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Factors Limiting Science
ƴDetectors are an oft-

neglected but crucial 

part of an experiment

ƴThey often limit the 

science Detector
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Detector Chain of Events
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Detection Mechanisms
ƴThere are many means of detection. All require 

the interaction of photons/electrons with matter

ƴExamples include
ǅGas ionisation
ǒPhotons produce electrons and ions which are then detected

ǒE.g. Ion chambers, proportional counters

ǅPhotoelectric effect
ǒPhotons eject electrons from a solid creating a current which is measured

ǒE.g.. Beam monitors

ǅGeneration of electron hole pairs
ǒPhotons produce electrons and holes in a semiconductor which are then detected

ǒE.g.. CCD

ǅFluorescence, scintillation and F centres
ǒPhotons produce prompt fluorescence or F centres

ǒE.g. Image plates and Scintillation counters

ǅChemical effect
ǒPhotons create a chemical change such as dissociating Ag halide

ǒE.g. Film



Albert Einstein

Germany and Switzerland  
Kaiser -Wilhelm - Institut 
(now Max -Planck - Institut) 
für Physik 
Berlin -Dahlem, Germany  
1879 - 1955

Nobel prize in 

physics 1921
"for his services to 

Theoretical Physics, 

and especially for his 

discovery of the law 

of the photoelectric 

effect"
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Arthur Holly Compton

University of Chicago 
Chicago, IL, USA
1892 - 1962

Nobel prize in 

physics 1927
"for his discovery of 

the effect named 

after him"
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An Example Detector

Echidna



Ionisation Chamber
ƴApproximately 1 e- ion pair 

per 30eV deposited (symbol 
often w)

ƴIF you know w, and density 
and composition of gas, it is 
possible to convert current to 
flux

ƴNumber can be affected by 
several factors
ǅRecombination of e- and ions

ǒHigher voltages required at higher rates 
since more carriers

ǅDiffusion losses 
ǒHigher voltages, small gap

ǅElectron losses
ǒLarger gap

ƴPressure, temperature and 
humidity affect density
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Counting and Integrating
ƴIf 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

ƴItôs all about signal to noise ratio!
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ƴIn this case 17 

photons hit detector 

but only 16 recorded

ƴIllustrates a problem 

with counting

ǅPulse pair resolution
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SNR = 1
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Counting and Integrating
ƴUsually SNR is insufficient and we have to 

accumulate many photons/particles before 

the signal becomes measurable



Counting & Integrating SNR =100
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Counting & Integrating SNR = 1
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From Analogue to Digital

F
ie

ld

Distance from wire

E(r) ~ 1/r

Cathode



Electrons

Positive 

ions

Avalanche & Proportional Counter

Increasing 

electric 

field

X-Ray  photon

Initial 

ionisation

Electron 

avalanche

Gain >> 1

Anode

Electrons 

out

Gas Volume



Operation regions of gas filled detectors
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x is distance
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Georges Charpak
ƴWhich he invented iné..

ƴ1968 éé.24 years 

publication to prize!

France 
École Supérieure de 
Physique et Chimie 
Paris, France; CERN 
Geneva, Switzerland

b. 1924
(in Dabrovica , Poland )

Nobel prize in 

physics 1992
"for his invention and 

development of 

particle detectors, in 

particular the 

multiwire proportional 

chamber"

Multi -wire Proportional Counter



Integrating Detectors

ƴMode
ǅMeasures deposited energy at end of 

integration period

ƴCharacteristics
ǅHigh input flux capability 

ǅRead noise dominates at low signal 
(ñfog levelò)

ǅDead time between frames

ǅ2³20 keV phts= 1³40 keV photon 
i.e. Cannot perform simultaneous 
spectroscopy and positioning

ǅExamples: Image plates, CCDs Input flux
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Counting Detectors

ƴMode
ǅDetects every particle as it 

arrives. Only active pixels read

ƴCharacteristics
ǅQuantum limited, Detector noise 

often negligible

ǅNo dead time between frames

ǅCan measure position and 

energy simultaneously

ǅLimited input flux capability

ǅExamples: Prop counters, 

Scintillators

Input flux

O
u

tp
u

t 
s
ig

n
a

l

D
y
n

a
m

ic
 r

a
n

g
e

Saturation 

level



Willard S. Boyle & George E. Smith

ƴWhich they invented 

iné..

ƴ1969 éé.40 years 

publication to prize!Bell Laboratories 
Murray Hill, NJ, USA

Nobel prize in 

physics 2009
"for the invention of 

an imaging 

semiconductor circuit 

ïthe CCD sensor"

CCD



Charge Coupled Device
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CCD Readout
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CCD Readout
ƴCharge is moved from pixel to pixel by clocking

ƴEach pixel has a limited capacitance (well depth) 
typically 104-105 e-

ƴThis limits dynamic range for direct detection
ǅ10keV photon creates ~ 3000e- so saturation = ~ 10 photons

ƴSpeed of clocking is restricted by line capacitance 
and charge transfer efficiency
ǅSize of CCD restricted by this

ƴNoise can be reduced by cooling

ƴAmplifier usually on chip
ǅHeats up that part of chip



CCDs

Although sizes > 50mm are available, the read speed is slow to 
preserve low noise and cte ( line capacitance becomes very high)

Shutter required

62mm



Complimentary Metal-Oxide 

Semiconductor (CMOS)
ƴA readout amplifier 

transistor on each pixel 

converts charge to voltage 

ƴAllows random access to 

pixels, similar to the row-

column memory cell 

access in RAM
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CMOS vsCCD
ƴTraditionally CCD has had higher sensitivity and 

lower noise

ƴModern techniques mean that the differences are 

small

ƴCMOS sensors can have much more functionality 

on-chip than CCDs
ǅOn chip image processing, edge detection, noise reduction, and 

analogto digital conversion

ƴCMOS lower power Ÿ less heat Ÿ less noise



Front and Back Illumination

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

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


Human Eye

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

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


Phosphor coupled with reducing optics to sensor
Phosphor gain >> 1

Optics Gain << 1

Use with X-rays

Phosphor coupled 1:1 to sensor
Phosphor gain >> 1

Optics Gain < 1

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

Well depth = 2×105

So dynamic range ~100



Computed Radiography-Image Plate

Stimulation 

of PSL

Gain < 1

Collection 

of PSL 

Gain < 1

Creation of F 

centres

Gain >> 1

PMT 

Amplification

Gain > 1

Blue Filter

Exposure Scanning



X-Y Flat bed Scanner

Phosphor Plate

He Ne Laser

F-theta correcting mirror

Fibre optic light guide

Photomultiplier tube

Galvanometer mirror

Distributed Light Collection



TFT Flat panel Detector



a-Si:H TFT arrays

Amorphous silicon
substrate

Pixel readout
electronics

Pixel active
area

hv

scintillator or
converter

Needle diameter 6mm

Indirect Conversion

Amorphous silicon
substrate

Pixel readout
electronics

Pixel active
area

hv

scintillator or
converter+ +

Direct Conversion
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Detector GroupPaul Scherrer Institut

PILATUS 6M Detector

Ch. Brönnimann, E. Eikenberry, B.Schmitt, M. Naef, G. Hülsen

(SLS); R. Horisberger, S. Streuli(TEM); Ch. Buehler (LOG); F. 

Glaus(LMN); M. Horisberger(LNS) 



PILATUS 6M Detector
ƴ Sensor 5 x 12 = 60 modules 

ǅ Reverse-biased silicon diode array 

ǅ Thickness 320 µm 

ǅ Pixel size 172 x 172 µm2

ƴ 2463 x 2527 = 6,224,001 pixels 

ƴ Area 431 x 448 mm2

ƴ Intermodulegap x: 7 pixels, y: 17 pixels, 

8.4% of total area 

ƴ Dynamic range 20 bits (1:1,048,576) 

ƴ Counting rate per pixel > 2 x 106 X-ray/s 

ƴ Energy range 3 ï30 keV

ƴ Quantum efficiency

(calculated) 

ǅ 3 keV: 80% 

8 keV: 99%

15 keV: 55% 

ƴ Energy resolution 500 eV

ƴ Adjustable threshold range 2 ï20 keV

Threshold dispersion 50 eV

ƴ Readout time 3.6 ms 

ƴ Framing rate 12 Hz 

ƴ Point-spread function 1 pixel



PILATUS 6M Detector
ƴ X-ray diffraction image recorded from 

a ferritin crystal (energy=16 keV,

distance = 204 mm).

http://www.dectris.com/img/ferritin.jpg
http://www.dectris.com/img/ferritin.jpg


Agilent S2 CCD with Smart Sensitivity

ƴThe S2 CCD detectors 

employ groundbreaking

Smart Sensitivity Control, 

which tunes detector 

sensitivity to match the 

strength of the data 

observed. Similar to ISO 

settings in digital 

photography, this selects 

the widest dynamic range 

or the highest sensitivity, 

as needed, to maximize 

your data quality.



Spectroscopic Detectors

Rainbow Lorikeets



Spectroscopic Detectors
ƴFor quantitative work, most are counting 

detectors that measure the size of individual 

energy deposits

ƴAlternative is the use of filters as in optical 

colour cameras



Electron multipliers & Scintillators

Scintillator

X-rays
Optical

Increasingly +ve

Channeltronis a similar with 

distributed dynode

Micro-channel plates are 

mutlichannelchanneltrons

with each channel being an 

electron multiplier.

Increasingly +ve



Multi Channel Spectoscopic Detectors

Canberra Ultra-LEGe detector

WRULEAD (Windowless, Retractable, Ultra Low 

Energy Array Detector) works down to 300eV

Multichannel devices up to 30 channels at 3Ĭ105 cts 

s-1 channel-1 have been built



SPring-8 128 channel Ge strip

ƴGe 
ǅ55.5Ĭ50.5Ĭ6mm

ƴStrips
ǅNumber 128

ǅWidth 300µm

ǅInterstrip 50µm

ǅLength 5mm

ƴReadout
ǅSingle channel 100ns

ǅ32 channels 3.2ms

ƴMax expected count rate
ǅ14kcps



Spectral Resolution
ƴAverage number of carriers, N = E/w

where w is energy to create electron hole/ion pair

ƴPoisson statistics ů= 1/ãN

= (E/w) -½ = (w/E)½

ƴȹE/E fwhm = 2.355ů

= 2.355(w/E)½

ƴFor Ge, w = 3eV so at 10keV ȹE/E ~ 4%

ƴFor NaI, w = 30eV so at 10keV ȹE/E~ 13%



Fano Factor
ƴIf all energy from photon or particle were converted into carriers 

there would be no variance

ƴPoisson statistics assume only a small fraction of energy goes into 
charge creation.  ů  = ãN

ƴReality is somewhere in between so we introduce Fanofactor F

ƴFanofactor is defined as 

where ů2 is the variance and N is the mean number of carriers

ƴFor a Poisson process, the variance equals the mean, so F = 1

ƴExamples 
ǅ Si: 0.115

Ge: 0.13

GaAs: 0.10

Diamond: 0.08

ƴObserved relative variance = F x Poisson relative variance

N
F

2s
=



Scintillator vsGermanium



Things to Look Out For

Crocodile



Efficiencies
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Response to Uniform Illumination

ESRF TV Detector

Thompson IIT & CCD
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Intensity Test

1

2

3

4

5

6

7

8

9

10

11

12



Graded Absorber Comparison

Mar Image Plate ESRF-Thompson IIT / CCD Daresbury MWPC


