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Detection |
any means of detection. All require
tion of photons with matter

ples include

Gas ionisation

® Photons produce electrons and ions which are then detected

® E.g. Ton chambers, proportional counters

4 Photoelectric effect
® Photons eject electrons from a solid creating a current which is measured
® E.g. Beam monitors

4 Generation of electron hole pairs

® Photons produce electrons and holes in a semiconductor which are then
detected

® E.g.CCDz
4 Fluorescence, scintillation and F centres
® Photons produce prompt fluorescence or F centres
® E.g. Image plates and Scintillation counters
¢ Chemical effect
® Photons create a chemical change such as dissoci
® E.g Film
[ YOS Loy

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)
fiir Physik

Berlin-Dahlem, Germany
1879 - 1955

Photoelectron

@

X-ray photon

Nobel prize in
physics 1927
“for his discovery of

the effect named
after him"

Compton Effect

X-ray photon
Ro> Ay

U a5
Chicago, IL, USA
1892 - 1962

trying to determine the effect of the
¢ beam
are looking for a DIFFERNCE

e therefore need to measure the beam both before and
after the sample

DEEVE Meas ea . Detector

m There are many means of detection. All require
interaction of photons with matter

m How can we do that without the detecto
beam?

Very simple device
Approximately 1 e ion pair
per 30eV deposited
Important that recombination
low as possible
4 Higher voltages required at higher
rates since more carriers
4 Diffusion losses caused by
separation of carriers minimised
by higher voltages
m Ion chambers are sensiti
pressure and temper:
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Operation regi@

Threshold for
gas multiplication.
Typically 106 Vinr!
10kVem!

Proportional
Tonisation ~ counters
chambers.

Geiger-Mueller n is number of charges

|

I region . .

| X is distance

Limited p
,.mpmmmll Pmpﬂmonall a is the first Townsend cos
on. | o] region |
| swuration | | | dn r
L | 1 1 =
Applied Voltage

Avalanche & B

X-Ray photon

Initial
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Gas Volumey ’ |
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Anode

Electrons

Counting

s sufficient signal produced by the
action of a photon or a particle in the
letector then it is possible to operate the
detector as a counter

Field Varig

E(r) ~ l/r

Field

Typical anode width
10 microns
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Counting ang

s is not true and we have to
ulate many photons/particles before
signal becomes measurable

[ MONASH Uiy

+ Photon

—Counting

—Integrating

Detector output
P
g

Noise =0.01
Signal = 1

1 111t

JLamt 1t t

0 100 200 Time 300

[ MONASH Uy

Integrating D&

sures deposited energy at

nd of integration period

haracteristics

High input flux capability

4 Read noise dominates at low
signal (“fog level”)

4 Dead time between frames

4 2x20keV phts = 1x40 keV
photon i.e. Cannot perform
simultaneous spectroscopy and
positioning

4 Examples: Image plates,
CCDs

Output signal

[ MONASH Uy

Counting &

+ Photon

. 1R TN A LA F.’f.”NHll‘H

A 1

Detector output

200 Time 300

+ Photon

—Counting

~—Integrating

Detector output

200 Time 300

Photon Coun

ts every photon as it
arrives. Only active pixels read

haracteristics

Quantum limited, Detector
noise often negligible

4 No dead time between frames

4 Can measure position and
energy simultaneously

Output signal

4 Limited input flux capability

4 Examples: Prop counters,
Scintillators

[ MONASH Uy
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Dark Signa

Real Signal

Measured signal
overtakes background ot y
signal i

-

L=
.+ =" Total background

er halide ~1.0 - 1.5pm
% silver bromide and 1-10% silver

in the gelatin of the film emulsion.

s have a cubic lattice with many point
ects and free silver ions

osure

A photon liberates an electron from a bromide ion

The electron travels until trapped at a defect

A free silver ion is attracted to the negative charge

and combines (is reduced) to form an atom of

metallic silver (which is optically black).

4 The single silver atom acts as an electron trap for
another electron which then attracts another atom
of silver which is then reduced to metallic silver.
This process continues while the exposure to light
continues.

m  Conventional film is usually coated with
emulsion on only one side, radiographic film
is usually double coated (on each side of the
base) to be used with intensifying screens.

s oo

Silicon I

substrate "=

Electron-
hole pair

/

Depletion
region

Film

X-Ray in

")

¢ absorbed by the phosphor
osphor becomes excited &
oresces emitting UV and/or visible
light
For every x-ray photon absorbed,
hundreds of light photons are emitted
m The use of intensifying screens
inevitably means that certain degree
of unsharpness will be introduced
into the image in comparison to non-
screen film

CCD Reade

S —’,
line readout Readout line
section
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CCD Readg

oved from pixel to pixel by clocking
ixel has a limited capacitance (well depth)
ally 10*-10° ¢
is limits dynamic range for direct detection
¢ 10keV photon creates ~ 3000e- so saturation = ~ 10 photons
m Speed of clocking is restricted by line capacitance
and charge transfer efficiency
¢ Size of CCD restricted by this
m Noise can be reduced by cooling
m Amplifier usually on chip
¢ Heats up that part of chip

Phosphor coupled with reducing optics to CCD
Phosphor gain >> 1
Optics Gain << 1

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

>

Computed Radi

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

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

Shutter required

Image Optics CCD/SIT
Intensifier Gain<1 Gain>1
Gain >> 1

X-Ray in

Fibre optic light guide

Photomultiplier tub
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Detector matrix
Readout ICs

Scintillator

X-Rays

Line drivers ICS

phfmmumw

Data LiTe Flas Line

Photodiode

Read Amplifiers
il r

SIOALI(] MOY

I
T

I
Tt

Square pixels of 170pum side-length
64 x 64 pixels per chip

Sensitive to positive charge
Leakage current compensation at
the input

Maximum count rate: ~2 MHz

= 1 comparator per pixel with 3 bits
fine tuning

® Minimum threshold ~1500e(~5.5
keV deposition in a Si sensor)

m 15 bit counter per pixel (32767)
single events

m Variable acquisition time

m Read-out time: 384pus

m Active area of the chi

Amorphous silicon
substrate

i

Pixel active  Pixel readout

area electronics Needle diameter  6um
hv
Direct Conversion
cintjllator
donverier
L I
Amorphous silicon
AN substrate

Pixel active Pixel readout
area electronics

|?W1Ulm§y

ard manufacturing

ectronics integrated onto same chip as image
sensor

¢ Gd,0,S - Kodak Lanex® Fine
m Rad Eye 1 from Radicon

1024x512 AR micron nixels

024x3512 48 micron pixels

24.6 x 49.2 mm? active area
MTF good to 10 Ip/mm
Tileable on 3 sides

Dark current ~4000e-/s = 10 x CCD room
temp

10000:1 dynamic range
4 4.5 frames/s

|?l ‘I“.Cheap i

> & & o o

>

Sardine

m Mo X-ray tube +
30 um Mo filter 25 kV,
10 mAs,

m Detector stepped for
one detector width in X
and half a detector
width in Y

m Aquisition time per
image: 500 ms.

m No image correction

was used (raw data!
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PILATUS 61

Dynamie sangs:
Feadeut tine
Frame rate
Rate

Spatlal distostlan
DPaad aren

~B.4 % (7 pixcls in x, 17 pixels y)

Canberra Ultra-LEGe detector

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

Multichannel devices up to 30 channels
s! channel'l have been built

m 1° rotation

m 2s exposure,

m E=12keV

m 7 detector positions
m Flatfield corrected

dJT-E:h paul scherrer nstitut SBIL4@B'™ # Detector Group.

Optical
W

Channeltron is a similar with
distributed dynode

Increasingly +ve

Micro-channel plates are
mutlichannel channeltrons
with each channel being an
electron multiplier.

|?W1ulm§y

SPring-8

m Ge
4 55.5%x50.5x6mm

m Strips
¢ Number 128
¢ Width 300pm
¢ Interstrip 50pm
¢ Length Smm

m Readout

4 Single channel
4 32 channels

m Max expected ¢
4 l4keps
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Nal{TI} scintillator

The Lop spectrum is from a
scintillation detector, and
the bottom is from a
germanium semiconductor
detector. The superior energy
resolution of the germanium
ig evident from the much
narrower peaks, allowing
separation of gamma-ray
energies that are unresolved
in the scintillator spectrum

10%

102 germanium

number of recorded pulses per pulse=height channal

semiconductor
detector
10 =
pulse height {channel number)
|i BMIOMNASH Lrmersaly

Fano Factor

om photon or particle were converted into carriers

d be no variance

statistics assume only a small fraction of energy goes into
arge creation

eality is somewhere in between so wezintroduce Fano factor F

m Fano factor is defined as F=Z

A 4 . H g
where o2 is the variance and p is the mean number of carriers

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

m Examples
4 Si:0.115
Ge: 0.13
GaAs: 0.10
Diamond: 0.08

m Observed relative variance = F x Poisson relativ

|?D§I¢ASHUIW

Efficiencies

Gas thickness lem
‘Windows 100pm

0.9

0.9

—Be

Al
——Polimide
——Polyropylene
——Ar

1 0.7

0.9

—kKr

—Xe

Transmission.

10000 15000

Energy (eV)

|?D§I¢ASHUIW

mber of carriers, N = E/w
W is energy to create electron hole/ion pair
oisson statistics o = 1/YN

= (E/w) "= (w/E)"
=2.355c
=2.355(w/E)”

m AE/E fwhm

m For Ge, w= 3¢V so at 10keV AE/E ~ 49
m For Nal, w=30eV so at 10keV A
[# MONASH LIy

Things to

ESRF TV Detector
Thompson IIT & CCD

|?W1Ulmﬁy
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Spec 0.2mm max

Worst gap 2.97mm

Pixels in gaps 513922
5.45%

F MONASTILrmcrsly

o

o

ESRF Image
intensifier
detector

Position

Output

=

ar Image Plate

L

Lo e o,

ESRF-Thompson IIT / CCD

Daresbury MWPC

?mu@

e

1E+00

1E-01

1E-02

m
8
8

Intensity

m
o
3

1E-05

1E-06 -

Image Plate

F MONASTI Ly

Lo e o,

Gas Proportional Counter
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Force on 28 x 28 cm window at 5 bar = 4 tonnes
Force on window of 1 x 1 cm at 5 bar = 5 kg

1 atmosphere

5 atmospheres.

g

g W
—— ——
12 =

>

Ol 1207
g 3 100 position (ri)
12065
1206
g
£
Boss
&0
?o a5
$
1204
. 12035
|7 MIOMNASH Lzl 0

Horizantal

Overlaps

Dark Currer

|?W1Ulm§y

Flat and Dark Correction
For each image, two correction images
must be recorded.

1. A flat field (uniform illumination of
the detector)

2. A dark image (no irradiation of
detector)

Both must be recorded with the same
exposure time as the original image
since dark current is a function of
exposure time.
Then apply the following correcti

Corrected =

Page 11
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els above the 0.2 photons pixt specification

Number failing 2 measurements 5-2000s

Mean 44764 0.47%
Min 40822 0.43%
Max 48706 0.52%
nb. 14300 pixels not common to both

" et )

10.00%

1.00%

Fraction of initial difference remaining

0.10%

6
Time (Minutes)

?Wm

F MONASTI Ly

P

Radiation

ge occurred at 40Gy or
.3%10%pht/mm? in the readout chip

m At 13 keV photon energy
4 Strong diffraction spots typically 10° phts/s or 10°
phts/mm?2/s
® Damage requires ~ 8hours exposure
4 Direct beam (10'°-10'3 photons/mm?/s)
® Damage in less than a second.

?Wm

Mar Image Plate Flashscan-30
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Equivalent

use if signal is low

NC which is that signal charge that will produce the same output as
noise

2
ENC? = exp(2 k—Tr+6|—D1+kT(Ci")
R, 4 2gr

3
3

Boltzman’s constant

temperature

the electronic charge

Load resistance and/or feedback resistance

transconductance of input FET. (Links current in to voltage out)
Rise time of amplifier

in input / stray and feedback capacitance

----5
LR =

A

m Note that ENC is directly related to energy resolution
m FWHM(keV) = 2.355x10-* ENC/ew where w is the energy p

|?W1Ulm§y

=2 exp(2)|:[2kgj + (e:;’][k;gmﬂ
9 m

, as large as possible ~ 10'°Q

m [, (leakage) as small as possible
¢ For Ge cooling is vital

m Low T is good

m C,, as small as possible (note that this
includes Cy)

m g as large as possible but this aff

|?W1Ulm§y

Amplificati@

m In almost all cases we require
some form of amplification

m Interaction of pre amplifier
with detector is critical for
performance of system

m Most important element is the
input, often a FET

m Noise is the major issue

4 Thermal or Johnson Noise

© Brownian motion of electrons
® No current flow required

U’ = 4kTRdf

4 Shot Noise
® Fluctuations in

i? =2q,1

m Voltage mode

4 Output a input voltage

4 Effect of Ry dominates C;
m  Current mode

4 Output o input current

4 Low input impedance
m  Charge mode

4 Output a input charge

4 Cydominates Ry

|?W1Ulm§y

— 4Dy Tins

BT o«
2R, 4 29,7

T optimum at

2
KT/2g
= m C
“a I:ikT/ZR, i+(quD/4)} D
m Choosing optimum 1 gives best noise performance but may not be
fast enough

m We often have to sacrifice energy resolution for speed

|?W1Ulm§y

mall planar < 1pF

ow leakage currents

m Maximise R, and/or R;
4 Remove altogether so Ry = o

m Use optical reset

m Can improve FWHM by
20%

|?W1Ulm§y
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Shannon’s Thee

band limited to frequencies less than ws/2, then
occurs at frequencies ®1+n where;

ginal signal frequency, os = sampling frequency, n = an

Dead Time

R=input rate, R =detected rate, T dead time

® Non-paralysable
¢ Fraction of time detector is dead =R, t
4 Live time is therefore = 1- Ryt
¢ Inputrate = Ri=Ry/(1- Ry1)
m Paralysable
¢ R, = Probability of getting no event within 7 of an event

—Rit n
4 Probability of n events in time t is P(n}t) = e ('Rit)
n!

¢ Detectedrate R = P(O,‘[): Rie'R"

lons Mobility (cm? V-1 s1)

(OCHj;), CH,* 1.51
(OCH;), CH,* 0.55
(OCHj;), CH,* 0.26
Iso C, Hy* 1.56
Iso C, H), Iso C4H, " 0.61
Ar CH,* 1.87
CH, CH,* 2.26
Ar CO," 1.72
Co, CO," 1.09

Ar electrons ~1000

For 1kV across 1cm.

on source is used primarily
nsitivity is an issue
ignal too weak
4 Time resolution too poor
4 Sample too small
m More intensity can help this but...

m [t places a major strain on detectors and

Flux is a major issue!

EDR Detector

Standard detector
Saturation count rate: | MHz
Linear region: up to 300 kHz
Electronic background: 0.2 cps
Energy range: 4-25 keV/
Modified detector
Saturation count rate: 3 MHz
Linear region: up to 2 MHz,
Modified *  Electronic background: 0.7 cps
detector *  Energy range: 4-25 keV

1.108

Standard
detector

Intensity (cps)
Intensity (cps)

0.0 02 0.4 0.6 0.8

Slit size (mm)

m As rate rises

4 Spectral resolution
deteriorates

4 Note also the K escape
feature

0 50 100 150 200 250 300
Channels
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Detector

m Energy Measurement
ormity across device ¢ Spectral Resolution

Ageing, radiation damage 4 Linearity of Response
Dynamic Range 4 Uniformity of Response
¢ Linearity of Response ¢ Stability
¢ Stability m Time Measurement
m Spatial Measurement ¢ Frame Rate

¢ Spatial Resolution
4 Spatial Distortion
¢ Parallax

uantised and hence subject to probabilities

son distribution expresses the probability of a

er of events occurring in a time period )
n‘e”

k!

If the expected number is n then P(n,k) =
m The mean of P(n,k) is n
m The variance of P(n,k) is n

m The standard deviation is Vn

m Fractional error = (\n)/n=1/n
m As n increases, uncertainty and noise decrease

—1pixel
—— 2 pixel
—5 pixel
——10pixel

Intensity
Py
3

IS
3

N
S

o

-20
Position

A Universe

Can define N

photons

Ratio of this to N

mc

DQE =

SNRy =4/Nyre - Ny =SNR?
SNR o icear< /Nine

that describes real SNR

NEQ = SNR’non-ideal

is a measure of efficiency

NEQ il SN RzNon—ideaI

Note that DQE is f(spatial and spe

Ninc SNR 3

inc

C

DN-5 beam
2.6uGy

~+-Flat Panel
~#-400 film I

=kLight sensitive screen

10%

0 0.5 il 15 2 25

Frequency (Ip/mm)
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10000

1000

100

Intensity (Photons/mm*2)

—Proportional

Counter

Intensity (Photons/mm~2)

60

100

80
Position (mm)

—Proportional
Counter

1000

100

[ 20 80
[ MONASHUrrersy Position (mm;

—Proportional
Counter

W)
a
<

E

E
@

§ 1
°
2
(23
2
201
2
=

001

0 20 40 80 100
|? MOMNASH Linmversity Position (mm)

ng Imager
.8mm? active area
Opm square pixel
Storage for 8 frames

4 Selectable T, down to 1us
4 Deadtime < 1ps
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Diesel Fuel

t=0.000000

= Movie
ection 1350psi Cerium added ¢ Length
¢ Frame length
4 Dead time
.
L4
¢ Sequence

1.3ms
5.13us

2.56ps / frame
168 frames (21 groups of 8)
Average 20% to improve SN
5%10* images

The Furture

A

FPGA GDAQ

Pixel Arra

Top electrode
Pixellated
semiconductor

Collection electrodes
Bump bonds

Input electrode
Pixellated ASIC

@ >

mmo o

ber of connections
Multiplexing
¢ Read out time significant
m Limited number of bits in counter
¢ Dynamic range issues for diffraction
4 15bits @ 1Mcps input rate = 30ms frame

¢ Read time can be significant
® Fast read > high power

framing

m Technology not yet good enough for mi

Available Com

materials CdTe and

dZnTe cover a suitable

range of band gaps:

¢ 1.44¢eV (CdTe), 1.57 eV

(CdZnTe, 10% Zn), 1.64 eV
(CdZnTe, 20% Zn)

m Resistivity of CdZnTe is
higher than CdTe, hence
lower dark current, higher
spectroscopic resolution

m Poor hole transport requires
electron-sensitive detectors

— clamcatel —— VB ——— GSE C
o
Grmup
_—
Bimary e

Bisary ——— HEY ——— 1P G, G

ﬁ-'?“—‘, Hvl —Hafe L% InS

a temem HoCdTe Aake
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Calculated for S$00um thick material

—a— Si
= L . —»— GaAs
B CdTe
Iy A Hal,
£ .. W ol,
@ % E —a&— TIBr
5] L
5 N -
k5] - . ey
3 .
[
(=] |

—a

50 100 150 200 250 300 350 400 450 500
Photon energy (keV)

F MONASTILrmcrsly

Lot

aney CFG and Finch EC

Radiation detectors. Physical Prnciples and Applications,
Clarendon Press, Oxford 1992, ISBN 0 19 853923 1

m Knoll GE

¢ Radiation Detection and Measurement, John Wiley and Sons
1989

m Proceedings of the 6™ International Conference on
position sensitive detectors

¢ Nuclear Instruments and Methods in Physics Research A513
(2003)

m [EEE Nuclear Science Symposia

L

i

Liriversity

Material o €, " (pe7), (N
(§2 em) (ms) (em? /W) (em? V)
Si < 10 1.7 1.0 s 107% -1 1
Ge S0 16 T.1 % 104 1 ~1
GaAs 1.0 = 107 11.0 11« 107" S0 L0 = 107
CET J-5x 10" 109 20-49x 1077 F-5x107F S-8x 10"
CdTe 1.0 s 10" 11.0 9.7« 109 531077 2.0 % 1074
Hgl, 1.0 108 H.8 7.8 10 104 10 = 10=5
Pbl, 10> 102 ~10 .89 8.0 107" 6.0 1077

F MONASTI Ly

Lot

with Te inclusions
3 .
15x15x7.5 mm 3.2% FWHM
without Te inclusions —2-6 % FYWHM_ ! Jll, Pulser
Il: [
3000 | . 1
> A 662 keV |
- | A |
O 2000 |
o |
1000 | 4
()| P TP T TR T .. —. sl | —— ]
0 200 400 600 800 1000 1200 1400 1800 1800
Channel
MO ey

assively parallel
® Position derived from individual pixel
® Highly parallel: 2000x2000 pixels = 4 million channels!!!
® Suitable for counting and integrating systems
® Pixel array detectors
4 X-Y Interpolating
® Position derived from measuring signals
® Moderately parallel: 2000x2000 pixels from few hundred channels
® Only suitable for counting systems
® MWPCs e.g. RAPID
4 Sequential
® Position derived from point in sequence
® Not really parallel
@ Only really suitable for integrating systems
® CCDs, Image plates
m Spectroscopic
4 Can only add more channels for speed

i MONASTILrinvcrsity

Lot
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gy per Stage | Stage 2 Minimum N Stage n Signal

signal @ Transferto @ 10keV 0 noise (©)
10keV electron gain
gain
410e” 1 410 10 4x107
481e 1 481 5x10% 2.4x107
Solid State
Silicon 3.62 2760e 1 2760 1 2.8x10°
Germanium 2.96 3380e" 1

Fluorescence or scintillation

Nal(Tl) + PMT 266 photons 0.1
Gd,0,S +1IT 500 photons  0.04
BaFBr:Eu?* 75F centres  0.07

ors currently 10'3-10'4 photons to

machines e.g. XFEL, TESLA

4 10% photons to sample!!!

m Detectors
4 Currently 107-108
¢ Inl0years............

m Hare shows no sign of slowing dow
m Tortoise is not catching up

Decay Time | Emis. Wavelength Density
[ns] [nm] [g/cm?]
250 415 3.7
1000 550 4.5
e == B
LaCly(Ce) |49 28 350 38
LaBr,(Ce) |66 16 380 5.1

Nal(TI) AEE ~ 6%
LaCl, AEJE ~ 4%
LaBr; AE/E ~ 3%
CdZnTe AE/E ~ 2% (after correction for carrier

FWHM energy resolution at @ 662 keV
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