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Dedektör Nedir? 

Yüklü Parçacıkların Enerji Kaybı, Durdurma Gücü 

Bethe-Bloch, Bragg Tepesi, Bremsstrahlug 

 Cherenkov ve Geçiş Işıması 

 Foton, Nötron ve Nötrino Etkileşimleri 

 Sintilatörler ve uygulamaları 

 Fotoçoğaltıcılar 

 Parçacık Etiketleme

İçerik
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Yüklü parçacıkları belirlemeli 

✦Yüklü leptonlar, yüklü hadronlar 

Yüksüz parçacıkları belirlemeli 

✦Foton, yüksüz hadronlar, nötrinolar 

Parçacık kimliklendirme yapabilmeli 

✦gama/nötron ayrımı, hadron  

Herbir parçacığın enerji momentum ölçümünü çok hassas bir şekilde yapabilmeli 

✦4-vektör (E, px, py, pz) , (t, x, y, z)   

Olay yapılandırma oranı yüksek olmalı 

Dedektör Nedir?
Algıç

+ atom altı parçacıklar

Mükemmel Dedektör
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 Dedektörler atomlardan meydana gelir. 

✦ Çekirdek + elektron 

✦ Etkileşim parçacık türüne bağlıdır 

✦  Enerji kaybı enerjiye bağlıdır 

 Hadronlar → Güçlü etkileşim → Çekirdek 

Yüklü parçacıklar ve fotonlar → EM 
etkileşim  → Elektron ve çekirdek 

 Nötrinolar  → Zayıf Etkileşim → Elektron 
ve çekirdek

Dedektör Yapısı
Interaction of particles with matter 

• Matter :  Atoms = Electrons + Nuclei

• Interactions depend on particle type

• Energy loss strongly dependent on energy

Strong interaction of hadrons with nuclei

Electromagnetic interaction of charged    
particles and photons  with electrons and nuclei

Weak interaction of neutrinos with electrons and 
nuclei

Detectors are made out of matter …
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Yüklü Parçacıklar için Enerji Kaybı

Yüklü Parçacıklar

Yüklü Leptonlar ve Hadronlar: 
Elektromanyetik Etkileşim

Yüklü Hadronlar

İyonizasyon

Bremsstrahlung

Cherenkov Radyasyonu

Geçiş Radyasyonu

Çekirdek ile hadronik etkileşim
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Yüksüz Parçacıklar İçin Enerji Kaybı

Yüksüz Parçacıklar

Fotonlar

Hadronlar

Çift Oluşumu

Compton Saçılması

Fotoelektrik Etkisi

Çekirdek ve elektronlar  
ile zayıf etkileşim

Çekirdek ile hadronik etkileşim

Nötrinolar
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Çözüm: Çok katmanlı dedektör

7



UPDYO-XV, 5-10 Eylül 2023, Bodrum/Muğla Sertaç ÖZTÜRK, İstinye Üniversitesi

15. ULUSAL PARÇACIK HIZLANDIRICILARI VE DEDEKTÖRLERİ YAZ OKULU (UPHDYO-XV)

Müon gibi yüklü ağır bir parçacığın soğurucu 
bir materyalden geçtiğini düşünelim 

✦ Soğurucunun kalınlığı ve yoğunluğu 

 Soğurucu materyalden geçtiğinde enerji 
kaybı dE  

Birim uzunluktaki enerji kaybı dE/dx 
durdurma gücü olarak adlandırılır. 

✦ x = yoğunluk x kalınlık (g/cm2) 

✦ dE/dX birimi MeV cm2/g

Yüklü Ağır Parçacıklar için Enerji Kaybı
Electronic energy loss of heavy charged particles 

9

• Consider a muon traversing some absorber material with a 
given thickness and density

• After passing the absorber, the muon has lost some energy 
dE.

• Note: the energy loss is the result of a very large 
number of interactions with the atoms of the absorber

• At this point, we consider only the average energy 
loss for a large number of mono-energetic muons

• The energy loss dE/dx is called “stopping power”

• x = density・thickness is measured in g/cm
2

• To calculate the thickness “ds”, you have to divide x by 
the density of the absorber material

• dE/dx has the units MeV cm
2
/g

dx

E E-dE

ds

8
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Muonlar için Durdurma Gücü
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Ağır yüklü parçacıklar için ortalama durdurma gücü (M>>me)

Bethe-Bloch FormülüBethe-Bloch Formula: Energy Loss by Ionisation

11

describes the mean rate of energy 
loss in the region

 0.1 <∼ βγ <∼ 1000 
for intermediate-Z materials with an 

accuracy of a few percent.

Maximum energy loss in a single collision:
z = parçacığın yükü  
M = parçacığın kütlesi 
Z = Ortamın yükü numarası 
A= Ortamın atom numarası 
I = Ortamın ortalama uyarılma enerjisi 
Wmax = Tek bir çarpışmada mak. enerji transferi 
β = v/c , γ = (1-β2)-1/2  
δ = density correction

10
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 Bethe-Bloch bağıntısı üç bölgeye 
ayrılabilir. 

 1. Düşük Enerjiler: 

✦ dE/dx, β𝛾 =3-3,5 civarında ulaşılan bir 
minimum değere kadar 1/β2 gibi azalır. 

✦ Bu kinematik aralıktaki parçacıklara 
"minimum iyonlaştırıcı parçacıklar" 
denir. 

✦ dE/dx, emici malzemeye yalnızca zayıf 
bir şekilde bağlıdır ve tipik olarak 
yaklaşık 1-2 MeV g-1cm2'dir (H2 için 4 
MeV g-1cm2) 

2. Daha büyük β𝛾 değerleri  

✦ Artan enerjiyle birlikte logaritmik bir dE/
dx yükselişi vardır (“göreli yükseliş”) 

Yüksek Enerjiler: 

✦ Enerji kaybı bir düzlüğe ulaşır

Bethe-Bloch Bölgeleri
Three regions for dE/dx from Bethe-Bloch-
Formula:

1. Low energies / momenta: 

• dE/dx decreases like 1/β2 
up to a minimum 

value which is reached around β! =3-3.5

• Particles in this kinematic range are called 
“minimum ionizing particles” (MIPS)

• dE/dx is only weakly dependent on the 
absorber material and is typically about     
1-2 MeV g

-1
cm

2
 (4 MeV g

-1
cm

2 
for H2)

2. For larger values of β! there is a logarithmic 
rise of dE/dx with increasing energy 
(“relativistic rise”)

3. At higher energies, the energy loss reaches a 
plateau 12

11
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Bethe-Bloch Enerji KaybıEnergy loss and range of charged particles (Bethe-Bloch)

1312
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1 GeV momentumlu bir protonu 
Pb hedefinde düşünelim 

✦ ρ ≈ 11,3 g/cm3 

✦ R/M = 200 g cm-2 GeV-1 

✦ R=200/11.3 cm ≈ 18 cm 

Sadece iyonlaşma ve atomik 
uyarılma ile enerji kaybeden 
parçacıklar için geçerlidir. 

✦ Düşük enerjili hadronlar 

✦ Birkaç 100 GeV'ye kadar 
müonlar

Parçacıkların MenziliExample for range calculation

• Consider proton with momentum of      
1 GeV on a Pb target (ρ ≈ 11.3 g/cm3)

• From the figure, we read:

  R/M≈200 g cm-2 GeV-1

   ⇒ R=200/11.3 cm ≈ 18 cm

14

Note: 

Figure is only valid for particles which 
lose energy only by ionization and 
atomic excitation

• Low energy hadrons

• Muons up to a few 100 GeV 

13
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Küçük βγ'da enerji kaybı artar 

✦ Enerjinin çoğu, menzilin sonuna yakın bir yerde biriktirilir 

✦ Bragg Tepesi 

✦ Hadron terapi

Bragg Tepesi

Energy loss at small momenta 

•  energy loss increases at small βγ  
•  particles deposit most of their 

energy at the end of their track 
 # Bragg peak 

20 # Important effect for tumor therapy 

14
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Frenleme ışıması, ivmelenen yüklü bir 
parçacığın yaptığı ışımadır.  

1/m2 ile orantılıdır. 

 Aynı enerjideki elektron ve muon 
arasındaki oran (mμ/me)2≈4・104 

Kritik enerji (EC)≡Bir parçacığın madde 
içinde hareket ederken iyonizasyon ve 
Bremsstrahlung sebebiyle olan enerji 
kayıplarının eşit olduğu durumdaki 
enerjisidir. 

✦ Örneğin bakır için Ec = 20 MeV dir.  

✦ İnce bir bakır folyodan geçen 20 
MeV'lik bir elektron, iyonlaşma ve 
Bremsstrahlung yoluyla eşit miktarda 
enerji kaybeder.

Bremsstrahlung
Bremsstrahlung  

25 

After passage of one X0 
electron has lost all but  
(1/e)th of its energy (63%) 

−
dE
dx Brems

=
E
X0

X0 =
A

4αNAZ
2re
2 ln 183

Z1/3

X0 = radiation length in [g/cm2] 

dE
dx
(Ec )

Brems

=
dE
dx
(Ec )

Ion

Ec = critical energy  

Energy loss for electrons 

24 

Bethe-Bloch formula needs modification 
 Incident and target electron have same mass me 
 Scattering of identical, undistinguishable particles 

 
 
 
Dominating process for Ee > 10-30 MeV is not anymore ionization but 
 
Bremsstrahlung: photon emission by an electron accelerated in 
Coulomb field of nucleus 

−
dE
dx Ionization

∝ ln(E)

−
dE
dx Brems

∝
E
m2

energy loss proportional to 1/m2 � main relevance for 
electrons (or ultra-relativistic muons) 

[radiative losses] 

15
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Elektron için Bremsstrahlung yoluyla 
meydana gelen enerji kaybı:

Işınım Uzunluğu

Radiation Length

• Energy loss via Bremsstrahlung for electrons:

• X0 is called “radiation length”

• After passing one X0, the energy of the 
electron is reduced by a factor of 1/e 

26
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X0 = ışınım uzunluğu 

X0 aynı zamanda bir fotonun madde 
içerisinde bir elektron-pozitron çiftine 
dönüşmesi için gereken ortalama 
yolun 7/9’una eşittir. 

Radiation length and critical energy 

27
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Işık madde ortamından geçerken hızı azalır. 

✓ kırılma indisi katsayısı n. 

✓ n = c/v  

 Yüklü bir parçacık madde ortamından 
geçerken bazı atomik elektronları polarize 
eder. 

 Eğer parçacığın hızı, ışığın o ortam içindeki 
hızında c/n fazla ise bir elektromanyetik şok 
dalgası meydana gelir. Buna Cherenkov 
radyasyonu denir. 

 Cherenkov radyasyonunda kaynaklı enerji 
kaybı küçüktür.  

✓ dE/dx ~1-5% 

Cherenkov IşınımıCoherent effects of charged particles in matterCoherent effects of charged particles in matter

„Density effect“ is correction, which takes into account the shielding of the field of the 
fast moving  charged particle by polarizing the medium. This causes a reduced energy 
loss at high relativistic energies. 

The fast time-dependent change of the polarization can create observable coherent The fast time-dependent change of the polarization can create observable coherent 
effects in medium: Cherenkov radiation, Experiment: Cherenkov (1934)

Interaction is dispersed around 
several atomic radii due to the 
strong transversal extension of 
the fast moving EM field.

For v<c/n fast reduction
of induced fields in medium.

atomic dipoles

of induced fields in medium.

For v>c/n propagation of EM-
wave in optical range is possible 
and observed.

Theory: Frank, Tamm (1937)

fast change of polarization
and depolarization

polarization
v<c/n dipoller 

simetrik, 
net radyasyon yok

v>c/n dipoller 
asimetrik,  

Cherenkov 
radyasyonu

17
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 Yayımlanma açısı 𝛳c parçacığın hızına ve 

ortamın kırılma indisi katsayısına bağlıdır.

✓ βeşik = 1/n ⇒ açılma açısı 𝛳c≈0°

✓ en fazla açılma açısı: β≈1 ⇒ arccos𝛳c = 1/n

Cherenkov Radyasyon Açısı

Katharina Müller  autumn 14 3

Cherenkov Radiation
Angle between Cherenkov photons and track of particle

→ velocity of particle

    particle  l
part

 = t β c

    photons l
light

 = t c/n

correct for recoil:

                           

p: momentum of particle, ℏk momentum of photon (k = 2 π/λ)

ℏk<<p → correction for recoil usually not needed 

● Threshold: Cherenkov emission only for β>1/n
● β

s
=1/n emission forward direction  θ

c
 = 0

● maximum for β=1 , Cherenkov angle   θ
c
 = arccos 1/n

   → Cherenkov radiation occurs only in media and for frequencies  with n(β) >1 

● Threshold energy                                                       

Measurement of γs allows mass determination if energy is known

cos c=
c

n c
=

1
n 

cos c=
1

n 


ℏ k
2p

1−
1
n2 

 s=
E s

m0 c2 =
1

1− s
2
=

1

1−1/ n2

Katharina Müller  autumn 14 5

Cherenkov-angle vs 

Liquids, solids                                  Gases

→  high relativistic particles: small emission angle
→  large refraction index: large scattering angle 

velocity βvelocity β

e
m

is
s
io

n
 a

n
g
le

𝛳c, max sin2(𝛳c, max)

Hava 1.38° 5.8x10-4

CO2 1.72° 9.0x10-4

Su 41.4° 0,44

18



UPDYO-XV, 5-10 Eylül 2023, Bodrum/Muğla Sertaç ÖZTÜRK, İstinye Üniversitesi

15. ULUSAL PARÇACIK HIZLANDIRICILARI VE DEDEKTÖRLERİ YAZ OKULU (UPHDYO-XV)

Cherenkov Radyasyon Enerjisi
 Cherenkov radyasyonu için eşik enerjisi. 

✓ Bu enerjide fotonlar parçacık lie aynı yönde yayımlanır. 

✓ Enerji arttıkça açı meydana gelir. 

 Δn=n-1<<1 için,   

Hava (Δn=2.9x10-4) CO2 (Δn=4.5x10-4) Su (n=1.33)
e 20.75 MeV 16.7 MeV 0.75 MeV
𝜇 4.4 GeV 3.52 GeV 159 MeV
π 5.6 GeV 4.5 GeV 204 MeV
p 39 GeV 31 GeV 1.4 GeV

Ethresh(n,m) = mc2
np

n2 � 1

Ethresh(n,m) =
mc2p
2�n

19
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Cherenkov Radyasyon Fotonları

d2N

dEdx
⇡ 370sin2✓c(E)eV �1cm�1

Katharina Müller  autumn 14 6

Photon yield

dN
dx

=2  z 2∫
1

2

1−
1

n22 
d 

2 ≈ 2 z2 sin2c

2−1

21

= 490 sin2 c [cm−1]

1150sin2c [cm−1]

400 - 700 nm

incl. UV 200-700nm
blue!

Intensity of the Cherenkov radiation: 
         #  γ per unit length of particle path and per unit of wave length
         depends on charge and velocity of particle
→ Photon yield

dN/dλ

Example: characteristic
glow from reactor

Katharina Müller  autumn 14 7

Photon yield vs 
Energy loss very small  (1% dE/dX(MIP))
Number of emitted photons ~1/λ2: detect visible and UV light  

           Liquids, solids                            gases

Yield increased by factor 2-3 if UV light detected velocity βvelocity  β

→ if any light is emitted, then the particle  β exceeds 1/n
Yield increased by factor 2-3 if UV light detected

Yayımlanan foton sayısı ~1/𝜆2

görünebilir ve morötesi ışık 

20
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Geçiş ışıması yüksek enerjili yüklü 
bir parçacığın kırılma indisi (dielektrik 
sabiti) farklı iki ortam arasında yaptığı 
geçiş sırasından ortaya çıkar.  

✦ Elektrik alanın yeniden 
ayarlanması 

Tek bir sınırdan yayımlanan toplam 
enerji

Geçiş Işıması

Transition Radiation 

Transition radiation occurs if a relativist particle (large γ) passes the 
boundary between two media with different refraction indices (n1≠n2) 
[predicted by Ginzburg and Frank 1946; experimental confirmation 70ies] 

37 

γEffect can be explained by 
re-arrangement of electric field: 
 
A charged particle approaching a boundary 
created a magnetic dipole with its mirror 
charge  
 
 
 
 
 
 
 
Energy radiated from a single boundary: 

The time-dependent dipole field causes the 
emission of electromagnetic radiation 

S = 1
3
αz2γωP (ωP ≈ 20eV )

Transition Radiation 

Transition radiation occurs if a relativist particle (large γ) passes the 
boundary between two media with different refraction indices (n1≠n2) 
[predicted by Ginzburg and Frank 1946; experimental confirmation 70ies] 

37 

γEffect can be explained by 
re-arrangement of electric field: 
 
A charged particle approaching a boundary 
created a magnetic dipole with its mirror 
charge  
 
 
 
 
 
 
 
Energy radiated from a single boundary: 

The time-dependent dipole field causes the 
emission of electromagnetic radiation 

S = 1
3
αz2γωP (ωP ≈ 20eV )

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  

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  

ϴ = 1/𝜸  
𝜸, geçiş ışıması enerjisi 
𝜸>1000 efektif değer

Düşük Z li geçiş materyalleri 
ve yüksek Z li gaz dedektörü 
beraber kullanılır. 

E>20 keV x-ışınları radyatör 
katmanlarından sorulmadan 
geçebilir.
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 Yüksek enerjili hadronları durdurmak için baskın süreçtir. 

 Parçacık çekirdek ile etkileşir. 

Hadronik bir duş oluşturarak tüm enerji depolanır. 

 Detektör yapısı aktif ve pasif kısımlardan meydana gelir. 

✦ Ağır bir metal + sintilatör

Hadronik Etkileşim

Hadronic interactions

• Dominant contribution to stopping of high energy hadrons

• Intranuclear cascade, leading to spallation

• Internuclear cascade, development of hadronic shower

40
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 Fotoelektrik etkisi, Compton saçılması, çift oluşumu
Foton Etkileşmesi

Interaction of photons
• Photo effect 

• The photon is absorbed by by an atom 
and an electron is emitted

• The energy of the electron has a fixed 
value :  Ee=hν - Ib (binding energy of the 
electron)

37

• Compton effect 

• Elastic scattering of photons on 
electrons, with scattering angle θ 
between ingoing and outgoing photon

• Pair production 

• The photon converts in the field 
of  nucleus into an electron-
positron pair

Threshold: 

σ∝Z5

Eşik Enerjisi

51 

Electromagnetic interactions 

G
am

m
as

 E
lectrons 
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 Yüksüzdür. Geçtikleri ortamı direkt iyonize etmezler. 

 Çekirdek ile etkileşim sonucu ortaya çıkan ikincil radyasyonlar ile 
belirlenebilir. 

 Temelde dört farklı enerji bölgesi vardı 

✦ Yavaş nötronlar: 0 - 0.4 eV 

‣ Ultra soğuk, soğuk, termal ve sıcak 

✦ Epitermal nötronlar: 200 keV’e kadar 

✦ Hızlı nötronlar: 200 keV-20 MeV 

✦ Yüksek enerji: 20 MeV den büyük 

 Elastik saçılma, inelastik saçılma, nötron yakalama

Nötron Etkileşimleri

24
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 n + X → n + X 

 Çekirdek ile esnek çarpışarak enerji kaybederler. Kayıp enerji 
optik foton olarak açığa çıkar. 

 Esnek çarpışma başına enerjideki logaritmik azalma

Nötron Elastik Saçılma
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n + 6Li ® 3H + 4He                                ( Q=4.8 MeV ) 
n + 3He ® 1H + 3H                                ( Q=0.76 MeV ) 
 
Nötron Yakalama 
n + 1H ® 2H + g                                     ( Q = 2.2 MeV , s = 332.6 mb ) 
n + 155Gd ® 156Gd* ® 156Gd + g            ( Q = 8.6 MeV , s = 60900 b ) 
n + 157Gd ® 158Gd* ® 158Gd + g            ( Q = 8 MeV ,    s = 254000 b ) 
n + 113Cd ® 114Cd* ® 114Cd + g             ( Q = 9.04 MeV , s = 21000 b ) 

 
  
Şekil 1. Soldaki grafikte 10B, 3He ve 6Li 
nötron etkileşim tesir kesitleri, sağdaki 
grafikte ise 157Gd ve 113Cd 
çekirdeklerinin nötron yakalama tesir 
kesitleri gösterilmektedir (A. 
Pietropaola, 2020). 
 
 
 

Bu reaksiyonlara ek olarak nötronlar çekirdek ile esnek saçılmalar yaparak enerjilerinin büyük bir miktarını kayıp 
ederler, yani yavaşlarlar. Bu yavaşlama esnasında enerjinin korunumu prensibi gereği fotonlar yayımlanır. Esnek 
saçılma başına nötron enerjisindeki logaritmik azalma aşağıdaki bağıntı ile tanımlanır (Dobrzynski, 1994). 
 
x	 = #$ !!! = 1 + (#$%)"

'# #$ '#$%#(%(                                   (1) 
 
Burada A kullanılan elementin atom numarasıdır. Bir elektronun enerjisini E0 dan E ye düşürmek için gerekli olan esnek 
saçılma (çarpışma) sayısı 
 

$)*ç,-.* =	
#$ ')/ )* (

x
+                                               (2) 

 
İle ifade edilebilir. Bu bağıntıya göre, bir hızlı nötronun (E » 1 MeV) termal nötrona (E » 0.025 eV) dönüşmesi için 
hidrojen ile yaklaşık 18 kez etkileşmesi gerekirken, bu sayı karbon için 100, demir için 500 den fazladır.  Nötronları 
belirlemek için kullanılan algıçlar i) gaz algıçlar, ii) yarıiletken algıçlar ve iii) sintilasyon algıçları olarak sınıflandırılabilir. 
Yavaş ve hızlı nötron belirleme için bu algıç türlerine ait kıyaslamalar Tablo 1 de verilmiştir. 
 
Tablo 1. Yavaş ve hızlı nötronları belirlemek için kullanılan çeşitli algıçların kıyaslama tablosu (A. Pietropaola, 2020). 

Yavaş (Termal) Nötronlar  Hızlı ve Epitermal Nötronlar 
Algıç Tipi Verimlilik Düşük 

arkaplan 
Pulse 
yükseklik 
çözünürlüğü 

Algıç tipi Verimlilik Düşük 
arkaplan 

Pulse 
yükseklik 
çözünürlüğü 

Gaz algıçlar 
3He orantılı 
sayaç 
 
Fizyon odası 

 
Çok iyi 
 
 
Çok zayıf 

 
İyi 
 
 
Çok İyi 

 
İyi 
 
 
Orta 

Gaz algıçlar 
3He orantılı 
sayaç 
 
Fizyon odası 

 
Zayıf 
 
 
Zayıf 
 

 
İyi 
 
 
Çok iyi 
 

 
İyi 
 
 
Orta 

Yarıiletken 
algıçlar 
Ge/Si/GaAs 
 
CZT 

 
 
Zayıf 
 
Zayıf 
 

 
 
Zayıf 
 
Zayıf 
 

 
 
İyi 
 
İyi 
 

Yarıiletken 
algıçlar 
Silikon algıçlar 
 
Elmas algıçlar 

 
 
Çok iyi 
 
Çok iyi 
 

 
 
İyi 
 
Çok iyi 
 

 
 
İyi 
 
Orta 

Sintilatörler 
6Li/ZnS(Ag) 
 
6Li-cam 

 
İyi 
 
Çok iyi 
 

 
İyi 
 
Zayıf 
 

 
Kötü 
 
Çok iyi 
 

Sintilatörler 
Plastik-Sıvı 
Sintilatörler 
 
6Li-cam 

 
Çok iyi 
 
 
Çok iyi 

 
İyi 
 
 
Zayıf 

 
Zayıf 
 
 
Çok iyi 

 
Gaz algıçlar, gaz içerisinde iyonizasyon olayı ile nötronları belirler ve yüksek besleme voltajı uygulanması gerekir. 3He 
gibi gaz tipi nötron algıçları yavaş nötronlar için verimli olup, hızlı nötronlar için verimi oldukça düşmektedir. Bu sorunun 
üstesinden gelmek için 3He gaz algıcının dışına polietilen gibi yüksek hidrojen ihtiva eden nötron yavaşlatıcılar 
yerleştirilmektedir. Sinyal puls yükseklik dağılımına göre nötronlar belirlenmektedir. 

Please cite this article as: A. Pietropaolo, M. Angelone, R. Bedogni et al., Neutron detection techniques from µeV to GeV, Physics Reports (2020),
https://doi.org/10.1016/j.physrep.2020.06.003.
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Fig. 1. Cross sections of 10B, 3He, 6Li in the neutron energy range up to 10 MeV.

One of the most used nuclear reactions for neutron detection is that on 3He and is written as:

n + 3He ! 1H + 3H (3)

where the Q -value is 0.760 MeV and the corresponding cross section is shown in Fig. 1. The thermal neutron cross section
is larger with respect to that of 10B, but the price of 3He is higher. In the mid 2000s a severe lack of 3He was experienced
and resulted in the research of alternative solutions [8], as discussed later in this review. As detecting material, 3He is
used in gas filled counters and gas scintillators.

2.2. Nuclear reactions involving radiative capture

Although neutron reactions are preferred for detection purposes, those producing photons or electrons may be
convenient. These use cadmium or gadolinium, especially for thermal neutrons, while other nuclides can be used for
epithermal neutrons exploiting resonance radiative capture. The latter have already been thoroughly described and
discussed in Ref. [9] and will not be discussed in this section. As far as thermal neutron reactions on cadmium are
concerned, these can be written as [10]:

n + 113Cd ! 114Cd⇤ ! 114Cd + � + XR + ICe� + Ae� (4)

the cross section is plotted in Fig. 2. The terms � and XR in the reaction indicate the sum of all � -rays and X-rays emitted
(the so-called photon source), while ICe� and Ae� represent the Internal Conversion and the Auger electrons, respectively,
providing the so-called electron term.

The gadolinium reaction is described as follows:

n + 155Gd ! 156Gd⇤ ! 156Gd + � + ICe� + Ae�

n + 157Gd ! 158Gd⇤ ! 158Gd + � + ICe� + Ae� (5)

The thermal neutron cross section for Gd is the largest amongst all stable materials and it is shown in Fig. 2 for the 157Gd
isotope.

Epithermal neutron radiative capture relies on the absorption of a neutron by a nucleus followed by the prompt
(⌧ ' 10�14 s) emission of � -rays. The capture reaction can be modelled as the formation and decay of a ‘‘compound
nucleus’’ following the reaction [1,11]:

AXZ + n ! (A+1XZ )⇤ ! A+1XZ + � + Q (6)

Upon neutron capture, the compound nucleus decays by the emission of one or more � -rays to reach the ground state.
The number of � -rays in the neutron capture-induced spectrum depends on the number of states below the excited state
of the nucleus after neutron absorption. For a thorough and more exhaustive discussion of these issues the reader is
referred to Refs. [1,11]. For low energy neutrons, and energies below the first capture resonance, the radiative capture
cross section �(n,� ) is found to vary as 1/v. In the proximity of an isolated resonance, the radiative capture cross section
is well described by the Breit–Wigner line shape [12]. In medium and heavy nuclei the isolated resonances are found at
low energies as indicated in Fig. 3 for the case of 238U and 239P, data from Ref. [13]. The prompt radiative capture process
is used in detection systems for both elastic and inelastic neutron scattering applications, especially at pulsed spallation
neutron sources, as discussed in Ref. [9].

Please cite this article as: A. Pietropaolo, M. Angelone, R. Bedogni et al., Neutron detection techniques from µeV to GeV, Physics Reports (2020),
https://doi.org/10.1016/j.physrep.2020.06.003.

A. Pietropaolo, M. Angelone, R. Bedogni et al. / Physics Reports xxx (xxxx) xxx 5

Fig. 2. Radiative capture cross sections of 113Cd and 157Gd in the neutron energy range up to 1 MeV.

Fig. 3. Fission cross sections of a selection of (a) slow fissionable and (b) fast fissionable nuclei in the neutron energy region up to 1 MeV.
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Bu reaksiyonlara ek olarak nötronlar çekirdek ile esnek saçılmalar yaparak enerjilerinin büyük bir miktarını kayıp 
ederler, yani yavaşlarlar. Bu yavaşlama esnasında enerjinin korunumu prensibi gereği fotonlar yayımlanır. Esnek 
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İle ifade edilebilir. Bu bağıntıya göre, bir hızlı nötronun (E » 1 MeV) termal nötrona (E » 0.025 eV) dönüşmesi için 
hidrojen ile yaklaşık 18 kez etkileşmesi gerekirken, bu sayı karbon için 100, demir için 500 den fazladır.  Nötronları 
belirlemek için kullanılan algıçlar i) gaz algıçlar, ii) yarıiletken algıçlar ve iii) sintilasyon algıçları olarak sınıflandırılabilir. 
Yavaş ve hızlı nötron belirleme için bu algıç türlerine ait kıyaslamalar Tablo 1 de verilmiştir. 
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Gaz algıçlar, gaz içerisinde iyonizasyon olayı ile nötronları belirler ve yüksek besleme voltajı uygulanması gerekir. 3He 
gibi gaz tipi nötron algıçları yavaş nötronlar için verimli olup, hızlı nötronlar için verimi oldukça düşmektedir. Bu sorunun 
üstesinden gelmek için 3He gaz algıcının dışına polietilen gibi yüksek hidrojen ihtiva eden nötron yavaşlatıcılar 
yerleştirilmektedir. Sinyal puls yükseklik dağılımına göre nötronlar belirlenmektedir. 
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Fig. 1. Cross sections of 10B, 3He, 6Li in the neutron energy range up to 10 MeV.

One of the most used nuclear reactions for neutron detection is that on 3He and is written as:

n + 3He ! 1H + 3H (3)

where the Q -value is 0.760 MeV and the corresponding cross section is shown in Fig. 1. The thermal neutron cross section
is larger with respect to that of 10B, but the price of 3He is higher. In the mid 2000s a severe lack of 3He was experienced
and resulted in the research of alternative solutions [8], as discussed later in this review. As detecting material, 3He is
used in gas filled counters and gas scintillators.

2.2. Nuclear reactions involving radiative capture

Although neutron reactions are preferred for detection purposes, those producing photons or electrons may be
convenient. These use cadmium or gadolinium, especially for thermal neutrons, while other nuclides can be used for
epithermal neutrons exploiting resonance radiative capture. The latter have already been thoroughly described and
discussed in Ref. [9] and will not be discussed in this section. As far as thermal neutron reactions on cadmium are
concerned, these can be written as [10]:

n + 113Cd ! 114Cd⇤ ! 114Cd + � + XR + ICe� + Ae� (4)

the cross section is plotted in Fig. 2. The terms � and XR in the reaction indicate the sum of all � -rays and X-rays emitted
(the so-called photon source), while ICe� and Ae� represent the Internal Conversion and the Auger electrons, respectively,
providing the so-called electron term.

The gadolinium reaction is described as follows:

n + 155Gd ! 156Gd⇤ ! 156Gd + � + ICe� + Ae�

n + 157Gd ! 158Gd⇤ ! 158Gd + � + ICe� + Ae� (5)

The thermal neutron cross section for Gd is the largest amongst all stable materials and it is shown in Fig. 2 for the 157Gd
isotope.

Epithermal neutron radiative capture relies on the absorption of a neutron by a nucleus followed by the prompt
(⌧ ' 10�14 s) emission of � -rays. The capture reaction can be modelled as the formation and decay of a ‘‘compound
nucleus’’ following the reaction [1,11]:

AXZ + n ! (A+1XZ )⇤ ! A+1XZ + � + Q (6)

Upon neutron capture, the compound nucleus decays by the emission of one or more � -rays to reach the ground state.
The number of � -rays in the neutron capture-induced spectrum depends on the number of states below the excited state
of the nucleus after neutron absorption. For a thorough and more exhaustive discussion of these issues the reader is
referred to Refs. [1,11]. For low energy neutrons, and energies below the first capture resonance, the radiative capture
cross section �(n,� ) is found to vary as 1/v. In the proximity of an isolated resonance, the radiative capture cross section
is well described by the Breit–Wigner line shape [12]. In medium and heavy nuclei the isolated resonances are found at
low energies as indicated in Fig. 3 for the case of 238U and 239P, data from Ref. [13]. The prompt radiative capture process
is used in detection systems for both elastic and inelastic neutron scattering applications, especially at pulsed spallation
neutron sources, as discussed in Ref. [9].
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Fig. 2. Radiative capture cross sections of 113Cd and 157Gd in the neutron energy range up to 1 MeV.

Fig. 3. Fission cross sections of a selection of (a) slow fissionable and (b) fast fissionable nuclei in the neutron energy region up to 1 MeV.

 A atom numarasıdır. Hidrojen en iyi nötron durdurucusudur.  

 Hızlı bir nötronun (1 MeV) termal nötrona (0.025 eV) dönüşmesi için 

 Hidrojen için 18 kez saçılma 

Karbon için 200 kez saçılma 

Demir için 500 kez saçılma
25
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Nötron İnelastik Saçılma ve Nötron Yakalama
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- Ticari bir plastik sintilatör satın almayıp, özel olarak gadolinyum katkılı plastik sintilatörlerin sentezlenmesi ve 
nötron belirlemedeki en optimum kimyasal katkı içeriklerinin bulunması. 

- Gadolinyum katkılı plastik sintilatör içeren yeni bir kozmik ışın nötron sensörünün geliştirilmesi. 
- İlk kez gadolinyum katkılı bir plastik sintilatörün, bir uygulamada nötron algılayıcı olarak kullanılması. 
- Tarım ülkesi olan Türkiye’nin ilk yerli kozmik ışın nötron nem sensörünün üretilmesi. 
- Geliştirilen yeni kozmik ışın sensörü ile geniş alandaki toprak nem seviyesinin ölçülmesi ve zamana bağlı nem 

değişimlerinin belirlenmesi. 

 
1.2. Amaç ve Hedefler 
 
Proje önerisinin amacı ve hedefleri açık, ölçülebilir, gerçekçi ve proje süresince ulaşılabilir nitelikte olacak şekilde yazılır. 
 

Bu projenin amacı yeni yaklaşımlar kullanarak uygun maliyetli yeni bir kozmik ışın nötron sensörü geliştirmek ve bu 
yeni sensörü kullanarak geniş alanlarda toprak nem miktarını ölçmektedir. Proje kapsamında ulaşılacak hedefler 
şunlardır: 
 

• Ticarileşme potansiyeli yüksek bir yerli üretim teknolojik ürün oluşturmak. 
• Kozmik ışın nöton sensöründe kullanılacak gadolinyum katkılı ve katkısız plastik sintilatörleri sentezlemek. 
• Farklı konsantrasyonlarda birincil flor içeren plastik sintilatörlere yapılan gadolinyum katkısının gama/nötron 

ayrımında kullanılan puls şekil ayıracı tekniğine olan etkilerini belirlemek. 
• İlk kez gadolinyum katkılı bir plastik sintilatörü, bir uygulamada nötron algıcı olarak kullanmak. 
• Yeni geliştirilen kozmik ışın nötron sensörünün geniş alanlarda toprak nem ölçümü için güvenilir olduğunu 

kanıtlamak. 
• Etki faktörü yüksek uluslararası kaliteli dergilerde yayınlar yapmak, uluslararası saygın konferanslarda 

bildiriler sunmak. 
• Proje sonuçlarını içeren en az bir yüksek lisans ve bir de doktora tezinin sunulmasını sağlamak. 
• Patent başvurusu yapmak. 

 
2. YÖNTEM 
 
Projede uygulanacak yöntem ve araştırma teknikleri (veri toplama araçları ve analiz yöntemleri dahil) ilgili literatüre atıf 
yapılarak açıklanır. Yöntem ve tekniklerin projede öngörülen amaç ve hedeflere ulaşmaya elverişli olduğu ortaya konulur.  
 
Yöntem bölümünün araştırmanın tasarımını, bağımlı ve bağımsız değişkenleri ve istatistiksel yöntemleri kapsaması gerekir. 
Proje önerisinde herhangi bir ön çalışma veya fizibilite yapıldıysa bunların sunulması beklenir. Yöntemlerin iş paketleri ile 
ilişkilendirilmesi gerekir. 
 

Proje kapsamında uygulanacak yöntem ve araştırma teknikleri detaylı olarak bölümler halinde tartışılmıştır. Toprak 
nemini ölçecek yeni bir kozmik ışın nötron sensörünün geliştirilmesi amaçlandığından, ilk olarak nötronların 
belirlenmesi için uygulanan yöntemlerden bahsedilecektir. Daha sonra nötron algıcı olarak kullanılması planlanan 
gadolinyum katkılı plastik sintilatör sentezi ve karakterizasyonuna ilişkin izlenecek yöntemler aktarılacaktır. Sonrasında 
kozmik nötron ölçümünden toprak nem miktarının nasıl belirleneceği tartışılarak, optimizasyon çalışmaları ile birlikte 
tasarlanan yeni kozmik ışın nötron sensörünün yapısından söz edilecektir. En son olarak inşa edilen nötron sensörü 
ile toprak nem ölçümlerinin nasıl gerçekleştirileceği anlatılacaktır.   
 
2.1 Nötronların Belirlenmesi:  
 
Nötronlar yüksüz parçacıklardır ve geçtikleri ortamı doğrudan iyonize etmezler. Bu yüzden algılanmaları ancak çekirdek 
ile nükleer reaksiyonlar aracılığıyla etkileşimleri sonucu ortaya çıkan ikincil radyasyonların (fotonlar veya yüklü 
parçacıklar) tespiti ile mümkündür. Nötron enerji spektrumu dört ayrı bölgeye bölünebilir. 0 ile 0.4 eV arasındaki bölge 
düşük enerji bölgesidir ve bu geniş bölge kendi içerisinde ultra soğuk, soğuk, termal ve sıcak nötron bölgeleri olarak 
ayrılabilir. Epitermal nötron enerji bölgesi 200 keV e kadar uzanır. Hızlı nötron bölgesi 200 keV ile 20 MeV arasını 
kapsar. 20 MeV üzerindeki enerji bölgesi ise yüksek enerji bölgesidir.  
 
Nötronların belirlenmesi, bir nötronun yüklü parçacıklar veya elektromanyetik radyasyon ürettiği nükleer reaksiyonlar 
aracılığıyla gerçekleşir. Bu reaksiyonlar esnek saçılma, esnek olmayan saçılma, nötron yakalama ve fisyon yoluyla 
gerçekleşir. Nötron tespiti için kullanılan temel etkileşimler aşağıda gösterilmektedir. Burada Q, reaksiyon sonrasında 
açığa çıkan elektromanyetik radyasyon enerji miktarı olup, nötronların belirlenmesinde kullanılmaktadır.   
 
İnelastik Saçılma 
n + 10B ® 7Li* + 4He ® 7Li* + 4He + g   ( Q=2.3 MeV,   %93 oranında gerçekleşir.)  
n + 10B ® 7Li + 4He                               ( Q=2.78 MeV, %7 oranında gerçekleşir. ) 
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n + 6Li ® 3H + 4He                                ( Q=4.8 MeV ) 
n + 3He ® 1H + 3H                                ( Q=0.76 MeV ) 
 
Nötron Yakalama 
n + 1H ® 2H + g                                     ( Q = 2.2 MeV , s = 332.6 mb ) 
n + 155Gd ® 156Gd* ® 156Gd + g            ( Q = 8.6 MeV , s = 60900 b ) 
n + 157Gd ® 158Gd* ® 158Gd + g            ( Q = 8 MeV ,    s = 254000 b ) 
n + 113Cd ® 114Cd* ® 114Cd + g             ( Q = 9.04 MeV , s = 21000 b ) 

 
  
Şekil 1. Soldaki grafikte 10B, 3He ve 6Li 
nötron etkileşim tesir kesitleri, sağdaki 
grafikte ise 157Gd ve 113Cd 
çekirdeklerinin nötron yakalama tesir 
kesitleri gösterilmektedir (A. 
Pietropaola, 2020). 
 
 
 

Bu reaksiyonlara ek olarak nötronlar çekirdek ile esnek saçılmalar yaparak enerjilerinin büyük bir miktarını kayıp 
ederler, yani yavaşlarlar. Bu yavaşlama esnasında enerjinin korunumu prensibi gereği fotonlar yayımlanır. Esnek 
saçılma başına nötron enerjisindeki logaritmik azalma aşağıdaki bağıntı ile tanımlanır (Dobrzynski, 1994). 
 
x	 = #$ !!! = 1 + (#$%)"

'# #$ '#$%#(%(                                   (1) 
 
Burada A kullanılan elementin atom numarasıdır. Bir elektronun enerjisini E0 dan E ye düşürmek için gerekli olan esnek 
saçılma (çarpışma) sayısı 
 

$)*ç,-.* =	
#$ ')/ )* (

x
+                                               (2) 

 
İle ifade edilebilir. Bu bağıntıya göre, bir hızlı nötronun (E » 1 MeV) termal nötrona (E » 0.025 eV) dönüşmesi için 
hidrojen ile yaklaşık 18 kez etkileşmesi gerekirken, bu sayı karbon için 100, demir için 500 den fazladır.  Nötronları 
belirlemek için kullanılan algıçlar i) gaz algıçlar, ii) yarıiletken algıçlar ve iii) sintilasyon algıçları olarak sınıflandırılabilir. 
Yavaş ve hızlı nötron belirleme için bu algıç türlerine ait kıyaslamalar Tablo 1 de verilmiştir. 
 
Tablo 1. Yavaş ve hızlı nötronları belirlemek için kullanılan çeşitli algıçların kıyaslama tablosu (A. Pietropaola, 2020). 

Yavaş (Termal) Nötronlar  Hızlı ve Epitermal Nötronlar 
Algıç Tipi Verimlilik Düşük 

arkaplan 
Pulse 
yükseklik 
çözünürlüğü 

Algıç tipi Verimlilik Düşük 
arkaplan 

Pulse 
yükseklik 
çözünürlüğü 

Gaz algıçlar 
3He orantılı 
sayaç 
 
Fizyon odası 

 
Çok iyi 
 
 
Çok zayıf 

 
İyi 
 
 
Çok İyi 

 
İyi 
 
 
Orta 

Gaz algıçlar 
3He orantılı 
sayaç 
 
Fizyon odası 

 
Zayıf 
 
 
Zayıf 
 

 
İyi 
 
 
Çok iyi 
 

 
İyi 
 
 
Orta 

Yarıiletken 
algıçlar 
Ge/Si/GaAs 
 
CZT 

 
 
Zayıf 
 
Zayıf 
 

 
 
Zayıf 
 
Zayıf 
 

 
 
İyi 
 
İyi 
 

Yarıiletken 
algıçlar 
Silikon algıçlar 
 
Elmas algıçlar 

 
 
Çok iyi 
 
Çok iyi 
 

 
 
İyi 
 
Çok iyi 
 

 
 
İyi 
 
Orta 

Sintilatörler 
6Li/ZnS(Ag) 
 
6Li-cam 

 
İyi 
 
Çok iyi 
 

 
İyi 
 
Zayıf 
 

 
Kötü 
 
Çok iyi 
 

Sintilatörler 
Plastik-Sıvı 
Sintilatörler 
 
6Li-cam 

 
Çok iyi 
 
 
Çok iyi 

 
İyi 
 
 
Zayıf 

 
Zayıf 
 
 
Çok iyi 

 
Gaz algıçlar, gaz içerisinde iyonizasyon olayı ile nötronları belirler ve yüksek besleme voltajı uygulanması gerekir. 3He 
gibi gaz tipi nötron algıçları yavaş nötronlar için verimli olup, hızlı nötronlar için verimi oldukça düşmektedir. Bu sorunun 
üstesinden gelmek için 3He gaz algıcının dışına polietilen gibi yüksek hidrojen ihtiva eden nötron yavaşlatıcılar 
yerleştirilmektedir. Sinyal puls yükseklik dağılımına göre nötronlar belirlenmektedir. 
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Fig. 1. Cross sections of 10B, 3He, 6Li in the neutron energy range up to 10 MeV.

One of the most used nuclear reactions for neutron detection is that on 3He and is written as:

n + 3He ! 1H + 3H (3)

where the Q -value is 0.760 MeV and the corresponding cross section is shown in Fig. 1. The thermal neutron cross section
is larger with respect to that of 10B, but the price of 3He is higher. In the mid 2000s a severe lack of 3He was experienced
and resulted in the research of alternative solutions [8], as discussed later in this review. As detecting material, 3He is
used in gas filled counters and gas scintillators.

2.2. Nuclear reactions involving radiative capture

Although neutron reactions are preferred for detection purposes, those producing photons or electrons may be
convenient. These use cadmium or gadolinium, especially for thermal neutrons, while other nuclides can be used for
epithermal neutrons exploiting resonance radiative capture. The latter have already been thoroughly described and
discussed in Ref. [9] and will not be discussed in this section. As far as thermal neutron reactions on cadmium are
concerned, these can be written as [10]:

n + 113Cd ! 114Cd⇤ ! 114Cd + � + XR + ICe� + Ae� (4)

the cross section is plotted in Fig. 2. The terms � and XR in the reaction indicate the sum of all � -rays and X-rays emitted
(the so-called photon source), while ICe� and Ae� represent the Internal Conversion and the Auger electrons, respectively,
providing the so-called electron term.

The gadolinium reaction is described as follows:

n + 155Gd ! 156Gd⇤ ! 156Gd + � + ICe� + Ae�

n + 157Gd ! 158Gd⇤ ! 158Gd + � + ICe� + Ae� (5)

The thermal neutron cross section for Gd is the largest amongst all stable materials and it is shown in Fig. 2 for the 157Gd
isotope.

Epithermal neutron radiative capture relies on the absorption of a neutron by a nucleus followed by the prompt
(⌧ ' 10�14 s) emission of � -rays. The capture reaction can be modelled as the formation and decay of a ‘‘compound
nucleus’’ following the reaction [1,11]:

AXZ + n ! (A+1XZ )⇤ ! A+1XZ + � + Q (6)

Upon neutron capture, the compound nucleus decays by the emission of one or more � -rays to reach the ground state.
The number of � -rays in the neutron capture-induced spectrum depends on the number of states below the excited state
of the nucleus after neutron absorption. For a thorough and more exhaustive discussion of these issues the reader is
referred to Refs. [1,11]. For low energy neutrons, and energies below the first capture resonance, the radiative capture
cross section �(n,� ) is found to vary as 1/v. In the proximity of an isolated resonance, the radiative capture cross section
is well described by the Breit–Wigner line shape [12]. In medium and heavy nuclei the isolated resonances are found at
low energies as indicated in Fig. 3 for the case of 238U and 239P, data from Ref. [13]. The prompt radiative capture process
is used in detection systems for both elastic and inelastic neutron scattering applications, especially at pulsed spallation
neutron sources, as discussed in Ref. [9].
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Fig. 2. Radiative capture cross sections of 113Cd and 157Gd in the neutron energy range up to 1 MeV.

Fig. 3. Fission cross sections of a selection of (a) slow fissionable and (b) fast fissionable nuclei in the neutron energy region up to 1 MeV.
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Fig. 1. Cross sections of 10B, 3He, 6Li in the neutron energy range up to 10 MeV.

One of the most used nuclear reactions for neutron detection is that on 3He and is written as:

n + 3He ! 1H + 3H (3)

where the Q -value is 0.760 MeV and the corresponding cross section is shown in Fig. 1. The thermal neutron cross section
is larger with respect to that of 10B, but the price of 3He is higher. In the mid 2000s a severe lack of 3He was experienced
and resulted in the research of alternative solutions [8], as discussed later in this review. As detecting material, 3He is
used in gas filled counters and gas scintillators.

2.2. Nuclear reactions involving radiative capture

Although neutron reactions are preferred for detection purposes, those producing photons or electrons may be
convenient. These use cadmium or gadolinium, especially for thermal neutrons, while other nuclides can be used for
epithermal neutrons exploiting resonance radiative capture. The latter have already been thoroughly described and
discussed in Ref. [9] and will not be discussed in this section. As far as thermal neutron reactions on cadmium are
concerned, these can be written as [10]:

n + 113Cd ! 114Cd⇤ ! 114Cd + � + XR + ICe� + Ae� (4)

the cross section is plotted in Fig. 2. The terms � and XR in the reaction indicate the sum of all � -rays and X-rays emitted
(the so-called photon source), while ICe� and Ae� represent the Internal Conversion and the Auger electrons, respectively,
providing the so-called electron term.

The gadolinium reaction is described as follows:

n + 155Gd ! 156Gd⇤ ! 156Gd + � + ICe� + Ae�

n + 157Gd ! 158Gd⇤ ! 158Gd + � + ICe� + Ae� (5)

The thermal neutron cross section for Gd is the largest amongst all stable materials and it is shown in Fig. 2 for the 157Gd
isotope.

Epithermal neutron radiative capture relies on the absorption of a neutron by a nucleus followed by the prompt
(⌧ ' 10�14 s) emission of � -rays. The capture reaction can be modelled as the formation and decay of a ‘‘compound
nucleus’’ following the reaction [1,11]:

AXZ + n ! (A+1XZ )⇤ ! A+1XZ + � + Q (6)

Upon neutron capture, the compound nucleus decays by the emission of one or more � -rays to reach the ground state.
The number of � -rays in the neutron capture-induced spectrum depends on the number of states below the excited state
of the nucleus after neutron absorption. For a thorough and more exhaustive discussion of these issues the reader is
referred to Refs. [1,11]. For low energy neutrons, and energies below the first capture resonance, the radiative capture
cross section �(n,� ) is found to vary as 1/v. In the proximity of an isolated resonance, the radiative capture cross section
is well described by the Breit–Wigner line shape [12]. In medium and heavy nuclei the isolated resonances are found at
low energies as indicated in Fig. 3 for the case of 238U and 239P, data from Ref. [13]. The prompt radiative capture process
is used in detection systems for both elastic and inelastic neutron scattering applications, especially at pulsed spallation
neutron sources, as discussed in Ref. [9].
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n + 6Li ® 3H + 4He                                ( Q=4.8 MeV ) 
n + 3He ® 1H + 3H                                ( Q=0.76 MeV ) 
 
Nötron Yakalama 
n + 1H ® 2H + g                                     ( Q = 2.2 MeV , s = 332.6 mb ) 
n + 155Gd ® 156Gd* ® 156Gd + g            ( Q = 8.6 MeV , s = 60900 b ) 
n + 157Gd ® 158Gd* ® 158Gd + g            ( Q = 8 MeV ,    s = 254000 b ) 
n + 113Cd ® 114Cd* ® 114Cd + g             ( Q = 9.04 MeV , s = 21000 b ) 

 
  
Şekil 1. Soldaki grafikte 10B, 3He ve 6Li 
nötron etkileşim tesir kesitleri, sağdaki 
grafikte ise 157Gd ve 113Cd 
çekirdeklerinin nötron yakalama tesir 
kesitleri gösterilmektedir (A. 
Pietropaola, 2020). 
 
 
 

Bu reaksiyonlara ek olarak nötronlar çekirdek ile esnek saçılmalar yaparak enerjilerinin büyük bir miktarını kayıp 
ederler, yani yavaşlarlar. Bu yavaşlama esnasında enerjinin korunumu prensibi gereği fotonlar yayımlanır. Esnek 
saçılma başına nötron enerjisindeki logaritmik azalma aşağıdaki bağıntı ile tanımlanır (Dobrzynski, 1994). 
 
x	 = #$ !!! = 1 + (#$%)"

'# #$ '#$%#(%(                                   (1) 
 
Burada A kullanılan elementin atom numarasıdır. Bir elektronun enerjisini E0 dan E ye düşürmek için gerekli olan esnek 
saçılma (çarpışma) sayısı 
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İle ifade edilebilir. Bu bağıntıya göre, bir hızlı nötronun (E » 1 MeV) termal nötrona (E » 0.025 eV) dönüşmesi için 
hidrojen ile yaklaşık 18 kez etkileşmesi gerekirken, bu sayı karbon için 100, demir için 500 den fazladır.  Nötronları 
belirlemek için kullanılan algıçlar i) gaz algıçlar, ii) yarıiletken algıçlar ve iii) sintilasyon algıçları olarak sınıflandırılabilir. 
Yavaş ve hızlı nötron belirleme için bu algıç türlerine ait kıyaslamalar Tablo 1 de verilmiştir. 
 
Tablo 1. Yavaş ve hızlı nötronları belirlemek için kullanılan çeşitli algıçların kıyaslama tablosu (A. Pietropaola, 2020). 
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3He orantılı 
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Yarıiletken 
algıçlar 
Ge/Si/GaAs 
 
CZT 

 
 
Zayıf 
 
Zayıf 
 

 
 
Zayıf 
 
Zayıf 
 

 
 
İyi 
 
İyi 
 

Yarıiletken 
algıçlar 
Silikon algıçlar 
 
Elmas algıçlar 

 
 
Çok iyi 
 
Çok iyi 
 

 
 
İyi 
 
Çok iyi 
 

 
 
İyi 
 
Orta 

Sintilatörler 
6Li/ZnS(Ag) 
 
6Li-cam 

 
İyi 
 
Çok iyi 
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Gaz algıçlar, gaz içerisinde iyonizasyon olayı ile nötronları belirler ve yüksek besleme voltajı uygulanması gerekir. 3He 
gibi gaz tipi nötron algıçları yavaş nötronlar için verimli olup, hızlı nötronlar için verimi oldukça düşmektedir. Bu sorunun 
üstesinden gelmek için 3He gaz algıcının dışına polietilen gibi yüksek hidrojen ihtiva eden nötron yavaşlatıcılar 
yerleştirilmektedir. Sinyal puls yükseklik dağılımına göre nötronlar belirlenmektedir. 
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Fig. 1. Cross sections of 10B, 3He, 6Li in the neutron energy range up to 10 MeV.

One of the most used nuclear reactions for neutron detection is that on 3He and is written as:

n + 3He ! 1H + 3H (3)

where the Q -value is 0.760 MeV and the corresponding cross section is shown in Fig. 1. The thermal neutron cross section
is larger with respect to that of 10B, but the price of 3He is higher. In the mid 2000s a severe lack of 3He was experienced
and resulted in the research of alternative solutions [8], as discussed later in this review. As detecting material, 3He is
used in gas filled counters and gas scintillators.

2.2. Nuclear reactions involving radiative capture

Although neutron reactions are preferred for detection purposes, those producing photons or electrons may be
convenient. These use cadmium or gadolinium, especially for thermal neutrons, while other nuclides can be used for
epithermal neutrons exploiting resonance radiative capture. The latter have already been thoroughly described and
discussed in Ref. [9] and will not be discussed in this section. As far as thermal neutron reactions on cadmium are
concerned, these can be written as [10]:

n + 113Cd ! 114Cd⇤ ! 114Cd + � + XR + ICe� + Ae� (4)

the cross section is plotted in Fig. 2. The terms � and XR in the reaction indicate the sum of all � -rays and X-rays emitted
(the so-called photon source), while ICe� and Ae� represent the Internal Conversion and the Auger electrons, respectively,
providing the so-called electron term.

The gadolinium reaction is described as follows:

n + 155Gd ! 156Gd⇤ ! 156Gd + � + ICe� + Ae�

n + 157Gd ! 158Gd⇤ ! 158Gd + � + ICe� + Ae� (5)

The thermal neutron cross section for Gd is the largest amongst all stable materials and it is shown in Fig. 2 for the 157Gd
isotope.

Epithermal neutron radiative capture relies on the absorption of a neutron by a nucleus followed by the prompt
(⌧ ' 10�14 s) emission of � -rays. The capture reaction can be modelled as the formation and decay of a ‘‘compound
nucleus’’ following the reaction [1,11]:

AXZ + n ! (A+1XZ )⇤ ! A+1XZ + � + Q (6)

Upon neutron capture, the compound nucleus decays by the emission of one or more � -rays to reach the ground state.
The number of � -rays in the neutron capture-induced spectrum depends on the number of states below the excited state
of the nucleus after neutron absorption. For a thorough and more exhaustive discussion of these issues the reader is
referred to Refs. [1,11]. For low energy neutrons, and energies below the first capture resonance, the radiative capture
cross section �(n,� ) is found to vary as 1/v. In the proximity of an isolated resonance, the radiative capture cross section
is well described by the Breit–Wigner line shape [12]. In medium and heavy nuclei the isolated resonances are found at
low energies as indicated in Fig. 3 for the case of 238U and 239P, data from Ref. [13]. The prompt radiative capture process
is used in detection systems for both elastic and inelastic neutron scattering applications, especially at pulsed spallation
neutron sources, as discussed in Ref. [9].
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Fig. 2. Radiative capture cross sections of 113Cd and 157Gd in the neutron energy range up to 1 MeV.

Fig. 3. Fission cross sections of a selection of (a) slow fissionable and (b) fast fissionable nuclei in the neutron energy region up to 1 MeV.
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hidrojen ile yaklaşık 18 kez etkileşmesi gerekirken, bu sayı karbon için 100, demir için 500 den fazladır.  Nötronları 
belirlemek için kullanılan algıçlar i) gaz algıçlar, ii) yarıiletken algıçlar ve iii) sintilasyon algıçları olarak sınıflandırılabilir. 
Yavaş ve hızlı nötron belirleme için bu algıç türlerine ait kıyaslamalar Tablo 1 de verilmiştir. 
 
Tablo 1. Yavaş ve hızlı nötronları belirlemek için kullanılan çeşitli algıçların kıyaslama tablosu (A. Pietropaola, 2020). 

Yavaş (Termal) Nötronlar  Hızlı ve Epitermal Nötronlar 
Algıç Tipi Verimlilik Düşük 

arkaplan 
Pulse 
yükseklik 
çözünürlüğü 

Algıç tipi Verimlilik Düşük 
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Pulse 
yükseklik 
çözünürlüğü 
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3He orantılı 
sayaç 
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Çok iyi 
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Orta 

Gaz algıçlar 
3He orantılı 
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Yarıiletken 
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Çok iyi 
 

 
 
İyi 
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Gaz algıçlar, gaz içerisinde iyonizasyon olayı ile nötronları belirler ve yüksek besleme voltajı uygulanması gerekir. 3He 
gibi gaz tipi nötron algıçları yavaş nötronlar için verimli olup, hızlı nötronlar için verimi oldukça düşmektedir. Bu sorunun 
üstesinden gelmek için 3He gaz algıcının dışına polietilen gibi yüksek hidrojen ihtiva eden nötron yavaşlatıcılar 
yerleştirilmektedir. Sinyal puls yükseklik dağılımına göre nötronlar belirlenmektedir. 
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Fig. 1. Cross sections of 10B, 3He, 6Li in the neutron energy range up to 10 MeV.

One of the most used nuclear reactions for neutron detection is that on 3He and is written as:

n + 3He ! 1H + 3H (3)

where the Q -value is 0.760 MeV and the corresponding cross section is shown in Fig. 1. The thermal neutron cross section
is larger with respect to that of 10B, but the price of 3He is higher. In the mid 2000s a severe lack of 3He was experienced
and resulted in the research of alternative solutions [8], as discussed later in this review. As detecting material, 3He is
used in gas filled counters and gas scintillators.

2.2. Nuclear reactions involving radiative capture

Although neutron reactions are preferred for detection purposes, those producing photons or electrons may be
convenient. These use cadmium or gadolinium, especially for thermal neutrons, while other nuclides can be used for
epithermal neutrons exploiting resonance radiative capture. The latter have already been thoroughly described and
discussed in Ref. [9] and will not be discussed in this section. As far as thermal neutron reactions on cadmium are
concerned, these can be written as [10]:

n + 113Cd ! 114Cd⇤ ! 114Cd + � + XR + ICe� + Ae� (4)

the cross section is plotted in Fig. 2. The terms � and XR in the reaction indicate the sum of all � -rays and X-rays emitted
(the so-called photon source), while ICe� and Ae� represent the Internal Conversion and the Auger electrons, respectively,
providing the so-called electron term.

The gadolinium reaction is described as follows:

n + 155Gd ! 156Gd⇤ ! 156Gd + � + ICe� + Ae�

n + 157Gd ! 158Gd⇤ ! 158Gd + � + ICe� + Ae� (5)

The thermal neutron cross section for Gd is the largest amongst all stable materials and it is shown in Fig. 2 for the 157Gd
isotope.

Epithermal neutron radiative capture relies on the absorption of a neutron by a nucleus followed by the prompt
(⌧ ' 10�14 s) emission of � -rays. The capture reaction can be modelled as the formation and decay of a ‘‘compound
nucleus’’ following the reaction [1,11]:

AXZ + n ! (A+1XZ )⇤ ! A+1XZ + � + Q (6)

Upon neutron capture, the compound nucleus decays by the emission of one or more � -rays to reach the ground state.
The number of � -rays in the neutron capture-induced spectrum depends on the number of states below the excited state
of the nucleus after neutron absorption. For a thorough and more exhaustive discussion of these issues the reader is
referred to Refs. [1,11]. For low energy neutrons, and energies below the first capture resonance, the radiative capture
cross section �(n,� ) is found to vary as 1/v. In the proximity of an isolated resonance, the radiative capture cross section
is well described by the Breit–Wigner line shape [12]. In medium and heavy nuclei the isolated resonances are found at
low energies as indicated in Fig. 3 for the case of 238U and 239P, data from Ref. [13]. The prompt radiative capture process
is used in detection systems for both elastic and inelastic neutron scattering applications, especially at pulsed spallation
neutron sources, as discussed in Ref. [9].
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Fig. 2. Radiative capture cross sections of 113Cd and 157Gd in the neutron energy range up to 1 MeV.

Fig. 3. Fission cross sections of a selection of (a) slow fissionable and (b) fast fissionable nuclei in the neutron energy region up to 1 MeV.
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 Nötrinolar neredeyse kütlesiz, temel ve zayıf etkileşen 
parçacıklarıdır. 

Üç tür nötrino vardır. 

✦ Nötrino osilasyonu 

 Etkileşim tesir kesiti çok düşük. 

 Nötrino etkileşimleri:

Nötrino Etkileşimleri

Sertac Ozturk

Neutrinos 
Neutrinos are fundamental, almost massless, weak interacting particles.

✓ passing though earth without any interaction.

Neutrinos come in three flavors.

✓ change its flavor (neutrino oscillation).

Neutrinos are everywhere.

✓ Coming from big bang, stars, supernovas, upper atmosphere, center of earth, 
nuclear reactors, …

Each second there are about 100 billion neutrinos passing through the tip of your 
finger.

5

< 10 MeV

3

spectrum[8].
The measurements and development in the precision of these parameters can guide the
physicists in understanding a few properties of neutrino which include mass ordering of
the three neutrino flavours ⌫e, ⌫µ and ⌫⌧ associated with the three leptons e�, µ� and ⌧�

respectively, and CP violating phase �CP which can probe the dominance of matter over
anti-matter in the universe.
The outline of the paper is as follows: Section 2 describes the detection mechanisms of neu-
trino in a brief and concise manner followed by the names of the experiments which exploit
these techniques. The paper emphasizes on di↵erent neutrino experiments in a chronological
pattern : past, present and future in Section 3. The section also explains the construc-
tion & detection mechanisms and results & scopes of the particular experiments included
in this paper. In Section 4, we give a picture of the current status on neutrino mentioning
about the measured and less known parameters those are dealt by these experiments. We
also study the limits on absolute neutrino masses. Section 5 contains the summary of the
overall descriptions of the paper.

FIGURE 1: Natural and artificial sources of neutrino in a nutshell[9].

2. NEUTRINO DETECTION TECHNIQUES

2.1. Radiochemical Method

Inverse Beta Decay (IBD) is the principle used in the radiochemical method of neutrino
detection.
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1.1. Experimental observations and properties of neutrinos

1.1.1. Detection of neutrinos

The experimental attempts to make direct observation of neutrinos and antineutrinos started immediately after the
formulation of the theory of beta decay, and the first attempt was made by Nahimas [44] as early as 1935 at the
underground station Holborn in London, and later by Rodeback and Allen [45], Leipunski [46], Snell and Pleasonton [47],
Jaeobsen [48], Sherwin [49], and Crane and Halpern [50], which showed no conclusive evidence of the existence of neutrinos.
The attempts took much longer time to succeed experimentally and the final success came when Reines and Cowan [8, 9]
in 1956 at the Savannah River reactor reported the observation of antineutrinos from the reactor in the reaction

ν̄e + p→ e+ + n (1.1)

by making a coincidence measurement of the photons from particle annihilation e+ + e− → γ + γ and a neutron capture
n+108 Cd→109 Cd + γ reaction a few microseconds later [8, 51] induced by e+ and n produced in reaction (1.1).

The original proposal of Pontecorvo [52] and Alvarez [53] to use 37Cl as target to observe neutrinos from the reactors
was followed by Davis [54, 55] who looked for νe+37Cl → e−+37Ar reaction at the Brookhaven reactor using 4000 L of
liquid CCl4 and tried to observe the 37Ar produced in the reaction. No event was observed but a limit of σ̄(ν̄ +37 Cl →
e− +37 Ar) < 0.9 × 10−45cm2 was obtained while the theoretical prediction was ≈ 2.6 × 10−45cm2. This negative result
was of importance as it showed that the neutrinos from the reactors do not produce electrons hinting that νe and ν̄e are
different particles. In order to phenomenologically describe the situation, a new quantum number was proposed called
the electron lepton number: Le. The νe and e− were assigned Le = +1, and ν̄e and e+ were assigned Le = −1.

It was suggested by Markov [56], Pontecorvo [57], and Schwartz [58] to use proton accelerators to produce high energy
neutrino beam from pion decays to perform experiments like:

ν + n −→ µ− + p ν + n −→ e− + p (1.2)

ν̄ + n −→ µ+ + p ν̄ + n −→ e+ + p (1.3)

to test whether the neutrinos from pion decays produce muons or electrons. Theoretical calculations for the above
processes were done by Lee and Yang [59], Cabibbo and Gatto [60], and Yamaguchi [61] using the phenomenological
V − A theory. The experiments performed at the Brookhaven National Laboratory (BNL) by Danby et al. [62] and
later at CERN by Bienlein et al. [63] observed that neutrinos from the pion decays, which were accompanied by muons,
produce only muons in the above reactions (Eq. (1.2)) and never an electron/positron was observed. This confirmed that
these neutrinos are different from the neutrinos produced in beta decay implying νµ %= νe. Consequently, for the muon
family separate lepton number Lµ was defined. These lepton numbers were assumed to be conserved separately. The Le

and Lµ were combined to define a new quantum number, i.e., LFN, Lf (f = e, µ).
In 1975 when τ -lepton was discovered [64] and its weak decays were observed the existence of a new flavor of neutrinos

ντ was proposed, which was observed much later in the DONUT experiment [65, 66] in 2000 at the Fermilab. More
observations of ντ induced events were later made in experiments with the accelerator and the atmospheric neutrinos
by DONUT [66], OPERA [67, 68, 69], Super-Kamiokande [70], and IceCube [71] collaborations. Future experiments like
DsTau [72], SHiP [73, 74] and DUNE [75, 76, 77] are planning to observe significantly large number of events induced by
the ντ interactions.

1.1.2. Sources of neutrinos and their fluxes

The SM neutrinos are of three flavors viz. νe, νµ and ντ and the corresponding antineutrinos. Initially the experiments
were performed with the reactor antineutrinos and the solar neutrinos and later with the development of accelerators,
νµ and ν̄µ beams were used. Today we know that there are various sources of neutrinos all around us and these sources
may be broadly divided into two groups, one the natural sources and the other man made sources of (anti)neutrinos as
shown in Fig. 1.1. The neutrinos produced from the natural sources are the ones coming from the sun’s core, earth’s core
and mantle, etc. Neutrinos are always produced during the birth, collision, and the death of stars. Particularly huge flux
of neutrinos is emitted during a supernovae explosion. There are neutrinos around us which are relics of the Big Bang,
and were produced almost 13.7 billion years ago, soon after the birth of the Universe. There are many other sources of
astrophysical neutrinos like the cosmogenic neutrinos, neutrinos being produced in the violent collisions of high energy
protons with active galactic nuclei, etc. Besides the various natural sources, there are man made sources of neutrinos and
antineutrinos being produced at the particle accelerators, nuclear reactors, spallation neutron source (SNS) facilities, etc.
These neutrinos and antineutrinos from the various sources cover an energy span from µeV (10−6 eV) to EeV (1018 eV)
as shown in Fig. 1.2 [78]. Recently, Vitagliano et al. [79] have also provided neutrino spectrum at earth obtained using
different neutrino sources. The ντ and ν̄τ from the atmospheric source come with a very small flux which have been
recently observed in the Super-Kamiokande [80, 70] and the IceCube [71] experiments .
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Reaktör Nötrinosu Etkileşimi

Sertac Ozturk

Signal Reconstruction
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Sintilasyon, atomların ve moleküllerin 
radyasyon ile uyarılmasının ardından 
fotonların yayımlanmasıdır. 

Sintilasyon yapan malzemeden yapılan 
detektörlere sintilatörler denir. 

✦ İnorganik kristal, organik kristal, 
organik sıvı, plastik, cam 

✦ Hızlı tepki süresi, hassas enerji 
ölçümü, ucuz ve güvenilir

Sintilasyon (Parıldama)

5.2.1 Inorganic Crystals  
Scintillation mechanism

M. Krammer: Particle Detectors Scintillators 13

Inorganic crystals feature a band structure. The band gap between valance and 
conduction band is about 5-10 eV (Isolator).

  Absorbed energy excites electrons to the 
conduction band. 
  Recombination causes the emission of a 
photon.
  The transition probability is in increased by 
activator centres (add. discrete energy levels).

  Electrons could also be bound as excitons 
(coupled e-hole pairs). De-excitation causes 
also the emission of photons.

M. Krammer: Particle Detectors Scintillators 8

5.1 Signal Shape

•  Many scintillators show a simple 
exponential signal decay. In case of 
several  signal components overlap has 
to be considered.

•  The rise time of the signal is usually very 
fast. 

Signal of a scintillator with a short and slow 
signal:

t       … time;            A , B … proportional factors
Ν(τ) …  number of emitted photons at time t
τf , τs … decay constants for fast and slow component€ 

N(t) = A ⋅ exp −t
τ f
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* Signal vs. time of a scintillator with fast 

and slow component.
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İnorganik sintilatörlerde  
✦ışık çıktısı yüksek enerjili parçacıkların enerji depozisyonu ile neredeyse lineerdir. 
✦Yüksek Z ile gama detektörü olarak sıklıkla kullanılır 
✦Üretimi zor ve pahalıdır. 

Organik sintilatörlerde 
✦Plastik, kristal, sıvı 
✦Hızlı tepki zamanı 
✦Üretimi kolay, esnek ve ucuz

Sintilatörler
PROPERTIES EJ-200 EJ-204 EJ-208 EJ-212
Light Output ;й��ŶƚŚƌĂĐĞŶĞͿ ϲϰ 68 ϲϬ ϲϱ
^ĐŝŶƟůůĂƟŽŶ��ĸĐŝĞŶĐǇ�;ƉŚŽƚŽŶƐͬϭ�DĞs�ĞͲͿ ϭϬ͕ϬϬϬ ϭϬ͕ϰϬϬ ϵ͕ϮϬϬ ϭϬ͕ϬϬϬ
tĂǀĞůĞŶŐƚŚ�ŽĨ�DĂǆŝŵƵŵ��ŵŝƐƐŝŽŶ�;ŶŵͿ ϰϮϱ ϰϬϴ ϰϯϱ ϰϮϯ
>ŝŐŚƚ��ƩĞŶƵĂƟŽŶ�>ĞŶŐƚŚ�;ĐŵͿ ϯϴϬ ϭϲϬ ϰϬϬ ϮϱϬ
ZŝƐĞ�dŝŵĞ�;ŶƐͿ Ϭ͘ϵ Ϭ͘ϳ ϭ͘Ϭ Ϭ͘ϵ
�ĞĐĂǇ�dŝŵĞ�;ŶƐͿ Ϯ͘ϭ ϭ͘ϴ ϯ͘ϯ Ϯ͘ϰ
WƵůƐĞ�tŝĚƚŚ͕�&t,D�;ŶƐͿ Ϯ͘ϱ Ϯ͘Ϯ ϰ͘Ϯ Ϯ͘ϳ
,��ƚŽŵƐ�ƉĞƌ�Đŵ3 ;пϭϬϮϮͿ ϱ͘ϭϳ ϱ͘ϭϱ ϱ͘ϭϳ ϱ͘ϭϳ
���ƚŽŵƐ�ƉĞƌ�Đŵ3 ;пϭϬϮϮͿ ϰ͘ϲϵ ϰ͘ϲϴ ϰ͘ϲϵ ϰ͘ϲϵ
�ůĞĐƚƌŽŶƐ�ƉĞƌ�Đŵ3 ;пϭϬϮϯͿ ϯ͘ϯϯ ϯ͘ϯϯ ϯ͘ϯϯ ϯ͘ϯϯ
�ĞŶƐŝƚǇ�;ŐͬĐŵϯͿ ϭ͘ϬϮϯ ϭ͘ϬϮϯ ϭ͘ϬϮϯ ϭ͘ϬϮϯ
WŽůǇŵĞƌ��ĂƐĞ WŽůǇǀŝŶǇůƚŽůƵĞŶĞ
ZĞĨƌĂĐƟǀĞ�/ŶĚĞǆ ϭ͘ϱϴ
^ŽŌĞŶŝŶŐ�WŽŝŶƚ ϳϱΣ�
sĂƉŽƌ�WƌĞƐƐƵƌĞ sĂĐƵƵŵͲĐŽŵƉĂƚŝďůĞ
�ŽĞĸĐŝĞŶƚ�ŽĨ�>ŝŶĞĂƌ��ǆƉĂŶƐŝŽŶ ϳ͘ϴ�п�ϭϬͲϱ�ďĞůŽǁ�ϲϳΣ�
dĞŵƉĞƌĂƚƵƌĞ�ZĂŶŐĞ ͲϮϬΣ��ƚŽ�ϲϬΣ�

>ŝŐŚƚ�KƵƚƉƵƚ�;>͘K͘Ϳ�ǀƐ͘�dĞŵƉĞƌĂƚƵƌĞ �ƚ�ϲϬΣ�͕�>͘K͘�с�ϵϱй�ŽĨ�ƚŚĂƚ�Ăƚ�ϮϬΣ�
EŽ�ĐŚĂŶŐĞ�ĨƌŽŵ�ͲϲϬΣ��ƚŽ�ϮϬΣ�

CHEMICAL COMPATIBILITY
�ƩĂĐŬĞĚ��Ǉ͗��ƌŽŵĂƟĐ�ƐŽůǀĞŶƚƐ͕��ŚůŽƌŝŶĂƚĞĚ�ƐŽůǀĞŶƚƐ͕�<ĞƚŽŶĞƐ͕�^ŽůǀĞŶƚ�ďŽŶĚŝŶŐ�ĐĞŵĞŶƚƐ͕�ĞƚĐ͘
^ƚĂďůĞ�/Ŷ͗�tĂƚĞƌ͕ ��ŝůƵƚĞ�ĂĐŝĚƐ�ĂŶĚ�ĂůŬĂůŝƐ͕�>ŽǁĞƌ�ĂůĐŽŚŽůƐ͕�^ŝůŝĐŽŶĞ�ŐƌĞĂƐĞƐ͘
/ƚ�ŝƐ�ƐĂĨĞ�ƚŽ�ƵƐĞ�ŵŽƐƚ�ĞƉŽǆŝĞƐ�ǁŝƚŚ�ƚŚĞƐĞ�ƐĐŝŶƟůůĂƚŽƌƐ͘
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 Basit bir detektör sintilatör, ışık klavuzu ve bir fotoçoğaltıcıdan 
oluşur. 

✦ Sintilatör: Radyasyonu görünür ışığa çevirir. Plastik sintilatörler, 
inorganik sintilatörler, cam sintilatörler, sıvı sintilatörler, .. 

✦ Işık Klavuzu: Görünür ışığı fotoçoğaltıcıya taşır. Işık klavuzu, 
dalga boyu kaydırıcı, fiberler, .. 

✦ Fotoçoğaltıcı: Görünür ışığı elektrik akımına çevirir. Fotoçoğaltıcı 
tüp, silikon fotoçoğaltıcı, hibrit foto diyot, …

Basit Detektör Yapısı

M. Krammer: Particle Detectors Scintillators 4

5.1 Parts of a Detector based on 
Scintillators

A scintillation detector consists of a scintillating material, often coupled to a light 
guide, and a photo detector. 

•  The scintillating material converts γ- and particle-radiation into light (visible, 
UV, sometimes X-rays). Often a wavelength shifter is mixed to the primary 
scintillator.

•  The light guide leads the light to the photo detector. Again a wavelength 
shifter is often used to match the wave length to the response characteristics 
of the photo cathode and hence improves the signal.

•  The photo detector converts the light into an electric signal. Various photo 
detectors are applied, e.g. photo multipliers, SiPMs, gaseous detectors.

Sintilatör Işık Klavuzu Foto çoğaltıcı
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 Çoğunlukla sintilatörler fotoçoğaltıcılara direkt 
olarak bağlanamaz. 

✦ Yüksek manyetik alan, biçimsel sınırlamalar, 
vs. 

 Sinlatörleri fotoçoğaltıcılara bağlar. 

 Maksimum ışık transferi çıktı ile girdi 
alanlarının oranınları ile orantılıdır. 

 PMMA (pleksi) en yaygın kullanılan materyaldir.

Işık Klavuzu

5.5 Light Guides  
Example

M. Krammer: Particle Detectors Scintillators 26

Light guide: flat 
top couples to 
scintillator, 
round bottom to 
photo detector.

http://www.brantacan.co.uk/LightGuide1.jpg 

Adiabatic light guide:

CERN Microcosm Ausstellung, Photo: M. Krammer

5.5 Light Guides

M. Krammer: Particle Detectors Scintillators 25

A … Surface cross section
Iin … total light intensity

€ 

Iout
I in

≤
Aout
Ain

(Aout ≤ Ain )

Often scintillators cannot be directly coupled to the read out device for space 
constraints or magnetic fields. The shape of the scintillator also rarely matches 
the shape of the photo detector → use light guides for coupling!

Light is guided by total reflexion (surfaces polished and with reflective coating)

However, density of photons cannot be compressed (Liouville Theorem)
The maximum light transferred is proportional to the ratio of surface cross 
sections of light guide output to input.

The shape of the light guide is irrelevant. Sharp kinks have to be avoided.

Commonly used material PMMA (Polymethylmethacrylat), often with wave 
length shifter material added.

Giren ışık Çıkan ışık
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 Sintilatörlerden fotoğoçaltıcıya 
ışığı aktarmak için kullanılır. 

✦ Karmaşık yapılı dedektörlerde. 

 Işığın dalga boyunu değiştirir. 

✦ h𝜈 → h𝜈’ 

 Bir çekirdek ve etrafını saran iki 
(veya bir tane) katmanlı yapıdır. 

Işık yaklama verimliliği %2-%3 
civarındadır.

Dalga Boyu Kaydırıcı Fiberler (WLS)
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 Işığı elektrik akımına çevirir.  

✦ Katota çarpan ışık fotoelektrik etki ile elektron koparır. 

✦ Dinotlara çarpan elektronlarda ikinci elektronlar üretir. 

✦ En son anota bir elektron duşu ulaşır. 

 Çeşitli şekil ve boyutlarda olabilirler. 

 Yüksek voltaj gerektirir (1200-1700 V) 

 Kazanç, kuantum verimlilik, sinyal zamanı, karanlık akım 
önemli parametrelerdir.

Fotoçoğaltıcı Tüp (PMT)

Figure 1: Typical Spectral Response

TPMH1100E04
JUN. 2014 IP

TPMHB0204EA

Figure 3: Accessories (Unit: mm)

TACCA0009EB TACCA0166EC

Socket  E678-12A
(Supplied)

D type Socket Assembly  E2183-500
(Sold separately)
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Figure 2: Dimensional Outline and Basing Diagram (Unit: mm)
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HAMAMATSU PHOTONICS K.K.
HAMAMATSU  PHOTONICS  K.K., Electron Tube Division 
314-5, Shimokanzo, Iwata City, Shizuoka Pref., 438-0193, Japan, Telephone: (81)539/62-5248, Fax: (81)539/62-2205

 www.hamamatsu.com

U.S.A.: Hamamatsu Corporation: 360 Foothill Road, Bridgewater. N.J. 08807-0910, U.S.A., Telephone: (1)908-231-0960, Fax: (1)908-231-1218 E-mail: usa@hamamatsu.com
Germany: Hamamatsu Photonics Deutschland GmbH: Arzbergerstr. 10, D-82211 Herrsching am Ammersee, Germany, Telephone: (49)8152-375-0, Fax: (49)8152-2658 E-mail: info@hamamatsu.de
France: Hamamatsu Photonics France S.A.R.L.: 19, Rue du Saule Trapu, Parc du Moulin de Massy, 91882 Massy Cedex, France, Telephone: (33)1 69 53 71 00, Fax: (33)1 69 53 71 10 E-mail: infos@hamamatsu.fr
United Kingdom: Hamamatsu Photonics UK Limited: 2 Howard Court, 10 Tewin Road, Welwyn Garden City, Hertfordshire AL7 1BW, United Kingdom, Telephone: (44)1707-294888, Fax: (44)1707-325777 E-mail: info@hamamatsu.co.uk
North Europe: Hamamatsu Photonics Norden AB: Torshamnsgatan 35 SE-164 40 Kista, Sweden, Telephone: (46)8-509-031-00, Fax: (46)8-509-031-01 E-mail: info@hamamatsu.se
Italy: Hamamatsu Photonics Italia S.r.l.: Strada della Moia, 1 int. 6, 20020 Arese (Milano), Italy, Telephone: (39)02-93581733, Fax: (39)02-93581741 E-mail: info@hamamatsu.it
China: Hamamatsu Photonics (China) Co., Ltd.: B1201 Jiaming Center, No.27 Dongsanhuan Beilu, Chaoyang District, Beijing 100020, China, Telephone: (86)10-6586-6006, Fax: (86)10-6586-2866 E-mail: hpc@hamamatsu.com.cn

* HAMAMATSU also provides C9525 series bench-top type and C9619 series module type high voltage power supplies.
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*  E2183-15 (E2183-500 without connectors) is also available.
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 Işığı elektrik akımına çevirir. 

✦ Yarı iletken 

 Piksellerden meydana gelir. 

✦ 1000 piksel/mm2 

 Yüksek kazanç, hızlı zaman 
tepkisi 

Düşük çalışma voltajı 

Manyetik alandan etkilenmez. 

 Küçük yüzey alanı.

Silikon Fotoçoğaltıcı

Silicon PhotomultiplierSilicon Photomultiplier: Geiger Mode

• Pixels operated in Geiger mode 

(non-linear response)
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Chapter 2 Light Detectors

the device is covered with an anti-reflecting SIO2 layer for protection purposes. Aluminium
tracks on the surface connect all pixels to the common bias voltage.

ICFA Instrumentation Bulletin
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Figure 1: (a) Silicon photomultiplier microphotograph, (b) topology and (c) electric field distribu-

tion in epitaxy layer.
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Figure 2: SiPM pulse height spectra.

Figure 2.13: Left: Schematic view of the SiPM topology: A few micrometer thick layer of p�-doped
material on the low resistive substrate serves as a drift region (see also right side of the picture). An
electron generated in this region will subsequently drift into the region between the n+ and the p+

layer where the electrical field is high enough for avalanche breakdown. The guard rings reduce the
electrical field in order to avoid unwanted avalanche breakdown close to the surface where accidental
impurity levels are higher. Right: Diagram of the electric field profile in a SiPM [17].

2.3.1 Gain and Single Pixel Response

Since every microcell of the SiPM is operated above the breakdown-voltage, high gain in the
range of typically 105 � 106 can be obtained which is comparable to the value obtained with
a vacuum PMT. The behaviour of a SiPM pixel can be explained by a circuit model which is
shown in the following figure: • AULL, LOOMIS, YOUNG, HEINRICHS, FELTON, DANIELS, AND LANDERS

Geiger-Mode Avalanche Photodiodes for Three-Dimensional Imaging

VOLUME 13, NUMBER 2, 2002 LINCOLN LABORATORY JOURNAL 339

plished by two types of circuit: passive quenching and
active quenching. In a passive-quenching circuit, the
APD is charged up to some bias above breakdown
and then left open circuited. Once the APD has
turned on, it discharges its own capacitance until it is
no longer above the breakdown voltage, at which
point the avalanche dies out. An active-quenching
circuit senses when the APD starts to self-discharge,
and then quickly discharges it to below breakdown
with a shunting switch. After sufficient time to
quench the avalanche, it then recharges the APD
quickly by using a switch.

Figure 5(a) shows the simple passive-quenching
circuit and Figure 5(b) shows the same circuit with a
first-order circuit model inserted to describe the APD
behavior during discharge. The model assumes that
once the APD has turned on and reached its resis-
tance-limited current, the ensuing self-discharge is
slow enough that the APD will behave quasi-stati-
cally, following its DC current-voltage characteristic
as it discharges down to breakdown. The correspond-
ing model is a voltage source equal to the breakdown
voltage in series with the internal resistance R of the
APD. The model predicts exponential decay of the

current to zero and voltage to the breakdown with a
time constant RC [8].

Once the avalanche has been quenched, the APD
can be recharged through a switch transistor. Another
scheme is to connect the APD to a power supply
through a large series resistor Rs that functions as a
virtual open circuit (Rs >> R) on the time scale of the
discharge, and then recharges the APD with a slow
time constant RsC. This circuit has the benefit of sim-
plicity, and the APD fires and recharges with no
supervision.

In ladar applications, where the APD detects only
once per frame, the slow recharge time, typically mi-
croseconds, imposes no penalty. There is also interest,
however, in using the Geiger-mode APD to count
photons to measure optical flux at low light levels.
With passive quenching, the count rate will saturate
at low optical fluxes because many photons will arrive
when the APD is partially or fully discharged, and
therefore unresponsive. With a fast active-quenching
circuit, the APD can be reset after each detection on a
time scale as short as nanoseconds, enabling it to
function as a photon-counting device at much higher
optical intensities.

Geiger-Mode APD Performance Parameters

In linear mode the multiplication gain of the APD
has statistical variation that leads to excess noise. In
Geiger mode the concept of multiplication noise does
not apply. A Geiger-mode avalanche can, by chance,
die out in its earliest stages. If it does, no detectable
electrical pulse is observed and the photon that initi-
ated the avalanche goes undetected. If the avalanche
progresses to completion, however, the total number
of electron-hole pairs produced is fixed by the exter-
nal circuit, not by the statistics of the impact-ioniza-
tion process. In the simple passive-quenching case,
for example, the avalanche has no further opportu-
nity to die out until the APD has discharged from its
initial bias down to the breakdown voltage. This dis-
charge fixes the amplitude of the voltage pulse and,
therefore, the total amount of charge collected in the
process, typically >107 electron-hole pairs per detec-
tion event.

The user of a Geiger-mode APD is concerned not
with multiplication noise, but with detection probabil-

FIGURE 5. Passive-quenching circuits. (a) In Geiger mode,
the APD is charged up to some bias above the breakdown
voltage V and then left open circuited. (b) Subsequently,
once an avalanche has been initiated, the APD behaves ac-
cording to a simple circuit model.

Bias > Vbreakdown

Vbreakdown

+
–

Bias

C

R

(b)(a)

Figure 2.14: Passive-quenching circuits: Left: The APD is charged up to some voltage Ubias > Ubreak

and left open. Right: During breakdown the APD behaves like a simple circuit model: A voltage
source in series with a resistor and and a capacitor [25].

One has to separate between two possible states of the pixel. The left side shows the pixel
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Doping Structure of SiPM [1]

Pixelized photo diodes  
operated in Geiger Mode 

Single pixel works as a binary device  

Energy = #photons seen by 
summing over all pixels

Principle:

Granularity	 :	 103 pixels/mm2 
Gain	 	 	 : 	 106 
Bias Voltage	 :	 < 100 V 
Efficiency	 	 :	 ca. 30 % 

Insensitive to magnetic fields! 
Works at room temperature ...

Features:

Avalanche  
region

Drift  
region

Chapter 3 Photodetection

able to penetrate several micrometers into the silicon before it is absorbed. Electrons, created
in the drift region, move upwards into the high field region where avalanche breakdown occurs.
Guard rings are implemented at the pixel boundaries in order to avoid large electric fields at
the edges which would result in undesired electrical breakdown.

If a charged particle hits a SiPM detector, it will most probably traverse only the few micron
thick depleted region of a single pixel. Even if the primary ionisation process yields a huge
number of electron-hole pairs, the resulting signal will be equivalent to the signal of a single
photon. For this reason, practically no nuclear counter e⌅ect is observed with SiPM detect-
ors. SiPMs are therefore well suited for the application in calorimeters in high energy physics
experiments.

Figure 3.9 – Magnified view of the individual SiPM pixels (Hamamatsu S10362-025C). For a
better visualisation, the aluminium connectors and the quenching resistor made of polysilicon are
indicated by coloured lines. Only the specified pixel area is sensitive to incoming light.
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Figure 1: (a) Silicon photomultiplier microphotograph, (b) topology and (c) electric field distribu-

tion in epitaxy layer.
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Figure 2: SiPM pulse height spectra.

Figure 3.10 – Typical topology of a SiPM pixel. The strong electric field, necessary for the
impact ionisation of electrons and holes is only present in a thin layer at the junction between
the n+ and p+ doped silicon. At the pixel borders, n� doped guard rings are created in order
to avoid avalanche breakdown in this region. The p� doped silicon forms a drift region which
increases the sensitivity for red light and reduces the pixel capacitance. The figure has been taken
from Ref. [62].
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[P. Buzhan et al., ICFA Inst. Bull. 23 (2001) 28]
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Manyetik Alan Compact Muon Solenoid

A Toroidal LHC Apparatus

Field geometries for 4π detectors (colliders)

• Solenoid: field lines parallel to beam 
direction

• The track of a charged particle 
represents a helix

• Needs magnetic flux return (iron)
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• Toroid: field lines are circles in a plane 
perpendicular to beam direction

• The track of a charged particle 
represents a helix

• Needs magnetic flux return (iron)

Field geometries for 4π detectors (colliders)
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• Toroid: field lines are circles in a plane 
perpendicular to beam direction

• The track of a charged particle 
represents a helix

• Needs magnetic flux return (iron)
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Manyetik Alan

Deflection in solenoidal field geometry
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No field B-field ⊥ to projection  

Momentum determination

• Lorentz force = centrifugal force

• determine momentum from 
radius of curvature 

• Charge from orientation of helix
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3. EXPERIMENTAL APPARATUS Sertaç ÖZTÜRK

PT = 0.3⇥B⇥R (3.6)

where B is the magnetic field and R is the radius of curvature of the charged particle. The

distance between interaction point and ECAL surface is about 1.3 m. The minimum PT of

the charged particle to reach ECAL surface is PT = (0.3⇥4⇥1.3)/2⇡ 0.8 GeV in CMS

detector.

2008 JINST 3 S08004

Figure 2.1: General artistic view of the 5 modules composing the cold mass inside the cryostat,
with details of the supporting system (vertical, radial and longitudinal tie rods).

magnetic pressure (P = B2
0

2µ0
= 6.4 MPa), the elastic modulus of the material (mainly aluminium

with Y = 80 GPa) and the structural thickness (DRs = 170 mm i.e., about half of the total cold
mass thickness), according to PR

DRs
= Y � , giving � = 1.5⇥ 10�3. This value is high compared to

the strain of previous existing detector magnets. This can be better viewed looking at a more
significant figure of merit, i.e. the E/M ratio directly proportional to the mechanical hoop strain
according to E

M = PR
2DRs�

DRs
DR = DRs

DR
Y �
2� , where � is the mass density. Figure 2.3 shows the values of

E/M as function of stored energy for several detector magnets. The CMS coil is distinguishably
far from other detector magnets when combining stored energy and E/M ratio (i.e. mechanical
deformation). In order to provide the necessary hoop strength, a large fraction of the CMS coil
must have a structural function. To limit the shear stress level inside the winding and prevent
cracking the insulation, especially at the border defined by the winding and the external mandrel,
the structural material cannot be too far from the current-carrying elements (the turns). On the basis
of these considerations, the innovative design of the CMS magnet uses a self-supporting conductor,
by including in it the structural material. The magnetic hoop stress (130 MPa) is shared between
the layers (70%) and the support cylindrical mandrel (30%) rather than being taken by the outer
mandrel only, as was the case in the previous generation of thin detector solenoids. A cross section
of the cold mass is shown in figure 2.4.

The construction of a winding using a reinforced conductor required technological develop-
ments for both the conductor [11] and the winding. In particular, for the winding many problems
had to be faced mainly related to the mandrel construction [12], the winding method [13], and the
module-to-module mechanical coupling. The modular concept of the cold mass had to face the
problem of the module-to-module mechanical connection. These interfaces (figure 2.5) are critical

– 7 –

Figure 3.13. The CMS superconducting magnet.

3.2.4 The Muon System

Muon detection is the most powerful tool to detect interesting events, such as the

signature for the discovery of the Higgs decaying into ZZ or ZZ⇤ which in turn decays into

four charged leptons. If the leptons are muons, the best mass resolution can be achieved

since muons are less affected than electrons by radiative losses in the tracker material.

Possible extensions of the Standard Model predict the other gauge bosons, such as heavy
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CMS deneyi için bakarsak:

Çarpışma noktasının elektromanyetik detektöre uzaklığı 1.3 m

Manyetik alan 4 T

B=0
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KalorimetrePrinciple
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Two types of calorimeters
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Two types of calorimeters
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Örnekleme Kalorimetre

Homojen Kalorimetre

PbWO4, BGO, LYSO, …

Pb ve plastik sintilatör
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