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Faatetss] LiimtiingSotistce
Yy Detectors are an oft

neglected but crucial
part of an experimen

y' They often limit the
science
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Detaailon\N¥iebhaniams

Y There are many means of detection. All require
the iInteraction of photons/electrons with mattel

Yy Examples include

DZGasionisation
O Photons produce electroaadions which are then detected
O E.g. lon chambers, proportional counters
DZPhotoelectric effect
O Photons eject electrons from a solid creating a current which is measured
O E.g..Beam monitors
DZGeneration of electron hopmirs
O Photons produce electrons and holes in a semiconductor which are then de
O E.g..CCD
DZluorescence, scintillation arffdcentres
O Photons produce prompt fluorescence or F centres
O E.g.Image plates an8cintillation counters
DZhemicaleffect
O Photons create a chemical change such as dissociating Ag halide
0 E.g. Film
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Nobel prize in
physics 1921

“for his services to
Theoretical Physics,
and especially for his
discovery of the law
of the photoelectric
effect”

Photoelectric Effect

Germany and Switzerland
Kaiser -Wilhelm -Institut
(now Max - Planck - Institut)
fur Physik

Berlin -Dahlem, Germany
1879 - 1955

Photoelectron

K fluoresence
X-ray E~E,

X-ray photon
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Nobel prize in
physics 1927

“for his discovery of
the effect named
after him"

X-ray photon
1,>1,

University of Chicago
Chicago, IL, USA
1892 - 1962

X-ray
photon | ;
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lonisaiian(@hathber

Yy Approximately le ion pair
per 30eVdeposited (symbol

Gas Volume + </> oftenw)
L Y IF you knoww, and density
B e e +___ and (_:omposition of gas, it is
o 0% 0 o°!+ions - possible to convert current to
_ flux

Yy Number can be affected by
several factors

DZRecombination of-@and ions

O Highervoltages requiredthigher rates
since more carriers

DZDiffusion losses
O Higher voltages, small gap

DZElectron losses
O Larger gap

Yy Pressure, temperature and
humidity affect density

4
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Countiing aadd iriegrating
V' If there Is sufficient signal produced by the
Interaction of a photon or a particle in the

detector then it is possible to operate the
detector as a counter

VIt os all about si gn
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SNR = [0

Signal = 1 Y In this case 17
| [Nose =00 photons hit detector
| H| | but only 16 recorded
0.8 |  Photon Y lllustrates a problem
= — Signal with counting
%0.6 Thteshold DZPulse pair resolution
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SNR=11

+ Photon

3 | —Signal

Yy Black dots show

T

when photons arrive

=

Detector output
o

1
=

Yy Impossible to decide
where to set
threshold

y' Counting detectors
require very high
SNR

Noise =1
Signal =1
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Countiing aadd iriegrating
Yy Usually SNR is insufficient and we have tc

accumulate many photons/particles before
the signal becomes measurable
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Coumting & Integrating SSR-+00(

16 ¢ Photon
—Counting
14
Integrating
12

17 photons hit detectar

Detector output
oo

6 — Noise =0.01
A Signal =1

2
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Couiing & IntegratmngSONRR= 1
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From Amdlagieaddigitial
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Avalandhes&&FrPoppaitional Gouanter

Positive
ions

Increasing
electric
field

X-Ray photon

Initial
/ionisation

| Electron

| out
>>
‘ ‘ Gain 1

Electrons
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Opeatatonreggionsfofgdd et detestor:

Threshold for
gas multiplication.
Typically 1 Vm-!
10kVent

>
_ E

n is number of charges
X IS distance
a is the first Townsend coefficient

dn

— = adx

N

n(x) = n(0)e™

Pulse amplitude >

Proportional

lonisation  counters
chambers

GeigerMueller

region
Limited
I Proportion redion
I lon region g

I

I

I
4 proportlona
I

1

I saturation

1 I 1 >

Applied Voltage
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Nobelpﬂzein

Ic§ 199
ém\antlon af I
development of

particle detectors, in
partlcular the

1968 €éé. 24 ye aligepoportona
publication to prize!

Multi-wire Proportional Counter

Erance 1
Ecole Supérieure de
Physique et Chimie
Paris, France; CERN
Geneva, Switzerland

b. 1924
(in Dabrovica , Poland)
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Integratmgleteciars

)/ MOde Saturation

DAMeasures deposited energy at end of level
integration period

y' Characteristics
DAHigh input flux capability
DZRead noise dominates at low signal
(nfog | evel 0)
DDead time between frames

D23 20 keVphts= 13 40 keV photon
l.e. Cannot perform simultaneous
spectroscopy and positioning

DZExamples: Image plates, CCDs Input flux

>

Output signal
Dynamic range

level
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Coumntiing Deteatars

Yy Mode

D2Detects everparticle ast
arrives. Only active pixels read

y' Characteristics

DZQuantum limited, Detector noise
often negligible

DANo dead time between frames

DZCan measure position and
energy simultaneously

DZ.imited input flux capability
DZExamples: Prop counters,
Scintillators

>

Saturation
level

Output signal
DYQamic range

<

A 4

Input flux
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Wlmard S Boylle & Geoggd: ESiBinhith

Nobel prize in
Jphysics 2009

"for the invention of
an imaging
semiconductor circuit
I the CCD sensor"

W TN 1969 ee. 40 years
IILaboratories | | pUbllcatlon tO prlze!

Murray Hill, NJ, USA

Which they inventec ._‘fl{';
I né |

CCD

: 123 X
\ Y L SSLEN LY LI L UL UL L L L L L L

Oxide _ QL HHHHHHHHHHHE

p: tpefejojejepejoepepuefprfrpefl

n-doped silicon” By I A AR

! AHHHHHEHHHHHHHHE

i o _— A/D AHHHHHHHHHHHHHE
p-doped silicon- F S = {811, Byp0e:B10 Bptye By} (_/*._I(.{.__V.!'.!.ET.T:‘V.Y.YIT.T.%Y

Photoelectric genereration of charge
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Chatge(Gapi¢ i desce

Photons
in

Si 0,

Silicon
substrate
Column
isolation

Electron-
hole pair Signal

Depletion electrons

region
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CCD Redldqut

Photons in
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S
2 g
S

P aran . ot > Ammman A e
Clock rows into . :§>
line readout Readout line
section

+e
)

i@

UNIVERSITY OF SASKATCHEWAN @;MONASH University



CCD Renioqut

Yy Charge is moved from pixel to pixel by clocking

y Each pixel has a limited capacitance (well dept
typically 10-1CP e

y This limits dynamic range for diredetection
DZ0keV photon creates ~ 3008e saturation = ~ 10 photons

Yy Speed of clocking Is restricted by line capacitar
and charge transfer efficiency
D3ize of CCD restricted by this

Yy Noise can be reduced by cooling

y" Amplifier usually on chip
DHeats up that part of chip
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Although sizes > 50mm are available, the read speed is slow to
preserve low noise and cte ( line capacitance becomes very high)

Shutter required
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ComplimentayyMdetbOxide
Sanieenuueio((CNIOS)

Read Amplifiers

1

SISALIQ MOY

1

1

1
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Bias supply
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y' A readout amplifier
transistor on each pixel
converts charge to voltac

Yy Allows random access tc
pixels, similar to the row
column memory cell
access in RAM



CMOSvs CCD

y Traditionally CCD has had higher sensitivity an
lower noise

Yy Modern techniques mean that the differences a
small

Yy CMOS sensors can have much more functiona
on-chip than CCDs

DDn chip image processing, edge detection, noise reduction,
analogto digital conversion

YyCMOS | ower power Y | e
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Front andEBak Kl luiingdon

Incidental light

Incidental light

Back side
Metal wiring Substrate
Light receiving L 5]
surface

Front sid

i Metal wiring
oog B [
]

Substrate

Front-illuminated structure

Back-illuminated structure

http://www.sony.net/Sonylnfo/News/Press/2008060B3E/index.html
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http://www.sony.net/SonyInfo/News/Press/200806/08-069E/index.html

Human Hyye

Sclera

Choroid

Ciliary body

http://webvision.med.utah.edu/imageswv/Sagschem.jpec
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http://webvision.med.utah.edu/imageswv/Sagschem.jpeg

Use willin X-rays

Direct detection
Gain ~ 2000e" / 8keV x-ray

WA

_D

We

Phosphor coupled 1:1 to sensor
Phosphor gain >> 1
Optics Gain <1

WAV

N

A

VA

_D

Il depth = X10°
So dynamic range ~100

Phosphor coupled with reducing optics to sensor

WM
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Phosphor gain >> 1
Optics Gain << 1
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ComputeldRRadiggrdpkimage FPiate

Exposure Scanning
Creation of F Stimulation Collection PMT
centres of PSL of PSL Amplification
Gain >> 1 Gain<1 Gain<1 Gain > 1

Blue Filter

Y ‘
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X-Y Flat baetSseamirer

Phosphor Plate

Fibre optic light guide

He Ne Laser

Photomultiplier tube

F-theta correcting mirror

Distributed Light Collection

oy o
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TFT Flat ppavet Didetactor

Scintillator Detector matrix
o Readout ICs

X-Rays

Line drivers ICS
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a-Si:H TFT attays

hv

Indirect Conversion

scintillator or
converter

Amorphous silicon
substrate

Pixel active  Pixel readout
area electronics

Direct Conversmn

i Llll e |||

Amorphous silicon
substrate

/
Pixel active  Pixel readout

area electronics
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Needle diameter 6mm



a-Si'H Array dipiX - Flashsaars 80

Data Li"ue Fias Line

y TFT
Switch

One
pixe

Photodiode

Read Amplifiers

SISALIQ MOY

I I
Tig: g
1 1
Tiig: e

14
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PILATUS 6M Detagtar

Next Generation X-Ray Detectors

LOLUOLOO

b
X
[ 3

Ch. Brénnimann E. Eikenberry B.Schmit{ M. Naef G.Hllsen
(SLS); R.Horisberger S. Streuli(TEM); Ch. Buehler (LOG); F.

N\ I [ . . Glaus(LMN); M. Horisberger(LNS
:h Paul Scherrer Institut bldsl."“mﬁéwmw@ml-'p ( ) gerLNS)
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S

SRS

Sensor 5 x 12 = 60 modules
DZ Reversebiased silicon diode array
DZ Thickness 320 pm
DZ Pixel size 172 x 172 pfn

2463 x 2527 = 6,224,001 pixels
Area 431 x 448 m#i

Intermodulegap x: 7 pixels, y: 17 pixels,
8.4% of total area

Dynamic range 20 bits (1:1,048,576)
Counting rate per pixel > 2 x 1X-ray/s
Energy range 8 30 keV

Quantum efficiency
(calculated)

DZ 3keV: 80%
8 keV: 99%
15keV: 55%

Energy resolution 508V

Adjustable threshold rangei 20 keV
Threshold dispersion 56V

Readout time 3.6 ms
Framing rate 12 Hz
Pointspread function 1 pixel



y' X-ray diffraction image recorded from
aferritin crystal (energy=1&eV,
distance = 204 mm).
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Agilent S2 CODwith SmattSsansitiity

Yy TheS2 CCDdetectors
employgroundbreaking
Smart Sensitivity Control,
which tunes detector
sensitivity to match the
strength of the data
observed. Similar to 1ISO
settings in digital
photography, this selects
the widest dynamic range
or the highest sensitivity,
as needed, to maximize
your data quality.
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patinescppiOReteators

Rainbow Lorikeets
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SpeacttesepilObeteators

V' For quantitative work, most are counting
detectors that measure the size of individt
energy deposits

y Alternative is the use of filters as in optica
colour cameras
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Electir@nmullijples& Scintillators

Thotomltplier

Optical

.I N R
photocathode ‘Ayniodes "anode

Channeltrons a similar with
distributeddynode

/A Increasingly +ve

Micro-channel plates are
mutlichannekhanneltrons
with each channel being an
electron multiplier.
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Multi Chammne|Sppeciaspopodieteciors

Canberra UltraLEGe detector

WRULEAD (Windowless, Retractable, Ultra Low
Energy Array Detector) works down to 300eV

Multichannel devices up to 30 channels lat @ cts
st channell have been built
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SPimg8 128 dhanse:Gesirip

High
Voltage

Charge Sensntlve Preamplifiers

Window
Vacuum Mlcrostrlps
Vessel

1 i | Germanium Crystal

Anode

Insultar
Cold Finger Cold Finger
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y Ge

DA5.9 50.9 6mm

Y Strips
DANumber 128
D#idth 300um
DZnterstrip 50um
D4 ength 5mm

Yy Readout

DZingle channel 100ns
D232 channels 3.2ms

Yy Max expected count rate
DZ4kcps



SpacitdResokubion

V" Average number of carriers, N =vie/
where w Is energy to create electron hole/ion p
y Poisson statistics = 1/aN
= (EM) 2= (W/E)”
V qE/E fwhm = 2.355]
= 2.355(W/E)”

YV ForGe w=3eV so at 10ke\E/E ~ 4%
y ForNal, w= 30eVso at 10keMgE/E~ 13%

© UNIVERSITY OF SASKATCHEWAN P MONASH Uriversity



Famno HFaacior

y' If all energy from photon or particle were converted tdaiers
therewould be no variance

y' Poissorstatistics assume only a smaII fraction of energy goes ir

chargecr eat i on. U = aN
Yy Realityis somewhere ibetween smvezintroducd:anofactor F
y' Fanofactor is defined as F=>_

on . . _ N _
whereu? is the variance and is the mean number of carriers
Yy For a Poisson process, the variance equals the melam, $0

Yy Examples

DZSi: 0.115
Ge 0.13
GaAs 0.10
Diamond: 0.08

y' Observed relative variance = F x Poisson relative variance
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Scintillator vs Gefimaiiiuhm

102 | germanium
semiconductor
detector

10 -

number of recorded pulses per pulse-height channel

Nal{T1) scintillator

pulse height {(channel number)
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The top spectrum is from a
scintillation detector, and
the bottom is from a
germanium semiconductor
detector. The superior energy
resolution of the germanium
is evident from the much
narrower peaks, allowing
separation of gamma-ray
energies that are unresolved
in the scintillator spectrum.



Things toll@ekMuEbor
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Efficiencies

Gas thickness lcm
Windows 100mMm
1 \J -1
0.9 - + 0.9
0.8 - / — Be + 0.8
Al
0.7 - —— Polimide T 07
g 06 —Polyropylene 1 06
‘B Ar
i) —Kr
g 0.5 - e + 0.5
T
= 0.4 - 1 0.4
0.3 - + 0.3
0.2 - + 0.2
0.1 - + 0.1
O 1 I I I I I [ 0
0 5000 10000 15000 20000 25000 30000

Energy (eV)
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Resporsect® o lummaion

ESRF TV Detector
Thompson IIT & CCD

115 ¢

11

1.05

0.95

0.9

0.85

0.8
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Mar Image Plate ESRF-Thompson IIT/ CCD Daresbury MWPC
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