Measuring Light

Radiant Measurement Luminous Measurement
Flux (W) e Luminous flux (lumen; Im)
Energy (J) * Quantity of light (Ims)

* Irradiance (W/m?2) e Illuminance (lux; Ix)
Emittance (W/m?) * Luminous emittance (Im/m?2)
Intensity (W/sr) * Lum. intensity (candela; cd)
Radiance (W/sr m2) * Luminance (cd/m?2)

These are pure physical quantities. These relate to visual sensation.

e Point
— Photomultiplier (PM)
— Avalanche photodiode (APD)
— Channel photomultiplier (CPM)

* Image
— Eye
— CCD / CMOS
— ICCD (i.e. MCP + CCD)
- EMCCD
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* Radiant flux (W) measures

the energy flowing at a
point per unit time.

* Luminous flux (Im) weights
the flux for its impact on a
visual system.

— Peak efficiency constant
K =683 Im/W
— Spectral luminous

efficiency V(l) 0.0

500 600 700
Wavelength (nm)

Intensity

* Intensity relates to the flux
from a point source.

— Flux per unit solid angle
— Definition of the candela

* Intensity is calibrated by a
current from a known source
with a known response s.

Photodiode V{4 Filter Aperiureiarea A Light source

S(2)
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/- do, I - do,
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Light & Electrons - Counts

Light
Counts
Voltage between Gain 28Bits = |evels
Anode & Cathode Offset e 8=256
e 12 =4096
e 14 =16384
¢ 16 = 65536

Photoelectron emission

* Counting photons requires

conversion to electrons.
vacuum

energy

E, * The photoelectric effect can
Y eject electrons from a

—————————————— material into a vacuum.

conduction band

hv
— Exceed gap energy E

and electron affinity
energy E,

— Compare to work
function y
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Quantum Efficiency

* There is a probability that a

photon will produce a free — Reflection coefficient R
electron.

— Photon absorption k
— Depends on bulk

. ) — Mean e escape length L
material properties

— Probability to eject from

— Depends on atomic surface P,

properties .
— Probability to reach

vacuum energy P,
* This is expressed as the

quantum efficiency n(v). n(v)=(1-R) EL

k+1/L

Commercial Photocathodes

* Different photocathodes
vary in response to
frequency and in quantum

efficiency. 2 TE==
— Alkali for UV detection £ * T‘u ;\KX \ - 75
(Cs-1, Cs-Te) Nl N YT
— Bialkali for visible light ¢ == Ao
(Sb-Rb-Cs, Sb-K-Cs) ANBENPcanlii e sa s NN
— Semiconductors for § =i ==
visible to IR (GaAsP, == I gt
InGaAs) M= J HUW % 56 & wow 1H e

WAVELENGTH (nm)

Hamamatsu.com




Electron multiplier

emissive surface

substrate electrode

Single photoelectrons would
produce little current.

Electrons can be multiplied by
interaction with a surface.

— Emitter: BeO, GaP
— Metal substrate: Ni, Fe, Cu

This electrode is called a
dynode.

Multiplication Factor

* Dynodes need good
electron multiplication.

— Emission material

— accelerating potential
for the incident
electron

* Dynodes typically
operate around 100 V.

— Factordof 2to 6

SECONDARY EMISSION RATIO ()

100

I
//<GaP:Cs
K-Cs-Sb
et
I
10 Cs3Sh
s SR
,‘,/ < L Cu-BeO-Cs +——
///
A
1 /
10 100 1000

ACCELERATING VOLTAGE
FOR PRIMARY ELECTRONS (V)

Hamamatsu.com
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Gain

* Dynode gain 0 depends on the
material and potential E.

k
— ktypically 0.7t0 0.8 0 =ak

. Idn = (5/1](1(»1—1)
* Multiple dynodes are staged to
increase gain. 1,,=1,000,...0,

out
— Photocathode current /,
— Input stage current /,, I
u=-""=adid,...0

I n

* Total gain is a product of stage

gain. v\ i
. - u=oal ——- =AV
— Collection efficiency o n+l1

Amplification

* Photomultiplier tubes often
have 10 to 14 stages.

Dynode Number vs PMT Gain _ Galn |n excess Of 107

10°%-
14 Stage

12 Stage
107 2

* Asingle photon can
produce a measurable
105tage charge.

= 10°-
o

— Single photoelectron
- Q,~1012C

109

/

L i
1000 1500 2000 2500
Volts

* Fast response in about 1 ns.
— e~ 1mA




ANODE DARK CURRENT, ANODE SIGNAL OUTPUT (A)

Dark Current

7
S
4 /
’ /
108 /
. / o4
SIGNAL K I
ouTPUT L
107 !
v
’
'
ll / /
b
108 .
! DARK
/| CcumRENT

1010 /A IDEALLINE BY
ONLY THERMIONIC|
EMISSION

o1 |
200 300 500 1000 1500 2000

SUPPLY VOLTAGE (V)

» Phototubes have “dark”

current even with no incident

light.

— Thermionic emission
— Anode leakage

— Case scintillation

— Gas ionization

* This increases with applied
voltage.

Noise

Dark current contributes to
the noise in a
measurement.

— Equivalent noise input
— ForAf=1Hz, P~ 101> W

Signal to noise depends on
the statistical fluctuations,
dark current and readout
circuit.

— Dominated by statistics

(2e1, 1) "
S

Iy ENI —

S/N = Lo
1

out

S/N = YN0 1
2eAf 1+1/6,+...41/6,...0,

S/N=I ! !
" 2eAf (I, +21,) 8(5-1)

20/5/15



Light & Electrons - Counts

Li Semiconductor € € Analog to Digital
ight . .
junction Converter Counts
Voltage between Gain 28 = levels
Anode & Cathode Offset * 8=256
* 12 = 4096
* 14 = 16384
* 16 = 65536

Ideal Real

v Detect all photons % Quantum efficiency < 1
v Perfect reading % Readout noise

v" Give 0 counts if dark x Dark electrons

v Fast % Limited bandwidth

Even in the case of a perfect detector count noise is present

svR =N _JN

JN
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Photomultiplier Tube

* A photomultiplier tube
(phototube, PMT)
combines a photocathode
and series of dynodes.

* The high voltage is divided
between the dynodes.

* OQOutput current is
measured at the anode.

— Sometimes at the last
dynode

Incoming Photomultiplier Tube

Photony  \indow

c?t‘:é?i;e / H Dynodes | { Anode 11
R T ;

\"‘ -,.'i/ e ,//
Focusing | | :
Electrode AT

=

ﬂ LA

\‘Iollage I‘Jroppiné
Resistors

Output
Met:
Power Supply erer

Photomultiplier Tube
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Digitalization

25

15

05

Signal
— 2 bits = 4 levels
— 4 bits = 16 levels

10

12 14 16 18

Digitalization

25

Signal
— 4 bits. From 0 to 3.

— 4 bits. From 0 to 2.

20/5/15
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Digitalization

2 T T
Signal
— 4 bits. From 0 to 2.
1.8+ = 4 bits. Optimal
16

0.2
0

Incoming photons
excite electrons in the
photodiode array.

Masking

CCD /

Silicon

Pizel

Electrode’ :
Horizontal
Readout
Register

Reading a CCD

Pixels are read one at a time
Clock ~ 10 MHz

Pixels can be grouped
(binning)

Q. from.1to .9

20/5/15
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Reading a full frame CCD

Single Pixel
Element

aaaaaa

A/D
Converter

—

AABRAAAAAG
fYYYYYYYY

YIvEYY

CCD Speed Image Acquisition Delay
siow = fast short | ong

x Dead time between frames

Reading an interline CCD

Single Pixel
Element

To Image
Processing

.....

Converter

rYY¥YYYYYY

CCD Speed

stow [ Fast

v" No dead times
% Half resolution

20/5/15
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Reading a frame transfer CCD

. Single Pixel
Element

il To Image
OOK OOK > Processing

AAAAL

fYYyyvyyyYy

L)

v" No dead times
x Expensive

Reading an Intensified CCD

Appiied Voltage

Microchannel
‘» Plate
B

Fiber Optic
Tapered Bundle

Fluorescent
Screen

Gain

v/ MCP can be modulated (FLIM)
% Less resolution (due to the intensifier)
x Shape of the MCP appears in the image
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Reading an Electron Multiplying CCD

Sensor Area

Frame-transfer Area

Traditional Amplifier

Normal Clock Voltages = Wide-dynamic-range Operation

MCCD Amplifier

igh Glack Woltages High-sensitivity Operation

v Single molecule detection
x Very expensive

Reading a color CCD

INTERPOLATION

http://www.cambridgeincolour.com/tutorials/sensors.htm

20/5/15
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Reading a CMOS

CCD Linescan CMOS Linescan
40 MHz
i . -
" " 1 N P 1 kH
Analog bottieneck | l l | | l | |

Slow, massively | | 1) () ! ADCs
parallel analog - :

low noise Dagital Mux

Fast digital

Sampling

1.0 Object 1
0.8} |
0.6} .
0.4} E
0.2} 1
0.0

0 200 400 600 800 1000

1O pgp
0.8 E

0.6 1
0.4} 1
0.2} 1
0.0

0 200 400 600 800 1000

1.0 |
mage
0.8 & g

0.6 .
0.4} :
0.2} 1

0'00 200 400 600 800 1000
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Sampling

I Object 1
0 200 400 600 800 1000
| PSF i

0 200 400 600 800 1000
I Image |
0 200 400 600 800 1000
I Object 1
0 200 400 600 800 1000
| PSF i

0 200 400 600 800 1000
I Image |
0 200 400 600 800 1000
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Sampling: PSF Size

1.0 Object
0.8}
0.6}
0.4}
0.2}
0.0

0 200 400 600 800

1000

LOF pgp
0.8

0.6
0.4}
0.2}
0.0

0 200 400 600 800

1000

L0»|
mage
0.8 &

0.6
0.4}
0.2
0.0 k . L .

1.0 Object
0.8}
0.6}
0.4}
0.2}

0.0

1000

1O pgp
0.8

0.6
0.4}
0.2}
0.0

1000

0.0

0 200 400 600 800
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Sampling: PSF Size

1.0 Object

0.6 |
0.4}
0.2}
0.0

LOF pgp
0.8

0.6
0.4}

0.2}
0.0

Sampling: Step size

1.0 Object
0.8}

0.6}
0.4}
0.2}

When the intention is to see the most

detail in a sample, pixel spacing should

be set about half the separation of the
optical resolution

=Y Image
0.8} &

0.0

0 200 400 600 800 1000

20/5/15
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Sampling

SPECIAL AGENTS WOULD NEVER
FIGURE OUT WHO THE VILLAN (5.

WE RECONSTRUCTED TURNS OuT, TS
THS IMAGE FROM A THEORETICALLY
4-PIXEL PHOTO. IMPOSSBLE.

Basics of Image Processing

1(x, y)

Integer values:

e 8-bit: range: 0—255

e 16-bit: range: 0 - 65535

» Signed 16-bit: range: -32768 to 32767

Floating point values:
e 32-bit:
range = -1037 — 10%, precision = 107
*  64-bit:
range: -10308 — 10308, precision = 1016
* Special values:
¢ NaN (Not a Number, 0/0 = NaN)
e -Inf, +Inf (+/- infinity)
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Image Processing Operations

Point operations: each result pixel depends on one input pixe

AEEEEEEEENEEEEEEE EEEEEEEEEEEEEEEEE
[ [ [ ] o | | [ [ [ [ [ [ el [ [T}
IIIIEJ.E.!IIIIIII

AlEnEEEEE

[ [ [ [ [l
[ | [ L | [ ] [ ][]

Point operations: Image arithmetic

20/5/15
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Point operations: Image arithmetic

Point operations: Masking

20/5/15
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Image processing operations

Local neighborhood operations: each result pixel depends on several input pixels

EEEEE A%
EEEE G
LA
PN
T N

Image processing operations

Local neighborhood operations: mean in a 3 x 3 neighborhood

20/5/15
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Image processing operations

Local neighborhood operations: convolution

1. Multiply the input pixels from a small area
around the input pixel, with weights given by
the kernel:

11211 50(104|55

|
x 2|42 |==8812498
11211 37(112|48

2. Add the weighted input pixels and normalize
with the sum of the kernel values:

50 [104{55
Y 8822498 /16=

37(112|48

3. Repeat by sliding the kernel over all input
pixels.

Image processing operations

1 1 -1 -2 -1 -1 1
K1 = 2 4 2 KQ = 0 0 0 K3 = -2 2
1 1 1121 -1 1

23
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Image processing operations

Non-linear local neighborhood operations: median filter

Replace each pixel with the median value of the
pixels in a small region around it

Image processing operations

Global operations: each result pixel depends on all input pixels

| | ki ™
[ [ | TR |
[ [ LAt [ 1| |

24



Image processing operations

Global operations: Fourier Transform

20

The Fourier Transform

Can we approximate this
function by a sum of
simpler functions?

20/5/15

25



The Fourier Transform

5 10 15 T 20

— sine component

The Fourier Transform

5 10 15 T 20

T
100
[ sine component]
5l
g
S
0
-5 . . ,
0 5 10 15
n

y = ay sin(z) + ag sin(2z)

20/5/15
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The Fourier Transform

5 10 15 20

x
101
5L
g
S
0
-5 . . .
0 5 10 15
n

y = aq sin(z) + ag sin(2x) + ag sin(3x)

The Fourier Transform

5 10 15 20

x
101
5L
g
S
’ l
-5 . .
0 10 15

4

5
n
Yy = Z ayp, sin(nx)
n=1
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The Fourier Transform

5 10 15 20

x
101
5L
< T
0 l I
-5 . .
0 10 15

5

5
n
Yy = Z ay, sin(nx)
n=1

The Fourier Transform

5 10 15 20

T
10r
5
S T
o ! t '
I
5 ‘ ‘ ‘
0 5 10 15

10 n
Yy = Z ap, sin(nz)
n=1
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The Fourier Transform

15 20

— sine component

The Fourier Transform

In general, simple sine
functions are not

enough...
20 . ‘ .
0 05 1 15 2
T
20
10
Yo
-10f
20 . ‘ .
0 5 10 15 20
T
101
(= sine componen|
sl
IS
S
0
o 10 15
n

20/5/15
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The Fourier Transform

You need a sum of scaled
sine and cosine functions
and a constant offset!

20 : :
0 0.5 1 15 2
x
10r
—= sine component
o 5F —= cosine component
=
< 0
5
5 ¢
10 L] L L L L ]
0 5 10 15 20 25
n

Yy = ag + a1 cos (%”x) + by sin (ZT”:U)

The Fourier Transform

20 t
0 05 1 15 2
X
101
—= sine component
- 50 —= cosine component
= 9
S 0 Y L]
S e
10 L] L L L L ]
0 5 10 15 20 25
n
25
_ 2Tnx b, si 2mnx
Yy = Qy, COS ( == ) + by, sIn | ==~
T T
n=0

20/5/15
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The Fourier Transform

oo
Y= Z @y, COS (2”%) + by, sin (2”%)

n=0
) ﬂ ‘ Usually this is written in @ more compact form
using complex numbers:

oo

00 : ; ) Loy = Z cnlcos (2Z2L) + jsin (2E2E

— sine component

5 = cosine component n—=—oo
.
%0‘ <":.::'::|S"=!|"ll-l' 00
Sl 7:27rn33
40 ‘ ‘ ‘ = E cpe T
o 5 [ 20 25
n=—oo
5
— —e real component
St = imaginairy component 1
El . .
S 9_!:::zng=.,|-|,,.-... E(an_lbn) TL>O
) ..
Cé p— JE—
s Cn = ap n=>0
o 5 10 15 20 25

%(a_n +ib_p) n<O0

)]

The Discrete Fourier Transform

n=0
20 .
10 R 1
Yk 0 L...QT.T XI {
|11
200 500 1000 k 1500 2000 2500
Inverse ~° DFT
DFT =
EOT vI'I SERE PEEPE I .
ST
Q
=
5
0 5 10 n 15 20 25
N-1 2nnk
Cn = E Yre N
k=0

20/5/15
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What is this good for?

5 10 15 20

X
[ sine component]
0 T T ? hd L/ L) ]
I 1 ) : : 0
0 5 10 15

15
Yy = Z ap, sin(nz)
n=1

Fourier domain filtering

A AN
L N

0

—= sine component
—= filtered sine component
[]
L ]

L4 H . t . 2 o3

3

¢ $

0 5 10 15

n

15
Yy = Z ayp, sin(nz)
n=1

20/5/15
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Remember convolution?

Local neighborhood operations: convolution

1.

Multiply the input pixels from a small area

around the input pixel, with weights given by

the kernel:

=

50(104{55

[
2142 — 88(224(98
1121 37(112(48

2. Add the weighted input pixels and normalize
with the sum of the kernel values:

50(104|55

> 8822498

37(112|48

/16=

3. Repeat by sliding the kernel over all input

pixels.

Convolution in the Fourier domain

Yk Yk Yk
1 1 1
0.8 0.8 0.8
06 %06 —o06
0.4 0.4 04
02 02 T 02 T T
0 0 0
0 10 L 20 0 10 L 20 0 10 L 20
S5 5 5
ém" é 510“
= 05 =
< > =5
Z s e ! z°| 3
X o . ’:e = ol gtggoooe
tpettazeset T *
5
05
-5 i 10
-10 - 15
0 5 n 10 5 n 10 5 n 10

Convolution in the spatial domain is equivalent to multiplication in the Fourier domain

20/5/15
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Image processing operations

Smoothing in the Fourier domain

ﬁ

Deconvolution

The imaging system replaces each point in the original 3D object by an
Image of the PSF (convolution), blurring the resulting image:

Deconvolution mathematically reverts that process:

20/5/15

34



Macrophage fluorescently stained for tubulin (yellow/green), actin (red) and the

nucleus (DAPI, blue
( ’ ) http://www.svi.nl/EvansMacrophage
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