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Build a Rainbow  

(c) Zhengqing Yun, 2011-2012 

 

Objective: Understand the physics of rainbow. 

 

Important concepts: Snell’s law, Polarization, Index of refraction, Reflection and 

transmission coefficients, Total reflection.  

 

You can see rainbows in Hawaii quite often. A rainbow is formed by raindrops which 

refract or scatter the sunlight back to an observer‟s eyes with separated colors. These 

raindrops can be assumed having spherical shapes.  

 

The sunlight is composed of many frequency components and appears white in most 

cases (when the sun is setting, its light appears reddish). 

 

When a ray of sunlight enters a raindrop at P1, as shown in Fig. 1, part of it will transmit 

into the droplet, as represented by ray (2) in Fig. 1. This ray will be reflected internally at 

P2 to form ray (3). Finally, the ray will go out of the raindrop through P3 and scattered 

backward, represented by ray (4).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1. The incident ray of sunlight and the raindrop. The normal vectors are represented by 1n̂ , 2n̂ , and 

3n̂  at each reflection/transmission point. The blue arrows indicate the reflection/transmission directions of 

rays which are not contributing to the rainbow. 

 

In Fig. 1, we make the sunbeam horizontal to simplify the geometry of the rays. But the 

physics is also applicable to the case when the sunlight shines the raindrop in any 

direction. 

Ray (1): Sun light 

Ray (2): Transmitted into the droplet  

Ray (3): Reflected internally  

Ray (4): Transmitted out of droplet 
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Fig. 2 defines several parameters which will be used in the lab.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2. Parameters used in the lab. 

 

The incident angle at P1 is i and the first transmission angle at P1 is t. The direction of 

the final exiting ray (ray (4) in Fig. 1) can be considered as the incident ray deflected or 

deviated by an angle of . The angle between the incident ray and the exiting ray is  

which is equal to 180- . 
 

Related Physics:  
 

(1) Sun light, a kind of electromagnetic (EM) waves, is composed of many different 

frequency components and usually appears white in day time. These different 

frequency components correspond to different colors. In this lab we only consider 

seven colors in rainbows: red, orange, yellow, green, blue, indigo, and violet. From 

red to violet, the frequency increases from about 450 THz to 750 THz; while the 

wavelength decreases from about 700 nanometers to 400 nm. 

 

A spectrum of the colors is shown in Fig. 3 where corresponding wavelengths (in 

nanometers) are marked with the colors.  

 

 
 

Fig. 3. Color spectrum (http://en.wikipedia.org/wiki/Color). 

 

(2) Sun light is not polarized, which means the electric field associated with a light ray is 

randomly directed in all possible directions. For example, we showed that a polarizer 
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(such as polarized sunglasses) can make the display on a LCD monitor disappear at 

certain orientation. This is because the light emitted by LCD is linearly polarized, or 

the electric field is always pointed in a fixed direction. A polarizer, when 

appropriately oriented, can thus block the light and make the display on screen 

disappear.  

 

But for most daily life light such as the sunlight and the light from lamps, the electric 

fields are randomly oriented and are not polarized.  

 

(3) The index of refraction of water changes for EM waves with different frequencies. A 

raindrop is simply a drop of water and thus has variant indices of refraction for EM 

waves with different wavelengths or frequencies. Table I shows typical values of 

refraction indices for seven colors (frequencies) which compose a rainbow in this lab. 

Note that the color sequence in Table I is arranged according to their frequencies 

(ascendant) or wavelengths (descendant). It is easy to observe the values of refraction 

indices in Table I increase when the frequency increases. 

 

Table I. Indices of Refraction of Water 

Colors Red Orange Yellow Green Blue Indigo Violet  

Refraction index 1.33257 1.33393 1.33472 1.33659 1.33903 1.34055 1.34451 

 

This variation of indices of refraction causes different refraction angles for different 

colors of light. When the white light enters the raindrop as one ray, different rays 

will emerge and each represents a different color (frequency) component. These rays 

undergo internal reflections according to the law of reflection, and then refract again, 

from water to air, this time. The refraction will separate these colored rays further. 

These separated colors finally form the rainbow, as shown in Fig. 4. 

 

 
 

Fig. 4. A white light incident on a water drop. The water drop separates the light into different colors 

after the light undergoes two refractions. 

 

(4) Assume the intensity for each frequency component of the incident light is one unit. 

After the first refraction at P1, the intensity drops to T1 which is the transmission 
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coefficient from air to water at the incident angle i. When this transmitted ray is 

reflected internally at P2, its intensity is further deducted by the reflection coefficient 

2 to T12. Finally, when the ray is transmitted from the raindrop to air through P3, a 

reduction factor, i.e., the transmission coefficient T3 will be applied and the ray 

exiting the raindrop will have a final intensity of T12 T3 which is called the total gain 

factor (TGF). Note that the larger the TGF, the brighter the color of the exiting ray.  

 

Sometimes TGF is called the total attenuation factor (TAF) which is a little bit 

confusing because a larger attenuation factor should lead to a dimmer exiting color. In 

this lab, we use TGF instead of TAF. 

 

The reflection (transmission) coefficients have different values for EM waves with 

different polarizations (with different Fresnel equations). In Fig. 5, the reflection 

coefficients for the two polarizations are plotted when a ray of light is incident from 

air on a material with refraction index equal to 1.5. It can be seen from this figure that 

for parallel polarization, there exists an incident angle, i = p = 56.3, at which the 

reflection is zero. This means that all the parallel component of the light is completely 

transmitted into the material (and no reflection exists). So if there is any reflection, it 

must be from the perpendicular component, which is saying the reflected light is 

purely polarized (perpendicularly).  

 

If the light is incident from the material on air, there also exists an incident angle at 

which the reflection coefficient for the parallel component is zero. Fig. 6 shows this 

scenario for ni = 1.5 and nt = 1. 

 

This angle p is called the polarization angle or Brewster angle which can be 

calculated by p = tan
-1

(nt/ni).  
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Fig. 5. The reflection coefficients for parallel and perpendicular polarizations; ni = 1 and nt = 1.5. 
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Fig. 6. The reflection coefficients for parallel and perpendicular polarizations; ni = 1.5 and nt = 1. 

 

When the incident angle is close to the polarization angle, the reflection coefficient 

(magnitude) for parallel component is smaller than the one for perpendicular 

component. The reflected total field will have the main contribution from the 

perpendicular component, i.e., the reflected field is almost polarized. This situation 

happens when the sunlight is reflected from ocean surface. You can use a pair of 

polarized sunglasses to filter out the glares from the ocean surface, but not completely. 

The fact is that the ocean surface is rarely smooth and the incident light from the sun 

thus rarely can attain the exact polarization angle. 

 

(5) For indices of refraction listed in Table I, the polarization angles can be calculated 

using p = tan
-1

(n) for air-to-water incidence (at P1) and p = tan
-1

(1/n) for water-to-

air incidence (at P2 and P3); here n is the index of refraction of water: 

 

Table II. Polarization angle and transmission angle for water 

Colors Red Orange Yellow Green Blue Indigo Violet  
Refraction index n 1.33257 1.33393 1.33472 1.33659 1.33903 1.34055 1.34451 

P1 
i = p 53.11 53.14 53.16 53.20 53.25 53.28 53.36 

t (i =p) 36.89 36.86 36.84 36.80 36.75 36.72 36.64 

P2, 

P3 

i = p 36.89 36.86 36.84 36.80 36.75 36.72 36.64 

t (i =p) 53.11 53.14 53.16 53.20 53.25 53.28 53.36 

c 48.63    48.56    48.52    48.43    48.31    48.24    48.05 

 

(6) The internal reflection at P2 will have an incident angle equal to t. The total 

reflection happens at the critical angle c
 
= sin

-1
(1/n). In Table II the critical angles 

are also listed for all the indices of refraction. 
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About the Software: 

 

1. Go to the lab website and download the software: lab3_208.pyc or lab3_214.pyc. 

These two programs are the same in functioning but with different resolutions. Based 

on the resolution of your computer screen, you can try these three programs to get the 

best visualization. In case you have the right to set the resolution of the screen, try to 

set it to the highest resolution. (Procedure: right click on your screen, then click on 

Properties, select „Settings‟ and adjust the screen resolution. If you don‟t see 

„Settings‟ tab you probably don‟t have the right to set the resolution.) 

 

2. Introduction to the software 

 

The start screen of buildarainbow.py has several parts. The first part displays a rain 

droplet, an incident ray (white color), seven transmitted and reflected rays, as shown in 

Fig. 7. 

 

 
 

Fig. 7. A raindrop and the incident and scattered rays 

 

You can drag the small green source point to move 

the incident ray up and down; you can also drag 

the droplet and move it anywhere inside the gray 

rectangular frame. 

 

The second part has two columns of seven colored 

disks, as shown in Fig. 8. The radii of the left 

column of the disks represent the total gain factor 

(TGF) for perpendicular polarization; the radii of 

the right column of disks represent the TGF for 

parallel polarization. The seven colors are (from 

top down) violet, indigo, blue, green, yellow, 

orange, and red. They represent seven different 

Rain 

droplet 

One incident ray 

(white) 

Source  

Seven scattered rays 

(separated colors) 

 
Fig. 8. TGF for perpendicular (left 

column) and parallel (right column) 

polarizations 
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wavelengths, from shortest to longest, of the seven components of light.  

 

The third part is the control panel of the software, as shown in Fig. 9.  

 

Fig. 9. Control panel 

 

 You can click on „Add 

Rain Drop‟ to add a rain 

droplet. You can add as 

many droplets as you want. 

But for clarity, seven 

droplets are the best choice, 

each representing a 

different color in a rainbow.  

 

 When „Set Angle = 59.5‟ is 

clicked, all the incident 

rays will hit their respective 

raindrops at the same 

incident angle: 59.5 degrees. 

This is the ray angle of 

incidence that produces the 

rainbow.  

 

 

 
 

 
 
Fig. 10. Effect of the single ray filter. Here green color is first 

selected in the color palette; then a raindrop is clicked. Only 

the green incident ray is shown with this raindrop and other 

colors are filtered out.  

Click on the circular disk to add a rain drop 

Click on the circular disk to set the incident 

angle to 59.5 

Slider for changing the incident angle 

Color filter: 

 

Click on a colored square to choose the 

particular color for the incident ray for the 

next raindrop you will add. The out coming 

ray has the same color. 
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 There is a slider you can use to change the angles of the incident rays. Just drag the 

green sphere on the silver slider. It will change the incident angle of all the incident 

rays to the same value. 

 

 A very useful function is the color filter. You can click on any of the seven color 

blocks in the color palette to select a color. Then click on a rain droplet. For example, 

when the green color is selected and the raindrop is clicked, only the green ray will 

be shown associated with this raindrop, see Fig. 10. You can select the „white‟ block 

and then click a raindrop to recover all the seven scattered rays.  

 

The fourth part is shown in Fig. 11. This panel displays some parameters for observation. 

These parameters change in real time when the incident angle changes. The following list 

gives the meaning of these parameters: 

 

 
 

Fig. 11. Parameter displaying panel 

 

Note that the total gain factor is the product of two transmission coefficients and one 

reflection coefficient when a ray enters and exits the raindrop. This factor has similar 

values for different colors but different values for different polarizations.  

 

Also note that the colors of the texts and frames on the panel represent the component 

colors of the light. Play with the software, try to add raindrops, change the incident angles, 

apply the color filter, and so on.  

 

 

 

 

 

 

 

Thet_i: the incident angle i in degrees. 

 
Beta (violet): the angle  in degrees for color violet. 

 

Beta (red): the angle  in degrees for color red. 

 

Thet_t (violet): transmission angle t in degrees for violet. 

 

Thet_t (red): transmission angle t in degrees for red. 

 

TGF_PE: The total gain factor (magnitude) for 

perpendicular polarization (violet). 

 

TGF_PA: The total gain factor (magnitude) for parallel 

polarization (violet). 
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Exercises: 

 

Based on a single raindrop: 

 

1. Observe the deflection of rays with different colors and answer the following 

questions: 

a) Which color is deflected the most (with the largest angle )? 

b) Which color is deflected the least (with the smallest angle )? 

c) List the seven colors in the order of their deflection angles (increasing ). Does 

this order change with the incident angle? 

d) Why do rays with different colors deflect differently? 

 

2. Find the smallest deflection angle () for colors red and violet. The software displays 

the values of angle  for colors red and violet. Change the incident angle i (by 

dragging the source point or moving the slider) and observe the  values for colors 

red and violet. For both red and violet:  

a) Plot a curve for  values as a function of i.  

b) Using the fact that  = 180, plot another curve for  as a function of i. 

c) Find the smallest deflection angles ( ) based on these curves. 

 

Some observations: 

 

1. A ray of white light going through a drop of water can appear as several rays of 

different colors when exits the water droplet. This is because the white light contains 

many frequency components which represent different colors. These different colors 

undergo different refraction angles through the raindrop and get separated when 

exiting the raindrop. It is important to note that the water has different indices of 

refraction for different frequencies, causing the separation of different colors. 

 

2. We defined a “deflection angle”  which has different values for different colors 

when the incident angles are the same. When the incident angle changes, the 

deflection angles also change. One thing we observed is: there exists an incident 

angle for each color such that the deflection angle for that color attains its smallest 

value.  

 

3. We also observed the variation of the total gain factor (TGF) as a function of incident 

angle for different polarizations (perpendicular and parallel components of electric 

field). It should be pointed out that, at some incident angles, the TGF values for the 

two polarizations are very different; while at other angles, the TGF values for both 

polarizations are similar. For the former case, we can have highly polarized exiting 

color; while for the latter case, the exiting color is not polarized.  

 

About the software. The button in Fig. 12 is used to plot a rainbow in 3D when you‟ve 

successfully arranged a set of raindrops. When the button is clicked, a rainbow will show 

up, see Exercise 3 for more details about how to build a rainbow. 
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Fig. 12. The software window with a new button added. 

 

Let‟s try to figure out how a rainbow is formed. A rainbow is a sequence of colors sensed 

in your eyes. We can use a simplified model to represent the physics of the image of 

rainbow in eyes. In Fig. 13, an observation point O is used to represent an eye. Seven 

colored lines are converging (focusing) at this point. These colored lines are the light rays 

refracted from raindrops. The observer can then see a rainbow-like effect, i.e., in different 

observation angles, different colors appear. 

 

 
 
Fig. 13. Seven rays of light with different colors converging to the observer‟s eye. The observer can then 

see a rainbow like effect. The observation angles for different colors are different. Here the red/violet color 

corresponds to a larger/smaller observation angle. 

O 

Rainbow area 

The new button 

Observation angles 



 11 

In Fig. 13, we only plot one incident ray and one refracted ray for each raindrop. In 

reality, the sunlight cast a continuum of incident rays on each of the raindrop from one 

side and each incident ray spawns several rays with different colors. You can imagine 

there a lot of rays with different colors coming to the observer‟s eyes in many different 

directions.  

 

In Fig. 14, six rays are incident on a raindrop and the exiting rays are plotted. These six 

rays can be put together more closely to more accurately simulate the continuum of the 

incident rays. The results are shown in Fig. 15. 

 

  
Fig. 14. Six incident rays and the related exiting rays. Fig. 15. Six rays (more closely arranged) and their 

exiting rays. 

 

Imagine there are numerous raindrops in the sky, each raindrop has many incident rays 

(with white color), and each incident ray will create several rays with different colors and 

back scattered in different directions. Then it seems reasonable to assume at any 

observation angle, you can observe all colors. This means you actually see the white 

color in all the observation directions and no rainbow can be observed.  

 

In the following, I use some illustrations to elaborate the above thoughts and try to show 

that a rainbow is not possible to be formed. This conclusion is obviously not correct 

because we know rainbows are common natural phenomena and many of us (if not 

everyone) have seen them. 
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Exercise: Criticize the reasoning of an impossible rainbow in the above and propose a 

different argument to establish a theory that a rainbow is possible to be observed.  

 

 

3. Derive a formula for the calculation of smallest deflection angle (). Calculate the 

smallest deflection angle for color yellow using this formula and the index of 

refraction in Table I.  

  

4. Observe TGF for PE and PA polarizations 

Change the incident angle and observe the variations of the TGF values for PE and 

PA polarizations for color red.  

a) Plot the TGF values as a function of the incident angle i. 

b) Set the incident angle to 59.5. Calculate the ratio of the TGF values for PE and 

PA polarizations for color red. 

The left image shows an example that 

you can observe green light (color) in 

four directions. Since there are 

numerous number of rain drops, you 

can see green colors in many more 

directions. 

 

In a similar way, you can see as many 

red colors in the same directions 

where you see greens, as shown in the 

next image. To generalize, you can 

see as many violet, indigo, blue, 

yellow, and orange colors in all these 

directions.  

(Note that in the left image, I did not 

overlap the red and green rays so that 

you can distinguish these two colors. 

They should be overlapped of course.) 

 

In general, you can see all the colors 

in one direction – in effect, you 

should see the white color in that 

direction. The same argument can be 

used for other directions; thus in all 

directions, you see white color. 

 

Therefore, a sequence of separate 

colors (or a rainbow) is not possible to 

be observed. 
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c) Set the incident angle to 59.5. Determine if total internal reflection happens at 

P2 and P3 for this incident angle.  

 


