  	
  
In	
  some	
  cases,	
  n+	
  strips	
  are	
  added	
  running	
  in	
  the	
  
opposite	
  direc;on	
  on	
  the	
  opposite	
  side	
  of	
  p+	
  strips	
  
(double	
  sided	
  silicon).	
  This	
  allows	
  the	
  
measurement	
  of	
  both	
  coordinates.	
  
	
  
	
  

Coordinata	
  
(in	
  “canali”,	
  da	
  conver;re	
  in	
  posizione)	
  



• Quindi	
  quando	
  una	
  particella	
  
attraversa	
  un	
  mezzo	
  continuo	
  siamo	
  
interessati	
  a	
  conoscere:	
  
– quanta	
  E	
  deposita	
  à	
  Bethe-­‐Bloch	
  
– che	
  deviazione	
  subisce	
  	
  

• Tratteremo	
  i	
  due	
  processi	
  in	
  maniera	
  
indipendente	
  (anche	
  se	
  perdite	
  di	
  
energia	
  e	
  deviazione	
  NON	
  sono	
  in	
  
realta'	
  indipendenti)	
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Collisioni	
  fra	
  particelle	
  
cariche:	
  Multiple	
  Scattering	
  



Multiple	
  Scattering	
  
•  Looking	
  at	
  dE/dx	
  from	
  ionization,	
  ignore	
  
nuclei.	
  
– Energy	
  transfer	
  small	
  compared	
  to	
  
scattering	
  from	
  (lighter)	
  electrons.	
  

•  However,	
  scattering	
  from	
  nuclei	
  does	
  
change	
  the	
  direction	
  of	
  the	
  particles	
  
momentum,	
  if	
  not	
  its	
  magnitude.	
  
– Deflection	
  of	
  particle’s	
  path	
  limits	
  the	
  
accuracy	
  with	
  which	
  the	
  curvature	
  in	
  a	
  
magnetic	
  field	
  can	
  be	
  determined,	
  and	
  
hence	
  the	
  	
  momentum	
  measured.	
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Many small angle deviations can result in a net angle when traversing a material slab



In average <θ>=0, but the distribution has a width




This results in a limit of resolution for tracking applications.

The less material, the better the tracking resolution.






Spectrometers

61


Magnetic Spectrometers!
•  Charged particle bent in magnetic field
•  The sagitta is measured by sampling the 

particle trajectory through different planes

•  Master formula of charged particle in MF
Simple 2D sagitta model!

•  Rigidity                   defines the particle 
trajectory in a magnetic field

 

R = p/Ze
<latexit sha1_base64="phR9XAZfBmQGiqrnoD9Z7d9WAe4=">AAAB73icbZDLSgMxFIbP1Futt6pLN8EiuKozIuhGKLpxWcVesB1KJj3ThmYyY5IRytCXcONCEbe+jjvfxvSy0NYfAh//OYec8weJ4Nq47reTW1peWV3Lrxc2Nre2d4q7e3Udp4phjcUiVs2AahRcYs1wI7CZKKRRILARDK7H9cYTKs1jeW+GCfoR7UkeckaNtZp35JIkJw/YKZbcsjsRWQRvBiWYqdopfrW7MUsjlIYJqnXLcxPjZ1QZzgSOCu1UY0LZgPawZVHSCLWfTfYdkSPrdEkYK/ukIRP390RGI62HUWA7I2r6er42Nv+rtVITXvgZl0lqULLpR2EqiInJ+HjS5QqZEUMLlCludyWsTxVlxkZUsCF48ycvQv207Fm+PStVrmZx5OEADuEYPDiHCtxAFWrAQMAzvMKb8+i8OO/Ox7Q158xm9uGPnM8fheiO9w==</latexit><latexit sha1_base64="phR9XAZfBmQGiqrnoD9Z7d9WAe4=">AAAB73icbZDLSgMxFIbP1Futt6pLN8EiuKozIuhGKLpxWcVesB1KJj3ThmYyY5IRytCXcONCEbe+jjvfxvSy0NYfAh//OYec8weJ4Nq47reTW1peWV3Lrxc2Nre2d4q7e3Udp4phjcUiVs2AahRcYs1wI7CZKKRRILARDK7H9cYTKs1jeW+GCfoR7UkeckaNtZp35JIkJw/YKZbcsjsRWQRvBiWYqdopfrW7MUsjlIYJqnXLcxPjZ1QZzgSOCu1UY0LZgPawZVHSCLWfTfYdkSPrdEkYK/ukIRP390RGI62HUWA7I2r6er42Nv+rtVITXvgZl0lqULLpR2EqiInJ+HjS5QqZEUMLlCludyWsTxVlxkZUsCF48ycvQv207Fm+PStVrmZx5OEADuEYPDiHCtxAFWrAQMAzvMKb8+i8OO/Ox7Q158xm9uGPnM8fheiO9w==</latexit><latexit sha1_base64="phR9XAZfBmQGiqrnoD9Z7d9WAe4=">AAAB73icbZDLSgMxFIbP1Futt6pLN8EiuKozIuhGKLpxWcVesB1KJj3ThmYyY5IRytCXcONCEbe+jjvfxvSy0NYfAh//OYec8weJ4Nq47reTW1peWV3Lrxc2Nre2d4q7e3Udp4phjcUiVs2AahRcYs1wI7CZKKRRILARDK7H9cYTKs1jeW+GCfoR7UkeckaNtZp35JIkJw/YKZbcsjsRWQRvBiWYqdopfrW7MUsjlIYJqnXLcxPjZ1QZzgSOCu1UY0LZgPawZVHSCLWfTfYdkSPrdEkYK/ukIRP390RGI62HUWA7I2r6er42Nv+rtVITXvgZl0lqULLpR2EqiInJ+HjS5QqZEUMLlCludyWsTxVlxkZUsCF48ycvQv207Fm+PStVrmZx5OEADuEYPDiHCtxAFWrAQMAzvMKb8+i8OO/Ox7Q158xm9uGPnM8fheiO9w==</latexit><latexit sha1_base64="phR9XAZfBmQGiqrnoD9Z7d9WAe4=">AAAB73icbZDLSgMxFIbP1Futt6pLN8EiuKozIuhGKLpxWcVesB1KJj3ThmYyY5IRytCXcONCEbe+jjvfxvSy0NYfAh//OYec8weJ4Nq47reTW1peWV3Lrxc2Nre2d4q7e3Udp4phjcUiVs2AahRcYs1wI7CZKKRRILARDK7H9cYTKs1jeW+GCfoR7UkeckaNtZp35JIkJw/YKZbcsjsRWQRvBiWYqdopfrW7MUsjlIYJqnXLcxPjZ1QZzgSOCu1UY0LZgPawZVHSCLWfTfYdkSPrdEkYK/ukIRP390RGI62HUWA7I2r6er42Nv+rtVITXvgZl0lqULLpR2EqiInJ+HjS5QqZEUMLlCludyWsTxVlxkZUsCF48ycvQv207Fm+PStVrmZx5OEADuEYPDiHCtxAFWrAQMAzvMKb8+i8OO/Ox7Q158xm9uGPnM8fheiO9w==</latexit>

R(GeV) = q B ⇢ = 0.3B(T) ⇢(m)
<latexit sha1_base64="yzrR3eiCeyvOskYEUhRN86DPfTQ=">AAACJnicbVDLSgMxFM3UV62vqks3wSK0UMqMCroplLrQZZU+hE4pmTRtQ5PJmGTEMszXuPFX3LioiLjzU0zbWWjrhcB53MvNPV7AqNK2/WWlVlbX1jfSm5mt7Z3dvez+QVOJUGLSwIIJee8hRRj1SUNTzch9IAniHiMtb3Q19VuPRCoq/LoeB6TD0cCnfYqRNlI3W77Lu9wTT9E1acYFWIYPbrHqFl05FIbYpTNDk456XJgbCedxoZvN2SV7VnAZOAnIgaRq3ezE7QkccuJrzJBSbccOdCdCUlPMSJxxQ0UChEdoQNoG+ogT1YlmZ8bwxCg92BfSPF/Dmfp7IkJcqTH3TCdHeqgWvan4n9cOdf+yE1E/CDXx8XxRP2RQCzjNDPaoJFizsQEIS2r+CvEQSYS1STZjQnAWT14GzdOSY/Dtea5STeJIgyNwDPLAARegAm5ADTQABs/gFUzAu/VivVkf1ue8NWUlM4fgT1nfPxDwox0=</latexit><latexit sha1_base64="yzrR3eiCeyvOskYEUhRN86DPfTQ=">AAACJnicbVDLSgMxFM3UV62vqks3wSK0UMqMCroplLrQZZU+hE4pmTRtQ5PJmGTEMszXuPFX3LioiLjzU0zbWWjrhcB53MvNPV7AqNK2/WWlVlbX1jfSm5mt7Z3dvez+QVOJUGLSwIIJee8hRRj1SUNTzch9IAniHiMtb3Q19VuPRCoq/LoeB6TD0cCnfYqRNlI3W77Lu9wTT9E1acYFWIYPbrHqFl05FIbYpTNDk456XJgbCedxoZvN2SV7VnAZOAnIgaRq3ezE7QkccuJrzJBSbccOdCdCUlPMSJxxQ0UChEdoQNoG+ogT1YlmZ8bwxCg92BfSPF/Dmfp7IkJcqTH3TCdHeqgWvan4n9cOdf+yE1E/CDXx8XxRP2RQCzjNDPaoJFizsQEIS2r+CvEQSYS1STZjQnAWT14GzdOSY/Dtea5STeJIgyNwDPLAARegAm5ADTQABs/gFUzAu/VivVkf1ue8NWUlM4fgT1nfPxDwox0=</latexit><latexit sha1_base64="yzrR3eiCeyvOskYEUhRN86DPfTQ=">AAACJnicbVDLSgMxFM3UV62vqks3wSK0UMqMCroplLrQZZU+hE4pmTRtQ5PJmGTEMszXuPFX3LioiLjzU0zbWWjrhcB53MvNPV7AqNK2/WWlVlbX1jfSm5mt7Z3dvez+QVOJUGLSwIIJee8hRRj1SUNTzch9IAniHiMtb3Q19VuPRCoq/LoeB6TD0cCnfYqRNlI3W77Lu9wTT9E1acYFWIYPbrHqFl05FIbYpTNDk456XJgbCedxoZvN2SV7VnAZOAnIgaRq3ezE7QkccuJrzJBSbccOdCdCUlPMSJxxQ0UChEdoQNoG+ogT1YlmZ8bwxCg92BfSPF/Dmfp7IkJcqTH3TCdHeqgWvan4n9cOdf+yE1E/CDXx8XxRP2RQCzjNDPaoJFizsQEIS2r+CvEQSYS1STZjQnAWT14GzdOSY/Dtea5STeJIgyNwDPLAARegAm5ADTQABs/gFUzAu/VivVkf1ue8NWUlM4fgT1nfPxDwox0=</latexit><latexit sha1_base64="yzrR3eiCeyvOskYEUhRN86DPfTQ=">AAACJnicbVDLSgMxFM3UV62vqks3wSK0UMqMCroplLrQZZU+hE4pmTRtQ5PJmGTEMszXuPFX3LioiLjzU0zbWWjrhcB53MvNPV7AqNK2/WWlVlbX1jfSm5mt7Z3dvez+QVOJUGLSwIIJee8hRRj1SUNTzch9IAniHiMtb3Q19VuPRCoq/LoeB6TD0cCnfYqRNlI3W77Lu9wTT9E1acYFWIYPbrHqFl05FIbYpTNDk456XJgbCedxoZvN2SV7VnAZOAnIgaRq3ezE7QkccuJrzJBSbccOdCdCUlPMSJxxQ0UChEdoQNoG+ogT1YlmZ8bwxCg92BfSPF/Dmfp7IkJcqTH3TCdHeqgWvan4n9cOdf+yE1E/CDXx8XxRP2RQCzjNDPaoJFizsQEIS2r+CvEQSYS1STZjQnAWT14GzdOSY/Dtea5STeJIgyNwDPLAARegAm5ADTQABs/gFUzAu/VivVkf1ue8NWUlM4fgT1nfPxDwox0=</latexit>



Spectrometers

62


B L2
<latexit sha1_base64="ODkFCqGUgM5KAlSO7I7v4jEC03Q=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuJAyUwq6LHXjwkUFe4F2LJk008ZmkiHJCGXoO7hxoYhb38edb2PazkJbfwh8/Occcs4fxJxp47rfTm5tfWNzK79d2Nnd2z8oHh61tEwUoU0iuVSdAGvKmaBNwwynnVhRHAWctoPx9azefqJKMynuzSSmfoSHgoWMYGOtVr13cftQ6RdLbtmdC62Cl0EJMjX6xa/eQJIkosIQjrXuem5s/BQrwwin00Iv0TTGZIyHtGtR4IhqP51vO0Vn1hmgUCr7hEFz9/dEiiOtJ1FgOyNsRnq5NjP/q3UTE175KRNxYqggi4/ChCMj0ex0NGCKEsMnFjBRzO6KyAgrTIwNqGBD8JZPXoVWpexZvquWavUsjjycwCmcgweXUIMbaEATCDzCM7zCmyOdF+fd+Vi05pxs5hj+yPn8AWzcjlw=</latexit><latexit sha1_base64="ODkFCqGUgM5KAlSO7I7v4jEC03Q=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuJAyUwq6LHXjwkUFe4F2LJk008ZmkiHJCGXoO7hxoYhb38edb2PazkJbfwh8/Occcs4fxJxp47rfTm5tfWNzK79d2Nnd2z8oHh61tEwUoU0iuVSdAGvKmaBNwwynnVhRHAWctoPx9azefqJKMynuzSSmfoSHgoWMYGOtVr13cftQ6RdLbtmdC62Cl0EJMjX6xa/eQJIkosIQjrXuem5s/BQrwwin00Iv0TTGZIyHtGtR4IhqP51vO0Vn1hmgUCr7hEFz9/dEiiOtJ1FgOyNsRnq5NjP/q3UTE175KRNxYqggi4/ChCMj0ex0NGCKEsMnFjBRzO6KyAgrTIwNqGBD8JZPXoVWpexZvquWavUsjjycwCmcgweXUIMbaEATCDzCM7zCmyOdF+fd+Vi05pxs5hj+yPn8AWzcjlw=</latexit><latexit sha1_base64="ODkFCqGUgM5KAlSO7I7v4jEC03Q=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuJAyUwq6LHXjwkUFe4F2LJk008ZmkiHJCGXoO7hxoYhb38edb2PazkJbfwh8/Occcs4fxJxp47rfTm5tfWNzK79d2Nnd2z8oHh61tEwUoU0iuVSdAGvKmaBNwwynnVhRHAWctoPx9azefqJKMynuzSSmfoSHgoWMYGOtVr13cftQ6RdLbtmdC62Cl0EJMjX6xa/eQJIkosIQjrXuem5s/BQrwwin00Iv0TTGZIyHtGtR4IhqP51vO0Vn1hmgUCr7hEFz9/dEiiOtJ1FgOyNsRnq5NjP/q3UTE175KRNxYqggi4/ChCMj0ex0NGCKEsMnFjBRzO6KyAgrTIwNqGBD8JZPXoVWpexZvquWavUsjjycwCmcgweXUIMbaEATCDzCM7zCmyOdF+fd+Vi05pxs5hj+yPn8AWzcjlw=</latexit><latexit sha1_base64="ODkFCqGUgM5KAlSO7I7v4jEC03Q=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuJAyUwq6LHXjwkUFe4F2LJk008ZmkiHJCGXoO7hxoYhb38edb2PazkJbfwh8/Occcs4fxJxp47rfTm5tfWNzK79d2Nnd2z8oHh61tEwUoU0iuVSdAGvKmaBNwwynnVhRHAWctoPx9azefqJKMynuzSSmfoSHgoWMYGOtVr13cftQ6RdLbtmdC62Cl0EJMjX6xa/eQJIkosIQjrXuem5s/BQrwwin00Iv0TTGZIyHtGtR4IhqP51vO0Vn1hmgUCr7hEFz9/dEiiOtJ1FgOyNsRnq5NjP/q3UTE175KRNxYqggi4/ChCMj0ex0NGCKEsMnFjBRzO6KyAgrTIwNqGBD8JZPXoVWpexZvquWavUsjjycwCmcgweXUIMbaEATCDzCM7zCmyOdF+fd+Vi05pxs5hj+yPn8AWzcjlw=</latexit>

BL2 “Bending power”: characteristic 
parameter of spectrometer performance


✓ ⇡ L/⇢ = qBL/p
<latexit sha1_base64="/wabdIKsLwnTpSRXLAt2LP2A1so=">AAACCnicbZC7TgJBFIZn8YZ4Qy1tRomJFewaE21MCDYWFJjIJWEJmR0GmDC7M86cNRJCbeOr2FhojK1PYOfbOMAWCv7JJF/+c07OnD9Qghtw3W8ntbS8srqWXs9sbG5t72R392pGxpqyKpVC6kZADBM8YlXgIFhDaUbCQLB6MLia1Ov3TBsuo1sYKtYKSS/iXU4JWKudPfShz4Bgnyil5QMuF3zdl/gS3+ESLuMCVu1szs27U+FF8BLIoUSVdvbL70gahywCKogxTc9V0BoRDZwKNs74sWGK0AHpsabFiITMtEbTU8b42Dod3JXavgjw1P09MSKhMcMwsJ0hgb6Zr03M/2rNGLoXrRGPVAwsorNF3VhgkHiSC+5wzSiIoQVCNbd/xbRPNKFg08vYELz5kxehdpr3LN+c5YqlJI40OkBH6AR56BwV0TWqoCqi6BE9o1f05jw5L8678zFrTTnJzD76I+fzB8PLmFg=</latexit><latexit sha1_base64="/wabdIKsLwnTpSRXLAt2LP2A1so=">AAACCnicbZC7TgJBFIZn8YZ4Qy1tRomJFewaE21MCDYWFJjIJWEJmR0GmDC7M86cNRJCbeOr2FhojK1PYOfbOMAWCv7JJF/+c07OnD9Qghtw3W8ntbS8srqWXs9sbG5t72R392pGxpqyKpVC6kZADBM8YlXgIFhDaUbCQLB6MLia1Ov3TBsuo1sYKtYKSS/iXU4JWKudPfShz4Bgnyil5QMuF3zdl/gS3+ESLuMCVu1szs27U+FF8BLIoUSVdvbL70gahywCKogxTc9V0BoRDZwKNs74sWGK0AHpsabFiITMtEbTU8b42Dod3JXavgjw1P09MSKhMcMwsJ0hgb6Zr03M/2rNGLoXrRGPVAwsorNF3VhgkHiSC+5wzSiIoQVCNbd/xbRPNKFg08vYELz5kxehdpr3LN+c5YqlJI40OkBH6AR56BwV0TWqoCqi6BE9o1f05jw5L8678zFrTTnJzD76I+fzB8PLmFg=</latexit><latexit sha1_base64="/wabdIKsLwnTpSRXLAt2LP2A1so=">AAACCnicbZC7TgJBFIZn8YZ4Qy1tRomJFewaE21MCDYWFJjIJWEJmR0GmDC7M86cNRJCbeOr2FhojK1PYOfbOMAWCv7JJF/+c07OnD9Qghtw3W8ntbS8srqWXs9sbG5t72R392pGxpqyKpVC6kZADBM8YlXgIFhDaUbCQLB6MLia1Ov3TBsuo1sYKtYKSS/iXU4JWKudPfShz4Bgnyil5QMuF3zdl/gS3+ESLuMCVu1szs27U+FF8BLIoUSVdvbL70gahywCKogxTc9V0BoRDZwKNs74sWGK0AHpsabFiITMtEbTU8b42Dod3JXavgjw1P09MSKhMcMwsJ0hgb6Zr03M/2rNGLoXrRGPVAwsorNF3VhgkHiSC+5wzSiIoQVCNbd/xbRPNKFg08vYELz5kxehdpr3LN+c5YqlJI40OkBH6AR56BwV0TWqoCqi6BE9o1f05jw5L8678zFrTTnJzD76I+fzB8PLmFg=</latexit><latexit sha1_base64="/wabdIKsLwnTpSRXLAt2LP2A1so=">AAACCnicbZC7TgJBFIZn8YZ4Qy1tRomJFewaE21MCDYWFJjIJWEJmR0GmDC7M86cNRJCbeOr2FhojK1PYOfbOMAWCv7JJF/+c07OnD9Qghtw3W8ntbS8srqWXs9sbG5t72R392pGxpqyKpVC6kZADBM8YlXgIFhDaUbCQLB6MLia1Ov3TBsuo1sYKtYKSS/iXU4JWKudPfShz4Bgnyil5QMuF3zdl/gS3+ESLuMCVu1szs27U+FF8BLIoUSVdvbL70gahywCKogxTc9V0BoRDZwKNs74sWGK0AHpsabFiITMtEbTU8b42Dod3JXavgjw1P09MSKhMcMwsJ0hgb6Zr03M/2rNGLoXrRGPVAwsorNF3VhgkHiSC+5wzSiIoQVCNbd/xbRPNKFg08vYELz5kxehdpr3LN+c5YqlJI40OkBH6AR56BwV0TWqoCqi6BE9o1f05jw5L8678zFrTTnJzD76I+fzB8PLmFg=</latexit>

s(m) =
0.3B L2

8 p
<latexit sha1_base64="0Zq2KOdsVNjeT/dt8Zn1f1HSGI4=">AAACCHicbZDLSsNAFIYnXmu9RV26cLAIFUpJqmA3QqkbFy4q2As0sUymk3boTBJmJkIJWbrxVdy4UMStj+DOt3HaZqGtPwx8/OcczpzfixiVyrK+jaXlldW19dxGfnNre2fX3NtvyTAWmDRxyELR8ZAkjAakqahipBMJgrjHSNsbXU3q7QciJA2DOzWOiMvRIKA+xUhpq2ceySI/hZfQ8QXCiVU+c0p1p3RzX0mTqlOK0p5ZsMrWVHAR7AwKIFOjZ345/RDHnAQKMyRl17Yi5SZIKIoZSfNOLEmE8AgNSFdjgDiRbjI9JIUn2ulDPxT6BQpO3d8TCeJSjrmnOzlSQzlfm5j/1bqx8qtuQoMoViTAs0V+zKAK4SQV2KeCYMXGGhAWVP8V4iHSkSidXV6HYM+fvAitStnWfHteqNWzOHLgEByDIrDBBaiBa9AATYDBI3gGr+DNeDJejHfjY9a6ZGQzB+CPjM8f91qXZg==</latexit><latexit sha1_base64="0Zq2KOdsVNjeT/dt8Zn1f1HSGI4=">AAACCHicbZDLSsNAFIYnXmu9RV26cLAIFUpJqmA3QqkbFy4q2As0sUymk3boTBJmJkIJWbrxVdy4UMStj+DOt3HaZqGtPwx8/OcczpzfixiVyrK+jaXlldW19dxGfnNre2fX3NtvyTAWmDRxyELR8ZAkjAakqahipBMJgrjHSNsbXU3q7QciJA2DOzWOiMvRIKA+xUhpq2ceySI/hZfQ8QXCiVU+c0p1p3RzX0mTqlOK0p5ZsMrWVHAR7AwKIFOjZ345/RDHnAQKMyRl17Yi5SZIKIoZSfNOLEmE8AgNSFdjgDiRbjI9JIUn2ulDPxT6BQpO3d8TCeJSjrmnOzlSQzlfm5j/1bqx8qtuQoMoViTAs0V+zKAK4SQV2KeCYMXGGhAWVP8V4iHSkSidXV6HYM+fvAitStnWfHteqNWzOHLgEByDIrDBBaiBa9AATYDBI3gGr+DNeDJejHfjY9a6ZGQzB+CPjM8f91qXZg==</latexit><latexit sha1_base64="0Zq2KOdsVNjeT/dt8Zn1f1HSGI4=">AAACCHicbZDLSsNAFIYnXmu9RV26cLAIFUpJqmA3QqkbFy4q2As0sUymk3boTBJmJkIJWbrxVdy4UMStj+DOt3HaZqGtPwx8/OcczpzfixiVyrK+jaXlldW19dxGfnNre2fX3NtvyTAWmDRxyELR8ZAkjAakqahipBMJgrjHSNsbXU3q7QciJA2DOzWOiMvRIKA+xUhpq2ceySI/hZfQ8QXCiVU+c0p1p3RzX0mTqlOK0p5ZsMrWVHAR7AwKIFOjZ345/RDHnAQKMyRl17Yi5SZIKIoZSfNOLEmE8AgNSFdjgDiRbjI9JIUn2ulDPxT6BQpO3d8TCeJSjrmnOzlSQzlfm5j/1bqx8qtuQoMoViTAs0V+zKAK4SQV2KeCYMXGGhAWVP8V4iHSkSidXV6HYM+fvAitStnWfHteqNWzOHLgEByDIrDBBaiBa9AATYDBI3gGr+DNeDJejHfjY9a6ZGQzB+CPjM8f91qXZg==</latexit><latexit sha1_base64="0Zq2KOdsVNjeT/dt8Zn1f1HSGI4=">AAACCHicbZDLSsNAFIYnXmu9RV26cLAIFUpJqmA3QqkbFy4q2As0sUymk3boTBJmJkIJWbrxVdy4UMStj+DOt3HaZqGtPwx8/OcczpzfixiVyrK+jaXlldW19dxGfnNre2fX3NtvyTAWmDRxyELR8ZAkjAakqahipBMJgrjHSNsbXU3q7QciJA2DOzWOiMvRIKA+xUhpq2ceySI/hZfQ8QXCiVU+c0p1p3RzX0mTqlOK0p5ZsMrWVHAR7AwKIFOjZ345/RDHnAQKMyRl17Yi5SZIKIoZSfNOLEmE8AgNSFdjgDiRbjI9JIUn2ulDPxT6BQpO3d8TCeJSjrmnOzlSQzlfm5j/1bqx8qtuQoMoViTAs0V+zKAK4SQV2KeCYMXGGhAWVP8V4iHSkSidXV6HYM+fvAitStnWfHteqNWzOHLgEByDIrDBBaiBa9AATYDBI3gGr+DNeDJejHfjY9a6ZGQzB+CPjM8f91qXZg==</latexit>
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Sagitta defined by the measurement of at least 3 
points. The error on the sagitta is determined by 
the accuracy of the coordinate measurement


s =
x1 + x3

2
� x2
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Spectrometer resolution worsens at high rigidities and can be improved by 
better coordinate measurement accuracy and better bending power


•  L ~ Spectrometer dimensions, limited by the space constraints
•  B, limited by magnet size and technology (superconducting magnet in space?)
•  σ(x) ~ position resolution à experimental effort to achieve resolutions below 10μm
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Magnetic Spectrometers!
•  Charged particle bent in magnetic field
•  The sagitta is measured by sampling the 

particle trajectory through different planes
•  The particle rigidity is inferred via

•  Rigidity resolution scale linearly as

Simple 2D sagitta model!

•  Maximum Detectable Rigidity MDR
�R

R
= 1 ) R(MDR) / L2B

�s

•  L ~ Spectrometer dimensions, limited by the space constraints
•  B, limited by magnet size and technology (superconducting magnet in space?)
•  σS ~ position resolution à experimental effort to achieve resolutions below 10μm

R(GV/c) =
0.3B(T )L(m)2

8 s(m)
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Scattering	
  multiplo	
  

 Notiamo:	
  lo	
  scattering	
  multiplo	
  è	
  un	
  
fattore	
  limitante	
  per	
  le	
  misure.	
  

 
§  Misure	
  d’	
  impulso	
  precisione	
  della	
  misura	
  

limitata	
  dallo	
  scattering	
  multiplo.	
  

§  Sciami	
  elettromagnetici	
  dimensioni	
  trasverse	
  
dello	
  sciame	
  dovute	
  allo	
  scattering	
  multiplo.	
  



Effect	
  of	
  Multiple	
  Scattering	
  on	
  Resolution	
  

  Approximate	
  relation	
  (PDG):	
  

  Apparent	
  sagitta	
  due	
  to	
  multiple	
  scattering	
  (from	
  PDG):	
  

  Contribution	
  to	
  momentum	
  resolution	
  from	
  multiple	
  scattering:	
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€ 

θ0 = θplane
RMS ≈

13.6MeV
pβc

z L
X0

€ 

θ0 ∝
1
p

L
X0

i.e. 

Charge of incident particle Radiation length of absorbing material 

€ 

splane =
Lθ0
4 3

€ 

σ p

p MS

=
splane
s

≈
0.05

B LX0

Independent	
  of	
  p!	
  

€ 

s ≈ 0.3BL
2

8pT
using i.e. 

€ 

σ p

p MS

∝
1

B LX0



Effect of Multiple Scattering on Resolution 

σ(p)/p

σ(p)/p

σ(p)/p

p

MS

meas.total error
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Estimated Momentum Resolution
vs pT in CMS 

  Example: 
pT = 1 GeV/c, L = 1m, B = 1 T,          N 
= 10, σx = 200µm: 

For detector filled with Ar, X0 = 110m: 

€ 

σ p

p meas

≈ 0.5%

€ 

σ p

p MS

≈ 0.5%



Spectrometers
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Performance parameter:

Maximum Detectable Rigidity (MDR): 

�R

R
= 1 ) R(MDR) / L2B

�s

At high energies



At low energies

(Multiple scattering)

  


�(p)

p
/ p
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�(p)

p
⇡ cost
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“Spillover”: events that are reconstructed 
with opposite sign of charge


MS limit


~p
 µ = (1.8 TV)-1

σ = (1.8 TV)-1


16%


1 / Rigidity (TV-1) 

1σ
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Posi;on	
  from	
  the	
  center	
  of	
  gravity	
  of	
  the	
  signal	
  
released	
  on	
  adiacent	
  strips	
  (	
  50-­‐200	
  µm)	
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Amplitude	
  à	
  Z2	
  

Single	
  sensor	
  ≈	
  10x10cm2	
  …	
  or	
  less	
  

Silicon Microstrip Detectors



AMS-01: First magnetic spectrometer 
with a silicon tracker in space
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Time	
  Of	
  Flight	
  :	
  	
  measure	
  ;me	
  à	
  velocity,	
  arrival	
  direc;on,	
  dE/dX	
  à	
  Z	
  
Magnet:	
  2.2	
  Ton	
  of	
  Nd-­‐Fe-­‐B	
  blocks	
  providing	
  a	
  15kGauss	
  field	
  inside,	
  <	
  2	
  Gauss	
  outside	
  	
  
Tracker:	
  2m2	
  of	
  silicon	
  sensors	
  arranged	
  in	
  6	
  planes	
  	
  
Aerogel	
  Cerenkov	
  threshold	
  counter:	
  discrimina;on	
  of	
  e/p	
  based	
  on	
  Cherenkov	
  emission	
  	
  
	
  



Fermi (2008) 
73m2 of silicon sensors in space
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71	
  

1.8	
  m	
  
1.8	
  m	
  

0.72	
  m	
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AMS-02 (2011) 
9 planes of silicon sensors in space (6.4 m2)
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DAMPE (2015) 
6 planes of silicon sensors in space (7.7 m2)



Calorimetry
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•  Calorimeters: instruments in which particles are partially or completely 
absorbed to measure their energy

•  Electromagnetic calorimeters (homogeneous, sampling)
•  Hadronic calorimeters (sampling)

•  Destructive detectors, sited at the “end” of the detector.

•  Many techniques and technology, depending on the particle to be measured. We 
focus only on the simpler electromagnetic calorimeters for high energy particles



Electron radiative energy losses
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•  Electrons differ from other charged particles due to their lighter mass.

•  A charged particle accelerated in an electromagnetic field release energy.
•  Classical description: dE

dt
=

✓
2

3

e2

c3

◆
a2
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Relativistic electrons accelerated in the electric field of a 
nucleus radiate energy via the Bremssstrahlung effect.

In a continuous medium, the losses are continuous and 
the electron energy degrades as

X0 (radiation length) = typical length scale of radiative 
energy losses

 



E(x) = E0 e
(�x/X0)
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Energy losses
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Critical energy: 
dE
dx |ion

=
dE

dx |brem
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EC ⇡ 700/(Z + 1) MeV
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The profile strongly depends on the material, but in general above the pair 
production energy threshold (Eth = 2me) pair production rapidly becomes the 
dominating energy loss mechanisms for photons
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ROSSI model


The physics of e-m. shower is well known (hadronic showers are more complicated)

Simplest parametrization by Rossi describes the main shower properties.

More accurate descriptions involve Monte Carlo simulations. 
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8 GeV e- on Cs-I


RM = 21MeV ·X0/EC
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•  Shower depth described by the 
material interaction length X0


•  Increases logarithmically

•  At least 10 X0 to absorb low energy 

showers


•  Lateral width independent on energy. 
95% of energy deposit contained in 
cylinder with Molière radius
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Space calorimeters must be compact and thick (in terms of X0)



Two solutions:

•  Homogeneous calorimeters (BGO, PWO, ….)

•  Sampling calorimeters: passive material + active materials. Energy is sampled 

only in the active layers (silicon, gas, fibers, …)




Electromagnetic showers
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Electromagnetic showers
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Electromagnetic showers
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Calorimeters!

Simple electromagnetic!
shower profile!

29

D. Electromagnetic showers

As explained in the previous section, high-energy elec-
trons and photons produce in matter secondary photons
by bremsstrahlung and electron-positron pairs by pair
production. These secondaries, in turn, can produce
other particles with progressively lower energy and start
an electromagnetic shower (or cascade). The process con-
tinue until the average energy of the electron component
falls below the critical energy of the material—at which
point the rest of the energy is released via ionization.

t = 0

t = 1

t = 2

t = 3

t = 4

t = 5

-e

γ -e

+e -e

FIG. 35: Sketch of the development of an electromagnetic
shower in the simplest possible toy model.

A simple toy model for an electron-initiated shower is
schematically represented in figure 35, where after t ra-
diation lengths of material, the cascade has developed in
2t particles (a mix of electrons, positrons and photons)
with average energy E0/2t. Rough as this model is (for
one thing we neglect the stocasticity of the process al-
together, along with the 9/7 in (42) and the fact that
the electron can—and does—radiate multiple photons of
di↵erent energy per radiation length) it is able to repro-
duce one of the main features of electromagnetic showers,
namely the fact that the position of the shower maximum
scales logarithmically with the energy. In fact the stop
condition reads

E0

2tmax

⇠ E

c

, (45)

and hence

tmax ⇠ ln
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E

c

◆
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At a slightly higher level of sophistication, the longi-
tudinal profile of an electromagnetic shower can be e↵ec-
tively described as

dE

dt

= E0b
(bt)a�1

e

�bt

�(a)
, (47)

where a and b are parameters related to the nature of the
incident particle (electron or photon) and to the charac-
teristics of the medium (b = 0.5 is a reasonable approxi-
mation in many cases of practical interest). The position
of the shower maximum occurs at

tmax =
(a� 1)

b

⇡ ln

✓
E0

E

c

◆
+ t0 (48)

where t0 = �0.5 for electrons and t0 = 0.5 for photons.
For the sake of clarity, the way one typically uses these re-
lation is to plug E0, Ec

and t0 in (48) to find a (assuming
b = 0.5) and then use (47) to describe the longitudinal
profile of the shower.

FIG. 36: Average longitudinal profile of the shower generated
by a 100 GeV electron in a homogeneous slab of BGO.

Figure 36 shows the average shower profile for 100 GeV
in BGO. With a critical energy of 10.1 MeV, the position
of the shower maximum is located, according to equa-
tion (48), at 8.7 X0.
We mention, in passing, that the transverse develop-

ment of an electromagnetic shower, mainly due to the
multiple scattering of electrons and positrons away from
the shower axis, scales with the so-called the Molière ra-
dius, that can be empirically parameterized as

R

M

⇡ 21X0

E

c

[MeV]
MeV. (49)

E. Hadronic showers

While the development of electromagnetic showers is
determined, as we have seen, by two well-understood
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scales logarithmically with the energy. In fact the stop
condition reads
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, (45)

and hence

tmax ⇠ ln
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◆
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At a slightly higher level of sophistication, the longi-
tudinal profile of an electromagnetic shower can be e↵ec-
tively described as

dE

dt

= E0b
(bt)a�1

e

�bt

�(a)
, (47)

where a and b are parameters related to the nature of the
incident particle (electron or photon) and to the charac-
teristics of the medium (b = 0.5 is a reasonable approxi-
mation in many cases of practical interest). The position
of the shower maximum occurs at

tmax =
(a� 1)

b

⇡ ln

✓
E0

E

c

◆
+ t0 (48)

where t0 = �0.5 for electrons and t0 = 0.5 for photons.
For the sake of clarity, the way one typically uses these re-
lation is to plug E0, Ec

and t0 in (48) to find a (assuming
b = 0.5) and then use (47) to describe the longitudinal
profile of the shower.
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FIG. 36: Average longitudinal profile of the shower generated
by a 100 GeV electron in a homogeneous slab of BGO.

Figure 36 shows the average shower profile for 100 GeV
in BGO. With a critical energy of 10.1 MeV, the position
of the shower maximum is located, according to equa-
tion (48), at 8.7 X0.
We mention, in passing, that the transverse develop-

ment of an electromagnetic shower, mainly due to the
multiple scattering of electrons and positrons away from
the shower axis, scales with the so-called the Molière ra-
dius, that can be empirically parameterized as

R

M

⇡ 21X0

E

c

[MeV]
MeV. (49)

E. Hadronic showers

While the development of electromagnetic showers is
determined, as we have seen, by two well-understood
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D. Electromagnetic showers

As explained in the previous section, high-energy elec-
trons and photons produce in matter secondary photons
by bremsstrahlung and electron-positron pairs by pair
production. These secondaries, in turn, can produce
other particles with progressively lower energy and start
an electromagnetic shower (or cascade). The process con-
tinue until the average energy of the electron component
falls below the critical energy of the material—at which
point the rest of the energy is released via ionization.
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FIG. 35: Sketch of the development of an electromagnetic
shower in the simplest possible toy model.

A simple toy model for an electron-initiated shower is
schematically represented in figure 35, where after t ra-
diation lengths of material, the cascade has developed in
2t particles (a mix of electrons, positrons and photons)
with average energy E0/2t. Rough as this model is (for
one thing we neglect the stocasticity of the process al-
together, along with the 9/7 in (42) and the fact that
the electron can—and does—radiate multiple photons of
di↵erent energy per radiation length) it is able to repro-
duce one of the main features of electromagnetic showers,
namely the fact that the position of the shower maximum
scales logarithmically with the energy. In fact the stop
condition reads
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At a slightly higher level of sophistication, the longi-
tudinal profile of an electromagnetic shower can be e↵ec-
tively described as
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where a and b are parameters related to the nature of the
incident particle (electron or photon) and to the charac-
teristics of the medium (b = 0.5 is a reasonable approxi-
mation in many cases of practical interest). The position
of the shower maximum occurs at

tmax =
(a� 1)

b

⇡ ln
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+ t0 (48)

where t0 = �0.5 for electrons and t0 = 0.5 for photons.
For the sake of clarity, the way one typically uses these re-
lation is to plug E0, Ec

and t0 in (48) to find a (assuming
b = 0.5) and then use (47) to describe the longitudinal
profile of the shower.

FIG. 36: Average longitudinal profile of the shower generated
by a 100 GeV electron in a homogeneous slab of BGO.

Figure 36 shows the average shower profile for 100 GeV
in BGO. With a critical energy of 10.1 MeV, the position
of the shower maximum is located, according to equa-
tion (48), at 8.7 X0.
We mention, in passing, that the transverse develop-

ment of an electromagnetic shower, mainly due to the
multiple scattering of electrons and positrons away from
the shower axis, scales with the so-called the Molière ra-
dius, that can be empirically parameterized as
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E. Hadronic showers

While the development of electromagnetic showers is
determined, as we have seen, by two well-understood
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AMS-02 spectrometer
 AMS-02 electromagnetic calorimeter



