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Problem 10

Geometrical optics

There is a cool bacterium you want to study in closer detail so you want to build a microscope to see it. You are told that
you can build a microscope by placing two positive lenses (having focal lengths f; and f>) at a separation distance equal
to the sum of their focal lengths as shown below.
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A) Trace the rays to show how your microscope works and where the image is formed. Is the image real or virtual?
upright or inverted? Note that this time the object is on the right and the image will form at the left.

B) Calculate how much magnification you get from this optical system.

C) Will your microscope still work if we change the distance between the lenses?

D) Does changing the distance between the lenses affect the amount of magnification you achieve?

https://measurebiology.org/
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Solution

A) Trace the rays to show how your microscope works and where the image is formed. We will see that the image is
real and inverted

Find where the image is formed after the first lens. Rule 3 is also at work here: rays

Rule 2: ray paralel
Sincethe object s placedt a the focal lengih of the Iens, the 1o coient is gogs 1oL €OME from the same peint
light passing through the lens is collimated (the image is through focal | on the focal plane become

formed at infinity). You can see this using ray tracing, point, J paralel atier the ens
following from the lens equation: J
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Add a few more rays to visualize the first image.
Add another ray from the bottom of
e cbject o see here ratpartof U181 D45 gt
the image will form (also at infinity) ]
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Rule 3: Parallel rays pass through the. “
same point on the focal plane after the Focal plane fr
lens. Note that Rule 2 also applies. of lens
Find where the image will form after the second lens.
Since the first atinfinity, it is to be the

Chictof the second o (W we i presios exarmpls). mtesd, I=L= trace the collimated rays from
the first ens thraugh the second lens to see where the final image form:

Rule 2: ray parallel to
optical axis goes throvgh
focal point and vice versa

|

Rule 1: ray passes through
the center unaltered
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Remember, we're pretending .
these lenses are i and long Rl 3: parallel rays pass through the same.
point on the focal plane after the lens
for our ray tracing purposes.
Note: Although an image at infinity is hard to draw, we can still 1 L I
4 - S-h

putitinto the lens equation to see where the image forms




o By definition, the rays stay parallel and go on to infinity when light from an object originates exactly at the focal
point.

@ The rays technically shouldn’t focus, but practically moving the lens slightly away so we can get an image focused
on a far away screen the way a projector does.

@ Depending how precise your placement is, you could get a clear, fuzzy, or no image on a screen far away.

@ As the screen gets farther away, your image gets larger and dimmer, so it couldn’t form a real image at a very far
distance anyway let alone infinity.

o It has just become an expression to say an image is “formed” even though an image is never formed since you can
never reach infinity.

o It would similar to saying that parallel lines “meet” at infinity, but that would contradict the meaning of parallel”.

@ A better description would be to say that an image if formed very far away as an object approaches the focal point.
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B) Calculate how much magnification you get from this optical system.

For the magnification, find a ray that relates the height of the object to the height of the
final image so you can calculate their ratio.

These two triangles are similar
since they have the same angles
Areal, / \

. 5
inverted image fz y ;hﬂ %,
! Object

Based on similar triangles, the magnification
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Solution

C) will your microscope still work if we change the distance between the lenses?

Let's try moving the lenses closer together.
Trace some rays through the first lens.

Focal length of
second lens

Since we haven't moved the first lens
relative to the object, we know the rays we
Grew passing through the first lens stil hold

£ B

Object

Focal length of
first lens

£

Trace some rays through the second lens.

Rule 1: ray passes through
the center unaltered

£

Rule 2: ray parallel to optical
‘axis goes through foeal point

fi

2 |
Based on rule 3 we do know these rays should intersect somewhere on the focal
plane. However, it's hard to know exactly where they hit the focal plane unless
here's another ray parallel o it that we know how to draw.

Trace more rays through the second lens. Let's draw another ray that will help us out—this

one is parallel to the other two rays sa we know all
three will intersect at the focal plane {rule 3]

We still get a real,

Object
Rule 3: rays that
/ " pass through the
same point on
the focal piane
become parallel
after thelens

Rule L ray passes through
the center unaltered




D) Does changing the distance between the lenses affect the amount of magnification you achieve?

Find rays that relate the height of the object to the height of the final image.

1, x fi f
Based on similar triangles: fication is:

hy fa R _x+fi

This is the same result
we had when the lenses
were f, + I, apart!

= —a
hox+fy ha h
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Problem 11

Principle of superposition

5-7. At the indicated position,

Aicos(87/3—wt), Ai=4cm
Ajcos(3m/2 —wt), Az=2cm,¢

=20/s

Using Egs (5 9) and (5 10),

A=\/AT+ A3+ 2 A, Aycos(ag—ay) = /20 + 16 cos(37/2 — 8 7/3) cm = 2.48 em
4sin(87/3) +2sin(37/2)
4cos(8m/3) +2sin(37/2)
Yp=(2.48 cm) cos(2.51 — (20/s)t)

tana = =a=251

V

F.L. Pedrotti et al., Introduction to Optics, (3rd ed., Cambridge University Press, UK, 2018)
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Problem
Interference

7-9. The fringe separation is,
Ym+1—ym=Ay=XL/a
(a) So the slit to screen distance should be,
_ Aya _(0.001) (0.0005)
R 6x10-7
(b) The optical path difference can be written in terms of wavelengths as A = m A. The with and without
the plate of thickness t,

L m=0.833m

nt—t t 10-* .
3 7("_1)X W—%.iﬁﬁmgcs

(c) I=41I, cos{%) where A=ay/L. At A=0,1=1I,. =41y Then for [ =2Iy=Iax/2:

Ay —Aj=AmA=Am= =(15-1)

210=1:4Ioms2(%) =A=\/4=150nm

F.L. Pedrotti et al., Introduction to Optics, (3rd ed., Cambridge University Press, UK, 2018)
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Problem 13

Thin film interference

7-15. At normal incidence, (m+1/2) A=2nt. At 45°, (m+1/2) X' =2ntcosb;.

Here 0y is the angle the ray makes with the normal in the film which can be found from Snell’s law,
S
V2n V2(1.38)

sin(45°) =nsin 6, = sin 6, = =0.5124 = 0, = 30.825° = cos 0; = 0.859

Then,

,_2ntcost, _ (m+1/2)Xcosb,
T omt1/2 m+1/2

= Acosf; = (580nm) (0.859) = 498 nm

F.L. Pedrotti et al., Introduction to Optics, (3rd ed., Cambridge University Press, UK, 2018)
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Problem 14

Diffraction

11-3. See Figure 11 19 that accompanies the problem in the text.
(a) The diffraction minima are located at angles 0, = y,,/L where L =2 m is the slit to screen distance,
The positions of the minima are given by m A =bsin6,, = by,,/L=> y,, = mAL/b. Then,

ys—y-3=Ay=B-(=3)AL/b=b=

. (R =7 o o
6 )\UL _ 6(632.8 x 10~ "em) (200cm) _ 0.013 cm — 0.13 mm

1 5.625 cm
(b) Lunin =b*/2A, so,
L _ 200 cm —139
Luin  (0.0135cm)%/(2-632.8 x 10~ 7cm)
The screen is in the far field.

F.L. Pedrotti et al., Introduction to Optics, (3rd ed., Cambridge University Press, UK, 2018)
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Problem 15

Beam diffraction

Example 2

Imagine a parallel beam of 546-nm light of width b = 0.5 mm propagating
a distance of 10 m across the laboratory. Estimate the final width W of the
beam due to diffraction spreading.

Solution
Using Eq. (15),

= 2LA _ 2(10m)(546 % 10 m)

— =0.0218m = 21.8 mm
b 0.5 %107 m

F.L. Pedrotti et al., Introduction to Optics, (3rd ed., Cambridge University Press, UK, 2018)




