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Notas de Aula: onde encontra-las?
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Introdução
3

Programa	do	Curso:	
!
Aula	1:	De	Rutherford	ao	LHC:	Desenvolvimento	dos	detectores	ao	longo	da		
história	da	=ísica	das	partículas	elementares.	(2ªf.	17/07)	
!
Aula	2:	Interações	das	partículas	com	a	matéria.	(3ªf.	18/07)	
!
Aula	3:	Detectando	partículas	carregadas	&	neutras.	(5ªf.	20/07)	
!
Aula	4:	Cintiladores:	detectando	partículas	via	luminescência.	(6ªf.	21/07)	
!
Aula	5:	Detectores	de	semicondutores:	medidas	de	alta	precisão.	(2ªf.	24/07)	
!
Aula	6:	Detectores	de	gás:	medindo	partículas	em	grandes	volumes.	(3ªf.	25/07)	
!
Aula	7:	Calorímetros:	eletromagnéticos	&	hadrônicos.	(5ªf.	27/07)	
		
Aula	8:	Exemplos	de	aplicações	dos	detectores	em	várias	áreas.	(6ªf.	28/07)
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Aula 3 
!

Interações das partículas com a matéria

4
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Particle Interactions – Examples

Charged 
Particle

Electron

Ionization:

γ

Pair 
production:

x

γ

Electron
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Atom

Electron

Photon

Electron
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Nucleus
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Compton 
scattering:

γ γ
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Bremsstrahlung

Bremsstrahlung arises if particles 
are accelerated in Coulomb field of nucleus
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i.e. energy loss proportional to 1/m2  ➙  main relevance for electrons ...

... or ultra-relativistic muons

Consider electrons:

with

[Radiation length in g/cm2]

After passage of one X0 electron has 
lost all but (1/e)th of its energy

[i.e. 63%]

!"#

!"#$%&' (")* +

$%&'(()*++,-.+/-&'/0'12'(3 ,-.-+./--0

!"#$%& '()) *& +$#,))-$./'0"%
12*344'2"56&#) 7#8'5*89%&6%3:8;7*6$8%;8'5*8#&<6*78%;8'5*8
":4%2:*283"'*27"6

=;;*<'8%#6>82*6*?"#'8;%28*@ "#$8&6'2"A2*6"'7?74'7<8� BC,---8D*EF

;%28*6*<'2%#4G

!

!

!

!

"

!
!

#
$

$%#&'
(
$(

!
"

#
"

!$
%&

'
#(

)*
)"

' �

�

�




�

	
��

��
�

#
$

#
$

$%#&'(

$%#&'(

!!
"

"

!
!

#
+#(

',

,
"

)*
)"

#
"+

'
#(

)*
)"

%'

%'

�

�

�

��

��

2"$7"'7%#86*#)'58H).<3/I

JKL
*A

")
"

,*%"" ��

12-#$34.)).%#3(23("#3$.56.-6("3'#"%-/36"3,.-#$6.'3-/#3,#."3#"#$%&33(23."3#'#7-$("3*#.,36)3$#507#53*&3
.32.7-($3#338-(39:;3(23-/#36"765#"-3#"#$%&<3=

>=?=>>=?=>

$%&'(()*++,-.+/-&'/0'12'(3 ,-.-+./--0

@$6-67.'3!"#$%&

-./01230./$4+%!1$ "
)*
)""

)*
)" *+*+ �

!(,$
-$")

�
�
#
5%6" 70890)1.70)

$

!(,$
.$"
�

�
#
5%6" :21

$!""#$%&'!(&$)*+

,-.)*&(/0.11.2(3

2#&(&2!40.).#5/062

7$)&*!(&$)0.).#5/04$**0$10.4.2(#$)!
890'$-&1&2!(&$)0$10::
#.2$&4 ;'!%<;&)=>
&)-&*(&)5?&*@!A4.0"!#(&24.*0,BC3

+2)0230./$.77010./3.3 )*
)"

)*
)"

)*
)"


�
�



�
	�

�
�



�
	�

�
�



�
	

>=?=>>=?=>

dE

dx

=
E

X0
X0 =

A

4�NA Z2r2
e ln 183

Z
1
3

dE

dx
= 4�NA

Z2

A
r2
e · E ln

183
Z

1
3 E = E0e

�x/X0

Bremsstrahlung

Bremsstrahlung arises if particles 
are accelerated in Coulomb field of nucleus

dE

dx
= 4�NA

z2Z2

A

✓
1

4⇤⇥0

e2

mc2

◆2

E ln
183
Z

1
3
/ E

m2

i.e. energy loss proportional to 1/m2  ➙  main relevance for electrons ...

... or ultra-relativistic muons

Consider electrons:

with

[Radiation length in g/cm2]

After passage of one X0 electron has 
lost all but (1/e)th of its energy

[i.e. 63%]
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Interação de partículas carregadas

Detecção de partículas carregadas ocorre através da 
interação das partículas com a matéria.

6

exemplo: perda de energia no meio (ionização)

Perda de energia deve sere detectada, feita visível, geralmente na 
forma de sinais elétricos ou luminosos

Principal interação de partículas carregadas com o 
meio: interação eletromagnética
energia é perdida principalmente através da interação das partículas com os elétrons dos átomos do meio

Seção de choque é (tipicamente) grande: σ ~ 10-17 - 10-16 cm2

energia perdida por colisão individual é pequena, porém, há um grande número de colisões em 
materiais densos.
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Interação de partículas carregadas

Interação de partículas carregadas com o meio via 
interação eletromagnética

7

Interaction of Charged Particles

x

atomic
electron

charged
particle

(virtual)
photon

real
photon

charged
particle

nucleus

Interaction of charged particles
with medium via

Electromagnetic interaction

Three possible processes:

Ionization (see above)

Cherenkov Radiation
Transition Radiation

For the derivation of the energy loss 
or the intensity of the emitted radiation consider ...

Charged particle with velocity v = βc
Medium with dielectric constant ε = ε1 + iε2 ...

Represents/describes interaction of
(virtual) photons with atoms of medium

Três processos possíveis:

Ionização
Radiação Cherenkov

Radiação de Transição

Interaction of Charged Particles

x

atomic
electron

charged
particle

(virtual)
photon

real
photon

charged
particle

nucleus

Interaction of charged particles
with medium via

Electromagnetic interaction

Three possible processes:

Ionization (see above)

Cherenkov Radiation
Transition Radiation

For the derivation of the energy loss 
or the intensity of the emitted radiation consider ...

Charged particle with velocity v = βc
Medium with dielectric constant ε = ε1 + iε2 ...

Represents/describes interaction of
(virtual) photons with atoms of medium

Para a derivação da equação de perda de energia, ou 
da intensidade da radiação emitida considere

Partícula carregada com velocidade v=βc
Constante dielétrica do meio ε=ε1 + iε2

✓ 
 (hoje)

 (hoje)

 (elétron)

 (fóton)
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A constante dielétrica
8

u(⇥) =
cp
�(⇥)

The Dielectric Constant

1 10 100 1000 104 105

photon energy [eV]

optical 
region resonance 

region X-ray 
region

Im ε

Re ε-1

(Virtual) photons interact
with atoms of the medium ...

ε = ε1 + iε2

Overall effect is described 
by dielectric constant

Imaginary part:

Photon absorption
[➙ absorption cross section]

Real part:

Refraction
[➙ modification of phase velocity]

Typical form of real and imaginary 
part of the dielectric constant

[from Gilmore]

Fótons (virtuais) interagem com 
átomos do meio.

Efeito é descrito pela constante 
dielétrica

ε=ε1 + iε2

Parte imaginária: absorção de 
fótons (seção de choque de absorção)

Parte real: refração (modificação da 
velocidade de fase)

Propriedade óptica do meio 
depende da constante dielétrica.
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A constante dielétrica
9

ε=ε1 + iε2

Parte imaginária: absorção de 
fótons (seção de choque de absorção)

Parte real: refração (modificação da 
velocidade de fase)

Propriedade óptica do meio 
depende da constante dielétrica.

Energy Loss by Photon Emission 

30 

Ionization is one way of energy loss 
emission of photons is another... 

Optical behavior of medium is 
characterized by the (complex) 
dielectric constant ε 

Re √ε = n Refractive index 
 
Im ε = k Absorption parameter 

Re √ε = n  (índice de refração)

Im ε = k  (parâmetro de absorção)
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Radiação Cherenkov
10
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Cherenkov Radiation

For photon energies below the 
excitation energy:

ε2 = 0 and σγ = 0  ➙  only last term of dσ/dE contributes ...

4

Θ = arg(1-ε1β2 +iε2β2) = arg(1-ε1β2)

Threshold behavior via phase Θ:

Jumps from 0 to π for: ε1 > 1/β2 or 
1 < v/c √ε1 ➙ Cherenkov threshold.

➙
[θc: Cherenkov angle]

Kinematics: ω = v k = v k cosθc

[from p' = p - pγ assuming hω « γMc2]–

Dispersion relation: ω2 = k2
 c2/ε1

ε1⋅v2/c2
 cosθc = 1➙ cos ⇥ =

1
n�c n = √ε1

[refractive index]

wavefront

fast particle

light

➛

Para fótons com energias abaixo da energia 
de excitação:

ε2 = 0 e σγ=0 → apenas o último termo de dσ/dE contribui
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Cherenkov Radiation

For photon energies below the 
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ε2 = 0 and σγ = 0  ➙  only last term of dσ/dE contributes ...
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Threshold behavior via phase Θ:
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Comportamento no limite de transição via fase Θ

varia de 0 a π para ε1 > 1/β2 ou 1 < v/c √ε1 limite Cherenkov
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Cherenkov Radiation

For photon energies below the 
excitation energy:

ε2 = 0 and σγ = 0  ➙  only last term of dσ/dE contributes ...
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Θ = arg(1-ε1β2 +iε2β2) = arg(1-ε1β2)

Threshold behavior via phase Θ:

Jumps from 0 to π for: ε1 > 1/β2 or 
1 < v/c √ε1 ➙ Cherenkov threshold.

➙
[θc: Cherenkov angle]

Kinematics: ω = v k = v k cosθc
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Partículas carregadas atravessando um meio dietético com velocidade v > c/n 
(velocidade superior à da propagação da luz no meio) emitem uma radiação 
característica conhecida como radiação Cherenkov.
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Radiação Cherenkov
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Radiação Cherenkov
12

Partículas carregadas atravessando um meio dietético com velocidade v > c/n 
(velocidade superior à da propagação da luz no meio) emitem uma radiação 
característica conhecida como radiação Cherenkov.
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Perda de energia atribuída a emissão de radiação Cherenkov são pequenas 
quando comparadas com energia perdida em ionização (~1%)

dE/dx (Cherenkov) ~ 0.01 - 0.02 MeV/g cm-2 (gás)

dE/dx (Ionização mínima) ~ 1.5 MeV/g cm-2 (gás)

vs.

http://cern.ch/amoraes


Dr Arthur Moraes (CBPF)

ht
tp

:/
/c

er
n.

ch
/a

m
or

ae
s

Rio de Janeiro, 20 de Julho de 2017.A Física dos Detectores de Partículas - Aula 03

15
Número de fótons emitidos em função do comprimento de onda
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Cherenkov Radiation – Properties

Number of emitted photons
per unit length:

Integrate over sensitivity range: 
[for typical Photomultiplier]

For single charged
particle: 
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per unit length:

Integrate over sensitivity range: 
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particle: 
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Number of emitted photons
per unit length:

Integrate over sensitivity range: 
[for typical Photomultiplier]

For single charged
particle: 
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Radiação Cherenkov: exemplo de aplicação
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Cherenkov Radiation – Application

Threshold detection:
Observation of Cherenkov radiation  ➛  β > βthr

π, K, p

[ momentum p ]➛
n1 n2 > n1

C1 C2

Choose n1, n2 in such a way that for:

n2 	:

n1 	:

βπ, βK > 1/n2 and βp < 1/n2

βπ > 1/n1 and βK, βp < 1/n1

Light in C1 and C2

Light in C2 and not in C1

Light neither in C1 and C2

➙

➙

➙

identified pion

identified kaon

identified proton
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Super Kamiokande (Super-K)
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Experimento ANTARES

Astronomia com neutrinos (informação mais precisa 
sobre processos físico no interior de estrelas)!
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Experimento AMANDA: Antarctic Muon and Neutrino Detector Array

Telescópio de neutrinos (hoje, parte do experimento 
“IceCube Neutrino Observatory” no Polo Sul!)

http://cern.ch/amoraes
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Experimento AMANDA: Antartic Muon and Neutrino Detector Array

The AMANDA-II team has produced the most detailed map of the high energy neutrino sky so far. No 
sources of continuous emission have yet been observed, but data is streaming in.
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Cherenkov Radiation – Application

Measurement of Cherenkov angle:
Use medium with known refractive index n  ➛  β

Principle of: 	

   RICH (Ring Imaging Cherenkov Counter)

    DIRC (Detection of Internally Reflected Cherenkov Light)

    DISC (special DIRC; e.g. Panda)

LHCb RICH

LHCb RICH Event
[December 2009]

Experimento LHCb
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23Cherenkov Radiation – Momentum Dependence

Typische Werte
n = 1 + δ Θc

dN
dx [Phot

cm ] βth · γth = Pth
mc2

H2 1 + 0.14 · 10−3 0.960 0.32 59.8
N2 1 + 0.3 · 10−3 1.4 0 0.7 40.8
Freon 13 1 + 0.72 · 10−3 2.2 0 1.7 26.3
Plexiglas 1.49 47.80 630 0.91
Aerogel 1.005 ... 1.05 11.40 ... 17.80 45 ... 107 3 ... 5

Einige Schlußfolgerungen:

• In Plexiglas gilt (Eγ ≈ 2 eV )
(

dE
dx

)ion,Anr

Min
(

dE
dx

)

C̆

=
2 · 106 eV

cm

800 eV
cm

≈ 2 · 103 .

Wenn man Č–Strahlung zum Teilchennachweis nutzen will, dann muß man also sicher-
stellen, daß die angeregten Atome der durchlaufenen Materie kein Szintillationslicht
aussenden.

• Wenn man β für ein geladenes Teilchen messen will, dann muß man eine Mindestan-
zahl von emittierten Čerenkov–Photonen fordern. Da die Čerenkov–Photonen statistisch
emittiert werden, kann man die Fluktuationen mit Hilfe der Poisson–Statistik be-
schreiben.
Die Wahrscheinlichkeit, kein Čerenkov–Photon nachzuweisen, ist

w0 = e−ne ,

ne = Photonenzahl = # nγ (C̆) ∗ ε (Licht)
︸ ︷︷ ︸

! 0.8

∗ η (Quantenausbeute des Photomultipliers)
︸ ︷︷ ︸

0.1 ... 0.2

Die Wahrscheinlichkeit, ein Čerenkov–Photon nachzuweisen (Abb.3.2), ist dann

Abbildung 3.2: Relative Zahl der Photonen als Funktion der Teilchenenergie

w = 1 − e−ne .

Forderung w ≥ 0.999 ! ne ≥ 6.9 ! nγ " 100.
Für Freon braucht man dann etwa eine Länge von 0.5 m für den Radiator. Anwendung
fand ein solcher Zähler am SFM–Detektor [63].
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N
n
 =

 N
/N

∞

0 5 10 15 20 25

0.1

0.5

0

0.5

1.0

θ n
 =

 θ
/θ

m
a
x

π

K
p

Cherenkov angle
Number of photons

grows with β and reaches asymptotic value for β = 1
[θmax = arccos (1/n); N∞ = x⋅370/cm (1-1/n2)]

p [GeV]
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Radiação de Transição
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Radiação de Transição ocorre quando uma partícula carregada, com velocidade 
relativística (alta valor de γ) atravessa a interface de dois meios com índices de 
refração diferentes.

�p = 2e�a

| ⇥En| � ⇥p

(a2 + �2) 3
2

Transition Radiation

Transition radiation occurs if a relativist particle (large γ) passes the 
boundary between two media with different refraction indices ...

[predicted by Ginzburg and Frank 1946; experimental confirmation 70ies]

Effect can be explained by
re-arrangement of electric field ...

Simple model: Electron moves 
towards conducting plate ... 

particle

mirror
charge

n1

n2

transition 
radiation

a

b with dipole moment:

and electric field
at surface

Efeito pode ser explicado pelo “re-arranjo” do campo elétrico. 

(efeito previsto por Ginzburg e Frank em 1946; confirmado experimentalmente nos anos 70)
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Z
sin2 �d�

= r2

Z
8e2v2 sin2 �

4⇥r2c3
d� =

8⇥

3
8e2v2

4⇥c3
= 16

e2v2

3c3

dP

d(~�)
= 2

16
3

e2

~c

1
2mv2

mc2
=

32
3

e2

~c

E

mc2

� � · E

mc2

Transition Radiation – Simple Model

dP ~ γ 
via Energy dependence

dP ~ α 
one α per boundary

dP ω-independent
classically expect white spectrum

dP

d�
= r2

Z
d2S

d�d�
d�

Radiated power:

[see D. Wegener]

"risky" relativistic 
generalization

Radiação de Transição
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Radiação de Transição
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A energia total emitida na forma de “radiação de transição” é proporcional ao 
fator de Lorentz γ

�������7UDQVLWLRQ��5DGLDWLRQ

� :KHQ�FURVVLQJ�ERXQGDULHV�RI�WZR�PHGLD�ZLWK�GLIIHUHQW�GLHOHFWULFDO�FRQVWDQWV��
D�FKDUJHG�SDUWLFOHV�HPLWV�HOHFWURPDJQHWLF�UDGLDWLRQ��WUDQVLWLRQ�UDGLDWLRQ

5HDVRQ��DGDSWDWLRQ�RI�WKH�HOHFWULF�ILHOGV��H���H���

������'LVFRYHU\�DQG�H[SODQDWLRQ�E\�*LQVEXUJ�DQG�)UDQN
(for a theoretical description, see Jackson, Classical Electrodynamics) 

� 7KH�WRWDO�HPLWWHG�HQHUJ\�LQ�IRUP�RI�WUDQVLWLRQ�UDGLDWLRQ�LV�SURSRUWLRQDO�WR�WKH�
/RUHQW]�IDFWRU�J�

H[WUHPHO\�LPSRUWDQW�IRU�WKH�LGHQWLILFDWLRQ�RI�SDUWLFOHV�LQ�WKH�KLJK�PRPHQWXP���
HQHUJ\�UDQJH��ZKHUH�E §����

)RUPDWLRQ�RI�WUDQVLWLRQ�UDGLDWLRQ�RFFXUV�
LQ�D�VPDOO�UHJLRQ��DW�WKH�ERXQGDU\��
)RUPDWLRQ�OHQJWK��'�§�J ���� FP�

�F� ���

ou seja, esse mecanismo é extremamente útil para identificar partículas com alto 
momento/energia (para β ≈ 1)Transition Radiation 

38 

•  Typical emission angle:  Θ = 1/γ"
•  Energy of radiated photons:   ~ γ 
•  Number of radiated photons:  αz2!
•  Effective threshold:     γ > 1000 

# Use stacked assemblies of low Z material with many transitions +   
     a detector with high Z gas 

Note: Only X-ray 
(E>20keV)  photons 
can traverse the 
many radiators 
without being 
absorbed 

Slow signal 
 
 
 
Fast signal  

• Ângulo de emissão (valor típico): Θ = 1/Υ

• Energia dos fótons radiados: ~ Υ

• Número de fótons radiados: ∝ z2

• Limite efetivo:  Υ > 1000
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Transition Radiation – Properties

θ ≤ 1/γAngular distribution strongly forward peaked
[Interference; coherence condition]

D = γc/ωp
Coherent radiation is generated only
over a very small formation length

Plasma frequency
[from Drude model]

Volume element from which coherent 
radiation is emitted ...

V = π D ρ2
  max

Maximum energy of radiated photons
limited by plasma frequency ...
[results from requiring V ≠ 0 ➛ ω = γωp]

Emax = γhωp  
–

[ X-Rays ➛ large γ !! ]

Typical values: CH2:  ħωp = 20 eV; γ = 103

[ Air:   ħωp = 0.7 eV ]
D = 10 μm

[d > D: absorption dominates]

ρmax = γv/ω
[transversal range ...
     ... with large polarization]
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Radiação de Transição
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Principal aplicação: identificação de elétrons

Para um dado momento p, o fator γ é muito maior para elétrons do que para 
hádrons leves: fator 273 vezes maior para elétrons comparando-se com π+ ou π-

� 7KH�DSSOLFDWLRQ�RI�WUDQVLWLRQ�UDGLDWLRQ�GHWHFWRUV�LV�PDLQO\�IRU�WKH�LGHQWLILFDWLRQ
RI�HOHFWURQV��

)RU�D�JLYHQ�PRPHQWXP�S��WKHLU�J IDFWRU��LV�PXFK�ODUJHU�WKDQ�IRU�KDGURQV
�IDFWRU�����IRU�WKH�OLJKWHVW�FKDUJHG�KDGURQ�S±�

� )RU�D�J�YDOXH�RI���� �H�ZLWK�S ����*H9����S±ZLWK�S�§�����*H9��DERXW�KDOI�RI
WKH�UDGLDWHG�HQHUJ\�LV�IRXQG�LQ�WKH�5|QWJHQ�HQHUJ\�UDQJH����± ���NH9�J UDGLDWLRQ�

7KHVH�J TXDQWD�KDYH�WR�EH�GHWHFWHG��XVH�DEVRUEHU�PDWHULDO�ZLWK�KLJK�=�
YDOXH��DEVRUSWLRQ�YLD�SKRWRHOHFWULF�HIIHFW��VHH�ODWHU��H�J��;HQRQ�JDV����

Para um fator γ de 103 (elétron com p=0.5 GeV, ou π+ ~140 GeV) 
aproximadamente metade da energia radiada é encontrada na faixa de energias 
de Rontgen (2 - 20 keV para γ radiado).
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Radiação de Transição
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Transition Radiation – Application

4.3 Übergangsstrahlendetektoren

Ein Übergangsstrahlendetektor besteht aus zwei Komponenten:

Radiator Dünne Folien aus Materialien mit kleinem Z
Nachweisgerät Proportionalkammern

a)

Radiator

dE/dx

TR

! 0 +

e

Anode

b)

Q>QS

TR !!Elektronen

Driftzeit

Abbildung 4.1: a) Schema der Meßapparatur; b) mit einem FADC gemessene Ladung in
einer Driftkammer als Funktion der Driftzeit

Typische Resultate zeigen die nachfolgenden Abb.4.1–4.3.
Drei Informationen können für die Trennung hochrelativistischer Teilchen (γ ≫ 1), d.h. Elek-
tronen genutzt werden.

• Die Ladung der Photonen wird in der Nachweiskammer lokal deponiert, bei Verwen-
dung eines Flash ADC (FADC) kann diese Information für die Analyse genutzt werden
(Abb.4.1b).

• Die Absorption der TR–Quanten ist breit um die Teilchenspur verteilt (Abb.4.2).

• Die gesamte, um ein Elektron in einer Driftkammer deponierte Ladung ist größer als
die von Pionen, weil zur üblichen Ionisation der Beitrag der TR–Quanten hinzukommt
(Abb.4.3).

Übergangsstrahlendetektoren werden heute vorwiegend zur Identifizierung der Elektronen,
d.h. zur Abtrennung von Müonen, Pionen, . . . verwendet. Bei einer Nachweiswahrscheinlich-
keit von 95 % . . . 90 % für e− ist die Verwechslungswahrscheinlichkeit von Pionen etwa 1 %
. . . 10 %. Diese Rejektionsrate ist nicht sehr groß, aber in Kombination mit anderen Meß-
geräten (RICH, Schauerzähler) führt dies zu guten Identifizierungswahrscheinlichkeiten von
Elektronen (totale Rejektionsrate bis 10−4) [35].

64

Detection Principle:

Radiator foils

TR

γ-Absorption

dE/dx

Wires

Electron
+

–

TR
[Transition Radiation]

Drift time

dE/dx

δ-electron

Detector Signal:

[Electron-ID]

Camadas de material com baixo Z são empilhadas formando várias transições e 
adiciona-se um detector com gás de alto Z

(note que apenas raios-X com E>20 keV conseguem atravessar as camadas do “radiador” sem serem absorvidos)

(sinal lento)

(sinal rápido)
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Detectores de Radiação de Transição
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Transition radiation detectors 

39 

•  straw tubes with xenon-based gas mixture 
•  4 mm in diameter, equipped with a 30 µm 

diameter gold-plated W-Re wire 

ATLAS - TRT
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ATLAS - TRT
Transition Radiation – ATLAS as Example

Straw Tube Tracker 
with interspace filled with foam

➛ Tracking & transition radiation

End-cap
assembly

Barrel
assembly
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ATLAS - TRT
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Transition Radiation – ATLAS as Example

−factor    �10 210 310 410
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y

0

0.05

0.1

0.15

0.2

0.25

Pion momentum (GeV)
1 10

Electron momentum (GeV)
1 10

TRT endcap

Electron candidates
Generic tracks 
Fit to data 

Electron candidates
Generic tracks 
Electrons (MC)
Generic tracks (MC)

ATLAS preliminaryATLAS Preliminary

TRT endcap

Mainly Pions

Electrons
from Conversions

Detectores de Radiação de Transição
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Cintiladores

34
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Cintiladores

Princípio: !
- dE/dx é convertida em luz visível!
- detecção feita com foto-sensor!
(fotomultiplicadora, olho humano)!

35

Características principais: !
- sensitividade à energia !
- rápida resposta (curto tempo de resposta)!
- perfil de pulso bem característico

Requisitos:!
- alta-eficiência para conversão de energia de excitação em radiação fluorescente!
- transparência à radiação fluorescente para permitir transmissão da luz!
- emissão da luz na região do espectro detectável por fotossensores!
- curto tempo de decaimento permitindo resposta rápida
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48 G. B I A N C H E T T I  A N D  B. R 1 G H I N I  

vertical memory of the scope and is of no interest, 
because the setup samples the vertical amplifier output 
voltage before it is moved after each trigger pulse. The 
X component, on the other hand, is worth more 
attention; in fact at very low trigger rates this displace- 
ment becomes non-negligible between two subsequent 
triggers, resulting in a decrease or increase of  the 
number of  points used by the scope to produce a 
complete CRT sweep and, therefore, in a widening or 
narrowing of the time axis. There are different ways 
of  taking this error into account in order to make the 
the necessary correction, but the easiest and most 
reliable one is to count the points of  the sweep in the 
two following cases: when the sampling rate is high 
(e.g. 1000 Hz), and at the actual sampling rate during 
the measurement. This can be done by counting the 
input trigger pulses of  the scope during the time interval 
between two sweep-trigger output pulses. 

4. "SER" pulse visualization: mechanical setup and 
measurement 
The PM under examination is contained within an 

iron tube connected to the light source (fig. 2); between 

the lamp and the PM, two neutral filters (Kodak 
Wratten Nos. 96ND60 and 96ND30) and a blue filter 
(Kodak Wratten No. 98) are inserted in the filters' 
holder (13). A variable light attenuator (7) is placed at 
the middle of the tube, consisting of  two polaroid 
sheets, one of  them fixed, the other rotatable from the 
exterior. A slot [(10) and detail view A-A] is placed in 
the proximity of  the filters' holder to close the tube 
completely when necessary. For all the measurements 
here reported, only the central part of  the photo- 
cathode was illuminated by using a mask with a central 
hole of 0.8 cm diameter. 

As a lamp, a Philips type DM 160 indicator tube has 
been used. The light emitted by the tube is proportional 
to the grid bias voltage, which can be varied by a 
potentiometer: pulse driving of  the lamp is made 
possible by a suitable connection. 

Before recording the SER pulse shape it is necessary 
to put the photomultiplier in SER operation by an 
independent measurement. The required part of the 
SER spectrum is then located by SCA threshold and 
window-width setting. 

For a setting corresponding to the SER peak, the 

F-- 

? 

I I I I I 0 5 1 0  1 5  19  n s e c  

Fig. 3. SER pulse shape. I-IT = 2450 V- 50 sweeps. Measuring time l h 5 min. Pulse amplitude is about 120 mV. Fwhm = 2.8 + 0.1 ns. 
Rise-time 1.6 ns. 

Scintillators – Basic Counter Setup

Light

Thin window Mu Metal Shield Iron Protective Shield

Scintillator

Photomultiplier
[or other photosensor]

PMT Base 
[voltage divider network etc.]

0 5 10 Time [ns]

PMT Pulse

Output 
Signal

Photomultipliers
Micro-Channel Plates
Hybrid Photo Diodes
Visible Light Photon Counter
Silicon Photomultipliers

Photosensors
Scintillator Types:

Organic Scintillators
Inorganic Crystals
Gases
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Cintiladores: cristais inorgânicos
37

Inorganic Crystals	

Materials:

Sodium iodide (NaI)
Cesium iodide (CsI)
Barium fluoride (BaF2)
...

conduction band

valence band

traps

e
xc

ita
tio

n
s

hole

q
u
e
n
c
h
in

g

exciton
band

impurities
[activation centers]

scintillation
[luminescence]

Mechanism:

Energy deposition by ionization
Energy transfer to impurities
Radiation of scintillation photons

electron

Time constants:

Fast: recombination from activation centers [ns ... μs]
Slow: recombination due to trapping [ms ... s]

Energy bands in 
impurity activated crystal

showing excitation, luminescence,
quenching and trapping

Materiais: !
- Iodeto de sódio (NaI)!
- Iodeto de césio (CsI)!
- Floreto de bário (BaF2)!
- ….

Mecanismo: !
- Deposição de energia por ionização!
- Transferência de energia à impurezas!
- Radiação por cintilação de fótons
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Cintiladores: cristais inorgânicos
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Inorganic Crystals

Example CMS 
Electromagnetic Calorimeter

Crystal growth

PbW04

ingots
One of the  last

CMS end-cap crystals
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Cintiladores: cristais inorgânicos
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Cristais inorgânicos: constante de tempo
41

Inorganic Crystals – Time Constants

Time

Li
gh

t O
ut

pu
t

N = Ae�t/�f + Be�t/�s

Exponential decay of scintillation 
can be resolved into two components ...

⌧f : decay constant of fast component

⌧s : decay constant of slow component
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Cristais inorgânicos: luz de saída
42

Inorganic Crystals – Light Output

In
te

ns
ity

 [a
.u

.]
Wavelength [nm]

Scintillation Spectrum
for NaI and CsI 

NaI(Tl)  
CsI(Na)
CsI(Tl)

Strong 
Temperature Dependence
[in contrast to organic scintillators]
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Cintiladores: gases nobres líquidos
43

Scintillation in Liquid Nobel Gases

Materials:

Helium (He)
Liquid Argon (LAr)
Liquid Xenon (LXe)
...

Excitation

Ionization

Collision
[with other gas atoms]

Excited
molecules

Ionized
molecules Recombination

De-excitation and
dissociation

UV

LAr	 : 130 nm
LKr	 : 150 nm
LXe	: 175 nmA

A

A
A*

A

A2*

A2
+ A2*

e–

Decay time constants:

Helium : τ1 = .02 μs, τ2 = 3 μs
Argon : τ1 ≤ .02 μs

+
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Cintiladores: propriedades
44

Inorganic Scintillators – Properties

Scintillator
material

Density
[g/cm3]

Refractive
Index

Wavelength [nm]
for max. emission

Decay time 
constant [μs]

Photons/MeV

NaI 3.7 1.78 303 0.06 8⋅104 xxx  

NaI(Tl) 3.7 1.85 410 0.25 4⋅104 xxx  

CsI(Tl) 4.5 1.80 565 1.0 1.1⋅104 xxx  

Bi4Ge3O12 7.1 2.15 480 0.30 2.8⋅103 xxx

CsF 4.1 1.48 390 0.003 2⋅103 xxx

LSO 7.4 1.82 420 0.04 1.4⋅104 xxx

PbWO4 8.3 1.82 420 0.006 2⋅102 xxx

LHe 0.1 1.02 390 0.01/1.6 2⋅102 xxx

LAr 1.4 1.29 150 0.005/0.86 4⋅104 xxx  

LXe 3.1 1.60 150 0.003/0.02 4⋅104 xxx  

*
*

* at 170 nm
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Cintiladores: propriedades
45

Inorganic Scintillators – Properties

Numerical examples:

NaI(Tl) λmax = 410 nm; hν = 3 eV 
photons/MeV = 40000

τ = 250 ns

Scintillator quality: 

NaI(Tl) :40000 photons; 3 eV/photon  ➛  εsc = 4⋅104⋅3 eV/106 eV = 11.3%
PBWO4:     200 photons; 3 eV/photon  ➛  εsc = 2⋅102⋅3 eV/106 eV = 0.06%

Light yield – εsc ≡ fraction of energy loss going into photons

e.g.

PBWO4 λmax = 420 nm; hν = 3 eV 
photons/MeV = 200

τ = 6 ns

[for 1 MeV particle]
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Cintiladores orgânicos
46

Compostos hidrocarbonetos aromáticos: !
- Naftaleno (C10H8)!
- Antraceno (C14H10)!
- ….

Mecanismo: !
- Tempo de resposta muito rápido (~ns)!!
- Transição de elétrons livres nos orbitais !
- Luz de cintilação surge dos elétrons nos 

orbitais-"

Organic Scintillators	

Aromatic hydrocarbon  
compounds:

AntraceneNaphtalene [C10H8]
Antracene [C14H10]

Stilbene [C14H12]
...

Naphtalene

e.g.

Scintillation is based on electrons 
 of the C = C bond ...

Very fast!
[Decay times of O(ns)]

Two
pz orbitals

π bond

Scintillation light arises from
delocalized electrons in π-orbitals ...

Transitions of  'free' electrons ...
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Cintiladores orgânicos
47

Organic Scintillators – Properties

Scintillator
material

Density
[g/cm3]

Refractive
Index

Wavelength [nm]
for max. emission

Decay time 
constant [ns]

Photons/MeV

Naphtalene 1.15 1.58 348 11 4⋅103 xxx  

Antracene 1.25 1.59 448 30 4⋅104 xxx  

p-Terphenyl 1.23 1.65 391 6-12 1.2⋅104 xxx  

NE102* 1.03 1.58 425 2.5 2.5⋅104 xxx

NE104* 1.03 1.58 405 1.8 2.4⋅104 xxx

NE110* 1.03 1.58 437 3.3 2.4⋅104 xxx

NE111* 1.03 1.58 370 1.7 2.3⋅104 xxx

 BC400** 1.03 1.58 423 2.4 2.5⋅102 xxx

 BC428** 1.03 1.58 480 12.5 2.2⋅104 xxx  

 BC443** 1.05 1.58 425 2.2 2.4⋅104 xxx  

* Nuclear Enterprises, U.K.
** Bicron Corporation, USA
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Cintiladores orgânicos
48

Organic Scintillators – Properties
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Cintiladores: comparação
49

Scintillators – Comparison

Organic Scintillators

Inorganic Scintillators

Advantages    high light yield [typical; εsc ≈ 0.13]
	 	 	 	 	 	 high density [e.g. PBWO4: 8.3 g/cm3]
	 	 	 	 	 	 good energy resolution

Disadvantages	 	 	 complicated crystal growth
	 	 	 	 	 	 large temperature dependence
	 	 	 	 	 	

Advantages	 	 	 	 very fast
	 	 	 	 	 	 easily shaped
	 	 	 	 	 	 small temperature dependence
	 	 	 	 	 	 pulse shape discrimination possible

Disadvantages   lower light yield [typical; εsc ≈ 0.03]
	 	 	 	 	 	 radiation damage

Expensive

Cheap
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Extra…

51
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Interaction Cross Section

[Allison, Cobb; Ann. Rev. Nucl. Part. Sci. 30 (1980) 253]

Cherenkov &
Transition Radiation

Compton scattering; 
Prod. of δ-electrons

Rutherford scattering; 
photoelectric emission 

Relativistic rise; 
polarization effect;
saturation ...

Photo-absorption
cross section

Phase of
1-ε1β2 + iε2β2

Density of medium

Yields
energy loss

dE/dx

Particle charge
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Seção de choque da interação
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Bethe Bloch from dσ/dE

Integrate cross section
over all γ-energies:

Energy of exchanged
photon; E = hω–Electron density

within medium

Bethe-Bloch results as an approximation:

1

2

3

32 1

Equação Bethe-Bloch a partir de dσ/dE
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