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Module 01: Introduction to Microscopy and Basics of Optical Microscopy
Lecture-04
Introduction, Types and Image Formation in Optical Microscopy

Welcome everyone to this NPTEL course on techniques of materials characterization, and we are
going to module one that is introduction to microscopy and basics of optical microscope. And
today's lecture will focus on introduction types and image formation in optical microscopy.
(Refer Slide Time: 00:47)
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CONCEPTS COVERED

» How does the eyes work?

# Introduction to optical microscope
» Types of optical microscope

» Concept of contrast formation

» Image formation in optical microscope

So, it will cover first thing is how does our eyes work. So, this is you may wonder why we are
talking about eyes but we will come to know about it later. And then we will go to the
introduction to optical microscope, types of optical microscope, concept of contrast formation in
any kind of microscopy and image formation in an optical microscope.
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How does our eyes work?

* Regardiess of technical advancement, the human eye as avisual
detector (in combination with the brain) is the most efficient image.
processing system that has ever been encountered,

* Together with the muscle-adjusted lens, the curved surface of the
cornea projects an optical image onto the retina (the detector)

The level of incident brightness is controlled via the variable diameter
of iris (much like an optical diaphragm) under specific muscles,

+ The principles of operation
underlying modern cameras, are

* Asharp image is produced by the flexible lens, the focal length of strongly related to the structure and

which Is changed by another set of muscles so that focusing is operation of the eye

possible on any object at a distance between approximately 20

centimeters and infinity Q

* The image itself is detected on the retina by approximately 130 » !
million photoreceptor rod cells (responsible for recognition of grey 1*
levels) and 7 million ph?tomlptor cone cells (color recognition),

* The inverted image is then transferred to the brain along the shortest
possible path through the optic nerve,

So, the first thing we must understand before we progress with any kind of microscopy, in
particular optical microscopy. That we have to understand how our human eye basically works.
So, our human eye works in the same principle as an possibly an optical microscope work out.
For that matter any kind of phones, digital phones these days digital cameras these days either in

your cell phone or the digital camera that you use to capture some photographs.

Or an SLR camera if you are a photography enthusiast, all of this basically works in the same
principle our human eye works. And by still date whatever human beings whatever visual or
optical based systems, whatever optical based gadget they are ahead to come up with none of
them can match the efficiency or intricacy of our human eye. So, human eye is so complex a

system. That is because our human eye has this retina here which works like an detector.

And then we have some muscle adjusted lenses here which basically works like lens just like in a
regular camera or an optical microscope, this is also a lens but muscle driven lens. So, in this
using this lens you can have a very much variable focal length something and you can able to
focus some objects which are as close as possibly something like 20cm all the way up to
infinity, you can able to focus this.

Then we have this iris here and that works like a what we will discuss later is like an aperture.

And that aperture is controls the brightness or the amount of light that is entered through this.



And then we have if we talk about this retina that is a detector, then this detector itself as around
130 million photoreceptor rod cells. And this rod cells are basically recognize the grey levels or
grey patterns and then around 7 million photoreceptor cone cells which are basically for colour

recognition.

So, all together we have nearly 140 million cells and if you compare the cells as equivalent to the
pixels in what you have in your digital camera. Then you can say that our human eye has a
resolution in terms of pixels of around 140 megapixels, something like that. It is a different thing
that this pixel that cells are much bigger than the pixels that you possibly have in your detector,

even if you use an SLR camera.

Another important thing is that our human eye since it uses only one single lens, what it
produced is an real inverted image and then that inverted image goes to the human brain through
this optic axis. And how that inverted image becomes again got inverted and again it becomes
the upright image, it is not fully clear yet, so that you must remember about a human eye. So, we
are here to understand how the image forms with our own human eye, our own light based
microscope wonderful organ that we have.

(Refer Slide Time: 04:29)
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Why we need a microscope?
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* The light rays form a viewing angle of 30°: Accommodation of the &‘//
human eye for viewing objects at varying distances Woe

* Objects in extreme proximity to the eye cannot have their images
brought into focus on the retina because of the limited ability of the
eye's lens to change its shape. [

* Itis not practical to get any closer than approximately 10 centimeters
an object being viewed due to the fact that the viewing angle becomes
extremely small, which is why many details are unrecognizable.

* They cannot be recognized because the viewing angles are too small for the
details to reach different receptors on the retina,

* A similar situation results when we attempt to observe the objects at o

distance of (say) 200 meters. The many intricate details cannot be recognized
from such a great distance because the viewing angles are too small.

Now if our human eye is so good, why do we need a microscope in the first place? And that is

because what we suffer is a problem called viewing angle or the field of view. So, what does this



human eye does is that let us say if you imagine you have an object at around 50cm away from
your human eye, you are very you have this muscle adjusted lenses and they will very much

adjust.

So, that this one now lies within the focal length will change and this object, they will try to
bring it close to something like F just outside the focal length of our human eye. And then | will
be able to see it and | will be able to project it on this retina that is this image plane that is very
good. So, | will be able to see an image of this and then in that process, there will be a

magnification of at least there will be the same, same size of the image will be projected here.

The problem is that when | bring this very close to my human eye around 20 to 25 cm, | will not
be able to do this in anymore, | will not be able to focus this object of focus this image on my
retina. That is the limit how close you can be and if you are possibly all of us have done this, that
you try to bring this finger and you try to bring close to your eyes and try to see that when are

you able to see this, you try to just take it away.

And you will see that how nicely it gets focused in all the places except when you bring this very
close to your eye, so that is the limit. On other hand side if you put it very, very far off let us say
200 meters or 300 meters, 500 meters you put the object still you will be able to see this, it will
be focused. Problem is if you bring it too close, or if you bring it too far off the viewing angle,

the angle with which this object makes with your human eye or on our retina.

This angle will be very smart if you bring it close or if you take it too far away. So, there is an
optimum range within which the viewing angle or the field of view will be enough for you to see
the details of this object that is the problem. So, that means if something is very, very far off
from us we in order to see that intricate details of that object, we have to use some tool. Same
thing if something is very, very close to our eye, we will not be able to magnify or we will not be
able to see the details.

In order to so that is exactly why we need a telescope in order to see the stars and that is exactly

why we need a microscope to see the very fine objects which we are not able to see just because



of this problem of field, viewing angle gets very small and the field of view gets restricted. So, in
one case stars, you are able to see the star but you will be able to see what is there inside the star.
For that you need this telescope, same thing you are able to see possibly and if you just imagine a
biological sample, if you possibly able to see a drop of blood, what do you do not?

You will not be able to see is that the cells within that blood because the same problem will not
be able to magnify, you will not be able to see or not the viewing angle or the field of view will
be restricted so much. So, that is why you need to have a microscope in the first place otherwise
our human is perfect, very nice.

(Refer Slide Time: 08:06)

Introduction

*+  The optical microscope, often referred to as the light
microscope, is a type of microscope that commonly
uses visible fight and a system of lenses to magnify
Images of small objects

* Basic optical microscopes can be very simple, although
many complex designs aim to improve resolution and
sample contrast,

*+  Often used in the classroom and at home unlike the
electron microscope which is used for mostly research
purpose.

+ The image from an optical microscope can be captured by
normal, photosensitive cameras to generate a micrograph Q
+ Originally images were captured by photographic film, but modern i
developments in CMOS and charge-coupled device (CCD) cameras allow the a

capture of digital images.

+ Purely digital microscopes are now available which use a CCD camera to
examine a sample, showing the resulting image directly on a computer screen

without the need for eyepieces. J 'k.- \

So, the optical microscopes sometimes also referred to as the light microscope. And this is
because it generally uses light, visible light as a source of signal. And remember what | said
about source of signal and then detection signal and the way of detection. So, in this case the
source of signal is basically light, that is why it is called a light microscope. And in this truer

sense, the optical microscopes are very, very simple.

We will see that those kinds of microscopes optical microscopes are known as simple
microscope, the best example is possibly a magnifying glass. It works in the same principle as a
human eye, you have an object, you have a lens and then you sort of magnify it. And then we

form this image in our human eye that is it. And such kind of simple microscopes we often used



in classrooms, you have must have seen this microscope simple, very simple microscopes and

home and so on optical microscopes.

On the other hand, there are far more complex optical microscopes which are used for something
like research purpose. And then there are something like electron microscopes which are
exclusively used for research purpose only. And how we capture images in these optical
microscopes? Generally in good old days there used to be camera, photosensitive camera which
takes this image these days everything is done using a CCD or charge coupled device or even
better if you have a CMOS kind of detector.

(Refer Slide Time: 09:40)

Types of optical microscopes

* There are two basic types of optical microscopes: simple microscopes and compound
microscopes,

+ Asimple microscope uses the optical power of single lens or group of lenses for
magnification,
* A compound microscope uses a system of lenses (one set enlarging the image

S L1M7 produced by another) to achieve much higher magnification of an object,

* The vast majority of modern research microscopes are compound microscopes while
some cheaper commercial digital microscopes are simple single lens microscopes.

*  Asimple microscope uses a lens or set of lenses to
enlarge an object through angular magnification alone
giving the viewer an erect enlarged virtual image

+ The use of a single convex lens or groups of lenses are
found in simple magnification devices such as
e the magnifying glass, loupes, and eyepleces for
_ telescopes and microscopes,

A
A S s

So, these are the ways the images are formed. And as | just said now say there are 2 basic types
of optical microscopes. One you can call a simple microscope and another one is a compound
microscope. Simple microscope, as the name suggests you just have usually one single lens like
a magnifying glass or you can have multiple lens also, if you want to just improve the
magnification you tend to have a little bit more complex system and bit more complex lens

system more than one lens.

Compound microscopes, on the other hand will have a complex geometry, it will always have
more than one lens a combination of lenses for something like. And the way they are working is
the magnification produced by one will be further magnified by another lens that you have. So,



the object, the image formed by one lens system will work like a object for the next lens, so that
is how compound microscopes basically use. And they normally they contains as | said more
than one set of lenses.

(Refer Slide Time: 10:45)

Compound microscope
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* A compound microscope uses a lens close to
the object being viewed to collect light (called |
the objective lens) which focuses a real \i =

. A tyepuce
image of the object inside the microscope.

Magaiied
That image is then magnified by a second lens  memednte

or group of lenses (called the eyepiece) that g ‘
gives the viewer an enlarged inverted virtual |
|
|

image of the object, it '
® The use of a compound objective/eyepiece
combination allows for much higher e, A
magnification, \,./ Q
v
* Common compound microscopes often feature | P
exchangeable objective lenses, allowing the  ouene > 3
PR : v
user to quickly adjust the magnification.
-
A compound microscope also enables more —

advanced llumination setups, such as phase

contrast N

So, compound microscopes, again this is possibly what we have seen in your school, in +2, this
is a fine example of that compound microscope where you have one set of lens which is called
usually the objective lenses. And objective lenses, what does it do? It basically so you have a
lens you have a source, usually as the mirror that and if you use the light as sunlight, that is what

we generally do our good old days, that is how compound microscopes used to be.

So, the light falls here and it passes through the specimen, transparent specimen again. And this
objective collects this light and does one set of magnification and then you have another set of
magnification in this which is called eyepiece. And through that 2 stage of magnification after
that it reaches to our eye and we are able to see a magnified image of this whatever the sample is

here.

So, that is what is a compound microscope, it is kind of a usually this kind of at least in this one
there is a 2 stage magnification. And in later we will see that in case of when we discussed about

empty magnification you understand that there is no point magnifying it further any further than



1000X around 1000X. So, and you can very safely do that just by using 2 different lenses, that is
it.

And generally what we have is again these objective lenses since in an optical microscope you
have very fixed focal lens for your different types of objective lenses. And already | said that in a
microscope like this the object and the image both of these are fixed basically you are seeing it
here and the object is placed here. So, object distance and image distance cannot be changed
because of the microscope configuration.

The best way to change the magnification here is by changing the object lens focal length, so that
is how it is done.
(Refer Slide Time: 12:40)

Research Microscope

I
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Research microscopes as | said these are examples of 2 research microscopes which are there in
my own lab research lab and we very regularly use them. And this is far | would say far more
simple, simpler ones. And there are much more complex microscopes are available in the
market, we also have them, these are the 2 simple one. That is why | wanted to tell you this is

possibly much simpler than even this, this one that we have.

Please note down the different configurations they have, 2 different types one is called inverted,
one is called upright we will discuss about that later.



(Refer Slide Time: 13:15)

What is contrast in an image?

+ Contrast is the difference in luminance or colour that
makes an object (or its representation in an image or
display) distinguishable.

* The human visual system is more sensitive to
contrast than absolute luminance.

+ There are many possible definitions of contrast.
Some Include colour; others do not.
Luminance dif ference
Average contrast = ————————————
Average luminance

n |
i
(.

So, before that we must know about this, what is contrast in an image? This we possibly have
heard many times in terms of just a digital photography or in terms of many other things that
contrast. What exactly is a contrast when you would consider an image? So, look at this images
here, in one side possibly what you see is the intensity is decreasing, the overall intensity of these

images is decreasing, this is or you can call that something to do with the brightness.

So, brightness of this | have just artificially take that image captured by me, of course, so
copyright issues. So, these images | just reduced the brightness of these images, so brightness is
lowest here and it is increasing all the way up there. Then in another set of image | take the same
image and | what | increased is something like a contrast. So, this is done entirely by software, so

| increase the contrast.

And when | increase the contrast what it does is that, it brings this difference making it even
bigger, larger and larger, this one. So, the difference between different types of colours in this
case, simplest way difference between different types of colours are becoming more and more
prominent. So, if you look at this somewhere like this ground and the sky, the difference between
them here the colour difference between them here is much more here, good or bad, | am not

going to that, the difference is much higher, so this is what the contrast.



So, contrast you can define, in case of a digital image you can define contrast is the difference in
luminescence or colour can be both. Contrast is basically the difference and the difference can be
whatever. So, difference in luminescence or colour between that makes an object distinguishable
compared to the rest of the other objects or compared to the background. So, the point is our

human visual system, our human eye is more sensitive to contrast them absolute luminescence.

So, if | just reduce the brightness here, it is not so difficult for you to look at this. But if we
increase the contrast, if it does not have enough contrast that is a problem for us, we will not be
able to see that image if we do not have enough contrast. If it is not having enough luminescence
brightness, we can still adjust our human eye to sort of allow more amount of light to come in

and to increase the brightness.

But this contrast enhancement cannot be possible just by changing the lens system that is it. So,
there are many possible definitions of contrast and one which is useful for us it is a average
contrast is basically the luminescence difference versus the average luminescence. So, if you
look at this one between the white and the black. So, these are 2 extreme cases where this
maximum contrast we are able to see between those 2 regions, so that is how a contrast is
defined.

(Refer Slide Time: 16:10)

How to define contrast?

+ Contrast is defined as the difference in light intensity between the
specimen and the adjacent background relative to the overall
background intensity.

= Seimes~Swigot _ A5

*+ Image contrast, = v =3

Supecinen (S ) AN Siucigont (Sie) ar@ intensities measured from

specimen and background, e.g., A and B, in the scanned area.

¢ Cotnmum ™ 23 for human eye to distinguish differences between the
specimen (Image) and its background,




Again how to define the contrast in when you have a real image, real let us say optical or any
microscopy image? So, look at this image and if we take an intensity distribution along this line,
we will see certain objects here appears much more intense than certain other. So, in this side, it
is 0 to 255, this is basically the grayscale values. And that same grayscale value | possibly

discussed when we were discussing in pixels and digital images.

There | said that every pixel they are in a digital image, they are characterized by one of the
values from 0 to 255, 0 means absolute dark, 255 absolutely white. So, if | take this intensity
distribution in wherever | hit this brighter one, | have like higher intensity or it is a different one.
So, | can define the contrast now in this way that the image contrast (C) = (Sspecimen-Sbackground)/
Sspecimen-

So, this is the intensities that are measured at different, places. The point is our human eye just
like we have a resolution in terms of the distance. | said that our human eye cannot detect
anything less than 0.2 mm; we have a resolution in terms of contrast as well. And that contrast is
usually around 2%, so anything if you do not have contrast difference of 2% or more, we will not
be able to detect anything here.

(Refer Slide Time: 17:38)

Image (contrast) formation in OM s
Light
* In the optical microscope, when light from an illumination source passes
through the condenser and then through the specimen, some of the light Lght
passes both around and through the specimen undisturbed in its path, \
* This light s called direct, undeviated, or non-diffracted light, and represents |
the background light, \
® Some of the light interacting with the specimen is deviated or diffracted = 4
* Diffracted light is rendered out of phase with the direct light that has passed Specimen /
through without encountering obstacles,

Diftracted . ~{ .

(Diffraction Geating)

Diffracted and Undeviated Light in Image Formation oy . \
i

Now let us discuss how the image formation happens in an optical microscope. So, in the optical
microscope, what happens is that when the light passes through, let us say that this is an

specimen which is kept here, the light falls over it. And some part of the light or maximum part



of the light basically goes through without getting any kind of deviation from it is actual path and

that is called an undeviated or direct light.

And in contrast to that certain part of the light basically gets deviated and what we call them as a
diffracted light. So, they gets deviated from their original path, so that is called diffracted light
and this happens whenever you have an object in the light path. So, this is the 2 kinds of light, so
the moment the light falls on a specimen these 2 kinds of lights are produced and these are real
things.

So, if you see it here, this is an image how this image this is formed and how we capture? I will
be explained possibly little later. But this is coming out of the diffract or directing tool or direct
light and this other spots are coming out of this diffracted light. So, this is a real thing and you
can able to see it just by changing your image position, which | said if you keep your image

position somewhere over here, you will get this diffraction pattern this kind of pattern.

If you keep it here, you will be able to get it image. So, this is very important in electron
microscope, we will discuss it that time as well. And usually these diffracted lights are out of
phase; this has phase difference with the undeviated or direct light. There are some kind of some
amount of phase difference always happens between them.

(Refer Slide Time: 19:23)
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#* The direct or undeviated light is projected by the objective and spread
evenly across the entire image plane at the diaphragm of the eyepiece.

# The diffracted out of phase light caused by the specimen itsel, enables this
light to make interference with the direct light when both arrive at the
Intermediate image plane located at the fixed diaphragm of the eyepiece

* The diffracted light thus modifies intensity, resulting in the generation of a
pattern containing a wide spectrum of grayscale values ranging from very
dark to very bright.

® The light diffracted by the specimen interferes at the objective rear focal
plane and is brought into focus at various localized places on the same
image plane.

* These patterns of light and dark are what we recognize as an image of the
specimen

B Because our eyes are sensitive to variations In brightness, the image

becomes a more or less faithful reconstitution of the original specimen




Now what happens is when the light, direct light passes through the specimen and it is collected,
it passes through the objective lens and it is collected on this specimen or on this image plane,
they forms the background there, background light. So, that undeviated light carries most of the
intensity and they are all spread nicely around here on the image plane and form the background
there. What happens is that diffracted lights since they are some way out of phase with or they

have a phase difference phase shift whatever you call.

They have a phase difference with the diffractive or direct light. So, they will go and produce a
kind of an interference on this image plane. That means, imagine that you have 2 different points
in this object and those 2 different points are creating these direct light and diffracted lights. So,
both of them are working like diffraction patterns or diffraction something that is causing these

diffraction diffracted lights, we generally call it diffraction grating, we will discuss about that.

So, this diffracted lights from possibly from one source one of these sources if we consider them
point sources, one of the source the diffracted light interacts with the direct light of the other one
and vice versa. And same similarly all the points over this specimen they works as a point source
and they create this direct light and diffracted light and they interfere basically on the image

plane.

Because of this interference, what happens is that there is a difference happens in the intensity of
the light some places the intensity gets modified based on what is the phase relation, how the
diffracted lights are interfering with the direct light and so on and so forth. All together there is a
contrast that is generated on this image plane basically. There is a difference happens at every
plane and that directly corresponds to this specimen exactly the same way the diffraction or

diffracted beam is generated, direct beam, diffracted beam is generated on the specimen.

Follow exactly the same pattern there is this intensity gets modified on this image plane. And
that is how you get this image which is you can think of that this is a direct representation of this
specimen. This is how the image forms in case of an optical microscope or for that matter in case
of any kind of lens based system, this is how the image from. This is how the contrast forms

without this we will not be able to see.



If you do not have the diffracted beam then all we will be seeing here is direct beam. That means
we are as if we are seeing the source here, we are not able to see anything like this specimen
here. So, that is how we are seeing this contrast and since our human eyes very sensitive to
brightness to this contrast. The image that we see is become more or less is a reconstruction or a
restructuring of this original specimen here that is how the image form.

(Refer Slide Time: 22:28)
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* Finely ruled grating placed on the microscope stage: Eyepiece is replaced
with a phase telescope so the rear focal plane of the objective can be
observed.

* Bright white central spot of light will appear at the back of the objective,
which Is the image of the aperture diaphragm.

® To the right and left of the central spot, a series of diffraction spectra (also
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Images of the aperture diaphragm) will be present Batas Sy "‘!" j "

* Colored blue on the part closest to the central spot and colored red on the J/
part of the spectrum farthest from the central bright spot. — [

* The intensity of these colored spectra decreases according to how far the _*_*-— o
spectrum is located from the central spot, X1

Unéerated + Those diffraction spectra \/ il
e that fall near the periphery
Diffracted * A of the objective are dimmer
gt
\ \ than those closer to the >
\\ // | central spot s
A _/- | \..*
o

(OMTrattiom Grating)

Dilfractod and Underviated Light in Image Formation

Now, in order to really verify that, this is the mechanism of image formation, what we can do?
We can do a simple experiment and we can bring something called a diffraction grating, which is
nothing but an specimen having a very regular pattern onto it, very regular openings onto it
diffraction, that is called diffraction grating. So, this diffraction grating when we brought here,

then what we will be getting is this kind.

And for that what we basically need to see as | just now showed this back focal plane of
objective lens, this is what we have to see. We do not need to see somewhere out of the real
image basically formed somewhere over here. Remember, there are another set of lens that is
eyepiece lens, which forms the image final image. Instead of that if we just try to see this back

focal plane of the objective lens, we will be able to see this kind of a something called diffraction

pattern.



We try to see the diffraction pattern and then we will able to realize these entire phenomena of
image formation. So, if we see this with through this diffraction grating, what we will see is
basically the central spot, this one. And if we do not have the diffraction grating, we will be just
seeing this direct light because there is no diffracted light nothing. So, if we try to see here, it

will be just like this light passing through without any specimen.

So, we will just see this central spot, the central spot is as | said forming because of the direct
light and it is usually called the zeroth order beam. And then what we will be seeing on the either
side of them and they appears exactly there used to be 2 in the exact same distance to spot such
spots and these are forming from this diffracted beams. And if you notice there that deflected

beams, they have slightly colour, they have a colour effect.

And the bluish one is nearer to the central spot, whereas the reddish one is further away from the
central spot that is first observation. Second observation is that the intensity of the spots
diffractive spots that intensity goes down as we are going further from this central spot that is
another observation. So, 2 observations can be made from here that blue lights or bluish hollow

bluish tinge whatever you say this is closest to this.

Or these are closure for every diffraction pattern, these are closer to the central spot and intensity
is going down for the diffracted beam, intensity is going down for if you have this more and
more for this diffracted beams.

(Refer Slide Time: 24:58)



* Because the colored spectra disappear when the gratingis .

removed, it can be assumed that it is the specimen itself that ] e
is affecting the light passing through, thus producing the o~ o -l
colored spectra | .‘\“' S— -
® The central spot of light (image of the condenser aperture | . o
dinphragm) represents the direct or undeviated light passing : - —
through the specimen or around the specimen undisturbed, It l - ‘. — -l
is called the 0" or reroth order ] e e
* The fainter images of the aperture diaphragm on each side of I " i
| o

I

the 0" order are called the 1%, 2%, 3", 4", etc, orders
respectively, which would be observed at the rear focal plane RO
of the objective, I ™

p

Diffracted and Undeviated Light in mage Formation [
3

So, why this is happening? As | said this is a diffraction grating that you have the central beam or
the undeviated direct beam that is passing through that is called the zeroth order beam. And the
other ones are basically called the first one is called a first order diffracted beam, then you have
the second order diffracted beam and so on and so forth. That depends on the order of

diffraction; we are not going into that when we discuss about the diffraction phenomena.

Mostly perspective electron microscopy and X-ray diffraction then we will discuss that time we
will realize what is this first order diffraction, second order diffraction and so on. Just remember
now, that when the diffraction phenomena happens there is a direct beam. And then there are
multiple diffracted beams forms and some of them are called first order diffracted beams and

then second order refractive beam and so on and so forth.

So, if grating is removed as | said we will just be having this central spot and that is the zeroth
order diffracted beam.
(Refer Slide Time: 25:58)



* The fainter diffracted images of the aperture diaphragm are caused by
diffracted wavefronts, spread out in fan shape, at each of the openings of the
line grating

* The blue wavelengths are diffracted at a lesser angle than the green
wavelengths, which are diffracted at a lesser angle than the red wavelengths,

* At the rear focal plane of the objective, the blue wavelengths from each slit
interfere constructively to produce the blue area of the diffracted image of each

spectrum or order,
* The red and green areas are spaced a bit further, but arise from the same Diffracted and Undeviated Light in
phenomenon, Image Formation

)

i
Now what happens is that when the diffraction grating is placed there and the diffraction
phenomena happens through this diffraction grating one, single one of them. Depending on the
wavelength, so this diffraction phenomena is very, very sensitive to the wavelength. And the
wavelength in a white light what we are considering the direct light which is white light and that

white light is now that is divided between these various colours depending on their wavelength.

So, that diffracted angle is different for different kind of lights, different kind of depending on
their wavelength. So, the single white light is now divided into red, blue and what are
intermediate colours to extremes are red and blue. Their diffraction angle, the angle by which
they get diffracted is different. And this because of the difference in their wavelength the blue

one all diffracted less than the red one.

And that happens for all this order of diffractions and that is why the blue spots are always closer
to the diffraction diffracted central or direct beam that central spot 0™ order beam and the reddish
one is always further off from them, that is the reason first of all. So, this is because of this
diffraction phenomena.

(Refer Slide Time: 27:14)



*  Where the diffracted wavelengths are one-half wave out of phase for each o TR ST T
of these colors, the waves destructively interfere to give rise to the dark VA1
areas between the spectra or orders, \ 0

* Atthe position of the 0" order, all wavelengths from each slit add (\ /Y .
constructively. This produces the bright white light you see as the zeroth W .
order at the center of the rear focal plane of the objective, \| \"‘“
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will observe that objectives of higher numerical aperture grasp more of E/ - i

these colored spectra than do objectives of lower numerical aperture
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Diffracted and Undeviated Light in Image Formation (

Then the next thing that happens is that when it diffracted wavelengths are exactly out of phase.
And if you just able to understand that this is one diffraction, this is happening from one of the
diffraction grating and the sample has many, many such diffraction grating. So, this kind of blue
and 1% order diffracted beam, 2" order diffracted beam, direct beam they are forming for each
of these diffraction patterns.

And each of the diffraction patterns is generating this difference between red and blue lights. So,
in the final object plane here back focal plane of this objective lens, all of these diffracted beams
are sort of interfering. They are interfering with the direct beam and forming image they are
interfering with themselves as well. And what happens most of them they are having this phase
relationship and except for certain direction or certain definite spot certain definite angles, all

other places they are exactly destructive interference.

They are exactly out of phase by one half wavelength and they are undergoing destructive
interference. So, they are causing this completely black background except for these places
where they are constructively interfering and they are forming this nice diffracted pattern. Same
thing for direct beam if you consider 0™ order beam all in this place the 0™ order beams are
constructive interference happens for them all other rest of the places they are just destructively
interfere, this is one of the phenomena.
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* The diffraction spectra illustrated in bellow were captured using three different objective magnifications

* If the grating is removed from the stage, as llustrated in Figure (a), these spectra disappear and only the central
image of the aperture diaphragm remains, If the grating is reinserted, the spectra reappear once again,

* In Figure (b), the diffraction pattern visible at the rear focal plane of the 10x objective contains two diffraction
spectra.

® If the line grating is examined with a 40x objective (as shown in Figure (c)), several diffraction spectra appear to

the left and right of the central aperture

'+ When the magnification is increased to 60x (and assuming it has a higher numerical aperture than the 40x
objective), several additional spectra (see Figure (d)) appear to the right and left of those that are visible with
the 40x objective in place,

o
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Then another thing that we can discuss about certain features of this entire image formation
things. And one of the observations that we can make from this experiment is that the diffraction
patterns when we captured them with different kind of magnification. That means when we
change the numerical aperture to numerical objective changing magnification means we are

bringing different, different objective lenses with different numerical aperture.

Higher the numerical aperture higher will be the magnification basically. So, if we see first of all
the central beam when there is no diffraction grating, this specimen is not there, we are just
seeing the central spot out there. Then at lower magnification or at a smaller objective lens if we
use smaller numerical aperture objective lens is we are used, we will be able to see only 2 of this

diffraction spots here.

The moment we increase this magnification or the moment we are going for slower, higher and
higher numerical aperture we are able to see capture more and more of this diffraction patterns in
this case. So, this means that these things are really real and this is related to the objective lens
numerical aperture as well and this is how the diffracted beams are happening.
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Une grating and bned grid difraction patterns

The closer the spacing of a line grating, the fewer the
spectra that will be captured by a given objective.

® The diffraction pattern illustrated in Figure (a) was
captured by a 40x objective imaging the lower

portion the line grating in Figure (b), where the slits

{a) ] (
are closer together
In Figure (c), the objective is focused on the upper
portion of the line grating where the slits are farther
apart, and more spectra are captured by the
d o ) @

objective.

The square grid lllustrated in Figure (d) represents

the orthoscopic image of the grid (in effect, the usual

specimen image observed through the eyepidtes) as m

seen through the full aperture of the objective )ﬂ. !
» Likewise, the orthoscopic image of a hexagonally "’

arranged grid (Figure (f)) produces a corresponding

hexagonally arranged conoscopic image (Figure (g))
of first order diffraction patterns,
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The another point that is diffraction or phenomena on the diffracted beams is related to the
specimen features, in order to prove that we can just look at 2 other things. First of all we can
check out this kind of a diffraction grating in which there is a difference between the distances of
these diffraction gratings from which the diffraction phenomena is happening. And what we can

observe is that the closure the spacing of this line grating, so these are called line gratings.

So, the closer the spacing between them the further the diffraction spots are away from each
other. So, the distance between these spots is directly related to the distance in the real specimen
as well. This will be become more clearer when we discuss about something called reciprocal
space or reciprocal lattice. That time we will explain why this happens. But just understand this

that this one where we are seeing less number of such spots.

Or in other sense the spots are further away the distance between the spots are higher when we
are imaging this part, that is when this lines are closer to each other. On the other hand, when we
are capturing these images on the back focal plane of objective lens, then this diffraction spots
more number of diffraction spots are there. And the distance between them is also less.

So, here if the distance is more here the distance is less. So, that means the diffracted beam
generation direct to this entire phenomena is sensitive to the specimen pattern as well. Second

thing is this is also sensitive to the specimen symmetry, the symmetry of these patterns again. So,



if you have this patterns in form of a square or square grid, then what will happen is in the
diffracted beam or diffraction this patterns that happens there, there also you will be able to see

them in a square pattern.

So, look at this nice square pattern that forms between them on the other hand if you have
something like an hexagonal pattern in the specimen, here this also will show you an hexagonal
symmetrical pattern. So, these 2 are directly related to the specimen itself.

(Refer Slide Time: 32:21)
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This concept of image formation was developed by Ernst Abbe, the famous v+
German microscopist and optics theoretician of the 19" Century,

Microscope specimens can be considered as complex line or pattern
gratings with details and openings spanning a large range of sizes. T FAN S
® According to Abbe, the details of a specimen will be resolved if the b e, '}V '\l‘ -

objective captures 2 orders of light, such as the 0™ order of the light and at S s et ]

least the 1% order of diffraction

The greater the number of diffracted orders that gain admittance to the | — —— —|
objective, the more accurately the image will represent the original object. \ /

The direct light and the light from the higher order diffraction maxima are _;;_‘__ X

.
focused by the objective to form an image in the intermediate image plane
at the fixed diaphragm of the eyepiece.

® The direct and diffracted light rays interfere and are thus reconstituted into »
the real, inverted image that is seen by the eye lens of the eyepiece and a
further magnified

And this is how the image formation happens in the real plane in somewhere over here, in the
image plane this is how the image forms in case of an optical microscope. And little later we will
come to know that this method of forming the image is called bright field image generally. Now,

this entire concept of image formation is basically credited to one person called Ernst Abbe.

And he was a famous German microscopist and he was famous of theoretician this entire
phenomena he basically did it with mathematics and mathematical formulas, we are not going
into that. But he is credited for this entire theory of optical this image formation diffracted, how
this diffracted beam or modifying the intensity and so on. Point is that | said the diffracted beam
should interfere with the direct beam and then only the image forms.



Then the point the question immediately comes that how many such diffracted beams | need in
order to form a reliable image for our specimen. And according to Abbe the criterion that he has
given is that you need the 2 orders of light the 0™ order that is the direct beam and at least one
diffracted beam. Then preferably the first order diffraction beam because that is the most intense

one.

As | just now said the intensity goes down if you are going further apart from the central spot.
So, preferably your image formation will happen minimum for one diffracted beam you need to
make this interference happen and to form this image, that is the first thing that is what Abbe.
The more you get the more the merrier, the more number of diffracted beams you are able to
capture, the more interference will happen, the more intensity difference or contrast generation
will happen.

And far more better contrast will be produced in the image and it will be much more a better
representation of the specimen there. So, this is how the image forms in an optical microscope.
And in the later lectures, we will be discussing about the components of the optical microscopes
and various modes of optical microscope in the lectures after this. So, we are stopping here and

we will be starting again with the next lecture, thank you.



