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Introduction
Kaleidoscopes may be used to create beautiful and fascinating patterns for pleasure. They 
may also be used in illumination systems, an efficient way to create uniform light 
distributions for laptop screens and for printing and inspecting integrated circuits. We 
will discus the history of kaleidoscopes, the optics behind their function, and their use in 
illumination systems.  If that weren’t enough, we will also describe some fun 
demonstrations that highlight their remarkable features. 

History
The kaleidoscope was invented by Scottish physicist Sir David Brewster in 1814.
Brewster came up with the name by joining the Greek words kalos ( , “beautiful”), 
eidos ( , “form”), and scope ( , “to see”).  He combined the observations from 
three different experiments to create an instrument which demonstrated the optimum 
symmetry and regularity: 

In the first experiment, he studied the polarization of light that has reflected from parallel 
glass surfaces. When he was aligning his experiment and the glass plates were not yet 
parallel (they were inclined towards each other), he noted the circular arrangement of the 
multiple images of a candle. For example, Figure 1 shows the images of a candle as seen 
looking down two inclined mirrors. 



Figure 1

In another experiment on the polarization of light, he made a triangular trough formed by 
two plates of glass cemented on two edges and with plates cemented on the ends. When 
he looked down the trough, he observed that the pattern formed by the cement residue 
exhibited more regularity and symmetry than the pattern formed by the candle at some 
distance from the end of the trough. Figure 2 shows the images of the candle seen when 
the candle is placed at one end of the trough formed by two mirrors. 

Figure 2



In the third experiment, he varied the angle between the tilted mirrors. He realized that 
when the angle was “an aliquot part of a circle,” or an integral divisor of 360 degrees, the 
images viewed through the mirror trough formed a closed symmetric figure. Figure 3 
shows the candle when viewed down a trough formed by two mirrors separated by a 60 
degree angle. 

Figure 3 

He finally realized that the optimum “kaleidoscope” effect was created when the object at 
the end of the tunnel was allowed to move or rotate.

Brewster patented his invention as his “New Optical Instrument Called The Kaleidoscope 
for Exhibiting and Treating Beautiful Forms and Patterns, of Great Use in All the 
Ornamental Arts” in 1817.  

Optics

When a light ray reflects off of a surface, the direction of the reflected ray is related to the 
direction of the incoming ray by the law of reflection, which can be summarized as “the 
angle of incidence is equal to the angle of reflection.”  This is fleshed out in Figure 4, 
which shows the incoming ray angle i and the reflected ray angle r, both measured from 
the “surface normal,” the line drawn perpendicular to the mirror.  The law of reflection 
can then be stated succinctly as an equation, that 

i = r.



Figure 4 

As a further example of the law of reflection, Figure 5 shows four different rays, 
emanating from the same point on the left, reflecting from a plane mirror. 

Figure 5 

If two mirrors are placed parallel to each other, many reflections can take place as rays 
“rattle around” between the mirrors. See Figure 6 for an example. 



Figure 6 

If the two mirrors are not perfectly parallel but instead are inclined relative to each other, 
a kaleidoscope is formed (as we saw already in Figure 1).  It becomes too difficult to 
draw a single 2d picture that clearly shows the bouncing of the light rays, but in Figures 7 
and 8 we show light rays bouncing between two inclined mirrors from two viewpoints. 

Figure 7



Figure 8

When a light ray travels from one material into another, it will generally bend (change its 
direction) during the transition between the materials; see Figure 9.  This bending is 
called refraction, and much like we described for reflection above, it is possible to write 
down an equation that relates the incoming ray angle i with the refracted angle r :

ni sin( i) = nr sin( r). 



Figure 9 

In this equation, the quantities ni and nr are the indices of refraction for the materials 
before and after the ray bending.  That is, light travels at different speeds through 
different materials, and the index of refraction is a way to quantify that speed:  The 
higher the index, the slower light travels in the material.  

This law of refraction can be manipulated to solve for the refracted angle r : 

r = arcsin[ni sin( i)/nr]

If a light ray is traveling in glass (with an index of ni = 1.5) and travels into air (with 
index nr = 1), then we can use this equation to relate the angle in glass ( i) with the angle 
in air ( r).  We show this relationship in Figure 10. 

Figure 10 

Light Refracting from Glass to Air
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Instead of showing this relationship between incoming and refracted angles, it may make 
more sense to show a family of rays bending from glass into air with a range of angles in 
glass; this is shown in Figure 11. 

Figure 11 

We see here that the light exits the glass at a steeper angle than it travels in the glass, and 
that at some point the angle in air would be predicted to be so large that the ray actually 
wouldn’t be pointing into the air!  (Mathematically this occurs when the arcsin function 
receives a quantity outside of its domain.)  The incoming angle that corresponds to the 
refracted ray traveling exactly parallel to the air-glass boundary is called the critical 
angle, and for steeper incoming angles the light actually reflects back into the glass, in a 
process called total internal reflection.  

Now back to kaleidoscopes.  Unlike the kaleidoscopes formed by mirrors that we 
described earlier, it is also possible to create the same effect using total internal 
reflection, by having a shaped piece of glass surrounded by air.  If light enters one end of 
a solid kaleidoscope tunnel, it can strike the walls at angles exceeding the critical angle 
and is reflected; see Figure 12. 

Glass

Air



Figure 12

Extra Credit Question:

With a small quantity of math and geometry, starting with the law of refraction, it can be 
shown that for solid kaleidoscope tunnels made from glass with an index of refraction 
n> 2 , light entering from one end cannot escape from the sides. That is, all light will be 
totally internally reflected at the sides of the kaleidoscope and will travel down the length 
of the glass, eventually refracting back out into air at the other end. 

Fun
A triangular kaleidoscope is easy to make from 3 rectangular mirror strips and duct tape. 
The strips can be purchased at the local glass shop or hardware store and their dimensions 
are up to you and your budget.  As for duct tape, shame on you if there isn’t always some 
on hand, “just in case.”  Figure 13 shows my starting point. 

Figure 13 



I used 12 inch by 2 inch mirror strips. The edges of your mirrors may be sharp --- wear 
work gloves or proceed with great caution! Lay two strips of duct tape sticky side up on a 
flat table. The strips should be parallel to each other and separated by the length of your 
mirrors. The length of the tape strip is an inch or so longer than three times the width of 
the mirrors.  Lay one mirror shiny side up on both strips.  

Figure 14 



Take the second mirror and place it at about a 60 degree angle to the face of the first. Roll 
the mirror onto the tape. Repeat with the third mirror. This is shown in Figure 14. Now, 
roll the mirrors into a triangular tube, using the extra tape to join the tube.  Lo and 
behold, you now have a kaleidoscope! Since you used three equal-width mirrors, the 
included angle is 60 degrees. Since this is an integral factor of 360 degrees, your 
kaleidoscope makes the best images, as noted by David Brewster some 190 years ago. 

Figure 15 

You can also use the same process to make a four-sided kaleidoscope. 90 degrees is also 
an integral divisor of 360. Other possibilities are: 

integer angle
3 120
4 90
5 72
6 60
7 51.42857
8 45
9 40
10 36

Geometry works in your favor for the three-sided kaleidoscope – the only way to join the 
mirrors is at 60 degree angles.  With more mirrors, there are other angles between mirrors 
that are possible (four mirrors, for example, can be joined in a square or in other 
parallelogram configurations), so you need to find other ways of setting and keeping the 
proper angles between mirrors.  We’ll leave it up to you to figure out how to make the 
51.42857… degree angle associated with 7 mirrors! 

Once you have made your kaleidoscope, take a look at your world. How does a square 
pattern look through a triangular scope? Remember that color and motion make the view.  



Function
In many image projection devices, there are requirements on illumination uniformity and 
efficiency.  Illumination uniformity means that the intensity of the light does not vary 
across the illuminated field. Illumination efficiency means that the customer gets to use 
as much of the light (for which he is paying) as possible, and little is wasted or lost. 
Products that print integrated circuits (computer chips) are an example. A kaleidoscope is 
one way to achieve these requirements. In Figure 16, the red, green and magenta rays 
enter the kaleidoscope from three discrete points on the left and are completely and 
efficiently mixed when they exit on the right. 

Figure 16 

The job of imaging optics is to transport light from an "object" (the Grand Canyon, say) 
and create an "image," a sharp rendition of the object, some distance away (onto the film 
in your camera, say). Illumination optics has the opposite goal, to take light from a light 
source and scramble it so thoroughly that the resulting light is as uniform as possible, not 
even giving you a hint of the shape of the light bulb or laser that first emitted the light.  A 
kaleidoscope is a powerful tool to help scramble light:  Thinking back to Figures 1-3, for 
example, we saw how two mirrors can take the light from a single candle and spread it 
over 6 different places.  With a full kaleidoscope, we can take a single light source and 
spread it out over numerous places, so many that the different images overlap, creating a 
relatively uniform jumble of light.  The illuminator designer's job, then, is to use a 
knowledge of optics to gather as much light as possible from a source and stuff it into one 
end of a kaleidoscope, then image the scrambled light emerging from the other side into 
another part of an optical system where such uniform light is needed. 

Glass kaleidoscope

Air



Figure 17 shows an illuminator from a wafer stepper, which is used to print integrated 
circuits. The surface profile graphs on the left side of the figure show the intensity 
distribution at various planes in the system. The light enters the kaleidoscope from the 
top as a Gaussian (bell shaped) curve and exits from the bottom with a very flat 
distribution.

Figure 17 

A second, more common use of a kaleidoscope is the light source behind a flat-screen TV 
or computer monitor. In Figure 18, a light source is shown on one of the long edges of the 
screen. The light enters the edge of a tapered kaleidoscope. The back surface of the 
kaleidoscope is mirrored and the front surface is made to scatter light.  

Light exits here 

Light enters here 



Figure 18 
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Answer to Extra Credit Question:

The “Extra Credit” question asked you to figure out what is required in order for a solid 
kaleidoscope to “trap” all the light in it.  In order to answer the question, we revisit 
Figure 9 and highlight three different stages in the light rays’ journey that we will need to 
think about: 

Figure 19 

First let’s look at stage (a), when light is entering the kaleidoscope: 

Figure 20 



In Figure 20, we “zoom in” on stage (a) of Figure 19.  In this picture, a group of rays 
starts from a location on the left and reaches the front face of the kaleidoscope.  These 
rays differ in their incidence angles ( i) at the kaleidoscope.  The ray that travels 
horizontally has an angle of i = 0 ;  the largest value for the incidence angle is 
determined by the ray that starts from the point source and hits the very top or bottom of 
the kaleidoscope entrance face.  In Figure 20, the angle drawn at the top of the figure is 
about i = 48 but if the kaleidoscope were bigger, the maximum incidence angle could 
get close to 90 .  For the sake of argument, let’s be generous and say that rays arrive at 
the kaleidoscope with incidence angles anywhere between 0  and 90

Using the law of refraction, we can figure out the corresponding range in the refracted 
angles r inside the kaleidoscope:  The ray entering at i = 0  continues moving with 
angle r = 0 .  The steepest ray, with an angle approaching i = 90  will move in the 
kaleidoscope with an angle r = arcsin(nair / nglass), where we assume that the kaleidoscope 
is surrounded by air (with index of refraction nair = 1) and the kaleidoscope itself is made 
of some material with index nglass.

Now on to stage (b), the first time the light rays hit the side of the kaleidoscope:

Figure 21 

Note that the boundary between the air and glass was a vertical line in stage (a) (Figure 
20) and now it is a horizontal line (Figure 21);  the angle r at which a ray leaves the 
vertical boundary and the angle i  at which the same ray hits the horizontal boundary are 
“complementary angles” and are related by 

i = 90  - r.

Recall that the refracted angle r could be as small as 0  and as large as arcsin(nair / nglass).
This means that the range of angles hitting the top of the kaleidoscope can be as small as 

i = 90  - arcsin(nair / nglass) and as large as  i = 90



The aim of this “extra credit” is to have all of the light rays stay inside when they hit the 
side of the kaleidoscope.  In order for this to occur, all the rays need to hit the horizontal 
boundary at angles i bigger than the critical angle for total internal reflection.  Earlier we 
said that this critical angle (which we’ll write as crit) is the angle that corresponds to 
refracted light traveling parallel to the interface between the two materials, at an angle of 
90 .  The critical angle, associated with light traveling in glass and trying to enter air, can 
be found using the law of refraction: 

nglass  sin( crit) = nair  sin(90

or

crit = arcsin(nair / nglass). 

So, in order for all the light in the kaleidoscope to stay in the kaleidoscope via total 
internal reflection, we need

the smallest value of i  >  the critical angle crit.

Using our earlier formulas, we can convert this statement into the mathematical 
condition:

90  - arcsin(nair / nglass) > arcsin(nair / nglass).

Fiddling with this condition gives us an equivalent requirement that 

arcsin(nair / nglass) < 45

and by taking the sine of both sides of this equation we reach the condition 

nair / nglass <
2

1 .

Finally, we know that the index of refraction of air is equal to 1, so with one last bout of 
fiddling we conclude that we need 

nglass > 2 .

To recap, we have just learned that in order for all light reaching stage (b) (the first 
bounce against the side of the kaleidoscope) to stay inside the kaleidoscope by total 
internal reflection, the index of refraction of the glass needs to be bigger than a lower 
bound of 2 .

Total internal reflection is much like “regular” reflection, in that the angle of reflection is 
equal to the angle of incidence.  This means that if a ray had a sufficiently steep angle to 
undergo total internal reflection at stage (b), the first time it reaches the boundary 
between the kaleidoscope and the air, then it will continue to undergo TIR every 
successive time it encounters the side of the kaleidoscope.  This means that the light that 



undergoes TIR will continue traveling down the length of the kaleidoscope until it 
reaches the far side. 

At the far side of the kaleidoscope, stage (c), the light safely exists the kaleidoscope and 
doesn’t continue rattling around indefinitely because of total internal reflection.  If you 
follow the logic of complementary angles we discussed for stage (a), hopefully you can 
convince yourself that each ray hits the right side of the kaleidoscope with the same angle 

r that it had after it first entered the kaleidoscope.  (The ray may now be heading 
downward whereas it entered the kaleidoscope pointing upward, or vice versa, but the 
angle with respect to the surface normal will have the same magnitude.)  If you are OK 
with that idea, then the law of refraction that described stage (a) also applies here, and the 
ray will refract into air and leave with the same angle i that it had on its original 
approach to the kaleidoscope.

That’s it!  We ensured that all the light entering the kaleidoscope leaves on the far side as 
long as nglass > 2 .


