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Fourier Optics and 2-D Image 

Formation 

in Confocal Microscopy  



Lecture Overview 

ÅIntroduction to Fourier Transform 

ÅFourier Spectrum Approach of Image in 3-D  

ÅContrast in Reflection and Transmission Microscopy 

ÅEmulated Transmission Confocal Raman Microscopy 

Using scanning optical or acoustical microscopes it is possible to 

reconstruct structure of three-dimensional objects. How the image we 

obtain is related to the structure of the real object?   Is it possible to 

simulate images of simple-shaped bodies obtained by optical or 

acoustical microscopes? 



Pupil function 
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Fig. 2. Spherical coordinate system 

For simulation the integral (1) we will  use the Debye 

approximation assuming that rp  <<  f.  In the Debye  approximation 

in spherical coordinate system  
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where P(ű,ɗ) is the pupil function. In cylindrical coordinate 

system the integral (1) becomes  

If the pupil function is an axially symmetrical function , 

P(ű,ɗ) = P(ɗ), then 
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Examination of the two-dimensional pupil function in coherent 

scanning microscopes using spherical particles 

Calculated output signals at a/2, ka=400 (solid lines), 

and square of the corresponding pupil functions 

(dashed lines). 

Output signal at a/2, ka=200. Approximation 

(solid line), rigorous calculation (dotted 

line), and corresponding pupil function 

(dashed line). 
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P. Zinin, W. Weise, O. Lobkis, O. Kolosov and S. Boseck, ñFourier optics analysis of spherical particles image formation in 

reflection acoustic microscopyò. Optik. 98, 45 (1994). 



Examination of the two-dimensional pupil function in coherent 

scanning microscopes using spherical particles 

Fig. 1. Experimental image of the 

pupil function of the first lens, ka 

= 713, focus at half radius of the 

sphere (Leitz Elasm microscope)  

W. Weise, P. Zinin, G. A. D. Briggs, T. Wilson and S. Boseck, òExamination of the two-dimensional pupil function in coherent scanning 

microscopes using spherical particlesò. JASA. 104, 181 (1998). 
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Focal Śhaper

Fig. 2. Effect of the shape of the Pupil function of the structure of 

the laser beam in focus.  (Courtesy to Vitali . Prakapenka, 

University of Chicago.) 



Left. Experimental image of the pupil function of the ELSAM 400 MHz lens. Image 

was obtained by imaging a steel sphere (ka = 334), focusing at half radius of the sphere. 

Right. Experimental image of the pupil function with a pencil lead in the ray tube, ka = 

375, plane scan at z=a/2 (From Weise, W. et al., J. Acoust. Soc. Am. 104, 181 (1998)). 

Examination of the two-dimensional pupil function in coherent 

scanning microscopes using spherical particles 



Determination of the point spread function of a confocal reflection microscope by 

imaging of a sphere 

Fig. 1. x-z scan through a steel sphere for 

reflection microscope (OXSAM). 

Fig.2. Image formation when focussing near the 

center of the sphere in paraxial approximation: 

the reflected field seems to originate from an 

emitter transducer opposite to the receiver 

transducer. 

P. Zinin, W. Weise, O. Lobkis, O. Kolosov and S. Boseck, ñFourier optics analysis of spherical particles image formation in reflection 

acoustic microscopyò. Optik. 98(2), 45-60 (1994). 



Determination of the defocused transfer function of a confocal reflection 

microscope by imaging of a sphere 

Fig. 1. Scanning path (dashed line) 

for OTF measurement. The solid line 

represents the surface of sphere 

(From P. Zinin, W. Weise, et al., 

ñDetermination of the defocused 

transfer function of a confocal 

reflection microscope by imaging of a 

sphereò. Optik. 107, 45 (1997)). 

Fig. 2. r-z scan through the top surface of steel sphere 

obtained by reflection microscope (LFM). Z - 0 

corresponds to focusing on the top of the sphere. 

Fig. 3. Defocused OTF obtained in the LFM by scanning along an arc at 

different defocusing positions Z. Defocusing is normilized by w - kZsina. 

Solid line for w : 0, dotted for w = 3, dashed for to : w = 6, dash dotted  for 

to w = 8. 

Fig. 4. Calculated defocused assumes to be rectangular, 

a fig.4. OTF (LFM). The pupil function - 25". Notation 

is the same as in  



Determination of the defocused transfer function of a confocal reflection 

microscope by imaging of a sphere 

The MTF can be calculated as the magnitude of the Fourier transform of the PSF  or as an 

autocorrelation of the pupil function. Note that a diffraction limited imaging system behaves as a low 

pass filter that reproduces low spatial frequencies with higher contrast than high frequencies. 

Illustration of the optical transfer function and its relation to image quality. The optical transfer 

function of a well-focused (a), and an out-of-focus optical imaging system without aberrations (d). 

As the optical transfer function of these systems is real and non-negative, the optical transfer 

function is equal to the modulation transfer function by definition. Images of a point source and 

spoke target are shown in (b,e) and (c,f), respectively (Wikipedia). 



Point Spread Function 

Definition: The point spread function 

(PSF) describes the response of an 

imaging system to a point source or 

point object (Wikipedia, 2010).  

Calculated lateral and axial resolutions of 

an SAM operating at 1 GHz (ɚ = 1.5 Õm) 

as a function of the aperture angle a. 

Water was chosen as the immersion liquid 

for simulations. 
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P. Zinin, W. Arnold, W. Weise, S. Berezina, ñTheory and Applications 

of Conventional and Atomic Force Acoustic Microscopiesò, in T. 

Kundu ed., Ultrasonic Nondestructive Evaluation: Engineering and 

Biological Material Characterization. Taylor & Francis, N.Y., chapter 

11, second edition, 613-687 (2012). 



How a Confocal Image is Formed 

Condenser Lens 

Pinhole 1 Pinhole 2 

Objective Lens 

Specimen 

Detector 

Widefield versus confocal microscopy illumination volumes, demonstrating the difference in size 

between point scanning and widefield excitation light beams. 

Confocal microscope 



Point Spread Function of Confocal Laser Microscope 

-15 -10 -5 0 5 10 15

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

1.22 pF
(r

)

krsina

-1.22 p

-14-12-10 -8 -6 -4 -2 0 2 4 6 8 10 12 14
-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

-p
F

(z
)

0.5kz(1-cosa)

p

( , , ) ( , , ) ( , , )tot ill illPFS x y z PFS x y x PFS x y x= ¶

[ ]
2

( , , ) ( , , )tot illPFS x y z PFS x y x=

In reflection microscope 

Zero position does not change upon squaring 

Amplitude of the Lateral Field Distribution Amplitude of Axial Field Distribution 



3-D imaging in Confocal Optical Microscope 

Comparison of axial (x-z) point spread functions for widefield (left) and confocal 

(right) microscopy (from Claxton, Fellers,  Davidson, Confocal Microscopy). 



Confocal Acoustic Microscope 

The acoustic microscope was developed as a tool for studying the internal microstructure of 

nontransparent solids or biological materials. In acoustic microscopy, a sample is imaged 

by ultrasound waves, and the contrast in reflection furnishes a map of the spatial 

distribution of the mechanical properties 

The schematic diagram of the combined optical and acoustic microscope (Weiss, Lemor et 

al., IEEE Trans. Ultrason. Ferroelectr. Freq. Contr., 54 2257, 2007).Right: A photograph of 

the combined optical (Olympus IX81) and time-resolved scanning acoustic microscope, 

SASAM, Fraunhofer-Institute for Biomedical Technology, St. Ingbert, Germany. 



Time-Resolved Acoustic Microscope 
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E. C. Weiss, R. M. Lemor, G. Pilarczyk, P. V. Zinin. ñMechanical properties of single cellsò. IEEE Trans. Ultrason. Ferroelect. Freq. Contr. 

54, 2257 (2007). 

Figure 1. The setup for the quantitative time-resolved acoustic microscopy: t0 is 

the travel time of the echo from the substrate without sample, t1 is the travel 

time of the echo from the medium cell interface, t2 is the travel time from the 

echo of the cell substrate interface. 

Figure2. Echo signal for the cell with 

resolved echoes from the top and bottom of 

cell.  



RF-scan of HeLa cells 

 
 (c) 

(a) (b) (c) 

Acoustical image taken 

in focus (Z = 0 Õm) 

B-scan taken at the 

horizontal line crossing the 

central bump of the cell 

Intensity of the first echo 

reflected from the top of 

cell. 

E. C. Weiss, R. M. Lemor, G. Pilarczyk, P. V. Zinin. ñMechanical properties of single cellsò. IEEE Trans. Ultrason. Ferroelect. Freq. Contr. 

54, 2257 (2007). 



Super resolution with  STED Microscopy 

A typical STED optical train configuration is presented showing the phase plate, excitation and depletion lasers (red 

and green beams, respectively), dichromatic mirrors, tube lens, and objectiveExcitation and depletion are 

accomplished with synchronized laser pulses that are focused by the objective onto the specimen plane. Fluorescence 

emission is registered on a photomultiplier detector (not shown). The focal spots produced by the STED and depletion 

lasers are simulated as green and red patterns, respectively. The green laser excitation spot is superimposed on the red 

STED depletion laser profile to dramatically reduce the size of the effective point-spread function. (http://zeiss-

campus.magnet.fsu.edu/articles/superresolution/introduction.html) 

Comparison of widefield 

and STED images of 

microtubules stained with 

Alexa Fluor 594 

demonstrate the increased 

spatial resolution afforded 

by point-spread function 

engineering methodology 


