Lecture 11 Notes. 07/ 18
Polarization and polarizing filters

Light and other EM radiation is an oscillating ENwve. As we mentioned before, the
electric field for an individual wave points in argicular direction perpendicular to the
wave's motion, while the magnetic field is perpentir both to the wave's motion and
to the electric field. The direction that the étecfield points is callegbolarization.

Non-polarized light contains waves polarized indieéctions, randomly mixed together.
If every wave is is polarized in the same directibren the light is said to be polarized.

Suppose we have a non-polarized radio wave. Weass it through a contraption
consisting of closely spaced conducting wirespaihting in the same direction:
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When a radio wave with random polarization passesigh the wires, the vertical

component of the electric field, which is aligneihathe wires, will drive current up
and down the wires, and will thus lose its enemthe resistance and dissipate. The
horizontal component, however, will pass througimpeded, as it cannot drive the
electric charges side to side. The remaining weillehus be polarized in the
horizontal direction (we will call this the direoti of the polarizing filter). Its amplitude
will be the same as that of its original horizordamponent. If the wave was originally
polarized at an anglg to the direction of the filter, and had amplitl€leits new
amplitude will be the size of its original compoh#mat was aligned along the filter:

E = FEycosg

The important thing is that the wires must be \@oge together compared to the
wavelength, otherwise the waves will be able taigbt through the gaps without
causing current to flow, and we'll have a diffrantgrating rather than a polarizing filter.
We can construct a similar polarizing filter foghi, but instead of parallel wires, we
must use a material with a similar type of micrgscatructure, that will admit only EM
waves polarized in a particular direction. Suchamnals (various types of polymers or
crystals) are quite cheap and easily available.



Note that an electromagnetic wave perpendiculénedilter cannot pass through at all,
since in this case cagg= 0, and thus the transmitted wave's amplitude ©@lsThis is
the principle behind 3D glasses. The image orstiheen is a superposition of two
polarized images: one for the left eye, polariethe vertical direction, and another for
the right, polarized in the horizontal directiohhe left side of the glasses is a vertical
polarizing filter, and so it only admits the image the left eye, while the right side is a
horizontal polarizing filter, and only admits threage for the right eye. Since depth
perception is primarily based on the differencewdges between the two eyes, the 3D
image creates a perception of the distance ofhifexts on the screen from the viewer.

Theintensity of an electromagnetic wave is proportional todh®litude squared and is
measured in watts per meter squared (just as tordo Thus the intensity of the
transmitted wave, for incident light polarized atanglegto the filter, is
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If the incident light is not polarized, then all ves have a random value @fvarying
from O to 27 To get the intensity of the light after it pas$lerough the filter, we should

thus average this expression ogerThe average of ctg is
< cos?p >= j:.j_ dip cos® _ l
2r 2
Thus, for unpolarized incident light, the transedtlight is polarized in the direction of
the filter, and has an intensity of 1/2 that of ith@dent light:

.!I = l.qu]
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Example: A beam of light withl = |, polarized in thex direction, is passed first
through an angle oriented at 30 degrees ta tfieection, and then through a second
filter oriented in they direction, at 60 degrees to the first filter. Wisathe final
intensity of the light? What if the first filteras removed?

We have polarized light, so the intensity will degen the angle between the initial
polarization and the filter. After the first fitethe intensity is
e 3
I, = I, cos” 30° = II”
After the second filter, the intensity is
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If the first filter was removed, the second filteould be oriented at 90 degrees to the
polarization of the light, and thus the final inéeéy would be zero. The intervening
filter actually allows some of the light to passatiigh the second one.

Light can also be polarized by reflection from aterface between two transparent
materials. This happens because the reflectiofficieat is dependent on the
orientation of the electric field, and the wavesvidich the electric field is
perpendicular to the surface normal reflect mam@ngfly. In addition, light scattered
from its original path by particles such as air ewnlles is polarized depending on the
angle from which it is viewed. You can read madrewt these phenomena in the book.

The human eye

For the purpose of optics, the eye consists b&gichthree parts: the cornea, the lens
and the retina. The cornea and the lens togeticesfas a convergent lens. The lens is
flexible and surrounded by muscles that can cha@sgdape and adjust its power; thus,
the focal length of the cornea-lens combinationa@mge within a certain range.
When the eye is focused on an object, the imagieadfobject falls on the retina:
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An opening (the pupil) admits incident light thrdutipe lens. The size of the pupil can
adjust depending on the brightness of the lighlright light, the pupil constricts,
shielding the retina from excess light, while imwlbght conditions, the pupil expands,
allowing more light to reach the retina.

The retina consists of a dense array of photoseasiélls: the cones, which are
sensitive to color but require a relatively higtemsity of light to trigger, and the rods,
which are sensitive only to the intensity but ri tvavelength of light, but can detect
even very faint light. In bright light, the rodseanactive, and the cones provide color
vision; if the light is turned off, the rods come over several minutes and provide
monochrome night vision, while the cones do notmsaeh as they require more light to
operate.



Example: A person with good vision can perfectly focusaimects very far away, as
well as on objects 30 centimeters away. This pehss an eye diameter (lens to retina
distance) of 1.0m What is the focal length of this person's leagiea combination
when she is looking at the moon? What if sheaslireg a book 30 centimeters away
from the eye?

The image distance should be the same as the dianfdhe eye, so that the image falls
on the retina. This means that
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For an object at infinity, this means thiat d = 1.9cm For an object at 30n, this gives

a focal length of = 1/ (1/3&m+ 1/1.<m) = 1.7Tm The slight change in focal length
is accomplished by flexing and relaxing the musolethe eye that change the shape of
the lens.

Myopia and presbyopia

We see that for perfect vision, the focal lengthhef lens-cornea combination must be
able to vary between a value somewhat less thadidineeter of the eye, and the
diameter of the eye. If the maximum focal lengtless than the diameter of the eye,
this is a condition known asyopia or nearsightedness. This makes it so that the eye
cannot focus on distant objects. Myopia can beealby an abnormal eye shape, where
the lens is too far away from the retina, or bgresland cornea that is too curved (and
thus has too short a focal length) for the norryal e

A deficiency on the other side of the range, whenléns has a minimum focal length
such that nearby objects cannot be seen clealgoewn agresbyopia. This is most
frequently a result of the loss of the eye's accoduation ability with age. To reduce
the focal length and focus on nearby objects,@he must be stretched. With age, the
lens becomes more rigid, and the focal length calb@oeduced enough to allow nearby
objects to be seen clearly.

Since myopia and presbyopia have different mechanend impact different sides of
the eye's range of accomodation, they are not ryseclusive. One could have both
at the same time.



Example:

The far point of a myopic patient's eye is®@ What is the focal length of a contact
lens that this patient should wear to correct ie®a? What is the power of this lens?
What is the focal length and power of glasses, Wwhiitl be separated by a distance of
2cmfrom the patient's eye?

The contact lens should bring an object at infibityhe patient's far point. This is@&0
from the eye, or Gmbehind the lens. Thus, by the lens equation,
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The power is 1f, or 1/ 0.66n = 1.67 diopters.

For glasses, the object at infinity should alsorf@an image 6€mfrom the eye, but this
is now only 58mbehind the glasses. Thus the focal length shoaikb&m The
power is 1/0.5& = 1.72 diopters.

If the patient's near point wascihbefore vision correction, what will it be with the
contact lenses? With the glasses?

The near point will occur when the image from thiesl or the glasses forms attb
from the eye. With the lenses, this means the amadTmbehind the lens, and we
obtain
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With the glasses, the near point icdfehind the lens, and we get

1 1
= — = — — = 16.8cm
1/f—1/g —1/58+1/13
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Since the glasses arerin front of the eye, this means that the neartasinow
18.&maway from the eye.



Thetelescope

The telescope works much the same way as the xgeptat is intended to look at
distant objects only, so there is no need to adnesfocal length of the main lens or
mirror. Light is focused at the focal point, formgian inverted image of distant objects.
The image can then be magnified by using an eyefessentially a magnifying glass)
or be directly photographed by letting it fall oclzarge-coupled device (CCD) or
photographic plate (before CCDs were put into wide). The CCD is the same kind of
detector as in digital cameras: it is a chip cdmgisof a bunch of closely-spaced pixels,
each of which detects any light that falls onhtyg recording an image. The CCD is
exactly analogous to the retina. We will discidedcopes with CCDs first, since they
are very similar to the eye and are most often bygarofessional astronomers, and
discuss eyepieces later.

The purpose of the telescope is not to magnifyrtieeye. The CCDs have very high
resolution, with a pixel every few microns, so ewetmny image will suffice, and an
eyepiece can magnify the image to an arbitraryfsizbuman inspection. Instead, the
telescope is primarily a light amplification devic&he bigger the mirror or lens of the
telescope, the more light can be collected, andatinéer the objects that can be seen.
Increasing the aperture size also helps make tagarmore clear by reducing
diffraction; we will discuss this below.

Smaller telescopes used by amateurs can use actamgergent lens to collect the light.
This kind of telescope is called eracting telescope.
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Rays coming in from infinity are focused at thedbpoint, where one can place the
CCD or inspect the image with an eyepiece. Rawysmg from different directions are
focused to different points on the image plangjascan see in the image above, the
angle by which the points on the image plane gpars¢ed is the same as the angle by
which the distant sources are separated.




Example: An amateur astronomer photographs the Moon wsi&gracting telescope
with a 3£mlens and a focal length of 6.

What is the size of the Moon's image on the imdgeg? If a CCD with a pixel size of
20mmis used, how many pixels across is the imageeoMbon? How much brighter is
the image of the Moon compared with the Moon as/g@with the eye, assuming the
human pupil has a dark-adapted diametemuiid

The Moon's image subtends the same angle witletiseds the Moon does. The Moon
Is 347&kmacross and, on average 384 K@way from the Earth. The angle subtended
by the Moon is thus 9.05 x @adians.

At a distance of Gmfrom the lens, this gives an image size of 0csd3With a 20-
micron pixel size, the image will be 0.543 / 0.60272 pixels across. The resolution of
the image can be increased by using a CCD withalenpixel size, or by using a
telescope lens with a larger focal length.

The amount of light that gets through is proporico the area of the aperture, and thus
its diameter squared. The telescope lens isn8b08mm =43.75 times bigger than the
pupil. Thus, the brightness is increased by afamft43.75 = 1900.

Note that the image size, compared to the objeet san be calculated as follows:

Here,h'is the image sizé is the object sizeR is the distance to the object, dnd the
focal length of the telescope lens.

It is very difficult to manufacture large lenseghwaiut introducing defects that will
reduce the quality of the image. Large parabolitars are much easier to make. Thus,
large telescopes areflecting telescopes, using a parabolic mirror to focus the light:
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Reflecting telescopes work the same way as refrgqtéilescopes; the image size is
related to the object size and the focal lengtivensame way, and the amplification of
the light works the same way as well. However, tlogvmirror can be made quite large.
Telescopes with single mirrors have aperture zep to 10 meters; compound mirrors
can be constructed from multiple segments and rtfakesize even larger. Right now, a
30-meter reflecting telescope is being built uangpmpound mirrors, and the size is
limited only by the light-gathering power desiradlay the available funding.

Thediffraction limit

Parallel light entering through a telescope apersypreads through an an@edue to
diffraction. In the previous lecture, this anglasifound to be
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Light from sources separated by an angle less @vaill thus be mixed together due to
diffraction. These sources therefore cannot bndisished from each other. The
diffraction limit thus limits the telescope's rasicdn. The only way to improve the
resolution beyond the diffraction limit is to uséetescope with a larger aperture.

Example: Recall the 3&mreflecting telescope with the focal length ot60rom the
example above. When taking the photograph of tbherMas in the previous example,
what is the smallest size of the features thatbeadistinguished due to the diffraction
limit? What CCD pixel size would be required imler to achieve image resolution at
the diffraction limit? Is this reasonable? Assuime observations are done in the
visible light, with an average wavelength of 5a0

The smallest angle between two sources that tleisdepe can distinguish is

A 520 x 107 "m
=_= ! m = 1.49 l[l_nr'ruf

i1 (.35m

The distance on the Moon that this corresponds to i
h =68 = (145 x 107%)(3.84 x 10°km) = 556m

With a focal length of 68m this angle would give the following distance be tmage
plane:

W =8f=(1.49 x 107°)(0.60m) = 891nm
This is actually about 6 times smaller than thellesaCCD pixel size available. Thus,
to achieve resolution at the diffraction limit, timeage should first be magnified
optically. This can be done by photographing tigftoan eyepiece. If the telescope had
a longer focal length, the image would be largef thie eyepiece unnecessary.



Example: A particular individual's eye has a pupil diametedmmunder well-lit
conditions, an eye diameter ofri®y and perfect vision. The cones in the centehef t
field of vision are spaced 2 microns apart. Whdhis individual's angular resolution
due to the diffraction limit? Due to the resolutiamit of the retina? The term “20/ 20
vision” describes visual acuity, and refers todbdity to see, at a distance of 20 feet, a
letter that has lines separated by 1 arc minu&d(&f a degree); 20 / 40 is worse than
normal, and 20 / 10 is better. What is this pe€ssaisual acuity in bright light?

The diffraction limit of this eye is

A 520 % 10 " m
h—2_2 130 x 10" Yrad = 0.44'
i 4% 10 % m

The resolution limit of the retina is

Ax 2 % 107%m _
_ = i 1.05 % 10 *rad = 0.3¢'

H - .
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The eye is therefore diffraction-limited, and cae parts of letters separated by 0.44',
rather than the nominal 1' for 20 / 20 vision. 3hilis person has 20/ 20 x 0.44 =
20/ 9 vision. This is very good, but not uncomigao.

To compare this example to the telescope aboveptrson would be able to see
features on the Moon separated by a distancekh50 so (in fact, a bit less so since
the pupil dilates in low illumination, reducing thdfraction limit). The 3&mtelescope
allows up to 100 times higher resolution, due ®ldrger aperture, provided appropriate
optics are used to magnify the image.

We will talk more about magnifying images next leet when we discuss magnifying
lenses and microscopes.



