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Geometrical Optics versus Wave Optics 

Geometrical optics  is useful 

 
1. for understanding the concept of magnification 

2. for understanding the principles of  microscope 

3. for designing optical system for  the laboratory experiments 

4. for understanding concept of light refraction 

 

When geometrical optics cannot be helpful: 

 

1. to understand diffraction from a thin slit  

2. to determine the resolution of  a microscope or any imaging system 

3. to formulate mathematical theory of image formation in optical microscopy   

  



Wave Phenomena  



Waves on water surfaces  

Surface waves in a pond 

In any specific direction the wave 

“profile” is a series of crests and troughs 

Wave in the North Shore. Oahu, 

Hawaii. 

Webster's dictionary defines a wave as "a disturbance 

or variation that transfers energy progressively from 

point to point in a medium and that may take the form 

of an elastic deformation or of a variation of pressure, 

electric or magnetic intensity, electric potential, or 

temperature."  



Waves Around US 

From Acoustics Animations. 2002 Dr. Dan Russell. Kettering University.  Applied 

Physics. http://www.kettering.edu/~drussell/Demos/waves/wavemotion.html  

In a longitudinal wave the 

particle displacement is parallel 

to the direction of wave 

propagation. The animation 

below shows a one-dimensional 

longitudinal plane wave 

propagating down a tube. 

In a transverse wave the 

particle displacement is 

perpendicular to the direction 

of wave propagation. The 

animation below shows a one-

dimensional transverse plane 

wave propagating from left to 

right. 

Human wave  



Propagation of Light Waves 

Point 

Source 

Advancing 

Wavefronts 

Wave 

Profile 

Dr. Rod Fullard, “Introduction to Optics”. Lecture. 



Interference of waves  on water surfaces  

Animation of interference 

of waves coming from two 

point sources.  

Interference of waves in the North Shore. Oahu, 

Hawaii. 

Waves on the pond surface 



Light Waves: Plane Wave 

Definition: A plane wave in two or three dimensions is like a sine wave in one 

dimension except that crests and troughs aren't points, but form lines (2-D) or 

planes (3-D) perpendicular to the direction of wave propagation (Wikipedia, 2009). 

Definition: A plane wave is a wave in which the wavefront is a plane surface; a wave 

whose equiphase  surfaces form a family of parallel surfaces (MCGraw-Hill Dict. Of 

Phys., 1985). 

The large arrow is a vector called 

the wave vector, which defines (a) 

the direction of wave propagation 

by its orientation perpendicular to 

the wave fronts, and (b) the 

wavenumber by its length. We can 

think of a wave front as a line 

along the crest of the wave. 
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Interference of Plane Waves 

Constructive vs. destructive interference; 

Coherent vs. incoherent interference 

Waves that combine  

in phase add up to 

relatively high irradiance. 

Waves that combine 180° 

out of phase cancel out 

and yield zero irradiance. 

Waves that combine with 

lots of different phases 

nearly cancel out and yield 

very low irradiance. 

Constructive 

interference 

(coherent) 

Destructive 

interference 

(coherent) 

= 

= 

= 

Incoherent 

addition 



Waves Versus Particles; Huygens’ Principle 

Huygens’ principle: Every point on a 

wave front acts as a point source; the 

wavefront as it develops is tangent to their 

envelope. 

Huygens’ Principle: Every point of a 

wavefront may be considered as the source 

of secondary wavelets that spread out in all 

directions with a speed equal to the speed 

of propagation of the wave. 
 

The new wavefront CD is constructed by 

making the surface tangent to the 

secondary wavelets (envelope of the 

wavelet), a distance r =ct from the initial 

wavefront  AB. 

Wave character of light: the Dutch scientist Christian Huygens believed in the wave 

character of light and he used this to explain reflection and refraction 

r =ct  



Spherical Wavefront and Wave 
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k   - the wavenumber 

ro   
 - the distance between the  

center of the coordinate system 

and a given point 

t    -  time 

   - the circular frequency 

Polar coordinate system 



Wavefront in a Lens 

Thin lens transforms a plane 

wavefront to spherical one 

From Wikipedia 

NA can exceed 1.0 by using other 

immersion liquids including water 

(1.333) or oil (1.51). 

Semi-aperture angle (a): 

angle between the 

normal ray and the 

furthest ray entering the 

system. 

 

Numerical Aperture  = 

NA=n(sin a) 

(n=refractive index) Light 

cone 



Simulation of the Field in the Focal Plane 

We will calculate the (displacement) 

potential distribution in the focal 

plane. By application of the 

Huygens-Fresnel principle, the field 

 at a point rp whose distance from 

the focal point is small compared to 

the focal length f of the transducer is 

given by: 
 

where R denotes the distance between 

point Q on the transducer surface and 

point near focus P,  R = |r-q|. The 

product u0 is the displacement of the 

transducer surface. Bold letters are 

used for denoting vectors. 

Model of the spherical transducer used for 

calculation: spherical transducer with focal length 

f; three-dimensional object defocused by Z, and 

shifted aside by R, rp is the distance between point 

P and the center of the coordinate system, O. 
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Field in Focus 

 dS = f 2sin  d is the surface element on transducer, 

f is the focal distance  and  and  are polar and 

azimuthal angles. If we use cos theorem  

 

 

 

In Debye approximation (f  >> rp) we can write 1/R 

~1/f  and , where R ~ f – rp cos . Where  is the 

angle between R and r. So the integral becomes   
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Simulation of the Field in the Focal Plane 

We can expand term                                                                                   

in 3D trough the polar   and azimuthal angles . If we introduce polar 

coordinate in the focal plane: zp = rp×cosP  and p =rp×sinP  , where zp and p 

are the distances from the focus in axial and focal plane directions. So, we get 

cos (cos cos sin sin cos( )P P Pr r        

The integral over variable  is 2Jo(k×sin) I and finale we have 
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Lateral Intensity Distribution 

Focal plane distribution (z = 0). In the focal plane the Debye integral becomes  
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This integral is calculated as a series of the Bessel function. It can be simplified for small  

 small angles for which  cos ~ 1 

After introducing new variable x =sin , integral cab be rewritten as  
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Axial Intensity Distribution:  = 0 

Debye integral can be simplified for  = 0.  
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For small angles, cosa ~ 1 – 0.5 sin2a, then   
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PSF: Point Spread Function 



Numerical Aperture 

Semi-aperture angle (a): angle between 

the normal ray and the furthest ray 

entering the system. 

 

Numerical Aperture  = 

18 

NA=n(sin a) 

Light 

cone 

(n=refractive index) 

NA can exceed 1.0 by using other immersion liquids including water 

(1.333) or oil (1.51). 



Axial and Lateral Resolutions 
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Definitionof the lateral resolution: 

Lateral resolution is determined by a 

zero of the jinc function  

Definition of the axial resolution: Axial  

resolution is determined by a zero of the 

sinc function  
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The smaller the NA, the bigger the focal 

spot, and the less resolution obtained 



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).  

Airy Function  

The diffraction theory of point-spread functions 

was first studied by Ayry in the nineteenth 

century. He developed an expression for the 

point-spread function amplitude and intensity of 

a perfect instrument, free of aberrations (the so-

called Airy).  



Rayleigh criterion for resolution 

Lateral Intensity Distribution 

The images of two different points 

are regarded as just resolved when 

the principal diffraction maximum 

of one image coincides with the first 

minimum of the other (Born, Wolf. 

“Principle of Optics”.).  

The images of two different points are 

regarded as just resolved when the 

principal diffraction maximum of one 

image coincides with the first 

minimum of the other. 



Objective Lenses and their Markings 

Zeiss 

Plan-Neofluor 

40x/0,75 

 /0,17 

Zeiss 
Plan-Neofluor 

100x/1,30 

 /0,17 

 

Zeiss 
Plan-Neofluor 

40x/1,30 

 /0,17 

 

Zeiss 
Plan-Apochromat 

63x/1,40 

 /0,17 

 

Zeiss 
Plan-Acromat 

10x/0,25 

160/0,17 

100x/1,30 Lens Magnification / NA 

 /0,17 Tube length / Cover slip thickness 

(0,17 = 1½ Cover slip)   

Dry Lens Oil Immersion Lens 

Plan Objectives: Plan bjectives 

guarantee a quality flat field of 

focus for 100% of the field of 

view. 

An achromatic lens or achromat is 

a lens that is designed to limit the 

effects of chromatic and spherical 

abberation 

Infinity lenses – In microscopy, the term "infinity" means 

that the objective lenses are designed to project their images 

to infinity, not to some finite distance. Traditional 

brightlight microscopes had a “fixed” focal point at 160 mm 

established by the standard in the 1800’s. The infinity 

optical system provides an “infinite” region of parallel light 

between objective and eyepiece, pushing the image out 

approaching infinity. 



• WD (working distance) The distance 

between the objective front lens and the 

top of the cover glass 

• NA (numerical aperture) 

• ∞: Infinity corrected tube length 

• $ 4,000 ~ $ 25,000 for an oil or water 

objectives 



Lasers 

A laser is a device that emits light (electromagnetic radiation) through a process 

called stimulated emission. The term laser is an acronym for light amplification 

by stimulated emission of radiation 

In 1953, Charles H. Townes and graduate students James P. Gordon and Herbert J. 

Zeiger produced the first microwave amplifier, a device operating on similar 

principles to the laser, but amplifying microwave rather than infrared or visible 

radiation.  

Townes, Basov, and Prokhorov shared the Nobel Prize in Physics in 1964 "For fundamental work in the 

field of quantum electronics, which has led to the construction of oscillators and amplifiers based on the 

maser-laser principle." 

Nikolay Basov and Aleksandr Prokhorov of the Soviet Union 

worked independently on the quantum oscillator and solved 

the problem of continuous output systems by using more than 

two energy levels and produced the first maser. These 

systems could release stimulated emission without falling to 

the ground state, thus maintaining a population inversion. In 

1955 Prokhorov and Basov suggested an optical pumping of 

multilevel system as a method for obtaining the population 

inversion, which later became one of the main methods of 

laser pumping. 
Nikolay Basov Aleksandr Prokhorov 



Properties of Laser 

 
Directivity  

At the Moon (384,400 km away) laser beam has a diameter of 3 km 

 

Monochromaticity 

The spectral width may be as narrow as 1 Hz (carrier frequency 1015Hz) 

 

Brightness 

Power of light from a 100-W bulb passed through a 2-mm pinhole, at a 1-m 

distance, is only 0.05 mWwhile a CD player laser yields 5 mW 

 

Focusability 

Laser light can be focused to a spot of a size of the wavelength(~0.5 m) 

 



Confocal Laser Microscope 

Confocal laser scanning 

microscopy (CLSM or LSCM) is a 

technique for obtaining high-

resolution optical images with depth 

selectivity. The key feature of confocal 

microscopy is its ability to acquire in-

focus images from selected depths, a 

process known as optical sectioning. 

Images are acquired point-by-point and 

reconstructed with a computer, allowing 

three-dimensional reconstructions 

of topologically-complex objects  

http://www.olympusfluoview.com/theory/l 

The basic concept of confocal microscopy was originally developed by Marvin Minsky in the mid-1950s (patented in 

1961) when he was a postdoctoral student at Harvard University. Minsky wanted to image neural networks in unstained 

preparations of brain tissue. Minsky’s invention remained largely unnoticed, due most probably to the lack of intense 

light sources necessary for imaging and the computer horsepower required to handle large amounts of data. Following 

Minsky’s work, M. David Egger and Mojmir Petran fabricated a multiple-beam confocal microscope in the late 1960s 

that utilized a spinning (Nipkow) disk for examining unstained brain sections and ganglion cells (Claxton et al, Confocal 

Microscopy). 



Confocal Laser Microscope 

Image generation by scanning is basically different from the functionality of a 

conventional optical microscope, which is the oldest microscope type. The 

conventional microscope can be considered a parallel processing system in which we 

can see all points of the object at the same time. In contrast to this, the confocal 

microscope is a sequential imaging system in which a laser light is focused on the 

sample. The laser beam is scattered by the sample, and the scattered light is detected by 

a photodetector. The output signal is just one single voltage. As the sample is scanned, 

the voltage is recorded in each scanning position of the focus and a grayscale image is 

generated.  

Raster Scan Tracing: Starting at the top-left 

of the screen and going to the bottom-right, 

the electron beam is turned on a line at a 

time (1), then turned off to go back to the 

next line (2), then off once again to go back 

up to the top (3). 

http://images.yourdictionary.com/raster-scan 



Scanning in Confocal Laser Microscopy 

www.zeizz.de 

The conventional microscope can be considered a parallel processing system in which we can see all points 

of the object at the same time. In contrast to this, the scanning optical microscope is a sequential imaging 

system in which a laser beam is sent to the sample. The beam is scattered by the sample, and the scattered 

laser light is detected by a detector. The output signal is just one single voltage. As the sample is scanned, the 

voltage is recorded in each scanning position of the focus and a grey-scale image is generated.  

Image generation by 

scanning is basically 

different from the 

functionality of a 

conventional optical 

microscope.  



How a Confocal Image is Formed 

Condenser Lens 

Pinhole 1 Pinhole 2 

Objective Lens 

Specimen 

Detector 

Condenser 

Lens 

Pinhole  

Objective 

Lens 

Specimen 

Detector 

Widefield versus confocal microscopy 

illumination volumes, demonstrating the 

difference in size between point scanning 

and widefield excitation light beams. 
Widefield microscope 

Confocal microscope 



Point Spread Function of Confocal Laser Microscope 
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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). 



Effect of Pinhole 

http://www.micro.magnet.fsu.edu/primer/virtual/confocal/index.html 



Benefits of Confocal Microscopy 

Comparison of widefield (upper row) and laser scanning confocal fluorescence microscopy images (lower row). Note the 

significant amount of signal in the widefield images from fluorescent structures located outside of the focal plane. (a) and 

(b) Mouse brain hippocampus thick section treated with primary antibodies to glial fibrillary acidic protein (GFAP; red), 

neurofilaments H (green), and counterstained with Hoechst 33342 (blue) to highlight nuclei. (c) and (d) Thick section of 

rat smooth muscle stained with phalloidin conjugated to Alexa Fluor 568 (targeting actin; red), wheat germ agglutinin 

conjugated to Oregon Green 488 (glycoproteins; green), and counterstained with DRAQ5 (nuclei; blue). (e) and (f) 

Sunflower pollen grain tetrad autofluorescence (from Claxton, Fellers,  Davidson, Confocal Microscopy). 

• Reduced blurring of the 

image from light scattering 

• Increased effective 

resolution 

• Improved signal to noise 

ratio 

• Clear examination of thick 

specimens 

• Z-axis scanning 

• Depth perception in Z-

sectioned images 

• Magnification can be 

adjusted electronically 



Fluorescence 

Fluorescence is the emission of light by a substance that 

has absorbed light or other electromagnetic radiation of a 

different wavelength. In most cases, emitted light has a 

longer wavelength, and therefore lower energy, than the 

absorbed radiation (Wikipedia, 2010).  

Fluorescent minerals 

emitting visible light 

when exposed to 

ultraviolet light 

(Wikipedia, 2010). 

Principle of Fluorescence 

1. Energy is absorbed by the 

atom which becomes excited. 

2. The electron jumps to a 

higher energy level. 

3. Soon, the electron drops 

back to the ground state, 

emitting a photon (or a packet 

of light) - the atom is 

fluorescing 



3-D imaging in Confocal Optical Microscope 

From G. Steven Vanni, Meel Velliste, Robert F. Murphy “Biological Imaging “  Carnegie Mellon University 

Move the z stage 

up/down 

• At each z value, scan 

across the x-y field to 

collect an “optical 

slice” 

• A “stack” of optical 

slices is a volumetric 

(3-D) image 



Lodgepole pine (Pinus contorta) pollen grain optical sections. 

Bulk pollen was mounted by CLSM and imaged with a 100x oil immersion objective in 1 

micrometer axial steps. Each image in the sequence (1-12) represents the view obtained from steps 

of 3 micrometers (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. 



Subsurface Imaging in Acoustic Microscopy 

Acoustical images of a degraded joint between 15 m epoxy layer and 1 m oxide 

layer on pure aluminum. Sample was in 90oC water for 22 days. (a) defocus distance – 

0 m, superficial blister can be seen in the top left corner; (b) defocus distance – 65  

m, in the white square the start of degradation can be seen. 



Summary Lecture 3 

•  Definition of spherical and plane waves 

• Simulation of the field distribution near focus using Debye 

approach 

• Lateral and axial resolutions 

• Principle of Confocal Optical Microscopy  

• Principle of Confocal Acoustic Microscopy 



Home work 

1. The compound microscope has x10 eye piece and the objective shown 

in the Figure 1. What is the magnification and the resolution of the 

such a microscope? (KK)  

 

2. Simplify [exp(ikz)-exp(ikzcosa)] to get sin[0.5kz(1-cosa)] /0.5kz(1-

cosa) (SO) 

 

3. Find out what is maximal resolution of the confocal optical and 

acoustical microscopes. (KK) 

 

4. Why field distribution in the focal area is called PSF? (SO) 

 

5. Describe the Rayleigh criterion for resolution. (KK) 

 

6. Describe the difference between conventional and confocal 

microscopes. (SO) 

 

7. An object is placed inside the diamond anvil cell. So, one can see the 

object through diamond. How the resolution of the system is 

changed in such a case if  a=30o, =512 nm. (SO) 


