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Optical Imaging System: use visible light and glass lens to form image

Why a glass lens can form image?
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B

object image



Thin lens image formation



+
1 1

u fv

1
= Magnification  M =

v

u
=

f

u - f

f

u v

Want higher magnification? Move object closer to F



Microscope







Robert Hooke

1635-1703 



flea

fly eye



Hooke named them “cell”

(reminds him of a monk's quarters) 

cork slice



Leica DM 600

Mag 10x -1000x

objective  100x

eye piece  10x

Why not more? 





Useful magnification

Empty magnification



1951 USAF Resolution Target

Line Width (446.43um)

Group Element Linewidth (micron)

0 1 500.00

2 446.43

3 396.83

4 354.61

5 314.47

6 284.09

Group 1… Group 6

7 1 3.91

2 3.47

3 3.11

4 2.76

5 2.46

6 2.19

8 1 1.95

2 1.74

3 1.55

4 1.38

5 1.23

6 1.10

9 1 0.98

2 0.87

3 0.78

USAF resolution target slide



Live demo   Zeiss LSM710

2.5X/0.12 Zeiss: empty magnification

On USAF slide

Zoom 1       5-6   

Zoom 2       6-3

Zoom 4       7-2

Zoom 8       7-3

Zoom16      7-4

Zoom 32     7-4



1X 2X 4X 8X

Useful Magnification

8X 16X 32X

Empty Magnification



1X 2X 4X 8X

Useful Magnification



8X 16X 32X

Empty Magnification



Why there is Empty Magnification ?

On the image side : a “point” is not a point



Sir George Biddell Airy

1801-1892

Airy disk



Why does the point become a disk?



Diffraction is key to the Point Spread Function (PSF)



D

Size of the (airy) disk is a function of 

D λand



Smaller the D    Bigger the disk



Longer the λ bigger the disk   



PSF size determine the resolution limit



Galileo  ~1600
D ~ 5cm

Trends of Telescope Size MATTERS!!!!

Moon

29



Hubble   1990
D ~ 2.4m













Resolution limit 

The distance between two points (on object side), which we can barely

resolve them as two distinguished disks on image side

resolved not resolved
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y



yP P’

y = 0.61 λ / N.A.



Definition of N.A.

N.A. = n * sin(α)



Resolution (r) = 0.61 λ /N.A.                                                 Lateral resolution

Resolution(z) = 2 λ • n / N.A.2 Axial Resolution

air objective  n = 1.0 oil objective  n = 1.518



Objective/ N.A.

10x/0.3

25x/0.8

40x/1.3

63x/1.4

100x/1.4

x-y

1000nm

400nm

234nm

218nm

218nm

z

11.4um

2.4um

1um

0.8um

0.8um

Resolution

Rx-y=0.61 λ /N.A

Rz=2 λ • n / N.A.2

λ = 500nm



The person who laid the physics foundation

of modern optics manufacture.

Cofounder of Zeiss

"Based on a precise study of the materials used, the designs concerned

are specified by computation to the last detail - every curvature, every 

thickness, every aperture of a lens - so that any trial and error approach

is excluded.“   

Ernst Abbe





limit of human eyes   

~ 0.15mm  (at 25cm distance)

Theoretical limit  

~200nm

Practical magnification :  0.15mm/200nm = 750x

Practical Limit on Magnification



Group Element Linewidth (micron)

0 1 500.00

2 446.43

3 396.83

4 354.61

5 314.47

6 284.09

Group 1… Group 6

7 1 3.91

2 3.47

3 3.11

4 2.76

5 2.46

6 2.19

8 1 1.95

2 1.74

3 1.55

4 1.38

5 1.23

6 1.10

9 1 0.98

2 0.87

3 0.78

2.5X/0.12 Objective

Rxy ~ 2.54um

Group 7, Element 4 



Objective/ N.A.

10x/0.3

25x/0.8

40x/1.3

63x/1.4

100x/1.4

x-y

1000nm

400nm

234nm

218nm

218nm

z

11.4um

2.4um

1um

0.8um

0.8um

Resolution

Rx-y=0.61 λ /N.A

Rz=2 λ • n / N.A.2

λ = 500nm



The resolution limit of an objective is ONLY dependent on its N.A. 

So, 63x/1.4 and 100x/1.4 

Which one is better?



The magnification REALLY doesn’t matter on resolution?

For Objectives, it does not

But for your “WHOLE” imaging system, it DOES!



CCD based optical imaging system 







Live demo CCD based system on USAF slide

4X/0.13    

10X/0.3

2.35um

1.02um

Resolution on objective N.A.

Group 7 – Element 5

Group 8 – Element 6 or Group 9 – Element 1 

Group Element Linewidth (micron)

0 1 500.00

2 446.43

3 396.83

4 354.61

5 314.47

6 284.09

Group 1… Group 6

7 1 3.91

2 3.47

3 3.11

4 2.76

5 2.46

6 2.19

8 1 1.95

2 1.74

3 1.55

4 1.38

5 1.23

6 1.10

9 1 0.98

2 0.87

3 0.78



4X 10X

Best guess group 6 – Element 6

4.40um

Best guess group 8 – element 1

1.95um



pixel

CCD Chip

Sample

Objective

=magnification



Scientific Camera CCD pixel size

Photometric Evolve        16um x 16um

Hamamatsu C9100-02      8um x 8um

Qimaging Retiga-SRV      6.4um x 6.4um



pixel

CCD Chip

Sample

Objective

=magnification

magnification pixel size pixel size on 

sample

4x 16um 4um

10x 16um 1.6um

100x 16um 160nm



objective 

magnification

CCD 

pixel size

pixel size on 

sample

4x 16um 4um

10x 16um 1.6um

100x 16um 160nm

N.A. resolution

0.13 2.35um

0.3 1.02um

1.4 160nm

CCD pixel size combined with objective N.A. determines the 

resolution limit of the “WHOLE” imaging system

Actual resolution we achieved   ~4.38um (4X)  and ~1.95um (10X)



Nyquist–Shannon sampling theorem

Exact reconstruction of a continuous-time baseband signal from its 

samples is possible if the signal is bandlimited and the sampling 

frequency is greater than twice the signal bandwidth.

Knowing the resolution limit of the objective, what sampling size (pixel 

scale) we should choose to “realize” such resolution limit?



point

PSF

Sample space

Image space 

Rx



Rx

Sampling rate is same as Rx

We got a flat signal



Sampling rate is same as Rx / 2

Seems good.

However, if you are unlucky (and normally, you ARE)

Rx



Sampling rate is the same as Rx / 3

Or


