Solid state detectors

Si, Ge

+ good energy resolution,

~0.1 %

- slow

- low stopping power

Scintillators

- bad energy resolution,

~ 6 % as best

+ fast — slow

+ high — low stopping power

wide bandgap semiconductors

CdTe, CdZnTe, Hgl,
+ high stopping power
- energy resolution ~ 1 %

Si
Ge
CdTe
Hglz

Nal(T1)
CsI(T1)

Egap [€V]

1.12
0.74

- 1.47

2.13

5.9
6.5

3.61
2.98
4.43
4.2

15.3
15.2

new materials

+ high light yield
+ energy resolution ~ 3 %

‘Ee-h [CV]
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Inorganic scintillators

Scintillation photons are emitted from the activator excited
states, fast transition, visible light.

Competing processes:

Electron arrives to excited states from which transition to
ground state is forbidden. Additional small energy is required
to lift the electron to other excited states (thermal excitation)
with higher transition probability. This results in

- phosphorescence radiation radiation, or “afterglow”, which is
a slow time component.

Some excited states cause radiationless transitions, which
represents loss mechanism in the conversion of the radiation
energy to scintillation light. This is the quenching effect.
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- Scintillation process

- conversion to e-h pairs
- transfer to luminescence centre
- luminescence, 1.e. photon emission

Number of emitted scintillation photons N, following
absorption of gamma energy E,

_ F
N, =-——=r-g
ph ﬂEgap (0]

E..,=BE, -energy required to produce one e-h pair
p~ 2-3 (mostly 2.3)
S — transfer efficiency of the e-h pair to luminescence centre

QO — efficiency for photon emission of the luminescence centre




Energy gap (eV)

Nal (TI) 5.9
CsI(T1) 6.4
Ban
fast 18.0
slow 10.6
ZnSe (Te) 2.6

Energy required to produce one e-h pair
Eev=PEgp B~2.3 (2-3)
CsI (T1) assume E,= 1 MeV
No. of light photons
1 MeV /2.3 xEg,=1000 000 eV /2.3x6.4~67 000 photons

compare with measured 60 000 photons




For other crystals
E~=1 MeV

Nal (T1)

1 000 000 eV /2.3x5.9 eV =73 000 photons
| measured 40 000 photons

Ban .
fast 1 MeV /2.3x18.0 eV~24 000 photons
measured 1600 photons

slow 1MeV /2.3x10.6 eV =41 000 photons
measured 8000 photons




Radiative decay time for electric dipole emission
T~ A

more detailed

1=15x%x107 f%(ni“ +1)n

Jf - oscillator strength of the transition

n - refractive index

] 100 T
n
E
()
£
= 50 CaF 5:Ce
B .QZ)" C8P5014. p R B
5 ® LuPO,:Ce
."6 CeF;
O S ‘
€ 04—
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Wovelength (nm)

Fig. 2 The radiative lifetime vs: wavelength The oscillator
strength, f, and refractive index, n. were taken equal to
0.0013 and 1.7, respectively. The points correspond to Ce d-f
emmlon in different materials, as indicated. The decay times
and emission wavelengths were taken: for GSO:Ce-
Gd»(Si0,)O: Ce from [28), for LSO: Ce-Lu,(Si0,)0: Ce from
[28], for YAG: Ce~Y;Al0,,: Ce from[29], for CaF,:Ce from
“ [29), for CeF; from [3,6], for CeP;0,, from [4].




High light yield — low energy gap crystals — long
wavelength of the scintillation light

Fast crystals — short A (UV region) — high energy gap




Energy resolution

(AEA?)Z B (5sc)Z + (5St)z + (5,1)2

0sc — Intrinsic resolution of the crystal
O, — statistical contribution
0, — dark noise contribution

For PM-tubes

5. =235x (%v)%x(l—}-gyz

N — number of photoelectrons
¢ — variance of the electron multiplier gain

For avalanche photodiodes (APD)

%
=2.355x F/ )
—

N,., —number of e-h pairs

I’ — excess noise factor, reflecting the statistical fluctuation of

the APD gain




MCA

amplifier
scintillator |

photodetector:

PIN photodiode
PM-tube
avalanche photodiode
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Figure 1: Response curves of Nal(T1"), Lu,SiOs(Ce3*)(LSO), and K;LaCls(Ce3*), nor-
malized to unity at £,=662keV. The experimental data points, not shown in the Figure, for
Nal(T1*) can be found in [3]. For K;LaCls(Ce3*) and LuySiOs(Ce3*) see [5]. The data points
are results from Monte Carlo simulations of the scintillation process in NaI(T1*). The arrows
show the position of K-shell and L-shell binding energies.
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Figuré 4: CsI(Tl) calculated and measured photon responses
Ry(=LyE,). Results- from Gwin and Murray [12] have also been
included. Data are normalized to unity at 661.66 keV.
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Figure 3: CsI(T1) electron response R (=L/E, ) measured using the
CCT along with a smooth fit and low and high energy
extrapolations used in photon response calculations. Also shown
are previously reported calculated results from Gwin and Murray
[12]. Data are normalized to unity at 442 keV.
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YSO Y,Si0s5:Ce
GSO Gd,Si05:Ce
LSO Lu,SiO5:Ce
LGSO Lul,.XGdXSiOS:Ce
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Figure 5. Nonproportionality of the light output for LSO, GSO and
LGSO.
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Requirements for new scintillation detectors

~  high light yield

- good energy resolution

- fast

- high stopping power

- good mechanical and optical properties

Ways to improve the scintillators
- same crystal but with new dopants
- cooled scintillators
- new materials
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Fig. 1. Schematic drawing of the cryostat with the Nal crystal coupled to the
LAAPD.
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Fig. 6. Energy spectrum of y-rays from a 137Cs source, as measured with the
Nal (B) at LN» temperature.
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Fig. 8. The non-proportionality curves of studied Nal crystals in comparison
to the curve measured for Nal(Tl) coupled to the XP2020Q photomultiplier.
Error bars are shown for some selected points.
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Fig. 4. Light pulse shape from a pure Nal measured at room temperature is
shown in two different time intervals. The prompt spectrum of the timing
system is shown in the upper plot.

TABLE 11
LIGHT PULSE COMPONENTS OF PURE Nal AT ROOM
TEMPERATURE
Crystal Decay time constants/ intensities

A 0.86+0.04 ns 4.5+0.1 ns 22.3+0.3 ns 120+£3 ns
/7.3+0.4% /127.4+0.9% /51.5+1.7% /13.8+0.8%

B 1.24+0.05ns 5.12£0.2 ns 23+1 ns 9341 ns
/11.1+0.7% 127.6+2.4% 144.4+4.1% /16.9£0.3%

¢ 1.02+0.03 ns 4.2+0.1 ns 18.6+0.3 ns 13848 ns
/30.1£0.9% /46.9+1.4% /7.840.6%

/15.2£0.5%
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Fig. 2. Emission spectra of tested samples of pure Nal crystal.
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Fig. 2. Energy spectrum of 662 keV y-rays from a “’Cs source
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Table 1

Number of e-h pairs, light output and energy resolution of Csl
crystals measured at 662 keV y-rays

Crystal No/MeV  AF/E [%] LES:;&‘;E\II’;“

CsI-A 37600+800 5.0+0.2% 108000+£10000
CsI-B 43000+900 4.3+0.1% 124000£12000
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Fig. 3. The non-proportionality curves of studied CsI crystals at
LN, temperature in comparison to the curve measured for CsI(Tl)
coupled to the XP2020Q photomultiplier at room temperature.
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FIG. bl. Energy resolution obtained with a single crystal of
LaBr; :0.5% Ce** for x/ rays from *’Cs, *'Am, and **'Am/Mo source.
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FIG. 1. Energy resolutions obtained with a single crystal of LaCl; :Ce 10%
for x/ rays from (a) %Fe, (b) 2*'Am, and (c) '*'Cs sources.

2-0.""l""l,""l""l""l"“
g ' ¥Cs Spectrum |
15} | | ]
LaCIa:CeE

1.0 fwhm = 3.2%]

counts/sec

= ftﬁ:;

05
BGO

0.0

| SIS YN NE L SO T SUK SR G JK WU YONE U WO J S S |

P L.
0 200 400 600 800 1000
channel

Fig. 1. *¥’Cs spectra recorded with LaCl;:10% Ce and BGO
crystals coupled to PMT under identical operating conditions.
Light output of LaCl3:10% Ce was estimated to be ~50,000
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. temperature.
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Fig. 2. 2 Am spectra (60 keV photons) recorded with LaCl;:Ce
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light output was estimated for each crystal, see Table 1.
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- Ce concentration.




LYSO
LuYSiOs:Ce

density: 7.1 g/em’
Amax=430 nm
=48 ns

light output: 32 000 photons/MeV

3500 -
3000 ‘ b
2500 Energy resolution =7.1% \

£ 2000

]

S 1500
1000 |-p-

500 ~~\~/./ -

0

o 200 400 | 600 800
Energy (keV)

Figure 1. LYSO Response to 662 keV Photons




L.Y [ph/MeV] energy resolution [%] time resolution [ps]

LaBr;:Ce 61 000 . 2.8 385
LaCl5:Ce 50 000 3.2 224
LYSO:Ce 32 000 7.1 -




