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Introdução
2

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 4 
!

Interações de partículas neutras com a matéria

3
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Interação de fótons com matéria
Característica das interações de fótons com 
a matéria: uma interação simples 
remove o fóton do feixe!

4

causas: absorção total ou espalhamento

dI = �µ I dx

[ µ : absorption coe�cient ]

I(x) = I0e
�µx

➛

� = 1/µ = 1/n⇥
[ mean free path ]

Characteristic for interactions of 
photons with matter: 

A single interaction 
removes photon from beam !

I

I - dI

depends on
E, Z, ρ

Beer-Lambert law:

with

Possible Interactions

Photoelectric Effect
Compton Scattering
Pair Production

Rayleigh Scattering (γA ➛ γA; A = atom; coherent)
Thomson Scattering (γe ➛ γe; elastic scattering)
Photo Nuclear Absorption (γΚ ➛ pK/nK)
Nuclear Resonance Scattering (γK ➛ K* ➛ γK)
Delbruck Scattering (γK ➛ γK)
Hadron Pair production (γK ➛ h+h– K)

Interactions of Photons with Matter

Interactions of photons with matter 

Characteristic for interactions of photons with matter: 
A photon is removed from the beam after one single interaction  
either because of total absorption or scattering  
 
 

1)  Photoelectric Effect   2) Compton Scattering 

2)     

3)  Pair Production    

41 

I!

I-dI!

I(x) = I0e
−µx, µ = N

A
σ ii=1

3
∑

λ =1/µ Mean free path 

x!

Efeito fotoelétrico

Interactions of photons with matter 

Characteristic for interactions of photons with matter: 
A photon is removed from the beam after one single interaction  
either because of total absorption or scattering  
 
 

1)  Photoelectric Effect   2) Compton Scattering 

2)     

3)  Pair Production    

41 

I!

I-dI!

I(x) = I0e
−µx, µ = N

A
σ ii=1

3
∑

λ =1/µ Mean free path 

x!

Produção de pares e+e-

Interactions of photons with matter 

Characteristic for interactions of photons with matter: 
A photon is removed from the beam after one single interaction  
either because of total absorption or scattering  
 
 

1)  Photoelectric Effect   2) Compton Scattering 

2)     

3)  Pair Production    

41 

I!

I-dI!

I(x) = I0e
−µx, µ = N

A
σ ii=1

3
∑

λ =1/µ Mean free path 

x!

Espalhamento Compton

dI = �µ I dx

[ µ : absorption coe�cient ]

I(x) = I0e
�µx

➛

� = 1/µ = 1/n⇥
[ mean free path ]

Characteristic for interactions of 
photons with matter: 

A single interaction 
removes photon from beam !

I

I - dI

depends on
E, Z, ρ

Beer-Lambert law:

with

Possible Interactions

Photoelectric Effect
Compton Scattering
Pair Production

Rayleigh Scattering (γA ➛ γA; A = atom; coherent)
Thomson Scattering (γe ➛ γe; elastic scattering)
Photo Nuclear Absorption (γΚ ➛ pK/nK)
Nuclear Resonance Scattering (γK ➛ K* ➛ γK)
Delbruck Scattering (γK ➛ γK)
Hadron Pair production (γK ➛ h+h– K)

Interactions of Photons with Matter
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Interação de fótons com matéria
5

Interactions of Photons with Matter
24 27. Passage of particles through matter
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Figure 27.16: The photon mass attenuation length (or mean free path) λ =
1/(µ/ρ) for various elemental absorbers as a function of photon energy. The
mass attenuation coefficient is µ/ρ, where ρ is the density. The intensity I
remaining after traversal of thickness t (in mass/unit area) is given by I = I0

exp(−t/λ). The accuracy is a few percent. For a chemical compound or
mixture, 1/λeff ≈

∑
elements wZ/λZ , where wZ is the proportion by weight of

the element with atomic number Z. The processes responsible for attenuation
are given in Fig. 27.10. Since coherent processes are included, not all these
processes result in energy deposition. The data for 30 eV < E < 1 keV are
obtained from http://www-cxro.lbl.gov/optical constants (courtesy of
Eric M. Gullikson, LBNL). The data for 1 keV < E < 100 GeV are from
http://physics.nist.gov/PhysRefData, through the courtesy of John H.
Hubbell (NIST).

27.4.4. Energy loss by photons : Contributions to the photon cross section in a
light element (carbon) and a heavy element (lead) are shown in Fig. 27.14. At
low energies it is seen that the photoelectric effect dominates, although Compton
scattering, Rayleigh scattering, and photonuclear absorption also contribute. The
photoelectric cross section is characterized by discontinuities (absorption edges)
as thresholds for photoionization of various atomic levels are reached. Photon
attenuation lengths for a variety of elements are shown in Fig. 27.16, and data for
30 eV< k <100 GeV for all elements is available from the web pages given in the
caption. Here k is the photon energy.

The increasing domination of pair production as the energy increases is shown

February 2, 2010 15:55
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Interação de fótons com matéria
6

Interactions of Photons with Matter

22 27. Passage of particles through matter
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Figure 27.14: Photon total cross sections as a function of energy in carbon
and lead, showing the contributions of different processes:

σp.e. = Atomic photoelectric effect (electron ejection, photon
absorption)

σRayleigh = Rayleigh (coherent) scattering–atom neither ionized nor excited
σCompton = Incoherent scattering (Compton scattering off an electron)

κnuc = Pair production, nuclear field
κe = Pair production, electron field

σg.d.r. = Photonuclear interactions, most notably the Giant Dipole
Resonance [48]. In these interactions, the target nucleus is
broken up.

27.4.3. Critical energy : An electron loses energy by bremsstrahlung at a
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Figure 27.14: Photon total cross sections as a function of energy in carbon
and lead, showing the contributions of different processes:

σp.e. = Atomic photoelectric effect (electron ejection, photon
absorption)

σRayleigh = Rayleigh (coherent) scattering–atom neither ionized nor excited
σCompton = Incoherent scattering (Compton scattering off an electron)

κnuc = Pair production, nuclear field
κe = Pair production, electron field

σg.d.r. = Photonuclear interactions, most notably the Giant Dipole
Resonance [48]. In these interactions, the target nucleus is
broken up.

27.4.3. Critical energy : An electron loses energy by bremsstrahlung at a
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Figure 27.14: Photon total cross sections as a function of energy in carbon
and lead, showing the contributions of different processes:

σp.e. = Atomic photoelectric effect (electron ejection, photon
absorption)

σRayleigh = Rayleigh (coherent) scattering–atom neither ionized nor excited
σCompton = Incoherent scattering (Compton scattering off an electron)

κnuc = Pair production, nuclear field
κe = Pair production, electron field

σg.d.r. = Photonuclear interactions, most notably the Giant Dipole
Resonance [48]. In these interactions, the target nucleus is
broken up.

27.4.3. Critical energy : An electron loses energy by bremsstrahlung at a
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Interação de fótons: efeito fotoelétrico
7

⇤ph = 2⇥r2
e �4 Z5 (mc2)/E�

⇤ph = �⇥ aB Z5 (I0/E�)7/2

➛

Photon Interactions – Photo Effect

X

Photon

Electron

Nucleus

Electron Electron

Nucleus

γ

γ + atom ➛ e− + atom+

Naive
picture

Feynman
diagram

Energy of 
outgoing electron:

Ee = hν – Ib

Photon energy
Binding energy
[strongly Z dependent]

Typical energy dependence:

[for Eγ » mc2]

[for I0 « Eγ « mc2]

Example values:

aB = 0.53⋅10-10 m; I0 =13.6 eV; α =1/137; 1 b = 10-24 m
use Eγ = 100 keV σph(Fe) 
 =     29 barn

σph(Pb) 
= 5000 barn
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Interação de fótons: efeito fotoelétrico
8

⇤ph = 2⇥r2
e �4 Z5 (mc2)/E�

⇤ph = �⇥ aB Z5 (I0/E�)7/2

➛

Photon Interactions – Photo Effect

Energy of 
outgoing electron:

Ee = hν – Ib

Photon energy
Binding energy
[strongly Z dependent]

Typical energy dependence:

[for Eγ » mc2]

[for I0 « Eγ « mc2]

Example values:

aB = 0.53⋅10-10 m; I0 =13.6 eV; α =1/137; 1 b = 10-24 m
use Eγ = 100 keV σph(Fe) 
 =     29 barn

σph(Pb) 
= 5000 barn

1

103

106

1 keV 1 MeV

Absorption
edges

~ Z5/Eγ

Eγ

σph

Cross Section
Photoelectric Effect
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Interação de fótons: espalhamento Compton
9

E0
� =

E�

1 +

E�

mec2 (1� cos �)

Te =

E2
�

mec2 (1� cos �)

1 +

E�

mec2 (1� cos �)

Photon Interactions – Compton Scattering

γ γ

Electron Electron

Photon

Photon

Electron

γ + e−   ➛   (γ)' + (e−)'

Naive
picture

Feynman
diagram

Energy of 
outgoing photon:

γ-Angle w.r.t. direction 
of incoming photon

Simple 4-vector algebra;
[ Ansatz: p4

2 = (p1
2 + p2

2 - p3
2) ]

Kinetic energy of 
outgoing electron:

Forward Scattering: Eγ = Eγ'; Te = 0

Backward 
Scattering: Eγ' = ½ mc2(1 + mc2/2Eγ)-1

Te = Eγ (1 + mc2/2Eγ)-1
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Interação de fótons: espalhamento Compton
10

d⇤

d�
=

r2
e

2
1

[1 + �(1� cos ⇥)]2
· ...

... ·
✓

1 + cos

2 ⇥ +

�2
(1� cos ⇥)2

1 + �2
(1 � cos ⇥)

◆

d�

dTe
= ... �C = ...

Photon Interactions – Compton Scattering

Cross Section:
[use QED ...]

[Klein-Nishina Formula]

Substitution/integration yields:

Small photon energies [Eγ « mec2]:

σC = σth (1 - 2Eγ/mc2) 
[with σth = 8π/3 re

2= 0.66 barn]

Large photon energies:     σC ∝ (ln Eγ)/Eγ
[Eγ » mec2]

Thomson
cross Section

22 27. Passage of particles through matter
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Figure 27.14: Photon total cross sections as a function of energy in carbon
and lead, showing the contributions of different processes:

σp.e. = Atomic photoelectric effect (electron ejection, photon
absorption)

σRayleigh = Rayleigh (coherent) scattering–atom neither ionized nor excited
σCompton = Incoherent scattering (Compton scattering off an electron)

κnuc = Pair production, nuclear field
κe = Pair production, electron field

σg.d.r. = Photonuclear interactions, most notably the Giant Dipole
Resonance [48]. In these interactions, the target nucleus is
broken up.

27.4.3. Critical energy : An electron loses energy by bremsstrahlung at a

February 2, 2010 15:55

Photon Total Cross Sections
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Interação de fótons: produção de pares
11

⇥pair = 4 Z2 �r2
e

✓
7
9

ln
183
Z

1
3
� 1

54

◆

⇡ 4 Z2 �r2
e

✓
7
9

ln
183
Z

1
3

◆

Photon Interactions – Pair Production

Electron

Positron

Photon

Electron

Positron

Nucleus

γ + atom   ➛   e+ + e−

XNucleus
[also electron]

Energy threshold: 

Eγ ≥ 2mec2(1+me/mn)

2 x electron mass
Kinetic energy
transferred to nucleus

Cross Section:

Rises above threshold, but reaches saturation for 
large Eγ [screening effect] ...

For Eγ » mec2:
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Interação de fótons: produção de pares
12

⇥pair ⇡
7
9

✓
4 �r2

eZ2 ln
183
Z

1
3

◆}

Photon Interactions – Pair Production

Cross Section:

A/NAX0

[X0: radiation length]

Absorption coefficient:

μ = nσ [with n: particle density]

μ = ρ⋅NA/A σpair

 = 7/9

Photon

Electron

Positron

Nucleus

[in cm or g/cm2]

1
X0

[for Eγ » mec2]

ρ [g/cm3] X0 [cm]

    H2 [fl.] 0.071 865

    C 2.27 18.8

    Fe 7.87 1.76

    Pb 11.35 0.56

    Luft 1.2⋅10-3 30⋅103

[where now X0  is in cm]
Air
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Interação de fótons: produção de pares
13

Pair production 

48 

Minimum energy required for this process  
2 me + Energy transferred to the nucleus  

Eγ ≥ 2mec
2 +

2mec
2

mNucleus

γ + e− $ e+ + e− + e− 

γ + nucleus $ e+ + e− + nucleus’ 
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Interação de fótons: produção de pares
14

Photon Interactions – Pair Production

27. Passage of particles through matter 23

rate nearly proportional to its energy, while the ionization loss rate varies only
logarithmically with the electron energy. The critical energy Ec is sometimes
defined as the energy at which the two loss rates are equal [46]. Berger and
Seltzer [46] also give the approximation Ec = (800 MeV)/(Z + 1.2). This formula
has been widely quoted, and has been given in older editions of this Review [47].
Among alternate definitions is that of Rossi [2], who defines the critical energy
as the energy at which the ionization loss per radiation length is equal to the
electron energy. Equivalently, it is the same as the first definition with the
approximation |dE/dx|brems ≈ E/X0. This form has been found to describe
transverse electromagnetic shower development more accurately (see below).
These definitions are illustrated in the case of copper in Fig. 27.12.

The accuracy of approximate forms for Ec has been limited by the failure
to distinguish between gases and solid or liquids, where there is a substantial
difference in ionization at the relevant energy because of the density effect. We
distinguish these two cases in Fig. 27.13. Fits were also made with functions of the
form a/(Z + b)α, but α was found to be essentially unity. Since Ec also depends
on A, I, and other factors, such forms are at best approximate.
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Figure 27.15: The normalized pair production cross section dσLPM/dy,
versus fractional electron energy x = E/k.
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Interação de fótons: produção de pares
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Interactions of Photons with Matter

22 27. Passage of particles through matter
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Figure 27.14: Photon total cross sections as a function of energy in carbon
and lead, showing the contributions of different processes:

σp.e. = Atomic photoelectric effect (electron ejection, photon
absorption)

σRayleigh = Rayleigh (coherent) scattering–atom neither ionized nor excited
σCompton = Incoherent scattering (Compton scattering off an electron)

κnuc = Pair production, nuclear field
κe = Pair production, electron field

σg.d.r. = Photonuclear interactions, most notably the Giant Dipole
Resonance [48]. In these interactions, the target nucleus is
broken up.

27.4.3. Critical energy : An electron loses energy by bremsstrahlung at a
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Figure 27.14: Photon total cross sections as a function of energy in carbon
and lead, showing the contributions of different processes:

σp.e. = Atomic photoelectric effect (electron ejection, photon
absorption)

σRayleigh = Rayleigh (coherent) scattering–atom neither ionized nor excited
σCompton = Incoherent scattering (Compton scattering off an electron)

κnuc = Pair production, nuclear field
κe = Pair production, electron field

σg.d.r. = Photonuclear interactions, most notably the Giant Dipole
Resonance [48]. In these interactions, the target nucleus is
broken up.
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σCompton = Incoherent scattering (Compton scattering off an electron)

κnuc = Pair production, nuclear field
κe = Pair production, electron field

σg.d.r. = Photonuclear interactions, most notably the Giant Dipole
Resonance [48]. In these interactions, the target nucleus is
broken up.
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51 

Electromagnetic interactions 
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Dependência do material
17

Erika Garutti - The art of 
calorimetry I 

52 

Material dependence  
G

am
m

as
 E

lectrons 

Increasing Z 
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Detectando Nêutrons
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• Partículas eletricamente neutras não interagem via 
força eletromagnética

• Nêutrons são detectados via interação nuclear.

• Interação a ser escolhida para a detecção de nêutrons depende do 
intervalo de energia que se deseja investigar.
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• Nêutron de alta energia: Calorímetro hadrônico
(mede-se a energia depositada em forma de chuveiro hadrônico; neutralidade 
da partícula tem pouco efeito)

• Nêutron de energia moderada: Espalhamento n-p
(detecta-se os nêutrons através do espalhamento em material contendo 
hidrogênio em grandes quantidades; detecta-se o recuo dos prótons.)

• Nêutron de baixa energia: Processos Nucleares Exoérgicos
(utiliza-se material com alta taxa de captura de nêutrons para nêutrons de baixa 
energia; processo de captura de nêutrons resulta em núcleos instáveis. 
Decaimentos desses núcleos produzem sinais que podem ser detectados.)

http://cern.ch/amoraes
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E(7Li) =
mHe

mLi + mHe
⇡ 4

11
Q = 1.01 MeV

E(4He) =
mLi

mLi + mHe
⇡ 7

11
Q = 1.77 MeV

Detection of Neutrons

Helium:  
 n + 
3He
 ➛  
 3H 
 + 1H 
 
 +  0.76 MeV
 

Lithium:

 n +
 6Li
 ➛
 4He 
+ 3H 
 
 +  4.79 MeV
 

Boron:
 
 n + 10B
 ➛
 7Li* 
+ 4He 
 
 +  2.31 MeV  +  0.48 MeV  
(93%)


 
 
        
 ➛
 7Li 
 + 4He 
 
 +  2.78 MeV
 
 
 
 
 ( 7%)

Nuclear reactions used for
neutron detectors ...

Q-values

extra γ

Gadolinium:

 n + 155Gd  ➛  Gd*  ➛  γ-ray spectrum  ➛  conversion electron spectrum

 n + 157Gd  ➛  Gd*  ➛  γ-ray spectrum  ➛  conversion electron spectrum 

Uranium: 	 n + 235U  fission fragments + ~160 MeV 
Plutonium:	 n + 239Pu  fission fragments + ~160 MeV 

Kinetic energy 
of decay products:

�p 2
1

2m1
+

�p 2
2

2m2
=

�p 2
1

2m1

✓
1 +

m1

m2

◆
= Q

�p1 = ��p2

10B

4He

7Li

p2

p1

n

charged
nuclei

http://cern.ch/amoraes


Dr Arthur Moraes (CBPF) A Física dos Detectores de Partículas - Aula 4 Rio de Janeiro, 21 de Julho de 2017.

ht
tp

:/
/c

er
n.

ch
/a

m
or

ae
s

Detectando Nêutrons
21

[b
ar

n]
σ

210

104

1

10�� 1 102 104 106

En [eV]

[n,   ]α
α

6 Li
He [n,p]

B [n,   ]

3

10

�(E) = �(Eth) · vth

v

Detection of Neutrons

Cross Section 
for neutron capture process ...

3He	 [n,p]
 6Li
 [n,α]
10B
 [n,α] 

104

103

102

10

1

10-2 10-1   1 10 102 103 104 105 106 107

En [eV]

C
ro

ss
 S

ec
tio

n 
[b

ar
n]

Eth

3He
 :  σ(Eth) = 5330 barn
 6Li
 :  σ(Eth) = 0940 barn
10B
 :  σ(Eth) = 3840 barn

Interpretation:

x-Section increases with 
time the neutron is close 
to absorbing nucleus ...

   ➛ v-dependence ...
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Detection of Neutrons

Scintillation Detectors ...

Detect scintillation light produced
in capture process ...

e.g. Lithium glass:

n + 6Li ➛ 4He + 3H + 4.79 MeV

Density
of 6Li atoms

[1022 cm-3]

Scintillation
efficiency

[in %]

Photon 
wavelength

[nm]

Photons per 
neutron

 

Li-glass 
(Ce)    

1.75 0.45 395 ~ 700000  

LiI (Eu) 1.83 2.8 470 ~ 5100000

ZnS (Ag) - 
LiF

1.18 9.2 450 ~ 160 00000

Common scintillators
used for neutron detection ...

http://cern.ch/amoraes
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Detection of Neutrons

Gas Detectors ...

Standard Geiger counter with He or BF3 as counting gas ...

e.g. 
Helium: n + 3He ➛ 3H + 1H + 0.76 MeV

 
 [About 25000 ionizations produced per neutron; charge ≈ 4 fC]

http://cern.ch/amoraes
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• Nêutrons rápidos
detecção baseia-se na observação de reação nuclear induzida pela absorção de 
nêutrons;

seção de choque de absorção de nêutrons rápidos é pequena se comparada com 
nêutrons de baixa energia: σcap ~1/v

Duas possibilidades: !
1- Termalizar/moderar antes de promover a captura dos nêutrons (permite 
apenas a contagem do fluxo de nêutrons); !
2- Espalhamento elástico em prótons de altas-energias (prótons são “fáceis” de 
se detectar). Permite que a energia seja medida.
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Spring 2010 Radiation Detection & Measurements 15 

Counters Based on Neutron Moderation 
•  Moderate neutrons to increase efficiency in conventional slow-neutron 

detectors 
•  Moderation with hydrogenous materials such as polyethylene or paraffin 
•  Optimum thickness between few cm to  

 tens of cm for energies of keV to MeV  
•  Trade-off between sufficient slow down  

 and detection cross section 

Detection of Neutrons

Spring 2010 Radiation Detection & Measurements 15 

Counters Based on Neutron Moderation 
•  Moderate neutrons to increase efficiency in conventional slow-neutron 

detectors 
•  Moderation with hydrogenous materials such as polyethylene or paraffin 
•  Optimum thickness between few cm to  

 tens of cm for energies of keV to MeV  
•  Trade-off between sufficient slow down  

 and detection cross section 

Neutron moderation ...
Moderate neutrons to increase efficiency in conventional 
slow-neutron detectors ...

Moderation with hydrogenous materials such 
as polyethylene or paraffin ... 

Optimum thickness between few cm to tens of cm for 
energies of keV to MeV ...

Trade-off between sufficient slow down and
detection cross section ...

Relative response
vs. energy for different absorber thicknesses

http://cern.ch/amoraes
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Detection of Neutrons386 T. W. CraneandM. P.Baker

Table 13-3.Typicalvaluesof efficiencyand gamma-raysensitivityfor some commonneutron
detectors

Neutron
Neutron Incident Detection Gamma-Ray

Detector Active Neutron Efficien& Sensitivity
Type Size Material Energy (%) @/h)b

Plasticacintillator 5cmthick lH 1MeV 78 0.01
Liquidscintillator 5cmthick IH 1MeV 78 0.1
Loadedscintillator 1mm thick 6Li thermal 50 1
Hornyakbutton 1mmthick 1~ 1MeV 1 1
Methane(7atm) 5cmdiam 1~ 1MeV 1 1
4He(18atm) 5cmdiam 4He 1MeV 1 1
3He(4atm),Ar(2atm) 2.5cmdiam 3He thermal 77 1
3He(4atm),C02 (5%) 2.5emdiam 3He thermal 77 10
BF3(0.66atm) 5cmdiam 10B thermrd 29 10
BF3(l.18atm) 5cmdiam lCIB thermal 46 10
%-lined chamber 0.2mg/cm2 *OB thermal 10 ~03
Fissionchamber 2.0mg/cm2 235U thermal 0.5 106– 10’
alntem~On ~m~bility forneutronsofthe specifiedenergystrikingthede=or ~~ at ‘i@tad=.
bApproximateupper limit of gamma-raydose that can be presentwith detector still providing
usableneutronoutputsignals.

13.4 GAS-FILLED DETECTORS

13.4.1 3He and BF3Thermal-Neutron Detectors

Gas-filled thermal-neutron detectors use either BF3or 3He. In the case of BF3, the gas
is enriched in l%. Heliurrt-3 is only about 1 ppm of natural helium, so it is usually
obtained by separation from tritium produced in reactors. The nuclear reactions that
take place in these gases are

(13-1)3He + n-3H + lH + 765keV

10B+ n- 7Li* + 4He + 2310keV

and 7Li*-D 7Li + 480 keV . (13-2)

These reactions are exothermic and release energetic charged particles into the gas. The
counters are operated in the proportional mode, and the ionization produced by these
particles initiates the multiplication process that leads to detection. The amount of
energy deposited in the detector is the energy available from the nuclear reaction.
In the case of 3He, the neutron causes the breakup of the nucleus into a tritium

nucleus, 3H, and a proton, lH. The triton and the proton share the 765-keV reaction
energy. In the case of *OB,the boron nucleus breaks up into a helium nucleus (alpha

—,.
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Detection of Neutrons

Cascade Detector ...
Setup: Multi Boron Layers on GEM foils ...

GEMs: 

	 - 	can be operated to be transparent 
	 	 for produced charges ...
	 - 	can be cascaded ...
	 -	 each can carry two Boron layers ... 
	 -	 last one is operated as an 
	 	 amplification layer ...

The GEMs inherently introduce 
high rate capability ...
[107 Hz/cm2]

n + 10B 
➛ 7Li* 
+ 4He 
+  2.31 MeV
 (93%)

 ➛ 7Li 
+ 4He 
+  2.78 MeV
 ( 7%)

Capture Process:

Cascade
Neutron Detector

GEM: Gas electron multiplier

http://cern.ch/amoraes
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Detection of Neutrons

Cascade Detector ...

©
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1-D Readout-
Structure

CASCADE-Detector-Module 100 x 100 mm2

CASCADE-Detector:

Several GEM-modules are 
stacked together with 
readout structure and 
drift electrodes to form a 
detector module

CASCADE-GEM Module: 
GEM-foil glued 
onto a frame
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CASCADE-Detector:

Several GEM-modules are 
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readout structure and 
drift electrodes to form a 
detector module

CASCADE-GEM Module: 
GEM-foil glued 
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Our first 200mm x 200mm detector at PF1a/ILL

CASCADE Module

Several GEM-modules 
stacked together with readout 
structure and drift electrodes 

to form a detector module

CASCADE-GEM Module
GEM-foil glued onto a frame

First 200 x 200  mm2

Cascade neutron detector
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�e + e� ! �e + e�

�µ + e� ! �µ + e�

�� + e� ! �� + e�

�̄e + e� ! µ� + �̄µ

�̄e + e� ! ⇥� + �̄�

�e + n ! e� + p

�̄e + p ! e+ + n

�µ + n ! µ� + p

�̄µ + p ! µ+ + n

�� + n ! ⇥� + p

�̄� + p ! ⇥+ + n

Detection of Neutrinos

Neutron detection only via weak interaction ...

Possible reactions:

Charged Current 
Reactions:

Neutral Current 
Reactions:

...

Remark:

Neutral Current νN-interactions not
usable due to small energy transfer

ν

n

e

p

ν

e

ν

e

W
– Z0

Neutral 
Current 

Charged 
Current 

Neutrino nucleon x-Section:
[examples]

10 GeV neutrinos: 
 
 σ = 7⋅10–38 cm2/nucleon

Solar neutrinos [100 keV]: 
 σ = 7⋅10–45 cm2/nucleon

Interaction probability for 10 m Fe-target: R = σ⋅NA [mol-1/g]⋅d⋅ρ = 3.2⋅10-10

with NA = 6.023⋅1023 g-1; d = 10 m; ρ = 7.6 g/cm3

Interaction probability for earth: R = σ⋅NA [mol-1/g]⋅d⋅ρ ≈ 4⋅10-14

with NA = 6.023⋅1023 g-1; d = 12000 km; ρ = 5.5 g/cm3

• Neutrinos são detectados via 
interação fraca.
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�e + e� ! �e + e�

�µ + e� ! �µ + e�

�� + e� ! �� + e�

�̄e + e� ! µ� + �̄µ

�̄e + e� ! ⇥� + �̄�

�e + n ! e� + p

�̄e + p ! e+ + n

�µ + n ! µ� + p

�̄µ + p ! µ+ + n

�� + n ! ⇥� + p

�̄� + p ! ⇥+ + n

Detection of Neutrinos

Neutron detection only via weak interaction ...

Possible reactions:

Charged Current 
Reactions:

Neutral Current 
Reactions:

...

Remark:

Neutral Current νN-interactions not
usable due to small energy transfer

ν

n

e

p

ν

e

ν

e

W
– Z0

Neutral 
Current 

Charged 
Current 

Neutrino nucleon x-Section:
[examples]

10 GeV neutrinos: 
 
 σ = 7⋅10–38 cm2/nucleon

Solar neutrinos [100 keV]: 
 σ = 7⋅10–45 cm2/nucleon

Interaction probability for 10 m Fe-target: R = σ⋅NA [mol-1/g]⋅d⋅ρ = 3.2⋅10-10

with NA = 6.023⋅1023 g-1; d = 10 m; ρ = 7.6 g/cm3

Interaction probability for earth: R = σ⋅NA [mol-1/g]⋅d⋅ρ ≈ 4⋅10-14

with NA = 6.023⋅1023 g-1; d = 12000 km; ρ = 5.5 g/cm3
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Neutrinos from the Sun [pp chain]

p + e- + p ➛ 2H + νe

2H + p ➛ 3He + γ

3He + p ➛ 4He + e+ + νe

3He + 4He ➛ 7Be + γ

7Be + e- ➛ 7Li + γ + νe

7Li + p ➛ α + α

3He + 3He ➛ 4He + 2p

99.75 % 0.25 %

85% ~15%

0.02 %15.07 %

~10-5 %

7Be + p ➛ 8B + γ

8B ➛ 8Be* + e+ + νe

p + p ➛ 2H + e+ + νe

[pp-neutrinos] [pep-neutrinos] 

[hep-neutrinos] 

[8B-neutrinos] 

[7Be-neutrinos] 

[also: CNO cycle]
• Neutrinos solares
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32

Solar Neutrinos

Solar e Energy Spectrum

[J.N. Bahcall, http://www.sns.ias.edu/~jnb]

C. Giunti Neutrino Mixing 11 Nov 2007 7

(c
m

-2
 s-1

)

Neutrinos from the Sun
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Solar Electron Neutrino Problem

Eν > 5 ΜeV Eν > 0.2 ΜeV Eν > 5 ΜeV

Total Rates: Solar Standard Model vs. Experiment
[Bahcall+ Serenelli, 2005]

Eν > 5 ΜeVEν > 0.8 ΜeV

e-Neutrinos
disappear!

in 
SNU

S
N

U
: 
ν-

in
e
ra

c
tio

n
s/

1
0

3
6
 t
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Super-Kamiokande

Superkamiokande Detector

1 Neutrino-interaction
every 1.5 hours

50 Million liter
ultra-pure water

Water tank 
1.6 km below ground

Neutrino detection
via Cherenkov light

http://cern.ch/amoraes
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Super-Kamiokande

http://cern.ch/amoraes
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Super-Kamiokande

Mounting of
Photomultiplier Tubes

Total:   
 11,146   20″ pmts

 
   1,885     8″ pmts
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Super-Kamiokande

21

Total 3.43 × 107

A. Noise reduction
(a) 2.66 × 107

(b) 2.51 × 107

(c) 2.50 × 107

(d) 2.50 × 107

(e) 2.48 × 107

(f) 1.81 × 107

B. Spallation cut
1.29 × 107

C. Ambient B.G. cut
(a) 3.61 × 106

(b) 2.72 × 106

(c) 1.86 × 106

D. Gamma cut
2.96 × 105

E. 16N cut
2.87 × 105

TABLE VII: The summary of number of events remaining
after each reduction step

E (signal events) and ui(cos θsun) is the background shape
in energy bin i. Each of the ni events in energy bin i is
assigned the background factor bij = ui(cos θij) and the
signal factor sij = p(cos θij , Ej).

The signal shape p(cos θsun, E) is obtained from the
known, strongly forward-peaked angular distribution of
neutrino-electron elastic scattering with smearing due to
multiple scattering and the detector’s angular resolution.
The background shape ui(cos θsun) has no directional cor-
relation with the neutrino direction, but deviates from a
flat shape due to the cylindrical shape of the SK de-
tector: the number of PMT’s per solid angle depends
on the SK zenith angle. In order to calculate the ex-
pected background shape, we use the angular distribu-
tion of data itself. The presence of solar neutrinos in the
sample biases mostly the azimuthal distribution, so at
first we fit only the zenith angle distribution and assume
the azimuthal distribution to be flat. We generate toy
Monte Carlo directions according to this fit and calcu-
late cos θsun. We also fit both zenith and azimuthal dis-
tributions, approximately subtracting the solar neutrino
events from the sample and repeat the toy Monte Carlo
calculation. We compare the obtained number of solar
neutrino events from both background shapes and as-
sign the difference as a systematic uncertainty. Since the
azimuthal distributions don’t deviate very significantly
from flat distributions, we quote the solar neutrino events
obtained from the first shape (assuming a flat azimuthal
distribution). The dotted area in Figure 40 shows this
background shape. The systematic uncertainty due to
the background shape is 0.1% for the entire data sample
(5.0-20.0 MeV). If the data sample is divided into a day
and a night sample, the systematic uncertainty is 0.4%.
The amount of background contamination is much less
above 10 MeV than it is near the SK–I energy thresh-
old (5.0 MeV), so small differences in background shape

between the two methods become important only in the
lowest energy bins: between 5.0 and 5.5 MeV, the sys-
tematic uncertainty is estimated to be 1.2%, between 5.5
and 6.0 MeV 0.4%, and above 6.0 MeV 0.15%.
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FIG. 40: Angular distribution of solar neutrino event candi-
dates. The shaded area indicates the elastic scattering peak.
The dotted area is the contribution from background events.

B. Observed solar neutrino flux

Figure 40 shows the cos θsun distribution for 1496 days
of SK–I data. The best fit value for the number of
signal events due to solar neutrinos between 5.0 MeV
and 20.0 MeV is calculated by the maximum likeli-
hood method in Eq. (8.1), and the result for SK–I is
22, 404 ± 226 (stat.)+784

−717 (sys.). The corresponding 8B
flux is:

2.35 ± 0.02 (stat.) ± 0.08 (sys.) × 106 cm−2s−1.

The systematic errors for the solar neutrino flux, sea-
sonal variation and day-night differences for the energy
range 5.0 MeV to 20.0 MeV are shown in Table VIII. The
detailed explanations are written in each topic’s section,
but the total systematic error for the solar neutrino flux
measurement is estimated to be +3.5%

−3.2%.

C. Time variations of solar neutrino flux

1. Day-Night difference

The day time flux and night time flux of solar neutrinos
in SK–I are calculated using events which occurred when
the solar zenith angle cosine was less than and greater
than zero, respectively. The observed flux are:

Φday = 2.32 ± 0.03 (stat.)+0.08
−0.07 (sys.) × 106 cm−2s−1

Φnight = 2.37 ± 0.03 (stat.)+0.08
−0.08 (sys.) × 106 cm−2s−1

SK-I: 8B Solar Neutrino Flux 

[May 31st, 1996 – July 15, 2001]

22400 ± 230

νe + e ➛ νe + e [ES]

[comparably high x-sec. due to Z-exchange]
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Super-Kamiokande

The sun seen
through the earth
in neutrino light
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Super-Kamiokande

Muon event
[603 MeV]

Observation of
clean Cherenkov ring
with sharp edges

Flight direction from
timing measurements
[blue: early; red: late]

Energy from amount
of light observed in PMTs

νμ
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