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Part a

We are to determine whether the index of refraction of material 1 is greater or less than that of material 1 
without calculation. Let us consider total internal reflection. This occurs when light goes from a medium 
with HIGH index of refraction to one of LOW index of refraction. We see that the char sweeps all 
possible incidence light ray angles from 0 – 90 degrees. When light achieves the critical angle, we know 
that θ2 will be 90-degrees. Yet, from the chart we see that light NEVER hits the critical angle... so there 
must not be one. We can conclude that material 1 has a higher index of refraction than water.

Part b

Same reasoning as part a.

Part c

To determine the exact index of refraction of material 1, we can use a particular point on the graph. For 
instance, we observer that when θ1 = 90-degrees, θ2 = 0.75 * θ2s. Thus according to Snell's Law:

Plugging in numbers we find n2 = 1.48. This confirms our reasoning in part a.

Part d

Similar to part c, we notice that when  θ1 = 90-degrees, θ2 = 0.50 * θ2s. Thus n2 = 2.03.

 

(1.33)sinθ1=n2 sinθ2→ n2=
1.33
sin θ2
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Apply the law 
of reflection at 
each reflection, 
correctly using 
the normal to 
each surface. θ

π/2 -  θ

 θ

π/2 -  θ π/2 -  θ

 θ

Following the geometry all the way through, we find that the angle of the outgoing ray, with respect 
to the horizontal, is the same as the angle of the incoming ray with respect to the horizontal . . . thus 
they are are a ZERO relative angle to one another.
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We have a two-part refraction problem. Light refracts FIRST when it enters the fiber and passes through 
the air-core boundary. The SECOND refraction occurs at the core-sheath boundary, and winds up being a 
total internal reflection. We want to know the maximum  such that this total internal reflection will θ
occur.

Let us first determine the critical angle for the core-sheath refraction. This is given in Snell's Law via:

So we now know the minimum angle, with respect to the normal to the core-sheath boundary, that light 
has to enter before total internal reflection occurs. Beyond that angle, reflection is 100%. 

Consider the side-view of the above picture:

For light to enter the core-sheath boundary at the critical angle (or greater), it must have made an angle 
with respect to the normal of the air-core boundary of π/2 – θC. If this is unclear, keep in mind that the 
normals to each of these surfaces are at different angles with respect to the horizontal, and you MUST use 
the angle between the NORMAL and the ray to do the calculations. Consider the geometry shown above.

We apply Snell's Law again at the air-core boundary to solve for the maximum  that can lead to this total θ
internal reflection.

θC=sin−1 n2

n1

=1.293 rad=75.06 deg

sheath

core

 θ 3=  θ C θ C

θ1=  θ

 θ 2=π/2-θC
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θ3>θC=sin−1 n2

n1

nair sinθ=n1sinθ2=n1sin (π/2−θ3)

We need only rearrange, solve for , and employ the inequality. Keep in mind that as  increases in value θ θ
from 0 to 90-degrees, so does sin  increase in value from 0 to 1. This is important when using the θ
inequality.

So the maximum angle of incident light needed to achieve the minimum angle for total internal reflection 
is  = 0.443rad = 25.37 degrees. Beyond that, total internal reflection will not occur.θ

θ=sin−1(n1 sin (π /2−sin−1( n2

n1
)))
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We know that plane mirrors make upright, virtual images out of their original objects and preserve the 
height of the images. Thus, the mirror coordinate system will look like this:

The vertical axis (y) is preserved. The z-axis is also preserved – it pointed to the right in the object, and it 
still points to the right in the image. However, the x-axis, pointing INTO the mirror surface, has an image 
 that points OUT OF the mirror's surface. This one has been reversed. 

Part (a)

The x-axis is the only one reversed by the mirror.

Part (b) 

If you face a mirror, your image is PRESERVED top-to-bottom. It is NOT reversed vertically, as the y-
axis is not reversed above.

x
z

y
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Part (c) 

In fact, you are not reversed left-to-right either. This is a common myth and misunderstanding of plane 
mirrors. When you point right, your image also points to the right in your coordinate system. So your 
image is not reversed left-to-right.

Part (d)

What is reversed is front-to-back. If you point straight at a mirror, your image points in the exact opposite 
direction, pointing behind you in your coordinate system.
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This is a problem about a CONCAVE shaving mirror (a spherical mirror with a positive focal length, f, 
and also a positive radius of curvature, R), and the image that forms due to that image. An object (a male 
face) is positioned so that the magnification factor is |m|=1.85. We are to determine the distance of the 
mirror from the face (the object distance).

We know that m = -i/p and |m| = h'/h. We don't know the image distance or the object distance. But, we 
can use the mirror equation to eliminate one of the unknowns in favor of the known radius of curvature 
and thus the known focal length. The focal length is determined by:

We can then relate the unknown image distance, i, to the focal length and the object distance we want to 
find:

We can then plug that into the magnification equation. We are told the image is upright, so m > 0. Thus:

f =
1
2

R=15.2cm

1
p
+

1
i
=

1
f
→ i=

fp
p−f

m=
−i
p

=
−f
p−f

m( p−f )=−f

p=f
(m−1)

m
=6.98cm
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This is a problem about a spherical mirror. We are given a variety of parameters and need to calculate 
things about the mirror and its images. We have the object distance, p = +24cm. The mirror is concave, 
so it must have a positive radius of curvature and a positive focal length. We are told the focal point is 
13cm from the mirror, but not given explicitly the sign. We can figure that out, though. ;-)

Part a

The radius of curvature is related to focal length for a spherical mirror via f = (1/2)R. So, R = 2f. We 
know f, and we inferred the sign (f>0) from this being a concave spherical mirror. Thus: R = 2(13cm) = 
26cm.

Part b

The image distance will be obtained from the mirror equation,  1/i + 1/p = 1/f. Thus i = (fp)/(p-f) = 
28cm. Does this make sense? Well, it's a real image. Our object distance was 24cm, GREATER than the 
distance to the focal length. A concave mirror can make real images when the object is placed beyond the 
focal length, so this makes physical sense.

Part c

The lateral magnification, including is sign, is given by m = -i/p = -1.2. We get an inverted, enlarged 
image.

Part d

This is real image, since i > 0.

Part e

This is an inverted image, since m < 0.

Part f

This image forms on the SAME side of the mirror as the object, since it's real (i > 0).
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This is a problem about a thin lens. We are given its focal length, f = 21.1cm. It's positive, so this is a 
CONVERGING thin lens. Real images will form on the opposite side of the lens from where the object is 
located, as is true for all lens systems. We are told we use it to produce an image of the Sun on a screen. 
The object distance is given, p = 1.5  10⨯ 11m. We are also given the radius of the Sun.

We know that we can determine the image distance given the object distance and the focal length. Using 
the lens equation:

 Does this make sense? Well, the sun is very far away. By the time its rays reach us, those that strike the lens 
are almost exactly parallel to one another. We know that a lens will appear to focus parallel rays at the focal 
point... so it makes sense that when we plug everything into the lens equation, the sun's image forms at 
exactly the focal length.

Let's proceed. The original diameter of the sun was D = 2R = 1.39  10⨯ 9m. We know that the 
magnification factor is given by m = -i/p = -1.41  10⨯ -12. We can apply this to the object diameter to 
determine the image diameter.

D' = |m|D =0.00196m = 2.0mm. 

1
p
+

1
i
=

1
f
→ i=

fp
p−f

=0.211m=21.1 cm
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This is a problem about a  thin, DIVERGING lens. We are given the object distance, p = +9.1cm, and 
that the focal length is -16cm (we are told DIVERGING, which always means a NEGATIVE focal 
length). We are to compute a number of other lens and image properties.

Part a

The image distance is merely given by the lens equation:

Part b

Magnification is given by m = -i/p = 0.64. 

Part c

This is a virtual image, since i < 0. Diverging thin lenses ALWAYS yield a  virtual image, and only a 
virtual image.

Part d

This image is upright, since m > 0.

Part e

This image forms on the SAME side of the lens as the object. That is the definition of virtual for a thin 
lens, when i < 0.

1
p
+

1
i
=

1
f
→ i=

fp
p−f

=−5.8 cm
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We are given a concave mirror and its radius of curvature. Since it's concave, we expect R > 0 and indeed 
R = 24.0cm. We are to compute various bits of information given some other knowns.

Part a

We are to find p when the image formed is virtual (i < 0) and |m| = 2. We know that m = -i/p. We also 
know, because it is given, that i < 0. That means that -i > 0, and from this we can determine that m > 0 
(since p is always positive). Thus we know that: p = |i/m|.

However, we do not know i. We can use the magnification equation to solve for it:

Thus:

(where I utilized that f = (1/2)R, and we were given R. 

Part b

If the image is real and again |m| = 2.0, then what? Well, now we know that i = -|i| < 0, since virtual 
images mean negative image distances. We can again solve for i in terms of m and p:

Part c

Repeating this exercise again, we use that i = |-mp| = (1/2)p. Then:

m=−i / p→ i=−mp=−2 p

1
i
+

1
p
=

1
−2 p

+
1
p
=

1
2 p

=
1
f
→p=(1/2) f=6.0 cm

m=−i / p=|i|/ p→i=|mp|=2 p

1
i
+

1
p
=

1
2 p

+
1
p
=

3
2 p

=
1
f
→p=(3 /2) f =18cm

1
i
+

1
p
=

2
p
+

1
p
=

3
p
=

1
f
→ p=3 f =36 cm
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This is a problem about an object forming one image as its light passes through one lens, and then the first 
image becoming the object for a SECOND lens, which forms a SECOND image. We then wasn to find 
the distance between lens 2 and the image it produces of the sand grain. We are given the object distance 
from lens 1, p1 = 3.4cm, and the focal length of each – the first lens is converging, so f1 = 4.9cm, and 
the second is diverging, so f = - 4.9cm.  The distance between lenses, D, is given, too.

Let's find the image distance for the first thin lens: 1/i + 1/p = 1/f   i = (fp)/(p-f) = -11.07cm. →

This tells us that the image distance for lens 1 is 11.1cm TO THE LEFT of the lens, since it's a virtual 
image and it forms on the same side of the first lens as the object.

To then track the light from this image through lens 2, we need to find the distance from this image to the 
second lens. This is given by:

i2 = |i1| + D = 11.1cm + 9.8cm = 20.9cm

Now we can use the lens equation for lens 2:

1/i2 + 1/p2 = 1/f2  i2 = (p2 * f2)/(p2 – f2) = -3.96cm→

This is then the distance between the second lens and the image. The image is to the left of lens 2, it's 
virtual (because it forms on the same side as the object – the image from lens 1).

What about the magnification? The total magnification is given by m = m1 * m2 = (-i1/p1)(-i2/p2) > 0

So it's upright.


