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Summary
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Equipment innovation:

• Scintillation Crystal: Size recently available of monolithic GaGG:Ce 
• Readout electronics: new technology SiPM 

Experimental measurements:

monolithic GaGG:Ce coupled to PS-SiPM
Spatial Resolution (SR)

Energy Resolution (SR){



Monolithic Crystal Pixelated Crystal

Scintillation Crystal
2 possible configurations

scintillation imager dilemma
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Pros
 Excellent position linearity

 Good spatial resolution
 Easier image reconstruction

 Depth-independent spatial resolution

Cons
 Poor light output

Limited spatial resolution
 Poor energy resolution

 Costs of production

The main problem related to monolithic crystals is represented by a linearity compression that can be 
reduced through proper reconstruction algorithms (bad Centre-of-Gravity)

Pros
 Excellent light output

Good energy resolution
 No limit to the spatial resolution

Costs of production

Cons
 Poor position linearity

 Harder imaging reconstruction
 Depth-dependent spatial resolution

Monolithic Crystal Pixelated Crystal

Scintillation Crystal
2 possible configurations

scintillation imager dilemma
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Monolithic Crystal Pixelated Crystal

Scintillation Crystal
2 possible configurations

scintillation imager dilemma
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Scintillation Crystal

CRY-018 CRY-019 LaBr3:Ce NaI:Tl GAGG:Ce LYSO
Density (g/cm3) 4.54 7.1 5.0 3.67 6.6 7.2

Attenuation coefficient 
(cm-1) @511 keV 

Attenuation coefficient  
(cm-1) @140 keV

0.36 

1.3

0.83 

6.3

0.47 

2.7

0.33 

2.5

0.62 

4.8

0.86 

6.4

Decay time (ns) 45 46 16 230 88 30-35
Index of refraction 1.79 1.81 1.88 1.85 1.9 1.81
ER % @661 keV 7.0 8.0 2.9 6.8 6.7 7.6-8.7

Wavelength of max. 
emission (nm) 425 420 358 415 540 420

Hygroscopicity No No Yes Yes No No 
Light yield (kph/Mev) 30 15-28 63 38 50 30-32
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Scintillation Crystal

CRY-018 CRY-019 LaBr3:Ce NaI:Tl GAGG:Ce LYSO
Density (g/cm3) 4.54 7.1 5.0 3.67 6.6 7.2

Attenuation coefficient 
(cm-1) @511 keV 

Attenuation coefficient  
(cm-1) @140 keV

0.36 

1.3

0.83 

6.3

0.47 

2.7

0.33 

2.5

0.62 

4.8

0.86 

6.4

Decay time (ns) 45 46 16 230 88 30-35
Index of refraction 1.79 1.81 1.88 1.85 1.9 1.81
ER % @661 keV 7.0 8.0 2.9 6.8 6.7 7.6-8.7

Wavelength of max. 
emission (nm) 425 420 358 415 540 420

Hygroscopicity No No Yes Yes No No 
Light yield (kph/Mev) 30 15-28 63 38 50 30-32

Choice for SPECT/PET
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Scintillation Crystal

CRY-018 CRY-019 LaBr3:Ce NaI:Tl GAGG:Ce LYSO
Density (g/cm3) 4.54 7.1 5.0 3.67 6.6 7.2

Attenuation coefficient 
(cm-1) @511 keV 

Attenuation coefficient  
(cm-1) @140 keV

0.36 

1.3

0.83 

6.3

0.47 

2.7

0.33 

2.5

0.62 

4.8

0.86 

6.4

Decay time (ns) 45 46 16 230 88 30-35
Index of refraction 1.79 1.81 1.88 1.85 1.9 1.81
ER % @661 keV 7.0 8.0 2.9 6.8 6.7 7.6-8.7

Wavelength of max. 
emission (nm) 425 420 358 415 540 420

Hygroscopicity No No Yes Yes No No 
Light yield (kph/Mev) 30 15-28 63 38 50 30-32

Drawback?
Choice for SPECT/PET
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Scintillation Crystal

140 keV

511 keV

YSO  
LYSO
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Scintillation Crystal

Circular monolithic Cerium doped Gd3Al2Ga3O12 (GAGG:Ce) 
Size recently available! [EPIC Crystal (China)]

Wearable gamma camera 

GAGG:Ce monolithic crystal 

•  50mm diam 
•  3mm thick 
•  Full reflective coating 
 

Gamma camera prototipe developed by 
NGDetercors Sapienza Start-up 

Best light output with crystal surface 
coating of 0.2 mm white paint of BaSO4

50mm
4mm increase of light collection, Expected best 

Energy Resolution, since the best uniform 
response in PHA

Behaviour close to spectrometric 
scintilllation crystal
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PS-PMT: 1st generationPhotodetection technological advances 

Ø Extremely compact 
    (15 mm of thickness)  
 
Ø Ideal for closely packing in array  
    ( 1.5 mm edge dead zone) 

Ø Intrinsic spatial resolution  better  
than 0.5 mm 
 
 
It allows large  
detection area  
modules for  
compact SPET  
system 

1^ generation 
PSPMT 

Latest 
generation 

Photodetector: Position sensitive Flat Panel PMT H8500 Hamamatsu 

50 mm 

Hamamatsu SiPM: 
•  Active area for channel: 3 mm 
•  50 µm pitch 
•  35 PDE  
•  Spectral range 320 ÷900 nm 
•  Gain: 1.2 *106 

3^ generation 

2^ generation 

Photodetector: Position sensitive Flat Panel PMT H8500 Hamamatsu

Characterization of monolithic GAGG:Ce Page 617/10/2019



PMT and MA-PMT ER

Monolithic crystals (CRY18 and CRY19) with full reflective 
coating + Hamamatsu PS-PMT

ER(%)=FWHM(%)	

Energy	(keV)	

PMT	 Single	Spot	
min	

Single	Spot	
max	

64	Spots	
Sum	

Anodic	gain	
correcEon	 Flood	

CRY18	 CRY19	 CRY18	 CRY19	 CRY18	 CRY19	 CRY18	 CRY19	 CRY18	 CRY19	 CRY18	 CRY19	

31	 13.0	 23.0	 24.3	 ∕	 37.6	 ∕	 27.8	 ∕	 ∕	 ∕	

81	 13.5	 16.2	 19.0	 ∕	 25.3	 ∕	 20.1	 ∕	 ∕	 ∕	

122	 12.7	 15.3	 15.9	 20.7	 17.5	 23.7	 17.3	 22.5	 16.5	 21.5	 17.1	 21.0	

356	 8.5	 10.07	 8.0	 ∕	 12.4	 ∕	 12.0	 ∕	 ∕	 ∕	

662	 6.5	 7.6	 ∕	 9.4	 ∕	 12.6	 ∕	 12.5	 ∕	 ∕	 10.5*	 15.1*	

Example of ER degradation due to variability of single anodes gain
[1] Pellegrini et al., Imaging performance dependence on crystal absorption properties: the CRY018 and 
CRY019 comparison, poster @IPRD2019

From a work of our group presented in this conference[1]: comparison of  PMT and 
MA-PMT ER
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State of the art SiPM

PS-SiPM: HAMAMATSU MPPC S14160  Series

50x50mm2 Photodetector assembly 
– 64 independent chains

• HWB (Hole Wire Bonding)  tecnology 
• geometrical fill factor: 74%
• temperature range: da -40 a +85 °C 
• peak sensitivity: 450 nm  
• PDE: 50%   (25% improved)
• operating voltage: 40V 
• Gain : 2.5 x 10^6   (47% improved) 
• Temperature coefficient: 34mV/°C 
• Cost : about 600 Euro

SiPM allows calibration for 
each anodes, as usual 

gamma cameras

with proper calibration reduced 
the inter-anode gain variability 

(about 2%)

improvement 
of ER(%)

Uniform 
positioning 
response
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PS-SiPM PDE

	

GaGG
LaBr3
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Comparison MA-PMT / SiPM

	

- 3 -

200
0.01

0.1

1

10

100

400 600 800

WAVELENGTH (nm)

CA
TH

O
DE

 R
AD

IA
NT

 S
EN

SI
TI

VI
TY

 (m
A/

W
)

Q
UA

NT
UM

 E
FF

IC
IE

NC
Y 

(%
)

CATHODE
RADIANT
SENSITIVITY

QUANTUM EFFICIENCY

Figure 4: Typical Spectral Response of Head-On, Bialkali
Photocathode

TPMOB0070EA

PHOTOCATHODE MATERIALS
The photocathode is a photoemissive surface usually consist-

ing of alkali metals with very low work functions. The photocath-
ode materials most commonly used in photomultiplier tubes are
as follows:
1) Ag-O-Cs

The transmission-mode photocathode using this material
is designated S-1 and sensitive from the visible to infrared
range (300 to 1200nm). Since Ag-O-Cs has comparatively
high thermionic dark emission (refer to "ANODE DARK CUR-
RENT" on page 8), tubes of this photocathode are mainly
used for detection in the near infrared region with the photo-
cathode cooled.

2) GaAs(Cs)
GaAs activated in cesium is also used as a photocathode.

The spectral response of this photocathode usually covers a
wider spectral response range than multialkali, from ultravio-
let to 930nm, which is comparatively flat over 300 to 850nm.

3) InGaAs(Cs)
This photocathode has greater extended sensitivity in the

infrared range than GaAs. Moreover, in the range between
900 and 1000nm, InGaAs has much higher S/N ratio than Ag-
O-Cs.

4) Sb-Cs
This is a widely used photocathode and has a spectral

response in the ultraviolet to visible range. This is not suited
for transmission-mode photocathodes and mainly used for re-
flection-mode photocathodes.

5) Bialkali (Sb-Rb-Cs, Sb-K-Cs)
These have a spectral response range similar to the Sb-

Cs photocathode, but have higher sensitivity and lower noise
than Sb-Cs. The transmission mode bialkali photocathodes
also have a favorable blue sensitivity for scintillator flashes
from NaI (Tl) scintillators, thus are frequently used for radia-
tion measurement using scintillation counting.

6) High temperature bialkali or low noise bialkali
(Na-K-Sb)

This is particularly useful at higher operating tempera-
tures since it can withstand up to 175°C. A major application
is in the oil well logging industry. At room temperatures, this
photocathode operates with very low dark current, making it
ideal for use in photon counting applications.

7) Multialkali (Na-K-Sb-Cs)
The multialkali photocathode has a high, wide spectral re-

sponse from the ultraviolet to near infrared region. It is widely
used for broad-band spectrophotometers. The long wave-
length response can be extended out to 930nm by special
photocathode processing.

8) Cs-Te, Cs-I
These materials are sensitive to vacuum UV and UV rays

but not to visible light and are therefore called solar blind. Cs-
Te is quite insensitive to wavelengths longer than 320nm,
and Cs-I to those longer than 200nm.

WINDOW MATERIALS
The window materials commonly used in photomultiplier

tubes are as follows:
1) Borosilicate glass

This is frequently used glass material. It transmits radia-
tion from the near infrared to approximately 300nm. It is not
suitable for detection in the ultraviolet region. For some appli-
cations, the combination of a bialkali photocathode and a
low-noise borosilicate glass (so called K-free glass) is used.
The K-free glass contains very low potassium (K2O) which
can cause background counts by 40K. In particular, tubes de-
signed for scintillation counting often employ K-free glass not
only for the faceplate but also for the side bulb to minimize
noise pulses.

2) UV-transmitting glass (UV glass)
This glass transmits ultraviolet radiation well, as the name

implies, and is widely used as a borosilicate glass. For spec-
troscopy applications, UV glass is commonly used. The UV
cut-off is approximately 185nm.

3) Synthetic silica
The synthetic silica transmits ultraviolet radiation down to

160nm and offers lower absorption in the ultraviolet range
compared to fused silica. Since thermal expansion coefficient
of the synthetic silica is different from Kovar which is used for
the tube leads, it is not suitable for the stem material of the
tube (see Figure 1 on page 1). Borosilicate glass is used for
the stem, then a graded seal using glasses with gradually
different thermal expansion coefficients are connected to the
synthetic silica window. Because of this structure, the graded
seal is vulnerable to mechanical shock so that sufficient care
should be taken in handling the tube.

4) MgF2 (magnesium fluoride)
The crystals of alkali halide are superior in transmitting

ultraviolet radiation, but have the disadvantage of deliques-
cence. Among these, MgF2 is known as a practical window
material because it offers low deliquescence and transmits
ultraviolet radiation down to 115nm.

PMT [2]SiPM

[2] Hamamatsu, Photomultiplier Tubes: Construction and Operating Characteristics Connections to External Circuits 

@540 nm: 38% vs <10% 
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GaGG:Ce Background activity
Background Radioactivity measure (>24h)

662 keV

140 keV
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GaGG Spectra

31 keV

81 keV

Backscatter 
peak (356 keV)

302 keV
356 keV

122 keV

backscatter 
peak (83 keV)

monolithic GaGG:Ce with full reflective coating coupled to PS-SiPM
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GaGG Spectra

Pb X (32 keV)

Backscatter 
Peak (184 keV)

Compton Edge 
(477 keV)

662 keV

monolithic GaGG:Ce with full reflective coating coupled to PS-SiPM
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LaBr3:Ce Spectra

Backscatter 
Peak

1275 keV

511 keV

Compton 
Edge 136 keV

122 keV

monolithic LaBr3:Ce with full reflective coating coupled to PS-SiPM
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LaBr3:Ce Spectra

Backscatter 
Peak (184 keV)

Compton Edge 
(477 keV)

662 keV

31 keV

Pb X

60 keV

monolithic LaBr3:Ce with full reflective coating coupled to PS-SiPM

Characterization of monolithic GAGG:Ce Page 1517/10/2019



GaGG:Ce ER

Energy (keV) ER (%) 
GaGG:Ce+PS:SiPM

ER(%) 
PMT+GaGG:Ce

31 30 -

81 18 -

122 13 15

662 6.7 7.6
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Imaging

Three spots with 1mm collimated 99mTc source

monolithic GaGG:Ce with full reflective coating coupled to PS-SiPM

Crystal centerCrystal center-1mm (24mm) Crystal center+1mm (26mm)
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Imaging

Three spots with 1mm collimated 99mTc source

monolithic GaGG:Ce with full reflective coating coupled to PS-SiPM

Crystal centerCrystal center-1mm (24mm) Crystal center+1mm (26mm)

FWHM = 1.4mm
iSR < 1mm

iSR = SRTOT
2 − SRCOLL

2
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Imaging

Sum of spot -1mm and spot+1mm

monolithic GaGG:Ce with full reflective coating coupled to PS-SiPM
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Conclusion
Scintillation Crystal: recently available GaGG:Ce advantage

Photodetection System: last PS-SiPM generation advantages

• high density (i.e. high efficiency) 
• low decay time (low dead time, pet application and SiPM match) 
• high light yield, best ER with full reflective coating (similar to LYSO, but no self-act) 
• no self-activity 
• no hygroscopic 
• Maximum Emission Wavelength (nm) close to SiPM max PDE (guardare forma 

emissione luce GaGG)

• high PDE (50%) 
• no optical guide (only 0.2 mm window) 
• geometrical fill factor (74%) 
• as for gamma cameras, possibility of single anode calibration (gain variability 

reduction->high ER)

GaGG:Ce coupled to PS-SiPM -> high performance measured (efficiency, ER, SR) 
spatial resolution better than 1mm, good PHA uniformity response
Characterization of monolithic GAGG:Ce Page 2017/10/2019



Backup
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PS-SiPM

Brain K-tomography Page 3/1106/02/2019

Hamamatsu SiPM: 
 Active area for channel: 3 mm 
 50 m pitch 
 35 PDE  
 Spectral range 320 ÷900 nm 
 Gain: 1.2 *106

SiPM does not need  intrinsic light guide since SiPM have a very small dead area
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Energy Resolution

The detection process of γ-rays in scintillation detectors can be described by a chain of 
subsequent processes which introduce uncertainty in the measured energy as a result 
of γ-rays absorbed in the detector. These processes can be identified as 

1) γ-ray absorption and light generation in the crystal
2) photoelectron production at the photo-cathode (PDE)
3) photoelectron collection at the first dynode
4) multiplication by the PMT dynodes 

light output of a crystal, but is also limited by the non-proportional
response of scintillators [2–70]. The non-proportional response to
numerous secondary γ and X-ray quanta as well as secondary
electrons produced in the absorption process of γ–rays in the
crystal all affect the energy resolution. However, several observa-
tions collected in the last 20 years on the influence of slow
components of the light pulses on energy resolution suggest that
more complex processes take place in scintillators [71]. These
experiments were done with CsI(Tl) [72,73], ZnSe(Te) [74], and
undoped NaI at liquid nitrogen temperature [34], CsI(Na) [75] and,
finally, for NaI(Tl) at temperatures reduced below 0 1C [76]. A
common conclusion of these observations is that in the case of
scintillators showing two components, or more, of the light pulse
decay, the best energy resolution, and particularly the lowest
degradation of intrinsic resolution, is obtainable when the spectro-
metry equipment integrates the whole scintillation light [71].

The most recent studies on scintillation decay times for
different energy depositions [77–79], in different inorganic scin-
tillators by a simple experimental method as presented in [78,79],
have, for the first time, allowed measurement, separately, of the
fast and slow component non-proportionalities of NaI(Tl) [78].
Two scintillation decay modes in NaI(Tl) (the intense fast compo-
nent of 225 ns and the weak slow component of about 1 μs) have
opposite non-proportionality characteristics versus the deposited
energy. While the fast component of non-proportionality closely
follows the overall non-proportionality of the NaI(Tl) crystal, its
slow components exhibit reduction of light output per energy unit
at low energies, well known from oxides and Ce-doped scintilla-
tors. Similar observations made for CsI(Tl) and CsI(Na) [79].

In contrast, some other crystals, e.g. LuAG:Pr [60] or CsI(In)
[80,81], and different samples of undoped NaI at liquid nitrogen
temperature [82] showed a deterioration of the energy resolution
correlated with the intensity of the slow components. Moreover,
other crystals, e.g. LSO, seem to show a particularly poor energy
resolution exceeding that expected from the non-proportionality
[35]. In this study, the correlation of the non-proportionality and
intrinsic resolution of LSO crystals with their thermoluminescence-
integrated intensity and then with their afterglow was explored.
Further studies were carried out with LGSO:Ce [36] and LSO:Ce,Ca
[38] crystals.

Good energy resolution is of great importance for most applica-
tions of scintillation detectors. Thus, the limitations are discussed
below. These limitations arise from the non-proportional response
of scintillators to gamma rays and electrons, as this is of crucial
importance to the intrinsic energy resolution of the crystals. The
important influence of Landau fluctuations and the scattering of
secondary electrons (δ-rays) on intrinsic resolution is pointed out
here. Research on undoped NaI and CsI at liquid nitrogen tempera-
ture with a light readout by avalanche photodiodes strongly
suggests that the non-proportionality of many crystals is not an
intrinsic limitation and may be improved by selective co-doping.
Finally, the influence of the slow components of light pulses on
energy resolution and non-proportionality is discussed.

2. Outline of the problem

The detection process of γ-rays in a scintillation detector can be
described by a chain of subsequent processes which introduce
uncertainty in the measured energy as a result of γ-rays absorbed
in the detector. These processes can be identified as: 1) γ-ray
absorption and light generation in the crystal, 2) light collection at
the photocathode, 3) photoelectron production at the photo-
cathode, 4) photoelectron collection at the first dynode, and 5)
multiplication by the PMT dynodes [2,3].

The energy resolution, ΔE/E, of the full energy peak measured
with a scintillator coupled to a photomultiplier (PMT) or avalanche
photodiode (APD) can be written as [2,30]:

ðΔE=EÞ2 ¼ ðδscÞ2þðδpÞ2þðδstÞ2þðδnÞ2 ð1Þ

where δsc is the intrinsic resolution of the crystal, δp is the transfer
resolution, δst is the statistical contribution of PMT or the photo-
diode and δn is the dark noise contribution connected with the
detector's current and the noise of the electronics (negligible in
the case of the PMT readout). The intrinsic resolution of a crystal is
mainly associated with the non-proportional response of the
scintillator [2,3,30]. However, an experimentally determined
intrinsic resolution is also affected by many other effects, such as
inhomogeneities in the scintillator causing local variations in the
light output and the non-uniform reflectivity of the reflecting
cover of the crystal.

The statistical uncertainty of the signal from the PMT, corre-
sponding to processes 3–5, can be described as:

δst ¼ 2:35% 1=N1=2 % ð1þεÞ1=2 ð2Þ

where N is the number of photoelectrons and ε is the variance of
the electron multiplier gain, which is typically 0.1–0.2 for modern
PMTs [2,3,30].

The PMT contribution can be determined experimentally based
on the measured number of photoelectrons and it depends on the
light output of the crystal being studied, the quantum efficiency of
the photocathode and the efficiency of photoelectron collection at
the first dynode and gain variation of the PMT.

The transfer component (processes 2–3) is described by var-
iance associated with the probability that a photon from the
scintillator results in the arrival of a photoelectron at the first
dynode and then is fully multiplied by the PMT. The transfer
component depends on the quality of the optical coupling of the
crystal and PMT, the homogeneity of the quantum efficiency of the
photocathode and the efficiency of photoelectron collection at the
first dynode. In modern scintillation detectors, the transfer com-
ponent is negligible when compared to the other components of
energy resolution [25,30].

Since the intrinsic resolution of the crystal (process 1) is mainly
connected with the non-proportional response of the scintillator
[2–70], the process of γ-ray absorption in the crystal must be
considered.

A full-energy peak after gamma energy absorption results from
electrons produced in photoelectric absorption followed by emis-
sion and subsequent absorption of a cascade of X-rays and Auger
electrons, and electrons generated by Compton scattering and
terminated by photoelectric absorption. In the end, the amount of
light produced corresponding to full energy deposition in the
crystal of γ-quanta consists of contributions due to numerous
secondary electrons that have a variety of energies. In the low
energy region and in small volume crystals, photoelectric absorp-
tion dominates and the spread in the amount of light is due to
different contributions from the X-ray and the Auger electron
cascade. At high energies, mainly in large volume crystals, Comp-
ton scattering is largely responsible for secondary electrons of
different energies [30].

Another source of spread in total light produced occurs when a
given electron does not lose its energy in a unique manner in the
crystal but produces further energetic electrons, known as δ-rays.
In the low energy region, numerous low energy electrons, typically
with energy below 10 keV [9], will affect energy resolution. In the
high energy region, scattered electrons have a higher energy and
may more significantly influence the spread in the total light
produced.

Although the intrinsic resolution of the scintillators appears to
be mainly correlated with the non-proportional light response, in

M. Moszyński et al. / Nuclear Instruments and Methods in Physics Research A 805 (2016) 25–3526

light output of a crystal, but is also limited by the non-proportional
response of scintillators [2–70]. The non-proportional response to
numerous secondary γ and X-ray quanta as well as secondary
electrons produced in the absorption process of γ–rays in the
crystal all affect the energy resolution. However, several observa-
tions collected in the last 20 years on the influence of slow
components of the light pulses on energy resolution suggest that
more complex processes take place in scintillators [71]. These
experiments were done with CsI(Tl) [72,73], ZnSe(Te) [74], and
undoped NaI at liquid nitrogen temperature [34], CsI(Na) [75] and,
finally, for NaI(Tl) at temperatures reduced below 0 1C [76]. A
common conclusion of these observations is that in the case of
scintillators showing two components, or more, of the light pulse
decay, the best energy resolution, and particularly the lowest
degradation of intrinsic resolution, is obtainable when the spectro-
metry equipment integrates the whole scintillation light [71].

The most recent studies on scintillation decay times for
different energy depositions [77–79], in different inorganic scin-
tillators by a simple experimental method as presented in [78,79],
have, for the first time, allowed measurement, separately, of the
fast and slow component non-proportionalities of NaI(Tl) [78].
Two scintillation decay modes in NaI(Tl) (the intense fast compo-
nent of 225 ns and the weak slow component of about 1 μs) have
opposite non-proportionality characteristics versus the deposited
energy. While the fast component of non-proportionality closely
follows the overall non-proportionality of the NaI(Tl) crystal, its
slow components exhibit reduction of light output per energy unit
at low energies, well known from oxides and Ce-doped scintilla-
tors. Similar observations made for CsI(Tl) and CsI(Na) [79].

In contrast, some other crystals, e.g. LuAG:Pr [60] or CsI(In)
[80,81], and different samples of undoped NaI at liquid nitrogen
temperature [82] showed a deterioration of the energy resolution
correlated with the intensity of the slow components. Moreover,
other crystals, e.g. LSO, seem to show a particularly poor energy
resolution exceeding that expected from the non-proportionality
[35]. In this study, the correlation of the non-proportionality and
intrinsic resolution of LSO crystals with their thermoluminescence-
integrated intensity and then with their afterglow was explored.
Further studies were carried out with LGSO:Ce [36] and LSO:Ce,Ca
[38] crystals.

Good energy resolution is of great importance for most applica-
tions of scintillation detectors. Thus, the limitations are discussed
below. These limitations arise from the non-proportional response
of scintillators to gamma rays and electrons, as this is of crucial
importance to the intrinsic energy resolution of the crystals. The
important influence of Landau fluctuations and the scattering of
secondary electrons (δ-rays) on intrinsic resolution is pointed out
here. Research on undoped NaI and CsI at liquid nitrogen tempera-
ture with a light readout by avalanche photodiodes strongly
suggests that the non-proportionality of many crystals is not an
intrinsic limitation and may be improved by selective co-doping.
Finally, the influence of the slow components of light pulses on
energy resolution and non-proportionality is discussed.

2. Outline of the problem

The detection process of γ-rays in a scintillation detector can be
described by a chain of subsequent processes which introduce
uncertainty in the measured energy as a result of γ-rays absorbed
in the detector. These processes can be identified as: 1) γ-ray
absorption and light generation in the crystal, 2) light collection at
the photocathode, 3) photoelectron production at the photo-
cathode, 4) photoelectron collection at the first dynode, and 5)
multiplication by the PMT dynodes [2,3].

The energy resolution, ΔE/E, of the full energy peak measured
with a scintillator coupled to a photomultiplier (PMT) or avalanche
photodiode (APD) can be written as [2,30]:

ðΔE=EÞ2 ¼ ðδscÞ2þðδpÞ2þðδstÞ2þðδnÞ2 ð1Þ

where δsc is the intrinsic resolution of the crystal, δp is the transfer
resolution, δst is the statistical contribution of PMT or the photo-
diode and δn is the dark noise contribution connected with the
detector's current and the noise of the electronics (negligible in
the case of the PMT readout). The intrinsic resolution of a crystal is
mainly associated with the non-proportional response of the
scintillator [2,3,30]. However, an experimentally determined
intrinsic resolution is also affected by many other effects, such as
inhomogeneities in the scintillator causing local variations in the
light output and the non-uniform reflectivity of the reflecting
cover of the crystal.

The statistical uncertainty of the signal from the PMT, corre-
sponding to processes 3–5, can be described as:

δst ¼ 2:35% 1=N1=2 % ð1þεÞ1=2 ð2Þ

where N is the number of photoelectrons and ε is the variance of
the electron multiplier gain, which is typically 0.1–0.2 for modern
PMTs [2,3,30].

The PMT contribution can be determined experimentally based
on the measured number of photoelectrons and it depends on the
light output of the crystal being studied, the quantum efficiency of
the photocathode and the efficiency of photoelectron collection at
the first dynode and gain variation of the PMT.

The transfer component (processes 2–3) is described by var-
iance associated with the probability that a photon from the
scintillator results in the arrival of a photoelectron at the first
dynode and then is fully multiplied by the PMT. The transfer
component depends on the quality of the optical coupling of the
crystal and PMT, the homogeneity of the quantum efficiency of the
photocathode and the efficiency of photoelectron collection at the
first dynode. In modern scintillation detectors, the transfer com-
ponent is negligible when compared to the other components of
energy resolution [25,30].

Since the intrinsic resolution of the crystal (process 1) is mainly
connected with the non-proportional response of the scintillator
[2–70], the process of γ-ray absorption in the crystal must be
considered.

A full-energy peak after gamma energy absorption results from
electrons produced in photoelectric absorption followed by emis-
sion and subsequent absorption of a cascade of X-rays and Auger
electrons, and electrons generated by Compton scattering and
terminated by photoelectric absorption. In the end, the amount of
light produced corresponding to full energy deposition in the
crystal of γ-quanta consists of contributions due to numerous
secondary electrons that have a variety of energies. In the low
energy region and in small volume crystals, photoelectric absorp-
tion dominates and the spread in the amount of light is due to
different contributions from the X-ray and the Auger electron
cascade. At high energies, mainly in large volume crystals, Comp-
ton scattering is largely responsible for secondary electrons of
different energies [30].

Another source of spread in total light produced occurs when a
given electron does not lose its energy in a unique manner in the
crystal but produces further energetic electrons, known as δ-rays.
In the low energy region, numerous low energy electrons, typically
with energy below 10 keV [9], will affect energy resolution. In the
high energy region, scattered electrons have a higher energy and
may more significantly influence the spread in the total light
produced.

Although the intrinsic resolution of the scintillators appears to
be mainly correlated with the non-proportional light response, in
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PS-PMT
The collection efficiency of the first dynode about 95% for PMT, 

which decreases to 60-70% for MAPMT

reason: loss of electron collection, and therefore RE poorer
[fonte?]

SiPM fotorivelatore offre RE uguale o superiori a PMT standard 
per spettrometria

Col GaGG possiamo realizzare gamma camera con risposta 
spettrometrica confrontabile con lo standard PMT [zone morte 

ridotte al minimo] 
controllo guadagni equalizza anche risposte in posizione


