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Operating Principle

Radiation injects,
Molecules are excited or ionized,
Molecules de-excite,

Scintillation photons are emitted. Scintillator:

radiation to photon

Scintillation photons are collected by PMT:
cathode of PMT, photon to electric signal
Electrons are emitted

Electrons fly into dynode and more
electrons are emitted and fly into next electric signal is output
dynode, which is electrons from anode.

multiplication




SCINTILLATOR



Various Scintillator

* |norganic scintillator

» crystal(doped): Nal(Tl), Csl(TIl), ZnS(Ag),
LaBr;:Ce3*, LaCl;:Ce’*,...

»glass: LIO,-2SI0,(Ce),...

» pure crystal: BGO, LSO, LYSO, BaF,, ......
* Organic scintillator

» organic crystal scintillator

» organic liquid scintillator

» organic plastic scintillator

e Gas scintillator
> Ar, Xe



Characteristics of Scintillator

* Emission spectrum
* Luminous efficiency & light yield
* Decay time



Emission Spectrum
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Figure 1. Scintillation emission . ' i
Fig. 1. Scintillation emission spectrum of BGO,

spectrum of a canned Nal(Tl) crystal.

Emission spectrum of scintillator is continuous.
Emission spectrum of scintillator should match absorption
spectrum of PMT when develop a detector.



Luminous efficiency

total energy ofJ

2 output light
= x100%

energy lost in
scintillator of

incident particles

luminous
efficiency

For example: in Nal(Tl),
for  particles, C,,=13%,
for a particles, Cnp=2.6%



Light Yield
total number of
7 'ph scintillation photons
Yoh=—
E energy lost in
scintillator of
incident particles

1C
N = hv

For example: in Nal(Tl), for  particles of 1MeV, hv=3eV,

Yo = % = 4.3x10* MeV ™
3eV



Decay time

 excitation process takes 10-11~10-° second
» de-excitation and light output obey

exponential decrease.
¢ 10% A &
nt)=nl0) %
I T T BT
Decay tlme] o

N t

Ny, = [0 dt=n(0)-r = n(t)=""e "



The ratio of n; and n, has connection with incident
particles, which could be used to discriminate particle
category.



Nal(Tl) Crystal

* High light yield
° ngh Z and P(3.67g/cm3)
* Hygroscopic



CsI(Tl)

* Expansive

* High Z and p@.51gicm?)
* Low light yield

* Tractable




Other Scintillation

« ZnS(AQ): translucent, for a counts
measurement

« BGO:High Zand p

« BaF,: fast decay time(0.6ns)

 Liquid scintillator: fast decay time(2.4ns)
» Plastic scintillator: fast decay time(1~3ns)



Scintillator Table

Table1: Summary of Scintillator Characteristics

Nal(Tl) BGO Csl(Tl) PureCsl BaFz GSO:Ce Plastic LSO PWO YAP

Density(g/cm?) 367 713 4.51 4.51 4.88 6.71 1.03 735 828 555
Refractive Index 1.86 215 1.80 1.80 1.58 1.85 1.58 182 216 197
Hygroscaopic Yes Mo  Slightly  Slightly  Slightly No Mo Mo No MNo
Luminescence 410 480 530 310 325 430 400 420 470 380
{nm) 220 310

Decay Time 230 300 1000 10 630 30 2.0 40 15 30
insec) 0.9

Relative Light Output 100 15 45to0 50 <10 20 20 25 70 0.7 40




A Good Scintillator

Suitable for detected particles

match PMT well

high stopping power

high light yield

fast decay time

wide linear region of energy reponse




Collection of light

* Reflecting layer
* light coupling agent
* light guide

R 25




PHOTOMULTIPLIER



Photomultiplier

* Photomultiplier Tube(PMT)

* Micro channel plate

* (Avalanche) Photodiode (PD/APD)
 Silicon Photomultiplier(SIPM)



P I\/I I — Photomultiplier Tube

P:':°t°"\ Window
oto-
cathode / { Dynodes "

Focusing
Electrode

1 '
\'Ioltage Dropping
Resistors

Figure 1 Boier Uiy ¢°Nllggt
L photocathode Vacuum Shell
Incident ~ track of electrons
photons (. - =
|
-0
i R ;l o—~of 1 5
L J1 ) oo o0y o0 \
7 " —

Focusing Electrode ~ Dynode Anode



Various type of PMT

a) Side-On Type b) Head-On Type

PHOTO-
SENSITIVE
AREA

PHOTO-
SENSITIVE
AREA

a) Reflection Mode

REFLECTION MODE
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b) Transmission Mode
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Focusing type VS non-focusing

type

Focusing PMT

« Fast response time
« Time measurement
* Line or ring structure

AR

Non-focusing PMT
Large gain
Eenergy measurement

Shutter or box-grate
structure




Response Spectrum

Photocathode Spectral Responses
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Luminous Sensitivity

« Cathode luminous :
o i/
sensitivity S, = e

[LA 1 Lm]

light flux

* Anode luminous i, /
sensitivity Sa= e AT Lm|

light flux



Galin

B Number of electrons collected by anode
Number of electrons gathered by the first dynode

M = A — :_A (g5)" =10° ~ 108



Dark Current and Noise

e Thermal emission

* lonization or excitation of residual gas

 Point discharge or current leakage



Parameter of Noise and
Dark Current

* Noise energy equivalent
> Eenzven*Ey/Vy V,,: discrimination voltage at 50 cps
 Dark current of anode

»its average value of noise pulses, usually 10-°
~ 1010 A




Rise Time and Transit Time

 Rise time

» The time it takes that PMT output current
iIncrease from 10% to 90% of maximum.

 Transit time

» The average time it takes that one electron
from cathode to anode.
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Stability

 short-time stability
»start to measure 30 minutes after power on.
* long-time stability

»has connection with temperature, material
and technology.



Usage of PMT

* keep out of light
* supply correct H.V.
e suitable divider resistance

» add parallel capacitance between last
dynodes and anodes.



Signal Output of PMT
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Equivalent output
circuit
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. c,=C+C,

la(t) [JRy TCo V(1) | Distributed Capacitance




Charge Output

e. unit charge
M: multiplication factor of PMT

T: efficiency from photons to electrons
collected by the first dynode.

Yoo light yield
E: energy loss of incident particles in

scintillator
Qo E




Current Output

« photon number emitted by scintillator In

unit time: _
n(t) — h e_%é[ descé?rilti?lztir()f ]
T

» electron number collected by the first
dynode In unit time

ne(t):%-T-e_%
T




The moment that each multiplied

The moment that one photoelectron _
electron achieves anode

achieves the first dynode t
\ el y
.| S sl e A 5 S I

----------------------------------

current pulse caused by
single photoelectron
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Current Pulse of One
Scintillation

!

I(t)= jne(z—t’)p(t’)dt’ it p(t)=M-e-5(t-t,)

0 then

t
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Voltage Pulse

1(t) =Y

(D1aw) |

IR,
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R,C, =400¢

R,C, =40z

R,C, =47

1= 250ns, Cy=1pF
R,: 10K, 100K, 1M, 10M, 100M
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024 k ROCO=T/2'5

1=250ns, R,=100K,
Co: 1pF, 2.5pF, 5pF, 10pF
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Micro Channel Plate

CHANNEL

4 OUTPUT SIDE ELECTRODE

CHANNEL WALL \
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TWO-STAGE MCP
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Avalanche Photodiode (APD)
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APD is a kind of diode the PN junction of which is light sensitive.



Various APD device

‘ . « gain 102~103, sensitive
v for temperature
[T ]
 small volume
API 16 riuti disirietar Hamamatsu S8664-1010 .
APD (SD630-70-75-500) RMD 14 X 14 mm2 APD « suitable for MRI/PET

imaging system (NOT
infected by magnetic
field)

(ki
011

Q334W31

Hamamatsu S8550 RMD 8x8 array RMD position sensitive APD
4x8 array with 1.6 mm pixels 14x14 mm



Silicon Photomultiplier
SIPM

D\ SI. R{SISIOI I Al ;CCD@::OI

- 'Vbias

* Proposed by Russian in 1990's, a lot of
APD operating in Geiger mode are
collected in parallel with a common anode.
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For each PAD unit
occupies only hundreds
of um?, it could contian
thousands of APD unit in
1mm?2aera!

——
2 mm

High gain (10°~10°, as
large as PMT)

Low operating voltage
(<100V)

Low power consumption
tiny volume
high efficiency

not sensitive for magnetic
field

easy to form large array



SCINTILLATION SPECTRAMETER
OF SINGLE CRYSTAL



Configuration of Scintillation
Spectrometer
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Pulse Amplitude Spectrum
Energy Spectrum

A

dN

0 Wk




Small Size Crystal (<1cm)

Photoelectric escaped scattered y photon
absorption~~~~""7“—""" e

Single A oA~AAAAA~ _
Compton e

scatterin B
5 escaped photons

pair M\ e’ produced by annihilation

production



hv < 2m,c?
, Compton

dN plateau | photoelectric peek

dE \/ (total energy peak)
Compton
edge |,
>
hv >> 2m,c’ . W :
dN
9 double CIZ;npton n photoelectric
= escape plateat peek
—___ peak (total energy
peak)
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Middle Size Crystal

photoelectric
absorptio

Compton
: escaped y photons
scattering after multiple
scattering
roduction

single escaped
photon produced
by annihilation



A

——

2
hv <2mc dN photoelectirc peak

dE \/‘ (total-energy peak)

multiple Compton
| scattering

>

nv

) single photoelectric peak
hv >>2m,C N double escape (totalnenergy peak)

dE escape peak
]
multiple
Compton

11 scattering

>

hv —2m,c? hv—m,c? NV E
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Example of Measured
Energy Spectrum
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Performance of Scintillation
Spectrometer

* Response Function
»pulse amplitude spectrum of a certain
monoenergetic y ray

* Energy resolution

Definition of Pulse Height Resolution

b

n:%xlOO%

H

NUMBER OF PULSES

N T

ail:,
Ly Pl
Sl \"I\\JI H
' \

PULSE HEIGHT

Pulse Height Resolution (FWHM)= %X100 %



_AE _Ah

— =—=2.30v, =2.36v
77 E h h Na
n=2.36 _i 1+5-( . )
n.( 6, \o—-1)]
photoelectrons'number collected by D1 in one N
scintillation

multiplication factor of D1

o 1
+
81 (8_1)

Average energy needed to produce one photoelectron collected by D1.



Discussion

* ne:nph 1, npthl

* o1, i

* The stablility of H.V.
* Channel width

M=aV," [AM _AV,
b-nx7 | M Vo

S 28( A )2 channel width
7 =n|1+0.28 —
AhJ | FWHM




Performance of Scintillation
Spectrometer
* Energy linearity E=GxCh+ Eo

» light yield varies with energy of electron.
Detection efficiency
» size(thickness) and Z,p of crystal
Resolving time
» RC constant of output circuit and decay time of crystal
Time lag and Time resolution
» electron transit time and its dispersing
Stability
» determined by PMT's stability




Homework

« 1,2,3,4,5,6,8,9,10



