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Detektör Duyarlılığı
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Dedektör duyarlılığı aşağıdaki faktörlere bağlıdır: 
 dedektör malzemesiyle etkileşim kesiti 
 dedektör kütlesi 
 dedektör gürültüsü 
 dedektör etrafındaki koruma malzemesi
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 Ölçüm çözünürlüğü, ölçümde bir değişikliğe neden olan fiziksel 
nicelikteki en küçük değişikliktir. 

Çözünürlük, bir ölçüm cihazının iki yakın değeri birbirinden ayırt 
edebilme yeteneğidir 

 Örneğin 20 cm uzunluğunda bir cetvelde 50 tane eşit aralıklı çizgi varsa 
cetvel ile yapacağınız ölçümün çözünürlüğü 20 cm/50 = 0.4 mm dir.

Çözünürlük Nedir?
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Çözünürlük = Δx / x (Δx: fark, x: ölçülen değer)
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 Konumsal Çözünürlük 

Parçacığın konumunu ne kadar hassas tespit edebildiğimiz. 

 Enerji Çözünürlüğü 

 Parçacığın enerjisini ne kadar hassas ölçebildiğimiz 

 Zamansal Çözünürlük 

 İki olay arasındaki zaman farkını ne kadar hassas ölçebildiğimiz

Parçacık Detektörlerinde Çözünürlük
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Çözünürlük Neden Önemli?
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Konumsal Çözünürlük
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Particle Detectors                                                                                                           Michael Hauschild (CERN),  page 15

Tracking Detector Principles
Typical: several layers of sensitive detector elements

each layer gives a 2D hit coordinate (+ detector positionà 3D)

Magnetic field bends (charged) particle trajectories

resolution of each hit depends on size d of detector elements

e.g. for d = 30 µm  →  ~10 µm resolution

can reconstruct + fit track (radius)
with at least 3 hits

àsome uncertainly where the particle passed the detector element d
àprobability distribution is “flat” Probability

d/2

σx

detector layers

hits
charged
particle

࡮ ⊗

d

à take the width of an equivalent Gaussian distribution as resolution

detector element, size = d
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✦ 20 µm aralık 

✦ Pozisyon ölçümünde 
yüksek duyarlılık 

‣ σx = 20 µm / √12 = 5.8 
µm 

 Silikon detektörleri ~10-20 µm 

Gaz odası detektörleri ~100 µm - 1 mm 

İyonizasyon detektörleri (Muon) ~1 cm - 5 cm
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Zamansal Çözünürlük
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 Parçacık belirleme ve pozisyon yapılandırmak 
için önemlidir.  

Hızlı tepki süresi
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Parçacık duşunda oluşan parçacık sayısı etkileşim enerjisi ile 
doğru orantılıdır. 

✦ N ∝E/⎷Ec (Ec ≈10 MeV) 

✦ Enerji ölçümündeki istatistiksel hata σ ∝ ⎷N 

✦ Enerji ölçümündeki göreli hata  

Algıçtaki homojensizlikler ve elektronik gürültüden gelen katkıları 
ile birlikte

Particle Detectors                                                                                                           Michael Hauschild (CERN),  page 29

Energy Resolution of Calorimeters
Number of particles in shower is proportional to energy of
initial particle

error of energy measurement determined by (statistical) fluctuations in
the number of shower particles

resulting relative energy measurement error is

More contributions from detector inhomogeneities and
electronic noise

௦ܰ௛௢௪௘௥ ∝ ܧ 
௖ܧ Critical Energy (typically ~10 MeV)

ாߪ
ܧ ∝  1

 ܧ

ேೄ೓೚ೢ೐ೝߪ ∝  ௌܰ௛௢௪௘௥
 

ாߪ
ܧ  ∝  ܽ

⊕   ܧ  ܾ ⊕   ܿ
ܧ

convolution

stochastic
(statistic) term

noise termconstant term
electronics noiseinhomogenities

non-linearities

relationship valid for all types of calorimeters
(homogeneous + sampling,

electromagnetic and hadronic)

number of shower particles

Kalorimetrede Enerji Çözünürlüğü
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European  Summer Campus " 
Between two infinities" 64

Energy resolution  

Usually parameterized by 
(stands also for hadron  calorimeter) : 

E
cb

E
a

E
⊕⊕=

σ

a : intrinsic resolution or stochastic term
 given by technology choice

c : contribution of electronics noise 
+ at LHC pile up noise… 
 given by electronics design

b : constant term, it contains all the imperfection, response variation versus 
position (uniformity), time (stability), temperature….
 Constraints on all aspects : mechanics, electronics….

Linearity is also important : signal ∝ E over large dynamics with material 
upstream,  lateral and longitudinal leakage 

a: stochastic terim

b: Sabit terim (homojensizlik, vs.)

c: gürültü terimi (elektronik gürültü)
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CMS ECAL Kalorimetresi
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Example: CMS ECAL resolution 

43 CalorimetryRoman Kogler

Example: CMS ECAL Resolution
Simplified model [Heitler]: shower development  
governed by X0 
e- loses [1 - 1/e] = 63% of energy in 1 Xo (Brems.)  
the mean free path of a γ is 9/7 Xo (pair prod.) 
 
Assume: 
E > Ec : no energy loss by ionization/excitation 
E < Ec : energy loss only via ionization/excitation 
 
Simple shower model:  
•  2t particles after t [X0] 
•  each with energy E/2t 
•  Stops if E < critical energy εC  
•  Number of particles N = E/εC  
•  Maximum at 

Lead%%absorbers%in%cloud%chamber%

After shower max is reached:  
only ionization, Compton, photo-electric 

Relatively large size of sampling 
term (3%):

• PbWO4 rather weak scintillator 
‣ 4500 photos / 1 GeV

• Fano factor of 2 for crystal / APD 
combination

Still: sampling term 3 times 
smaller than for ATLAS ECAL!
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Detektör Tepkisi
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 Duyarlılıkla ilgili olan, incelenen radyasyona karşı 
dedektör tepkisidir.

37 CalorimetryRoman Kogler

Response and Linearity
Simplified model [Heitler]: shower development  
governed by X0 
e- loses [1 - 1/e] = 63% of energy in 1 Xo (Brems.)  
the mean free path of a γ is 9/7 Xo (pair prod.) 
 
Assume: 
E > Ec : no energy loss by ionization/excitation 
E < Ec : energy loss only via ionization/excitation 
 
Simple shower model:  
•  2t particles after t [X0] 
•  each with energy E/2t 
•  Stops if E < critical energy εC  
•  Number of particles N = E/εC  
•  Maximum at 

Lead%%absorbers%in%cloud%chamber%

After shower max is reached:  
only ionization, Compton, photo-electric 

 �response = average signal per unit of deposited energy”  
 e.g. # photoelectrons/GeV, picoCoulombs/MeV, etc 

 
A linear calorimeter has a constant response 
 
 
 
 
 
 
 
 
 

In general:  
Electromagnetic calorimeters are linear 

 ! All energy deposited through ionization/excitation of absorber 
Hadronic calorimeters are not … (later) 
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Uygulama
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 Plastik sintilatörde göreli ışık çıktısı ve doğrusallık 
ölçümü nasıl yapılır?

CAEN 
DT5790

Digitizer

-HV

Signal Out
Plastic 

Scintillator PMT

Lead 
Collimator

Radioactive 
Source

PC
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Enerji Depozisyonu
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4 farklı radyoaktif gama kaynağı kullanıldı; Na-22, Cs-137, Mn-54 ve Co-60.

Enerji dağılımındaki Compton-sınır bölgesi bir Gaus fonksiyonuna fit edildi ve 
kuyruk kısmındaki %80 değeri alındı. 

EJ IstinyePS
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Samples 22Na 137Cs 54Mn 60Co 22Na Rel. LY @ 80%

EJ 100 100 100 100 100 100

IstinyePS 67.63 66.86 67.33 67.03 66.84 67.14 ± 0.14

IstinyePS-2 63.77 63.06 63.14 63.35 62.84 63.23 ± 0.14

IstinyePS-3 57.00 56.29 56.51 56.72 55.88 56.48 ± 0.17

22Na

137Cs

54Mn

60Co

22Na

C. Frangville, A. Grabowski, J. Dumazert et al. Nuclear Inst. and Methods in Physics Research, A 942 (2019) 162370

Table 1
Typical thermal neutron absorptions.
Isotope Thermal neutron capture reaction 25 meV cross section (Barns) Natural isotopic abundance (%)
3He 3

2He + n ô 3
1H + 1

1p 5,330 0.000137
6Li 6

Li + n ô 3
H(2.73 MeV) + ↵(2.05 MeV) 940 7.5

10B 10
B + n ô 7

Li
< + ↵(1.47 MeV) ô 7

Li + ↵(1.8 MeV) + � (0.48 MeV) 3,840 19.9
113Cd 113

Cd + n ô 114
Cd + �

®
s (9 MeV) 20,600 12.2

155Gd 155.157
Gd + n ô 156.158

Gd
< ô 156.158

Gd + e
* + �

®
s (8 MeV) 60,900 14.7

157Gd 254,000 15.7

dispersed oleic-capped lithium fluoride nanocrystals in a polysiloxane
matrix [7–9].

Based on this strategy, we present our results regarding chemical
modifications of plastic scintillators, firstly with a high concentration
of primary fluorophore for the detection of fast neutrons. It is now
well known that materials may present pulse shape discrimination
(PSD) properties thanks to the difference between delayed and prompt
fluorescence [2], and two of them are currently commercially available
from Eljen Technology and Amcrys. Secondly, by adding not only
lithium NPs, but also a mixture of lithium and boron, namely in the
form of lithium tetraborate Li2B4O7, we take advantage of these two
neutron absorbers to largely increase thermal neutron capture effi-
ciency. In the field of radiation detection, lithium tetraborate is already
known as a tissue equivalent thermoluminescent, gamma-ray dosimeter
[10]. However, to the best of our knowledge, scintillators loaded with
a mixture of two or more neutron absorbers are poorly studied [11,12].
From this combination, we expect a counting sensitivity improvement
of both fast and thermal neutrons, especially in the case where small
sensors are used such as in hand-held devices.

Thus, the first section presents the MCNP6.1 simulation, which
supports our motivation and theory. This simulation allows us to de-
termine the trend of the response of a homogeneously loaded plastic
scintillator with Li2B4O7 NPs. It shows that for a 10-cm3 size sample,
starting with 0.1 weight percent (wt%) loading may already give a
relevant capture rate which could be detected. Then the fast and
thermal neutron/gamma discrimination is evaluated by exposing the
NP-loaded plastic scintillator to a partially thermalized 252-californium
radioactive source, used as a SNM laboratory surrogate. To confirm
all the nuclear processes occurring in the material, several hypotheses
were formulated. A boron-containing chipboard wood cage was built
and a PSD subtraction method was designed which highlights the
signature of up to four different interactions: gamma and fast neutrons
are easily separated by PSD, and two extra features – corresponding to
thermal neutron capture by lithium and boron – appear as well.

2. Experimental section

The synthesis of our material is reported elsewhere [13]. 0.3 wt% of
fully enriched 6Li210B4O7 NPs were added to an argon-saturated solu-
tion of monomers containing PPO (20 wt%) and POPOP (0.03 wt%).
No initiator has been used in the polymerization process. 5 cycles
of degassing under vacuum were performed then the mixture was
poured in a glass jar and sealed under argon atmosphere and cured
between 60–110 ˝C for 10 to 15 days. After complete polymerization,
the mold was shattered and the free piece was cut and polished un-
til obtaining an optical-grade surface. Ultimately, the scintillator was
covered with Teflon® tape to optimize optical focalization towards
the photomultiplier tube, thereby allowing gamma spectra and n/�
discrimination experiments. The diameter of the scintillator is 32 mm
and the thickness 11 mm, weight 9.64 g, absolute density 1.09 g cm*3.

EJ-200 plastic scintillator was obtained from Eljen Technology.
Gamma-ray spectra were recorded as follows: the sample was opti-

cally coupled with RTV141A optical grease to a Hamamatsu R7724-100
photomultiplier. A 387-kBq 60Co source was used to excite the material.
Two experimental series were performed: one with the prepared plastic
scintillator and the other with a commercial sample of same size.

Pulses coming from the PMT were sorted and treated with a custom-
made electronic board. The high voltage was kept constant during both
experiments, using a stabilized high voltage module N1470 from CAEN.
The Compton edge (CE) was fitted with a Gaussian function and the
accurate determination of the Compton edge position was evaluated at
80% of the decrease of this Gaussian shape. By rule of thumb, the light
yield of the prepared plastic scintillator sample could be determined
from the commercial data sheet (herein 10,000 ph/MeV for EJ-200
plastic scintillator):

R
sample

= R
EJ*200 ù V

CE,sample
_V

CE,EJ*200

where R is the light yield, and V is the channel of the Compton edge
position.

In order to assess its neutron/gamma discrimination ability, the
scintillator was coupled using RTV141A optical grease to a Hamamatsu
H11284MOD photomultiplier tube fed with a CAEN N1470 high volt-
age operating in negative mode. The {scintillator + PMT} system was
placed 15 cm away from a 252Cf source (˘ 1.8 MBq activity), the latter
being partially thermalized with a 10 cm thick polyethylene brick. To
reduce the gamma-ray incident flux on the sample, a 5 cm denal®
brick (a tungsten-based alloy) was added between the 252Cf source
and the polyethylene brick. The anode signal fed a CAEN DT5730B
digitizer, running with the DPP-PSD software. Scintillation pulses were
then recorded and post-processed using a charge-comparison method
[14]. The Figure of Merit was finally calculated; it is a standard factor
for the evaluation of the n/� discrimination power and has already been
fully referenced in [2]. Along with this experiment and with the strictly
same setup, an energy calibration was performed with a 530 kBq 137Cs
source. The quality of the PSD was quantitatively estimated from the
calculation of the Figure of Merit (FoM), which has the following
formula:

FoM =
ÛÛÛ�n * �

�

ÛÛÛ
2.35(�2

n
+ �2

�
)

where �n and �
�
are the mean values of the neutron and the gamma ray

peaks, and �n and �
�
are the standard deviations of neutron and gamma

distributions fitted with Gaussian functions N
�
�
n
, �

n

�
and N

�
�
�
, �

�

�
.

3. Results

3.1. Simulation of the spectral signature and capture rate of thermal neu-
tron radiations in Li2B4O7 loaded plastic scintillator

The addition of both boron and lithium is firstly motivated by
the fact that these elements ultimately release energetic and charged
particles after the capture of a slow neutron. The nuclear reactions
underlying the emission of these products are:

– the 10B (n, ↵) absorption reaction: thermal neutrons are absorbed
by boron-10 nuclides, which is of natural abundance close to
20%. Following the absorption, the nucleus disintegrates follow-
ing Eq. (A) with a 6% probability, and following Eq. (B) with a
94% probability, owing that the produced lithium-7 nucleus is
found in its fundamental or excited state.
10
5B + 1

0n ô 7
3Li +

4
2He (A)

2

Enerji Doğrusallığı

13


