
Week 3 lecture 6 
Optics, optical microscopy, electron microscopy 

/Yair Dan Meiry (YairMeiry@gmail.com) 

Most students, if not all, find this lecture specifically difficult to understand. I think it's 
due to it revolving mostly around physics, but in fact every subject can be simplified, so 
i'll do my best to do just that. Bear in mind that sometimes these physical concepts take 
time to sink in, as well as repetition needs to take place for the material to resonate well 
with you. So don't get discouraged if you don't understand something right away. Having 
said that, lets get started. 

Snell's law (Slide #4) – this is the very basic principle of optics. We know that the speed 
of light is roughly 300,000 km/s in vacuum, but as light goes through denser materials it 
slows down. That is why looking at a straw in a glass with water would seem as if the 
straw is breaking – light is merely slowing down as it goes through the water to a greater 
extent, since the water is more dense than the air surrounding it. 
The property of the matter that relates to how the speed of light changed as it gets to it is 
called the “refractive index”, each material has one. 

Snell's law tells us about a relationship between the incident (incoming) ray of light, and 
the refracting (light ray that keeps going in the material) that create angles (in the lecture 
slide you can see them as angle i and angle r for incident and refracting) and the 
refractive indexes of the material light is going through. This relationship is the formula 
you see on the right side. There was no SCT I encountered or heard of in which a 
calculation with this formula was asked for. 

Image formation, Real image vs Virtual Image (Slide #5)– This is not always intuitive to 
everyone to understand the difference between the two, when in fact it's not complicated 
at all, and quite asked about in exams. 
When we are talking about simple (or “thin”) lenses we 
need to appreciate a term called the lens' “focal point”. 
The focal point of a lens is specific and constant for a 
given lens, and it is the point, in which light rays entering 
the lens parallel to the optical axis will converge. As 
shown in the image on the right here. (the optical axis is 
the yellow bright line going through the very middle of 
the lens). 
Accordingly, if you turn the direction of the light rays in the picture you may see that 
any light ray entering the lens through the focal point will exit the lens parallel. That is 
the definition of a focal point. Every simple lens has one focal point on each side of the 
lens. The focal distance is the distance from the middle of the lens to the focal point (f).
The most basic two simple lenses are a converging (convex), and diverging (concave) 
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lens, the names are given due to the activity of light rays going in the lens, and how the 
lens directs the light entering it. Being that out eye is a converging lens, this is what 
we'll focus on at the moment. 

Now let us consider slide #5, the top drawing that represents the formation of a real 
(true) image. We can easily see the two focal points of the lens, the object is on the left 
side and the image formed is on the right side. The first thing we notice is that the image 
is inverted and larger. Another thing we should notice is that the image is far away from 
the focal point, or more precisely – the image is placed “after” the focal point of the lens 
(which is not the case in the lower drawing which shows us the formation of a virtual 
image). One last thing we should consider, is that the light rays that go through the 
image towards the lens actually converge on the other side, which is also not the case for 
a virtual image as we'll see in a moment.  
Characteristics of a real image: Inverted, larger, object is placed farther from the focal 
point, light rays converge on the other end of the lens. 

Now one might ask – if this is, in fact, the formation of a real image, and I know I see 
real images with my eye, how come I don't see everything upside down? The answer is – 
you do. The brain is able to process visual information and turn the image so it would 
seem upright to us. In effect any image that will be projected on the retina of our eye 
inverted as a true image, would see upright and ordinary to us. 

Now after we know the principles of formation of a real, true image – lets consider the 
drawing on the bottom side of the slide – the formation of a virtual image. Now this does 
strike students as odd, so lets break it down. 
First thing we notice is that the image is upright and larger. Another thing we can 
immediately see is that the object is between the focal point and the lens itself, unlike 
the object on the top drawing. Also we can see that the light rays entering the lens do not 
converge in a point on the other side of the lens, but diverge. Also we can see that if we 
virtually draw a continuation of the lines hitting the lens we can form an image, where 
light rays don't really meet, and so the image would be upright. And would seem more 
far away than the object is. 
Characteristics of a virtual image: upright, larger, object is placed between the focal 
point and the lens, light rays diverge on the other end of the lens. 

One may look at this drawing and say it doesn't make sense, or try and ask where, in real 
life – do we see virtual images that form like that? We all see those everyday in mirrors. 
We know that light rays do not “meet” inside a mirror, so there is no actual converging 
point, and if we stand a meter away from the mirror the image in the mirror seems to be 
two meters away. A mirror image is, in fact, a virtual image.

Essentially if we simply place the same object further away the image will suddenly 



invert and “switch” the location to the other side, going from a virtual image, to a true 
image. 

Slide #6 – to quote the professor “this is simply to show you not all lenses are simple, 
you do not need to know this slide”. 

Lens aberrations – The lens aberrations shown here address faults in image formation 
due to imperfections in the lens system. These are aberrations in the physical-optical 
meaning, although some may happen in the human eye. I find it easier to look at these 
aberrations as aberrations in optics, since it's not very intuitive to everyone how these 
things may happen in the human eye.  

In every definition there are key words you need to remember. Being that whenever I am 
considering a subject that may be in a test I always prepare myself for the worst case 
scenario – an open essay question. If I can answer those, relation analysis and T/F are 
easy. So if there is an open essay question about describing aberrations (which I 
seriously doubt there will be, but there can be) all you need to do is remember key 
words. If you have those key words in your answer – you'll most probably get the score 
for it (That's how the dept. head prof. Panyi said his scoring system works) so i'll go 
ahead and bold the key words/phrases you need to associate with each aberration. 

Spherical aberration (Slide #8)– Due to imperfections in the lens system, light rays 
entering the lens farther away from the optical axis are deflected more and meet at a 
closer focal point. In the slide we can see two different focal points at two extremes, 
one that is formed for the rays that enter furthest and one that is formed from rays 
entering closest to the optical axis (optical axis is a dotted line). This causes a blurry 
and unclear image formation. The “longitudinal” and “transverse” spherical aberration 
marks address the difference in distance between the focal points.  

Coma aberration (Slide #9) – Due to imperfections in the lens system, object is off the 
optical axis, image formation looks like a comet's tail. This is due to, in part a large 
beam angle that cause “spreading” so to speak of the image. 

Astigmatism aberration (Slide #11) – Due to imperfections in the lens system, the 
horizontal and the vertical curvatures of the lens are different (horizontal and 
vertical focal length are not the same), causing two different focal points for each axis, 
and a blurry image. Object is off the optical axis.

Spherical focal surface (Slide #13) – an aberration that pertains to imperfections in the 



lens system as well as the plane of formation of the image is curved. I have not seen any 
representation of this aberration in any SCT, also the professor did not give me an 
impression this particular one was of any importance. I, myself did not even go over this 
one at all. 

Distortions (Slide #14)– these resemble effects that we may have seen in photoshop like 
software. This is basically as if you were to take a pillow with a picture on it, grab the 
middle point of the pillow and push it in (“pin cushion”) or pull it out (“barrel”). Some 
of you may better recognize the “barrel” distortion in its professional term - “fisheye”. 
You can google “fisheye lens” to take a look at it. 

Chromatic aberration (Slides #15-17) – Due to imperfections in the lens system, incident 
light rays are broken down to their component wavelengths. Where shorter 
wavelengths (“bluer” colors) are deflected more, and longer (“redder”) wavelengths are 
deflected less. Causing a focal point for each wavelength, and a blurry image. The 
biological term for this aberration is “dispersion”. 

Image formation in the conventional light microscope (Slide #18) – taking into 
consideration the principles we learned in the beginning of the document about real and 
virtual image formation we can easily understand the drawing by breaking it down to its 
components.  
We have two lenses, each has a focal point on each side of it. The bigger lens' focal point 
is marked 2F1 (which is also twice the focal length of the smaller lens, but that's not 
important at the moment) and F2 and the focal point of the smaller lens is marked F1 and 
the one just left of it (which is not marked). 
Now lets consider the object to be father away from the focal point of the smaller lens, 
we know that will create an inverted real larger image, which is the green inverted larger 
image we see in the drawing. Now this image face another, larger lens, so this image that 
we formed is now turning into an object.  
Lets consider our new object, it's inverted, and between the focal point of the bigger lens 
an the lens itself, a situation we know creates an upright virtual image. Being that our 
image is inverted, the same upright orientation it will have will also be inverted (it will 
not be re-inverted, but kept inverted) and now we have a formation of a virtual image 
that is larger and still inverted. To us that would have the same orientation as a real 
image (because it's inverted) and it'll be considerably larger.  

The expression Mi=I/O means a very simple thing. We can calculate the manification of 
the image by dividing the image size by the object size, lets say the image is 2cm and 
the object was 1cm, our calculated magnification is 2cm/1cm = 2 
You will probably use this formula in the optical measurement practice in the labs (have 
fun)
Resolving power of a microscope, resolution, Abbe equation – All of these topics refer 



to the same thing, but are sometimes mixed up. Lets try and sort them out.  
Resolution is important to understand. Resolution is the minimal distance at which two 
points will be resolvable as two different points. The smaller this distance is – the better 
my resolution. And this makes sense if I consider my laptop monitor, the more pixels I 
can cram in the monitor, the shorter the distance between two pixels – and the better my 
resolution will be.  
The resolving power of a microscope is nothing else than its resolution, the ability to 
resolve two adjacent points in an object. And we can calculate it using the Abbe 
equation. 

Please note: the Abbe equation has two forms to it, one is                as shown in slide #18 
on the bottom lines, and the other is                 as shown in slide #19. 

Both are correct, doesn't matter which of them you make a point to remember, just do not 
mix them up.
 
Now lets consider the Abbe equation (“Abbe formula”) to figure out the resolution 
(denoted by d). We can see in the numerator the wavelength of the light we use, and in 
the denominator the NA (Numerical Aperture) which is made of the n –refractive index 
of the medium between the object and the lens, and sin Φ which is the angle between the 
light ray still going into the objective and the optical axis. (I do realize these are not easy 
to remember, just bear in mind it is the angle between the objective and the optical axis).
 
Now if we would like better resolution, we need the abbe formula to give us a smaller 
result, or as small a resolution (d) as possible. We can do that by either shortening the 
wavelength (using visible light closer to the blue range) or increasing the NA expression. 
That is how we can increase the resolving power of a microscope using the Abbe 
equation. 
It was calculated that the resolution limit of a conventional light microscope, calculated 
by the Abbe equation for green light (500nm) is 0.2μm (slide #31). I'm only bringing it 
up since it came up in the 2011 1st SCT in filling in the blanks.  

Electron Microscopy – this is a pretty important (and very simple) topic to understand. 
We spoke about the limitation we have with a conventional light microscope. If we look 
at the Abbe equation we can see that when we use visible light wavelengths we can only 
decrease the wavelength so far, and thus we are limited by our resolution.  
Along came a nice french guy (they are actually useful sometimes) called De Broglie 
that theorized about the wave property of matter itself – essentially saying that all matter 
acts also as a wave, in the sense that electrons orbiting nuclei have wave like properties, 
too. That is referred to as “the De Broglie wavelength”.
The De Broglie equation as shown in slide # 33 is 



where h is Planck's constant 
and p is the impulse or momentum of the particle.
 
If we associate the wave like properties electrons have, when their kinetic energy and 
velocity are very high, we can calculate according to the De Broglie equation that they 
will have a wavelength smaller than 0.005nm. Now we have a VERY small wavelength 
we can use to create considerably greater resolutions of images using electrons. This 
discovery is a key component leading to the use of electrons in electron microscopes. 

In the same way that we focus light rays with lenses in a regular microscope 
(“conventional light microscope”) we can use magnets to focus beams of electrons, and 
that is how an electron microscope focuses the electron beam on the sample.  

Being that electrons need a vacuum to accelerate through (like in an X ray tube) living 
samples cannot be placed in an electron microscope, thus samples need to be prepped. 
(In case you're wondering why electrons must accelerate through a vacuum, consider 
electrons accelerating through air – they will interact and collide with air particles, and 
those will alter their path and momentum, we cannot have that in a microscope) 

Now we know electrons act like waves, having a very small calculated wavelength that 
allows for a great deal more resolution than conventional microscopes, we know they 
need vacuum to accelerate through, and we know they could be focused using magnets, 
now all we need is to define the two different electron microscopes, the TEM and the 
SEM, lets work with slide #34. 

In lecture slide #34 we can see the incoming electron beam going into the sample. Some 
of the interactions are back-scattered (all the blue arrows) in the form of back-scattered 
electrons, secondary & Auger electrons(that were ionized out of the material) , X rays 
can also be generated like we learned and all of these can be detected, collected and 
formed into an image. This is the Scanning Electron Microscope technique.  

On the other hand, the electron beam can go through the material in a series of elastic 
and inelastic collisions, also collected, detected and interpreted into an image. This is the 
Transmission Electron Microscope.  

The difference between the two, is thus, what information i'm collecting, if i'm 
collecting the interations bouncing off the surface of the specimen i'm using a SEM, and 
if i'm collecting the interactions going through the specimen i'm using a TEM.

A lot of students, I noticed, find it hard to define an electron microscope from top to 



bottom, so lets visualize the worse case scenario and tackle an open essay question about 
an electron microscope: 

“Explain and define the elements and inner workings of the electron microscope, what 
discovery made such microscopes possible? Is the resolution of such microscopes better 
than conventional light microscopes? If so explain why” 

Electron microscopes use focused beams of electrons accelerated through a voltage 
difference in a vacuum and focused via magnets, that go through a series of interactions 
with the specimen examined. Such interactions could be collected from the surface, in 
case of the a Scanning Electron Microscope, or from electrons passing through the 
specimen in the case of a Transmission Electron Microscope.  
The discoveries making such microscopes possible is the wave theory of matter, which 
theorized electrons have wave like properties as well, associated with a very small 
wavelength than that of visible light, characterized by the De Broglie wavelength. Also 
the discovery that electron beams can be focused via magnets. 
Electron microscopes have a great deal better resolution than conventional light 
microscopes, because they are not bound by the limiting wavelength of visible light and 
the resolving power could be calculated by the considerably smaller wavelength of 
electrons.  

I have to say I have not encountered an open essay question about electron microscopes 
in and SCT I have seen, but you never know. 

Minimum requirement questions 

Minimals 119-124; 128; 295-299 were reviewed in this document 

Minimal #129 
Give the equation for the relationship between the image distance (i), object distance (o) 
and the focal distance (f)! 

This is shown in lecture slide #5. This minimal simply states that we can 
calculate the focal length (the straight line between the focal point of the 

lens and the center of the lens) using the image and object distances. No past SCT was 
known to ask a calculation based on this formula. (That is no guarantee there will not be 
one in the future) 

*Khan academy has interesting and insightful videos about optics @ 
www.khanacademy.org or just google “Khan academy”. The videos at the end of the 
Physics playlist may be particularly useful to you in the respect of the subject of optics.


