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SCINTILLATION DETECTOR PRINCIPLES
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SCINTILLATION DETECTOR PRINCIPLES

B The scintillation process is one of the most useful methods for
the detection of radiation.

B The ideal scintillation material requires these properties:

O Convert the kinetic energy of charged particles into light with
high efficiency.

Conversion should be linear.

Materials should be transparent to its own emission.
Decay time of luminescence should be short.

Material should be of good optical quality in large sizes.
Refraction index should be near that of glass (~1.5).

O0O00o0Oad

5/46

SCINTILLATION DETECTOR PRINCIPLES

B The most widely applied scintillators include the inorganic
alkali halide crystals (__ ) and organic-based liquids and
plastics.

O Inorganics
» The best light output and linearity
» Choice for gamma-ray spectroscopy
» Relatively slow in response time

O Organics
» Less light
» Preferred for beta spectroscopy and fast neutron detection
» Faster response

6/46




SCINTILLATION DETECTOR PRINCIPLES

B Three kinds of visible light can be emitted.
O Fluorescence - prompt emission of visible light with shorter

wavelength.

O Phosphorescence — delayed emission of wavelength
light.

O Delayed fluorescence - emission following excitation.

B Fluorescence should be maximized, while minimizing the
phosphorescence and delayed fluorescence.

B Pulse mode operation is favored with the time constant much
smaller than the decay time of phosphorescence.

OUTLINE

B SCINTILLATION DETECTOR PRINCIPLES
B ORGANIC SCINTILLATORS

B INORGANIC SCINTILLATORS
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ORGANIC SCINTILLATORS

B The fluorescence process in organics arises from transitions in
the energy level structure of a single molecule.

O Independent of its physical state.
O Not require a regular crystalline lattice.
O Fluorescence is emitted between S, to Sy, within a few nsec.

Q |
Sy mmmmmmeeaes KAI‘- . T,

(heat) T

9/46

Scintillation Mechanism in Organics

B Some excited singlet states are converted into triplet states
through

O De-excitation from T, to S, emits a delayed phosphorescence
with longer wavelength.

O T, state may be excited back to S;; and decay a delayed
fluorescence.

A | IS— T
R %
T e
5 e o 'Q ’
Fluofescence ., 0
ion Phosp llicence ’ ’
3 '"'"'"""'I\(Z_IZIIIIIIZI' i:-::::: Triplet states

SU
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Scintillation Mechanism in Organics

® Organic scintillators must transparent to their own emission.
O Upward arrows are longer than the downward arrows.
O Very little overlap between the absorption and emission spectra

light output

m Scintillation efficiency is defined as =

o total energy absorbed
O Impurity is not we want.

Absorption Absorption
or
emission

i ? mission
intensity £

Wavelength (0) ~
11/46

Types of Organic Scintillators

m Liquid organic solutions
O A small amount of scintillator is added to a bulk solvent.
The energy transfers to the scintillator and cause light emission.
Dissolved oxygen can serve as a quenching agent.

Widely applied to count radioactive material for

O
O
O More resistant to radiation damage effects
O
O

Counting efficiency can be almost 100%.

B A third component is sometimes added as a "waveshifter."
O Increase the wavelength

O Minimize self-absorption

O Closer match to the sensitivity of the
photomultiplier tube

12/46




Types of Organic Scintillators

B Pure organic crystals
O Anthracene = highest scintillation efficiency

O Stilbene - distinguish between charged particles
O Both materials are fragile and difficult to obtain in large sizes.
O Efficiency depends on the orientation of an ionizing particle.

Types of Organic Scintillators

W Plastic scintillators
O Solvent consists of styrene monomers.
O Liquid organic scintillator can be polymerized to plastic
O Shaped and fabricated in different ways
O Relatively inexpensive and large size
O Degradation in the scintillation output due to radiation damage.
O Creation of optical absorption centers.

B Thin film scintillators
O A thickness of 10 um

O Serve as for
charge particles

O Decay time of only several nsec




Response of Organic Scintillators

H LIGHT OUTPUT
O A small fraction of the kinetic energy is converted into light.
O The remainder is dissipated nonradiatively.
O Light output depends on the particle type and energy.

NE-102
//
The response to o e
. . B 7
electrons is linear. ] e
n ELECTRON 7
w //
[N - %
-7 7 7 x
2 ..: ’}// 1‘
T R . MeVee
c A PROTON
T x4 A
= é ,k/
<
15 The response to heavy
"g' < ONE PARAMETER uxs charged particles is less
3 TWO PARAMETER — .
4 i DATA POINTS 1 and nonlinear
|°2_.

r—rwuﬁlo T T ﬁ—rl‘v_rrll

10
PARTICLE ENERGY (MeV)

Response of Organic Scintillators

B The term MeV electron equivalent (MeVee) is introduced to
place the light yield on an absolute basis.
O 1 MeVe 2> 1MeVee
O 4 MeV p* > 1 MeVee

10 MeVee

0 is wi Th light outpjut
B Alpha-to-beta ratio is widely e same light outp

used to describe the difference
of light output.

O ap<1
O proportional to £

Electron energy [MeV]

T T T T T T
o 2 4 6 8 10 12 14
Proton energy [MeV]




Response of Organic Scintillators

W Birks' formula
O dL/dx - light emitted per unit length

O dJdE/dx - energy loss per length ( ) aL — Sd_E
Os- dx dx
®m High ionization density (linear energy transfer, ) leads to

quenching from damaged molecules and a lowering of the
scintillation efficiency.

Response of Organic Scintillators

B For fast electrons
O dJdE/dx is small.
O Linearly related to the energy £

s
dL _ " dx dL, dE dL
dx dE —le=5"— —|.=
X 1+ kB dx dx dE
dx
W For alpha particles
O dE/dx very large.
O Nonlinear with energy £ JL g




Response of Organic Scintillators

® TIME RESPONSE

O The time profile of the pulse has a fast leading edge followed by
a simple exponential decay.

O is @ major advantage.

O The model must consider: (1) populate luminescent states, (2)
prompt scintillation, and the (3) delayed scintillation.

B The pulse model assumes: WETTTTT T T T T3
O Population is exponential growth - t; [ .
O Prompt scintillation is exponential C 5 E
decay - 1 :F E
- [ Alpha particles ]
e — et 10: ast neutrons =
I=1I(e7"™ — e ™) =11 Gm:m E
ol 1 T
0 200 400 600

Time inns

O Small t > decay

Response of Organic Scintillators

B Another approach assumes
O Population is represented by a Gaussian function I =1,G(c)e™”

M Other effects can affect the observed time response
particularly in large scintillators.

O Flight time of photons to the PMT tube
O Transit time fluctuation due to multiple light reflections
O Self-absorption and reemission of fluorescence

Table 8.2 Some Tmung Properties of Fast Plastic Scintillators

Parameters for Eq. (8.10) Parameters for Eq. (8.11) Measured
T, (rise) 7(decay) Oer T FWHM

NE 111 02 ns 1.7ns 02 ns 1.7 ns 1.54 ns
Naton 136 04 ns 1.6 ns 0.5 ns 1.87 ns 238

NE 102A 0.6 ns 24 ns 0.7 ns 24 ns 33ns




Response of Organic Scintillators

g - Scintillator Photo Multiplier (PMT)
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Response of Organic Scintillators

®m PULSE SHAPE
O A longer-lived component is also observed.
O Represented by another exponential curve (t~500 ns)

B Slow component depends on the type of radiation.
O High LET - high density of triplet states = high tail

O Pulse shape discrimination can be used to eliminate gamma ray
from neutron and alpha particles.
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INORGANIC SCINTILLATORS

B Inorganic crystals are insulators:
O The forbidden band is large.
O No electrons in conduction band.

B Radiation excites electron from valence into conduction band,
forming an electron-hole pair (EHP).

O Electrons in conduction band and holes in valence band can
move freely throughout crystal.

CONDUCTION BAND

ENERGY
GAP !
Eq ! FORBIDDEN BAND

ALENCE BAND /// Zayets
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Scintillation Mechanism
B One must introduce energy states into the forbidden band
B Two mechanisms are used:

O Defects > for example induced by heat treatment

O Activators = luminescence or recombination center

- - -Cenduction Band
A ExcitonBand %
S AN Activator
be. n ————= Excited
7 Ny ————=  States
Band { Electron; 4
Gap N Trap /o Scintillation
LT \ Photon
Forbidden !
Band i Activator
i Ground State
Valence Band gt

Scintillation Mechanism

m After glow

O Sometimes, transition from the excited state of activator to
ground state is forbidden. Thermal excitation is needed.

O Certain radiationless transitions are possible.
O Phosphorescence is emitted.

© Conduction Band
Exciton Band TN
e ——— N Activator
:—_ii.:amt Excited
-~ = States
Band Electron
Gap Trap Scintillation
Forbidden Photon
Band Activator
Ground State
Nence Band z




Scintillation Mechanism

B For 1 MeV energy, how many lights will be produced?
O 20 eV to produce an EHP = 5x104 EHP - 4x104 lights
O Scintillation efficiency = 12% > 1.2x10° eV to lights
O 3 eV for each light

B Emission and absorption
spectra will overlap if no
activator is added. There

will be self-absorption.

B Emission wavelength
should match the
sensitivity of the PMT.

PMT SPECTRAL SENSITIVITY (Rel. Units)

- N,

$-11 Responye

SPECTRAL INTENSITY (Rel. Units)

WAVELENGTH (nm)

Relative Pulse

Specific | Wavelength of | Refractive Abs. Light Yield | Height Using

Gravity | Max. Emission| Index Decay Time (ps) in Photons/MeV | Bialk. PM tube
Alkali Halides
Nal(TI) 3.67 415 1.85 0.23 38000 1.00
CsI(TIy 4.51 540 1.80 0.68 (64%), 3.34 (36%) 65 000 0.49
Csl(Na) 451 420 1.84 0.46,4.18 39 000 1.10
Li(Eu) 4.08 470 1.96 1.4 11 000 0.23
Other Slow Inorganics
BGO 7.13 480 215 0.30 8200 0.13
CdWO, 7.90 470 23 1.1{40%), 14.5 (60%) 15 000 0.4
ZnS{Ag) (polycrystalline) |  4.09 450 2.36 02 13"
CaF, (En) 3.19 435 147 0.9 24000 0.5
Unactivated Fast Inorganics
BaF, (fast component) 4.89 220 0.0006 1400 na
BaF; (slow component) 4.89 310 1.56 0.63 9500 0.2
Csl (fast component) 451 305 0.002 (35%), 0.02 (65%) 2000 0.05
Csl (slow component) 4.51 450 1.80 multiple, up to several us varies varies
CeF, 6.16 310,340 1.68 0.005, 0.027 4400 0.04 to 0.05
Cerium-Activated Fast Inorganics
GSO 6.71 440 1.85 0.056{90%), 0.4 (10%) 9000 0.2
YAP 5.37 370 1.95 0.027 18 000 0.45
YAG 4.56 550 1.82 0.088 (72%), 0.302 (28%) 17 000 0.5
LSO 74 420 1.82 0.047 25 000 0.75
LuAP 8.4 365 1.94 0.017 17 000 03




Alkali Halide Scintillators

m Nal (TI)

O

O
O
O
O

10-3 mole of

is added

Hygroscopic and will deteriorate due to water absorption

Excellent light yield

Energy dependence of the response with electrons

Standard material for routine gamma-ray spectroscopy

1.5

b o(a)
14 F

Electron Response, R,

T |

—— Csl(Na) -
@ CalfTY)
- &= Nal(Tl)

LA

10

100

Electron Energy, Es{keV)

100¢

Alkali Halide Scintillators

m Nal (Tl
Decay times are 0.23 ps and 0.15 s (9%)

RELATIVE PULSE HEIGHT

O

O
O
O
O

Phosphorescence is resolved individually.

Dependence of the total light yield as a function of temperature.

Decay time is a function of temperature.

Frequently used for gamma camera.
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Alkali Halide Scintillators

B CsI (Tl) and CsI (Na)
O Cesium iodide has a larger gamma-ray absorption.
O It is less brittle and hygroscopic.
O May be bend into various shapes

m CsI(TI)

O Has variable decay time for various particles.
Decay times of 0.68 us (64%) and 3.34 us (36%).
Pulse shape discrimination can be used.

OO0 o0

Has much longer wavelength and is poorly matched to the
response of PMT.

O

The scintillation yield is higher, when using

Other Slow Inorganic Crystals

m BGO
O Bi,Ge;0,, is commercially available for PET.
BGO is a “pure” inorganic scintillator.
Luminescence is associated with the transition of the Bi3* ion.
High density (7.13 g/cm?3)
Large Z(83) of the bismuth for annihilation gamma.
Little self-absorption

Light yield is relatively low. 15
Relatively high refractive index (2.15)
Principal decay time of 300 ns 0 I,

OOoOoOoOooOoOoooan

Light output is a function of temperature.

Light Output

06 |-

8GO "\ "5 CAWO,

o 0 L L
-60 0 60 100 160
Temperature (°C)

200




Inorganic Crystals for Nuclear Medicine

Nal BGO GSO LSO
Purpose Gamma Camera | PET PET PET
Density 3.67 g/cm3 7.13 6.71 7.4
Wavelength 415 nm 480 440 420
Light yield 38000 8200 9000 25000
Decay time 0.23 us 0.3 0.056 0.047
Refractive index | 1.85 2.15 1.85 1.82

Radiation Damage

m All scintillation materials are subject to radiation damage.
O Reduction in the transparency of the scintillator
O Creation of color centers
O Induction of long-lived phosphorescence

m The damage in the alkali halides was observed to be coupled
with the oxygen contamination leading to the hydroxyl species.

m In the oxide scintillators, the damage
was found to be related to structural
defects, such as oxygen vacancies in
the lattice.
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LIGHT COLLECTION

SOURCE

m Perfect light collection ensure that the same
energy produces the same light.

B Two effects lead to imperfect light collection.
O Optical self-absorption
O Loss at the scintillator surfaces

m Light collection is varied throughout the
scintillator.




Uniformity of Light Collection

m Scintillation lights must be reflected more times to reach the
PMT.

. . . . 1 h
O The critical angle 6, is determined: 0, =sin"' L
1

m Two situations may occur.
O Ois less than 6. & partial reflection (called Fresnel reflection)
O @is greater than 6. - total internal reflection

Surrounding medium (refractive index n,)

—

a A Scintillator  Photomultiplier tube
@ @ Gamma-ra i A ) E

Scintillator (refractive index 1)

Uniformity of Light Collection

m Scintillator is surrounded by a reflector to increase

O Specular reflector
» Polished metallic surface

» Angle of reflection equals the angle of incidence
O Diffuse reflector

» Magnesium oxide or white Teflon tape
» Angle of reflection is independent of the angle of incidence

1.5x1.5x10 mm® LSO 2.2x2.2x10 mm® LSO

Scintillator  Photomultiplier tube




Uniformity of Light Collection

B Total internal reflection must be minimized at the surface to
the PMT to prevent internal trapping.

m Optically coupling the scintillator to PMT through a medium of
the same index of refraction ( ) is required.

O Coupling fluid = silicone oll
O Care must be taken to avoid the air bubbles.
O Scintillation counters must be shielded from

Scintillator  Photomultiplier tube
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Light Pipes

m If the size or shape of the scintillator can not couple a PMT
directly, a light pipe is used to guide the scintillation light.

O Light pipes operate on the

O With a relatively high refraction index
O Lucite is the most used.

Nal Crystal \

~
~~as
~

Lucite (7,=1.5)

1] )

K A
/Focus®,
/ .

! Field of View ",
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Light Pipes

B Estimating the fraction of internal reflections

O Lights emit within the cone angle ¢. will be incident on the
surface at the critical angle 6. - total internal reflection

O Reflected lights with cone angle < ¢. are piped along the rod

length.
Q 1 o= | .
=—=— dQ=—1| 2 d
A Arde0 47r-[0 7sing df -

Rg
c

— %(1— cos¢c): %(l— Sil’l@c)

A
b S !
>

¢.+6.=90°

/

)

Light pipe
O ny =15 n =1 (air)
O 16.7% of the light is internal reflected.

Fiber Scintillators

B Some scintillators can be fabricated as small diameter fibers
consisting of

O Core - scintillation light is generated.
O Cladding material > to protect the core surface

B The refraction index the core is than that of
cladding.

O When a cladding material is added = 10% light trapped.
O Multicladding fibers - 40% more light trapped.
O PMT can be used at both ends to produce coincident pulses.

Cladding Radiation

——
Scintillator —__ v \/

\




Fiber Scintillators

W Plastic scintillators are based on a core of polystyrene (n=1.58)
O Cladding material is polymethylmethyacrylate, PMMA (n=1.49)

m A glass capillary tube filled with liquid organic scintillator can
also function the same way as a fiber scintillator.

O Good light yield
O Fast decay time
O Less radiation damage

m Scintillating fibers are sometimes
grouped together to form ribbons
or bundles.

Light Yield and Propagation

B The intensity of the scintillation light along the length of the
fiber is attenuated due to several effects:

O Reabsorbed in the fiber
O Imperfections at the core-cladding interface

O Rayleigh scattering deflects the light so that it is no longer totally
internally reflected.

Raleigh
Scatterin

LIGHT INTENSITY {arbitrary umts)
KO = N w b o O N O

o0 350 500 550
WAVELENGTH (nm




Wavelength Shifters

B The objective of wavelength shifting is to better match the
absorption spectrum of the PMT.

B The light pipe is doped with a wavelength shifter.
O Reradiated light is emitted isotropically.
O Allows the light to "turn corners”

Acrylic Light Collector
Rod with Wavelength=
Shifter

Small Ar Gap

45/46

Wavelength Shifters

plastic scintillator
with trapezoidal shape

wavelength-siﬁing- fiber
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INTRODUCTION

m The photomultiplier tube (PMT) converts light signals into a
current pulse.

O Sensitive to ultraviolet, visible, and near-infrared e in

B The structure of a PMT consists of [ \/\}Isﬁw
\ Y
o . /

O A photosensitive layer, called the \‘\1;&%”&3:%
p h oto Cat h O d e tc;.:z;ggeoggés' = \\‘ / trajectories

. L Vo

O An electron multiplier structure, ,ﬂj \9< .

J n L

called the dynodes - ‘lé

=
O Outer envelope to sustain vacuum %4‘%:/

conditions (
Electron

Vacuum
enclosure
9
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PHOTOCATHODE

m Conversion of incident lights into electrons is divided into
three stages.

O Absorption of photons and transfer of energy to an electron
» eV each photon

» Electron moves to the conduction band.
O Migration of the electron to the surface
» Electron-electron collisions
» Maximum electron range is called escape depth.
» Energy loss should be small in order to maximize the escape depth
O Escape of the electron

Crystal
» Overcome the potential barrier of the surface Photon
» Called work function ~ eV i
%
» Surface barrier should be as low as possible. A Escape
v depth

PMT Photoelectron




Photocathode Types

B Photocathodes have two types.
O Opaque type
» Thickness greater than the maximum escape depth.
» Photoelectrons are collected from the same surface.

O Semitransparent type
» Thickness less than the escape depth.
» Photoelectrons are collected from the opposite surface.
» Semitransparent photocathodes are more common.

p)

Y A

E

Semitransparent

Opaque
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Photoemission Process

B The thickness of the photocathode should be suitable.
O To absorb the photons, it should be enough.

O To escape the electrons, it should be enough.

B At room temperature, electrons have an average thermal
energy about

O Occasionally the energy may exceed the potential barrier.

O Spontaneous signal may rise, called thermal noise.
O Low potential barrier > high photosensitivity = high noise

Photocathode

A Noise
1
1

Escape depth

v
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Quantum Efficiency

B The sensitivity of photocathodes can be stated as quantum
efficiency (QE).

O Maximum QE of 20-30% _ No of photoelectrons emitted

QE —
No of incident photons
B A strong function of wavelength TR T\ ;1____‘_ e
O High > LARP CONCERASARE
photoelectron energy > U\_\\X AVS\mess iy
- v’"/_' Asf.;pfy s N
Mrean PARNEE S
D LOW 7\. 9 ;.u {“g\\‘_:‘ ( ,\§ N T~ 1
photoelectron energy > ¢ . NN .
E AR S\\y ot
QE______ 3 IN BYA k‘j}:\ ok
e R 9 g
. ~I7 T N
N
o |- | E : = :

Quantum Efficiency

B An alternative measure of quantum efficiency is the number of
photoelectrons produced per unit energy lost in a scintillator.

O For Nal (Tl) detector, 1 keV produces 8 - 10 photoelectrons
O 100-120 eV per photoelectron (PE)

B The energy required to produce one information carrier:
O Gas filled chamber > eV/IP
O Semiconductor - 3 eV/EHP
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ELECTRON MULTIPLICATION

B Electrons from the photocathode are accelerated and strike to
dynode, and then emit more than one secondary electrons.

O Electrons leaving the photocathode have ~ 1 eV.
The first dynode is held at +100 V.
The kinetic energy of electrons at the dynodeis ___ eV.
3 eV can excite an secondary electrons.

O

O

O

O  excited electrons are created.

O A fraction is reached dynode surface ~ 1/3.
O

Multiplication factor (secondary electron yield) & = 10

+100v +300v  +500% +700v  +900v +1100v
Paths of electrons\l | Anode

[ s
Cathode -, | N | .
XA A NTD No of secondary electrons emitted

ﬁrﬁ"ﬁ T ﬁﬁ \IJ T No of incident electrons
Dynoge ! ! | | | |

+200v 4400V +600V +B00Y +1000v +1200V




Secondary Electron Yield

B Secondary electron yield is a function of electron energy.
O Low-energy electron strikes the dynode
» Few secondary electrons will be excited ~33.
» The distance to dynode surface is
» Most of these excited electrons will be formed near the surface.
O High-energy electron strikes the dynode
» More excited electrons will be created ~ 200, but at greater depth
» The probability of escape will decrease.

e- (100 eV) Ce0eyy 2T T T TTTOI
i ? € S 40— GaP{Cs)
| i
! i g 304~
2 20—
surface dynode R g ol
+100 V +600 V 3 ST

0 100 200 300 400 500 600 700 800
Primary electron energy—eV

Negative Electron Affinity Materials

B The secondary emission yield (8) of dynodes can be increased
through the use of negative electron affinity (NEA) materials.

O Gallium phosphide (GaP) + p-type zinc
O Cesium is applied to the surface.
O The acceptors at the surface attract an electron from the cesium.
Cs C oy
0000 e-e-e-e-
GaP(zn) | PYP® | Gap (zn)
GaP . ' : Solid = Vacuum
S U ndoped Solid <-+—Vacuum Negative electron
8 -&9'0% Conduction band A (No surface
= 6‘; K4 *3_?{&\! \ barrier)
E | Conduction band sl‘;arfiger Band gapi{2.3eV)
5 8and gapw'€2.3 eV} 3 [ walence band
.éE_’

] Valence band

Zn-doped

Recombination




Negative Electron Affinity Materials

B Electrons that have reached the bottom of the conduction
band are still candidates for escape.

O The average escape depth tends to be much greater.
O Secondary electron yields (8) of ~ 50.

B An advantage of NEA is for ultrafast timing applications.
O Higher gain per stage permits a reduction in the stage number.
O Reducing the overall time spread.

+100v +300v  +500% +700v  +900v +1100v
Paths of electrons\l | Anode

[ ose
Cathode | - Fl .
XA NTD No of secondary electrons emitted

AR
J\)JJV'\Pr // ! ] ﬁ_) \l_/ (’) No of incident electrons
Dynode l l I | I |

+200V  +400v +600v +B00V +1000V +1200v
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Multiple Stage Multiplication

m All PMTs use multiple stages. The overall gain is given by
O N-stage number

Overall gain = 6"

B To achieve electron gains of 108, for conventional dynode
O o=5
O NV=10 Photon  yindow
O Gain ~ 107

B For NEA dynode ,
O 5=55 Electrode
O N=4
O Gain ~ 107

Figure 1

16/46




Statistics of Electron Multiplication

B The emission of secondary electrons is a statistical process. dis
suffered from fluctuation.

O Secondary electrons at a dynode follow a distribution.
O Relative variance defined as (o/x)% > 1/6
O Relative variance over Nidentical stages is

it 1t .1 U
s o6 8 T 8V T s5-1

12

B The relative variance is dominated by fluctuations in the yield
from the dynode.

Statistics of Electron Multiplication

m If 5is small, it is impossible to separate the events caused by
one photoelectron from those from more photoelectrons.

m If § is larger, the separation is much more distinct. Energy
resolution can be improved.

o incident # of photoelectrons ---5

an
daH

5 10 15 20 25 25 50 75 100 125
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PMT CHARACTERISTICS

B PMT also consist of a
O Photoelectron collection region
O Multistage electron multiplier section and an anode.

O Focused linear and circular grid structures speed up the electron
transit time and have the fastest response time.

O Venetian blind suffers from a slow response time
O Box-and-grid structure is old and slow.

.

Focused linear
structure

Cathode Collector Venetian blind

Wl DO
NN

Cathode 'Collector

(b)

Circular grid Box-and-grid

anode




Pulse Timing Properties

B The electron transit time is defined as the time between the
photoelectron from photocathode and the collection of the

electrons at the anode.
O Range from 20-80 ns

arrival

at anode

B Spread in transit time is
determines the time width
of the pulse.

Rate of
electron

Spread
transit
FWHM <+

in
time

O

" Average electron |
transit time

B Factors in the spread in transit time:

O The difference in paths from

photocathode to the first dynode.

O A plano-concave photocathode
is used.

| Time

Pulse Timing Properties

B Another source of transit time
spread is due to

O Initial velocities of
photoelectrons leaving the
photocathode.

O Minimized by using a

voltage

difference in first dynode

Plano-concave shape

1.2 3 4 S 6 7 8 9

Phd
1eV

Photocathode

btoelectron




Pulse Timing Properties

B The transit time spread depends on the number of
photoelectrons.
O model
O Fractional standard deviation varies with 1/ N,
» Higher light yield from a scintillator
» Higher QE of photocathode

1000 1 1T T T
S 0 I
Tube Type: R2496 111

-
o
o
ﬁ‘

Spread in transit time (ps)

10

1 10 100 1000
Number of photoelectrons

PMT Specifications

® Manufacturers will quote the performance of PMT.

O Overall Luminous Sensitivity

» Ratio of the anode current to the luminous flux from a tungsten light
source incident on the photocathode

O Photocathode Luminous Sensitivity

» Ratio of the photoelectrons to the luminous flux from a tungsten
light source incident on the photocathode

O Dark Current

» Anode current measured without photocathode illumination
O Anode Pulse Width

» Time width of the output pulse measured at FWHM

O Anode Pulse Rise Time
» Time taken for the output pulse to rise from 10% to 90% of the peak.




PMT Specifications

Photocathode Anode

/ Electrons ~'I, Electrical

\ ~., CONMNEciars

Incident
photon 7

\/—\Qﬂi - ),_%\ O-k\ T

Tungsten \C_;ﬁ\_o \O \.3

light flux (F) ) S

Y
I

Current (/)

Light
hot |
i Photoelectrons (l) Photomultiplier fube (PMT)

Overall Luminous Sensitivity = I/F

Photocathode Luminous Sensitivity = i/F
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PHOTODIODES AS SUBSTITUTES FOR PMTS

B Advances of semiconductor photodiodes have led to the
substitution for PM tubes.

O Higher quantum efficiency (QE)
O Better energy resolution

O Lower power consumption

O More compact size

O Insensitive to magnetic fields

B There are two general designs of photodiodes
O Conventional photodiodes - have no internal gain
O Avalanche photodiodes - incorporate internal gain

Conventional Photodiodes

W For a silicon photodiode, Si(Li), light is incident on a p-layer
entrance window. Electron hole pairs (EHPs) are produced at
the depleted region and driven by the electric field resulting
from the applied voltage.

O EHPs with a bandgap of 1-2 eV.

O No need for charge carriers to escape from a surface
O Quantum efficiency as high as 60-80%

O No subsequent amplification

O Output signal is small.

Scintillatior photons

-type layer -V

p-type lay - . 3 (25-100 V)
Dep|_e'fed Electron-hole
region 1 S1LICON WAFER pair

n-type layer St

to
preamp




Conventional Photodiodes

B The quantum efficiency reaches higher values and extends
much farther into the long wavelength region.
O Important for and
100 T T T T 7T T T iy
90 - . -
Photodiode
$-11 Response of #458\,?;;'“1\\ ]
= 4 —JIOO 0r N
: /_\90
§ —feo £ 60| 7
: ro 2 e,
g T A
a0 | /) f 038 oL /1 \ i
5 ’ 40
% ..... \ :: % ;'/ \‘ RCA #116 (bialkali) 7
: - v g i :
WAVE‘I.!::GGTH (mv-)soo *° ° 10 _'L' “\\ | PMT —
N
’ 1 N \J\_l‘ 1 1 A 1
300 400 500 600 700 800 900 1000 1100 1200
Wavelength {(nm)
Avalanche Photodiodes
m Charges can be increased ) h
n
through an avalanche process at ”\ 7
- *

~

high values of the applied
voltage to create additional
EHPs.

O Photon interacts within & region.

L]

Light

O Electron is drawn to the right.

O EHPs are created in the
multiplying region

é

Drift region

B i s o A

Multiplying region

B




PMT Versus Photodiodes

PMT Photodiodes
Quantum efficiency 30% 80%
Carrier energy 100 eV/PE 3 eV/EHP
Carrier number 10,000 333,333
Energy resolution* 1% 0.17%
Power consumption 1200V 100V

Size

5cm-20cm

I1mm-1cm

Dark current

101°A

101°A

*1 MeV energy deposition
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SCINTILLATION PULSE SHAPE ANALYSIS

Bm Time constant is large compared with the decay time
O pulse rates are not excessively high - pile up
O A voltage pulse is equal to Q/C.

® Time constant to be much smaller than the decay time
O a much faster pulse results, good for fast timing applications.
O Pulse amplitude is small.

B The current flowing in anode, %, influences the shape of the
anode voltage pulse.

O represented as a simple exponential decay

i(t) = ige M

SCINTILLATION PULSE SHAPE ANALYSIS

B Total charge Q collected over the entire pulse

Q:f i(t)dtziof e Ndl ="
0 0 A
i(t) = AQe™M

m To derive the voltage pulse V(t) for the parallel RC circuit

it)
w |

T TV T i(t) = ic +ig
§R == C Vi) dV(I) V(I)
l == +
dt R




SCINTILLATION PULSE SHAPE ANALYSIS

Vi = —— 2 ey g L
A—6 C " RC

B Large time constant
O 0<<A

V) = b - o)

O For a short time
V() = g(1 — e~ M) << L
e 0

O For along time

V(t) = %e‘et (t > }—)

SCINTILLATION PULSE SHAPE ANALYSIS

AQ

Rate of electron collection
at PM anode i(t)

Time

Vi) .
Case 1 — Large time constant

Q/ICk----=




SCINTILLATION PULSE SHAPE ANALYSIS

Vi = —— 2 ey g L
A—6 C " RC

B Small time constant

Oo0>>Ah N O
V(i) =—-—
6 C

(e™N — e~

O For a short time

A
V(1) Z—é—'

a|Q

1
(1 —e%) (r << ;)

O Foralong time

V(t) = %e‘et (t > {—)

SCINTILLATION PULSE SHAPE ANALYSIS

B Pulse amplitude still is a linear measure of the charge Q, but

subject to fluctuations due to noise.

B In order to have 95% of the singal, an effective integration

time, three times the decay constant, is required.

Case 2 — Small time constant

Time




OUTLINE

INTRODUCTION

PHOTOCATHODE

ELECTRON MULTIPLICATION

PMT CHARACTERISTICS

PHOTODIODES AS SUBSTITUTES FOR PMTS

ANCILLARY EQUIPMENT FOR PMT

M An external voltage source must be connected to PMTs.
O First dynode must has a positive voltage to the photocathode.
O Each succeeding dynode must has a positive voltage difference.
O First dynode voltage must larger than other dynode voltage.

W Voltage differences are provided by a resistive voltage divider.

O Divider string supplies successively increasing positive voltages
to each dynode.

Anode

Photocathode

=N

Rp fp

+ HV
+300V +400V +500V +1000V




Anode Current

B Pulse current calculation
O 1000 photoelectrons per pulse from the photocathode
O Overall gain of 10°

O 10° pulses per second
1

9 €lectrons
g =107 ———

<1.6x10" coulomb <10° pulses

pulse electrons second
=1.6x10°A=0.016 mA

O Peak current during a pulse is substantially higher
O 5-ns pulse width

I —10° electrons «1.6x10°"° coulomb 1

peak X -9
pulse electrons 5x10°s
=0.032A =32 mA

O Stabilizing capacitors should be added in the late stages.

High-Voltage Supply and Voltage Divider

B Polarity is in some sense an arbitrary choice.

O Photocathode (ground) and anode (high voltage) > +HV
» Photocathode is simple to contact with a scintillation crystal.

O Photocathode (negative voltage) and anode (ground) - -HV
» Elimination of the coupling capacitor in anode end.
» Signal pulses are fast due to directly couple measuring circuits.

» Spurious pulses due to high-voltage leakage from photocathode
damage the crystal. > Electroluminescence

Photocathode

Focus Dynode

-I-qj 2 3

AW ——




Noise and Spurious Pulses

m Thermal electrons are randomly emitted by photocathode.
O The pulse amplitude is low.
O Discriminator is sufficient to eliminate all the thermal noise.

M The rate of thermal noise is proportional to the area of the
photocathode.

O The diameter of photocathode to minimize dark current.
O Emission rates at room temperature are about 103 e/cm?.s

Ljae = (103 elec/s)(109)(1.6 X 10719 C/elec) = 160 pA

Noise and Spurious Pulses

m Photomultiplier tubes should be stored in the dark.

O While voltage is supplied, exposure to room light causes anode
currents exceed the maximum ratings.

B Another source of dark pulses is the natural radioactivity in the
glass envelope.

O 4%K and thorium
O A beta decay gives rise to a flash of Cherenkov radiation.

m Cosmic radiation generally results in dark pulses.

O Operating so that the end window has minimum
cross section to the cosmic radiation.




Noise and Spurious Pulses

B Afterpulses are satellite pulses that follow a true signal pulse
after a short delay.

O Emission of light from the dynode finds its way back to the
photocathode.

» Delayed by a time roughly 20-50 ns
» Amplitude is usually quite small

O Imperfect vacuum within the tube
» Residual gas is ionized by the electrons.
» Positive ions drift back to the photocathode
» The time spacing is therefore relatively large

45/46

OUTLINE

INTRODUCTION

PHOTOCATHODE

ELECTRON MULTIPLICATION

PMT CHARACTERISTICS

PHOTODIODES AS SUBSTITUTES FOR PMTS
SCINTILLATION PULSE SHAPE ANALYSIS
ANCILLARY EQUIPMENT FOR PMT

46/46




MEPIP

Photomultiplier Tubes
and Photodiodes

EIRVAT AN- -
EVBEEZERERFHRER




BHEEAITE
Radiation Measurement and
Analysis Center

SERESAVREE

AN A ARTERRE D

R P+ 8
BSRE AT

1


chikan
打字機
附件三


% | RMAC-SO-003

z
% WA AT R ERAE D = |1

BBk | 2/22

1. peh
HEAF KT HFAR T T (AT ket R

A ST

2. §7 P W

HF BT RPIFARZ A FEAT

4 B
(1) #A %R FRAS G2

5. REXRA
(1) 2stx2ed vt gt i i W1 F o
(2) WAERPFREREFEL R T D A e ER RS ET H

BEct F ~3Hppp 2 21524 b~ g R202 4 0 b oo

6. TEMRRE
(1) £+ 4%

(A) 2% % & e 7 g L Gamma Vision:

W

GammaVisi...

’

En
n

£F T W F F EgGamma Vision o

~



#

WA ST AT EARR S

%% | RMAC-50-003
ws |1
F# | 3/22

(B)

-] T A7

By Mecb(2) - DSPEC-LF (

Desdt
Preses Limts

Livec 1,000

Rest a0
Live: 000

)

X3

s

Recall Spectrum
(B Fx e )

RS sl T

Save Spectrum As
(k% 5 77 %)

ERak T I

Start Acquisition
(B 4o iz P~ dicdy )

[ XE=HL

HEESEEd ol & W= A L S E
By oo

Stop Acquisition
(% 1k Az P~ dcd5 )

b T B dcdy o

Clear Detector/Buffer
GF % % 45)

=3

R

'@ Zoom In
| ()

B WAL T A oy TR
T+ BERE -

|g Zoom out

(5 1)

ey
BN FREF L LT R
g r'J ?i%fuﬂff°

(2) Rl R 7 H 3

(A) R E > 5 & B8 2

‘Lﬂ

TEREE -

(B) B fcGamma Vision» &1 2 7|:E & R 7 B el oa

A O



e

%% | RMAC-SO-003
WA AT ARt AR 2 |1
T i | 4122

% GammaVision - DSPEC-LF #1 ( 10600908-1*)

File Acquire Calibrate Calculate Analyze Library Services ROl Display Window

w|d| 8|84 Olo| &k [tes & 2| 2|4 | 7| = |[[ooor DseECLEAT =

0001 DSP!

(PR e L

(C) Arua #ART LT 7 g 4wk F g 21 & 5| aiClear
Detector/Buffer » 12 i*f & -

(D) =1 & 7] hStart Acquisition> ¢ & B DI T AR F o A A
AFT ® E o~ pFRF(Live Time) ~ FHR %5 (xR 4% X &P £ 1
P2 RPIIEREFT oL o bde @ FRIRIIRNZ kT E 0 W
R As R o

Presets for: DSPEC-LF #1 X
Presets | MDA Preset |

[ Real Time (s) [ Uneettainty

Presetin % |3.III
|1IIII1III Live Time (s)

Start Chan: |4039
I ROI Peak [cnts) Width: |23—

| ROl Integral [cnts)
Suggest Region I

[~ Overflow
Close |
Sample Description ? X
| Mch(3) - DSPEC-LF #1 ( 10600908-1%] oK I
10609121 I
Cancel |
Sample Size ? >

Mcb(3) - DSPEC-LF #1 ( 106091211 )

+-[5.00 % _ Cancel |

(E) 2+ = & {¢ » 24 4% 7] chFile— Save Asg 1 £ 7] ¢hSave
Spectrum As > % {8 ¢ W T AR T  EHE G E Y 2 TR
Bt R E R (ERY KRR EY D ZRBEEEF R

%fu 5 f}l] _kr. : *******'*)5" f” °



#

%% | RMAC-50-003
ws |1
F# | 5/22

oAt HE e T R LT EARR

e

75, GammaVision - DSPEC-LF #1 (1060912-1)

Acqu\re Calibrate Calculate Analyze Library Services ROl Display Window

Settings... | tes & | (4056 ] @|2|¢|dk| | =| [0001 DSPECLF#1 ~]

Recall..

1)

Save
Export...
Import...
Print...

Compare...
Save Plot...
Exit

About GammaVision...

(F) # { - 2142 7] erAnalyze— Entire spectrum in memory... »
E:fr:

RS AR U g

?::‘_r GammaVision - DSPEC-LF #1 - 1060912-1.5pc ( 1060912-1)
File Acquire Calibrate Calculate Library Services ROl Display Window

w|d| @5 S| K[y  Settings > Hlay| 0001 DSFEC-LF#1 ~|
Peak Search
ROl Report...

&% Mcb(3) - DSPEC-LF #1 - 1060912-

| Entire spectrum in memory...|

Spectrum on Disk...

Display Analysis Results.

Interactive in Viewed Area...

—

CEREE - X AR R

Ny

g
I
5
D

<

T & -

® % IR 47 -404¢ % (1460.8 keV) % dr+lkeVpF > T JF £ 40 5 it

Haodr s mEE N BERDE O E X Fs T AT

i e 4dé 4, (RMAC-SO-003-1) -

(a) #He BT o~ DT R A T kR o

(b) ™ fxGamma Vision f 1 2 71| F 8 sr e & ek b 4 i ¥
A T R

% GammaVision - DSPEC-LF #1 ( 10600908-1*)

File Acquire Calibrate Calculate Analyze Library Services ROl Display Window
(] @[D]:] [lo] ]| (0 [ | 3] ple|ofu] =z

(C) FEimii AR 2.7 3 Hdh » 4o % § ch3s > 21 2 5

Clear Detector/Buffer » rz i "f ¥ -



% | RMAC-SO-003

ﬁ; AL AT IR A S w1
Fdc | 6/22

(d)

B L %7 7| ehCalibrate— Calibration Wizard » & & 43 7
714 % » fEnergy CalibrationZ.:if # Create New » ¥ ¥
*> Source Label;%@%i%l >R ERED s R R 0 T
Count Time " & ﬁi%l ~PER O B (S BLFE T o

‘5’::; GammaVision - DSPEC-LF #1 - #1 EffCal_Eu-152_20170912-2.5pc ( 1930-85-1)

File Acquire Calculate Analyze Library Services ROl Display Window

=& @|1 v Energy. | o A | (405 ] @244 g =| Joo0r DSPEC-LF#1 -]
e Efficiency..
25 Mcb(5) - C Description... 0912-2.Spc ( 1930-85-1)
Recall Calibration...
Save Calibration...
Print Calibration...
Calibration Wizard ? X
Please select the types of calibration to perform
I Erergy Calibratior: ¢ Keep Curent @ Create New ( Read From File
Efficiency Calibration: ' Keep Curent { CreateNew ( Read From File
TCC Calibration: * KeepCument ¢ Create New ( Read From File
I T—#EN) > I BRis e
Energy Calibration Wizard ? >
Please enter the following information for the energy calibration
Library: [C: \se\MEPIP Lib Browse | Edit |
Source Label: h 930-85-1
|Count Time: |200(00 Seconds.l v Clear Data Before Start
< F—(B) I T—2MN) > | A Bt




¥ | RMAC-SO-003
? BT TR AR S w4 |1
] P #c | 7/22
Energy Calibration %

(e)

(f)

0 Place the '1930-85-1' in the calibration position and select OK.

== wE |

BFEEARINRTAMRT >~ B[R T P E PFFL000
#y(Live Time) » # H % (AR %HE)2 2 H £ € » ¥
B 43t Rl o

Presets for: DSPEC-LF #1 %

Presets I MDA Preset ]

I RealTimels Uncerianty

Presetin % |3.00

||1mom Live Time[sll

Start Chan: (4039
| ROI Peak [ents) Widh r
| ROI Integral [cnts)

Suggest Region
[T Overflow
Close
Sample Description ? X

Mchi(5) - DSPEC-LF #1 - #1 EffCal_Eu-152_20170312-2.5pe [ 1930851 )

@Eﬁ =

Sample Size ? X

5) - DSPEC-LF #1 - #1 EffCal_Eu-152_20170912:2.5pc ( 1930-€

oot «o
+/- |5,00 % Cancel |

PR EE g EAENRTART > BRAL()EEALE
TH A o fh L RH#R E HIEngCal_st R LW
T 5 BT e




<

#

it st A RITERE S

%, | RMAC-SO-003

w1

T | 8/22

Energy Calibration

'e Energy calibration complete. Would you like to save the spectrum?

% Save Spectrum File

v =N |

FEERQ: Spectra
= :
N An1948A An1
hrAn13214.An1

e An15050.An1

Py An17204 Ant

Ny An18375 An1

I Co-60_20170728A Spc
MEngCal-20170721ASpc
WM engCal-20170721B.Spc
Py test-0308.An1

) est-0308.5pc

<

5 -@merE-

EzHE gR O~
4/7/2017 1:41 PM ORTEC !
5/24/2017 1025AM  ORTEC!
8/9/201710:34AM  ORTEC!
3/31/20175:08PM  ORTEC!
8/9/201710:12AM  ORTEC!
7/28/2017 11:51AM  ORTEC!
7/21/20173:28PM  ORTEC!
7/21/20173:55PM  ORTEC!
5/1/2017 8:18 AM ORTEC!
3/8/2017 4:41 PM ORTEC! ,,

WEZEN): ||#1EngCal-20170912.Spc

ZEEIEM: Ilnteger SPC

—

(@) B MmT ARE > ¥R

2T R LR A FEBLEREI ER Bk BREFY

e

2L Edit Energy -



#

oAt HE e T R LT EARR

%% | RMAC-50-003
ws |1
F# | 922

e

(h)

Finish Calibration Wizard ?

CHANNEL ENERGY

T T £ T

ENERGY ENERGY

Edit Energy Save Calibration Edit Efficiency ‘

< F—3#(B) =8 S 26

= ‘ At

2L Edit Energyfs 1T 7 & % » g-Energy Table® 3§ i2

TeEie T £ 8 & (Energy) s #1 “,% (Delete Energy) > #

s 2L Auto Calibrate » 2 a; = 27 chEnergy Graph o

w1

1~ DSPEC-LF #1 - #1EngCal-20170912.5pc [ 1920-85-1)

es ROl Display Window

=|d| @[] Jle| K[| [F] wa| (@] 2[L|e/w| & =] : =1

=] Energy Table
Energy Channel Fit (kel) Delta

Tre
Channel. 82871
E- [4439760 keV

Ente Merge

B

Fit
. e

© PuHM

Maker B89 = HLE2 heV 448 Cris FwWHM (he) =1 2691

4 Nuclide Peaks; 4 Unknown Peaks

Pulse HL Analysis
Stat 4A41-00PM
SN2
Fleal 2030
Live: 30000
Dead x
Preset Limis

Live: 30000

1| Ao
4| Pesk 2

| Liay gt

®ORTEC
14329FM
Tue 9/12/2017




%% | RMAC-50-003
ws |1
F# | 10/22

%;, WA AR ERE

e

S16] @/5) o] k] (X wfa] (357 plololi sz] i ]

Pulse HE Analyers
= = <5 Stat: &1530PM
Efficiens Fit Delta D an2mor
3 Red 6052
Live: 600,00
Dead
Preset Limis
Lve:  S00.00
AOI
sl® b A
Pesk 7]
Cancel 3 =
| Lixary
Peak Measured [fom Spectium) B =
Dale: 3NZ2N7 41523 PM
oPs: 3244
Nucide-
Aciiviy: 37780 R HalLie: IS8T Daye
Unceaint[3 x Gisrma:/100¢ [T 4B00E001 %
©ORTEC
From Libi: ¥ EU-152 Y DATPU
Tue SAZANT
& [ = (@
Elicercy Curent Table
20532 003 12 Paie
o [E00  kev
e | [T ] Meige. | _Save.. |
=
Above Below
i Poromial v [Hor =] |
= [T T428 T Efic. = 0.002053
y match EU-152 (Euopiun] 1 45.40  §543e4004 B

Peaks: 8 Unknown Peaks

7. B ¥IE
(1) H A B AREEFTERBFEL? TP AP HNGEF 02 K1
»

T AR PR R DT o

(2) A7 5% %7 %

»
DS
gl
P
W
(w
Y
b
>
%
4
>
E"
DS
=
=
i
pus
Pl
kil
S
e

B %, (RMAC-QP-008)5%52 o

8 HEFE
(1)

bo

AN GG B

{
, (RMAC-QP-003)#%32 -

o Sk
S
|
N
v
&

-
q
i

5
2
W
N
s
Pyl
Es
2
hx?

(2) [T I S AL - o

3
ko
e

CNERICE (RSN I - S Rl

2o Az A 2, (RMAC-QP-007)2 % % 7552 -

10. %4

10




