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1 INTRODUCTION

This Discussion Workshop was based on a sequence of four tutorials on physical
optics from Tutorials on Introductory Physics [1]. The goal of this sequence is to
help students construct and apply a wave model to account for the interference
and diffraction of light in the far-field limit [2]. The research that guided the
development of these tutorials by the Physics Education Group at the University of
Washington was the subject of a plenary lecture at the 2007 GIREP-EPEC
Conference [3]. At the beginning of the workshop, the participants introduced
themselves, identified their institutions, and briefly described their teaching
responsibilities. Because the context for the tutorials had been set during the earlier
plenary session, there were only a few introductory remarks by the workshop
leaders. The participants first took a pretest and then worked together in groups of
three or four through a sequence of questions on a set of tutorial worksheets. The
two workshop leaders circulated among the participants and helped guide them
through the tutorials by asking additional questions. Most of the participants
completed the first two tutorials. The workshop concluded with a discussion about
the implementation of tutorials with students. About 40 participants were present
during most of the scheduled time. Copies of the worksheets follow [4].
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ADAPTED FROM TWO-SOURCE INTERFERENCE Optics

L

Periodic circular waves from two sources

A. The circles below represent wavefronts of two periodic water waves. Solid circles represent
crests; dashed circles, troughs. The diagram shows the wavefronts at one instant.

How do the frequencies of
the two sources compare?
Explain how you can tell.

Are the two sources in
phase or out of phase with
respect to each other?
Explain how you can tell.

What is the source
separation? Express your
answer in terms of the
wavelength.

Top-view diagram
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Describe what happens at a point on the surface of the water where:

* acrest meets a crest
 atrough meets a trough

 acrest meets a trough

In each case, describe how your answer would differ if the amplitudes of the two waves were

not equal. Explain.

If the waves from two identical sources travel different distances to reach a particular point, the

amplitudes of the waves from the sources will not be the same at that point. For points sufficiently

far from the sources, however, this difference is small. We will ignore such variations in amplitude.

Adapted from Turorials in Introductory Physics

McDermott, Shaffer, & P.E.G., U.Wash.
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g)p[ics Two-source interference

C. You have been provided an enlarged version of the diagram of wavefronts from two sources.

1.

Use different colors to mark the places at which for the instant shown:

« the displacement of the water surface is zero (i.e., the surface is at its equilibrium level)
« the displacement of the water surface is the greatest above equilibrium

« the displacement of the water surface is the greatest below equilibrium

What patterns do you notice? Sketch the patterns on the diagram.

Choose a point on your diagram where a crest meets a crest.

How does the displacement of the water surface at this point change over time? (e.g., What
would the displacement be one-quarter period later and one-half period later?)

Choose a point on your diagram where a crest meets a trough.

How does the displacement of the water surface at this point change over time?

D. Choose a point where the water surface remains undisturbed.

1.

Explain why that point cannot be the same distance from the two sources.

How much farther is that point from one of the sources than from the other? Express the
difference in distances, AD, in terms of the wavelength.

Choose a variety of points where the water surface remains undisturbed.

For each point, determine the difference in distances (AD) from the point to the two
sources. (The difference in distances is often called the path length difference.)

For a point at which the water surface remains undisturbed, what are the possible values of
AD? Explain why other values do not yield a point on the surface that is undisturbed.

For each value of AD above, find all the points corresponding that value. Label each
group of points with the corresponding value of AD (expressed in terms of 1).

Justify the term nodal lines for each group of points that you identified.

Adapted from Tutorials in Introductory Physics ©Prentice Hall
McDermott, Shaffer, & P.E.G., U.Wash. First Edition, 2002
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Two-source interference OpliC§

E. Group the points at which there is maximum constructive interference according to the value of
AD. We call these lines of maximum constructive interference. Label each group with the
appropriate value of AD.

F. What patterns and symmetries do you notice in the arrangement of the nodal lines and the lines
of maximum constructive interference?

Imagine observing the waves from above the tank. How, if at all, would the positions of the
nodal lines and lines of maximum constructive interference change over time? Explain.

II. Effect of changing the source separation

Obtain a piece of paper and a transparency with concentric circles on them. The circles represent
wavefronts generated by two point sources.

A. Suppose that the two sources are in phase and at the same location. Overlay the transparency
on the paper to model this situation.

Explain why there are no nodal lines in this case.

B. Gradually increase the source separation until you first see nodal lines.
What is the source separation when this occurs?
Why can there be no nodal lines for a smaller source separation? Explain. (Hint: For a given

separation, what is the largest possible value of AD and where, relative to the sources, do points
with that separation lie?)

C. Continue to increase the source separation and investigate how the source separation affects the
number of nodal lines and their locations.

D. Generalize your results in this section to predict the number of nodal lines and lines of
maximum constructive interference for the following cases. Explain in each case.

e the source separation is 3A
¢ the source separation is 3.54
e the source separation is 3.24

> Check your answers with a tutorial instructor.

Adapted from Tutorials in Introductory Physics ©Prentice Hall
McDermott, Shaffer, & P.E.G., U.Wash. First Edition, 2002
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Ortics . ADAPTED FROM WAVE PROPERTIES OF LIGHT

I.  Water waves incident on a single slit

Obtain a set of pictures of straight periodic water waves passing through slits of various sizes.

A. Describe how the width of the slit affects the wavefronts.

B. Identify the picture(s) in which the waves passing through the slit (1) most closely appear to
have come from a point source of waves and (2) most nearly are unaffected.

II. Interference from two sources

Periodic water waves are incident on a barrier
with two identical narrow slits that are 3\ apart.

A. Describe the shape of the wavefronts that
emanate from each slit.

B. Sketch the approximate pattern of nodal lines
and lines of maximum constructive
interference. Then mark the points where
these lines intersect the line X—X".

C. Describe the motion of the water surface at
various points along the line X-X', including
some of the points that you marked above.

III. Light incident on two narrow slits

Top view diagram (not to scale)

( \_ X
Region II
7777777777 Barrier
Region I with!
********** two slits
\_ [ Dowel | )

Light from a distant point source is incident on a mask with two identical vertical slits.

A. In the space at right, sketch the pattern you would see on the

screen if light travels in straight lines through the slits. Explain.

B. The photograph at right shows the pattern of bright and dark spots ~ Pattern on screen
that appear at the center of a distant screen when light is incident A B C D
on two very narrow slits. The bright regions are essentially

and minima, respectively.)

How does this pattern differ from your sketch in part A?

R
equally bright. (The bright and dark regions are called maxima l l l !
F G

Top view (not to scale)

Screen

Mask with
2 slits

To

small
distant
bulb

Adapted from Tutorials in Introductory Physics
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Wave properties of light Oplic§

IV. Light as a wave
Compare the situations in parts II and IIT above.

A. Describe any similarities and differences between the pattern of nodes and points of maximum

constructive interference along line X-X"in part I and the pattern of maxima and minima on the
screen in part II1.

B. Which points along the line X—X" in the ripple tank best correspond to:

¢ minima in the two-slit pattern (e.g., points F and G)? Explain and describe how the water
surface is moving at those points.

* maxima in the two-slit pattern (e.g., points A—E)? Explain and describe how the water
surface is moving at those points.

C. Discuss whether your observations above are consistent with the idea of light behaving as a
wave. In particular, describe how your observations in this section support the idea that we can
think of the slits in part III as acting as point sources of light.

D. What would you expect to see on the screen in part III if one of the slits were covered?
Explain. (Hint: Consider the corresponding situation in the case of water waves.)

> Check your answers with a tutorial instructor.

Adapted from Tutorials in Introductory Physics ©Prentice Hall
McDermott, Shaffer, & P.E.G., U.Wash. First Edition, 2002
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gp'ics ADAPTED FROM MULTIPLE-SLIT INTERFERENCE

Obtain a set of handouts from a staff member.

I

A.

Two-slit interference Two-slit pattern on screen
Light from a distant point source is incident on two narrow

identical slits, S, and S,, separated by a distance d. The

pattern that appears on a distant screen is shown at right. 3

The magnified view shows
the path from slit S, to a X Screen
point X on a distant screen. \

On the magnified view: \
Magnified view of slits

Draw an arrow to show \
the direction from slit S, (-1
to point X. \

|
| 2
‘ )

S O,.
Label the line segment AD \ Mask %
that represents how much % oS

farther light travels from

one slit than the other to 2 slits k i J

reach point X. (see magnified view) Sy S

On the basis of your To distant
diagram, show that point

AD = d sin@ for locations source
far from two point sources.

In that limit, determine the following in terms of A4, 6, and d:

e the angle at which there is maximum constructive interference (i.e., a maximum)

« the angle at which there is complete destructive interference (i.e., a minimum)

Suppose that the screen were semicircular, as shown. .
Semicircular

screen

Mark the locations of a/l minima and maxima for
the case d = 2.4A. Label each with the
corresponding value of:

* AD,

e 0, and

¢ A@ (the phase difference between the
waves from the two slits).

§ 2 narrow slits (not shown)
d=2.4)

Adapted from Tutorials in Introductory Physics ©Prentice Hall
McDermott, Shaffer, & P.E.G., U.Wash. First Edition, 2002
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Multiple-slit interference OpliC;

II. Three-slit interference f Magnified view of 3 slits \

A. Consider a point M on the distant screen at
which there is a maximum due to the light from
S, and S,.

If a third slit were added as shown, would there
still be maximum constructive interference at
point M? Explain. 4>t

\_ Sy S S3 )

Suppose that more identical slits were added with all adjacent slits a distance d apart.

Would there still be maximum constructive interference at point M? Explain.

Let AD,; represent the difference in distances from two adjacent slits to a location on the
screen. For two slits, you found that any point of maximum constructive interference is farther
from one of the slits by a whole number of wavelengths (i.e., ADis 0, A, 24,...).

For three or more evenly-spaced slits, what is the corresponding condition for locations
of maximum constructive interference? Express this condition in terms of AD,;.

We call a location at which light from all of the slits is in phase a principal maximum.

B. Consider a point N on the screen at which there is a minimum due to the light from S, and S,.

Will the screen remain completely dark at point N after the third slit is added as shown above?
If not, will point N be as bright as a principal maximum? Explain.

C. Obtain a set of transparencies of sinusoidal curves.

1. Explain how each curve can be used to represent the light from a single narrow slit. In
particular, state what quantity or quantities the curve represents.

2. Find a way to align three sinusoidal curves so they add in a way that results in a minimum
for three slits.

What is the smallest value of AD,; that corresponds to a minimum for three slits?

Would twice this value also correspond to a minimum? three times? four times?

Write out the first few values of AD,; that correspond to minima for three slits.
Write out enough values to clearly indicate the pattern.

How many minima are there between adjacent principal maxima for three slits?

Adapted from Tutorials in Introductory Physics ©Prentice Hall
McDermott, Shaffer, & P.E.G., U.Wash. First Edition, 2002
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gmics Multiple-slit interference

D. Three identical slits are each

Semicircular
separated by a distance d = 2.4A. screen

On the diagram at right, mark the
locations of a/l the minima and
principal maxima. Label each
with the corresponding value of:

* AD,,

* 0, and

* A@,; (the phase difference
between the waves from
adjacent slits). 3 narrow slits (not shown)

2.4 between adjacent slits

Compare and contrast this sketch with your sketch from part C of section I (for two slits
separated by d = 2.41). Discuss the similarities and differences.

III. Multiple-slit interference
A. Light from a distant point source is incident on four narrow slits a distance d apart.

Use the transparencies of sinusoidal curves to find the smallest value of AD,
to a minimum for this case.

. that corresponds

Which integer multiples of this value of AD,; correspond to other minima? Which do not?

Which values of AD,; correspond to the principal maxima?

How many minima are there between adjacent principal maxima?

Generalize your results from the 2-slit, 3-slit, and 4-slit cases to determine the smallest value of

AD,; that corresponds to a minimum for the case of N identical, evenly-spaced slits.

Which integer multiples of this value of AD,; correspond to other minima? Which do not?

How many minima are there between adjacent principal maxima?

C. Obtain handouts that show the patterns that appear on a distance screen when light is incident on

masks with different numbers of slits. Check your answers to part B above.

Adapted from Tutorials in Introductory Physics ©Prentice Hall
McDermott, Shaffer, & P.E.G., U.Wash. First Edition, 2002
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A MODEL FOR SINGLE-SLIT DIFFRACTION

L

. . . o Screen X
A. Red light from a distant point source is incident on a mask T 7
with ten identical, evenly-spaced, very narrow slits. (See } /
diagrams at right and below.) | //
| /
On the magnified view below, label the line segment of length \\//
AD,; that represents how much farther light must travel from lg /
slit 1 than from slit 2 to reach point X on a distant screen. } /
Mask L
What is the smallest value of AD,; that corresponds to a
minimum for 10 slits? (Transparencies of sine curves are ‘%
available in case you would like to review these concepts.) 10 slits
(see magnified view)
To distant
The minimum that corresponds to this smallest value of AD,; l point
is called the first minimum. source

Determining the location of the first minimum for many
slits

D, )/ ]7[*

L]

I R . . f«<—d—
Magnified view of 10 slits (cross-sectional top view)

Suppose that point X marks the location of the first minimum on the screen.

How much farther (in terms of 1) does the light from slit 1 travel than the light from slit 3 in
reaching point X? Explain.

Suppose that only slit 1 is uncovered, and all other slits 2—-10 are covered. Which other slit
could be uncovered so that the screen would be completely dark at point X? Explain.

Suppose that this pair of slits is uncovered, so that point X is completely dark. If slit 2 were
now uncovered, would point X remain completely dark? If not, which other slit could also
be uncovered (to pair with slit 2) so that point X once again becomes completely dark?
Explain.

Adapted from Tutorials in Introductory Physics ©Prentice Hall
McDermott, Shaffer, & P.E.G., U.Wash. First Edition, 2002
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A model for single-slit diffraction OplilcT

II. Motivation for a model for single-slit diffraction

The photograph below illustrates the pattern that appears on a distant screen when light from a
distant point source passes through a single narrow vertical slit. This pattern is an example of a
single-slit diffraction pattern.

A. How is this pattern different from what you would predict
using the ideas developed in geometrical optics (e.g., light
travels in straight lines through slits)?

The presence of minima in a diffraction pattern suggests that diffraction is an interference
phenomenon. We can model single-slit diffraction as follows: Consider the slit as consisting of
many identical, very narrow, evenly-spaced “slits” that are so close to one another that the edges of
these “slits” meet. The interference pattern produced by the light passing through the many “slits”

approximates the single-slit diffraction pattern.

B. Consider the following dialogue:

Student 1: <l donet see why there are minima when therees only a single slit,| think you need
two waves to have destructive interference.Z

Student 2: ¢You can model the single slit as many identical smaller interfering eslits, each
small enough to act like a point source. The first minimum occurs where the path
length difference from the two eslitse at the edges of the single shitds?

Do you agree with student 2’s response to student 1? Discuss your reasoning with your
partners.

Adapted from Tutorials in Introductory Physics ©Prentice Hall
McDermott, Shaffer, & P.E.G., U.Wash. First Edition, 2002
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?ZPIiCS A model for single-slit diffraction

III. Applications of the model

A. The photograph at right shows the diffraction pattern
produced on a distant screen by green light incident on a
narrow slit.

Use an “X” to mark the locations that correspond to the
first minima.

Which locations correspond to higher-order minima?
Suppose that red light, instead of green light, were incident on the same slit.
Determine whether the angle to the first minimum for red light would be greater than, less

than, or equal to that for green light. In the space below, draw diagrams that support your
prediction, and explain your reasoning.

Green light incident on a narrow slit Red light incident on a narrow slit

(Angle to first minimum exaggerated)

Would you expect the locations of the higher-order minima to change? If so, how?

In the space below the photograph at the top of the page, show how the diffraction pattern
would be different if red light, rather than green light, were incident on the narrow slit.

Obtain a color photograph that shows the diffraction patterns produced by red light and by
green light on a narrow slit so that you may check your predictions.

= Discuss your answers with a tutorial instructor.

Adapted from Turorials in Introductory Physics ©Prentice Hall
McDermott, Shaffer, & P.E.G., U.Wash. First Edition, 2002



Learning Physics by Guided Inquiry 125

A model for single-slit diffraction Oplilcg

B. The photograph at right shows
the diffraction pattern produced
by laser light incident on a
narrow slit.

Narrow slit

Use the model that we have
developed to predict how the
pattern would change if the slit
were made even narrower.
Explain your reasoning and
sketch your prediction in the
space provided at right.

Even narrower slit

Ask a tutorial instructor for the photograph showing diffraction patterns produced by light
incident on a narrow slit and on an even narrower slit so that you may check your predictions.

C. Describe what you would see on the screen if the width of the slit were gradually decreased to
zero. Discuss your predictions with your partners.

D. If a diffraction pattern has several minima (like the patterns shown in this tutorial), is the width
of the slit greater than, less than, or equal to A? Explain your reasoning.

Adapted from Tutorials in Introductory Physics ©Prentice Hall
McDermott, Shaffer, & P.E.G., U.Wash. First Edition, 2002
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?Fics A model for single-slit diffraction

E. Inpart A, you drew a diagram that showed how to find the angle to the first minimum for green
light incident on a narrow slit. Use your diagram to determine whether the width of the slit was
greater than, less than, or equal to the wavelength of the incident light in that case.

Is this comparison consistent with your answer to part D? If not, resolve the inconsistency.

F. Use the model that we have developed to write an equation that can be used to determine the
angle to the first minimum in the case of single-slit diffraction with a slit of width a.

Explain how you can account for the fact that the above equation, which describes the
location of a minimum in the case of single-slit diffraction, is similar in appearance to the
equation that describes the location of a maximum in the case of two-source interference.

Adapted from Tutorials in Introductory Physics ©Prentice Hall
McDermott, Shaffer, & P.E.G., U.Wash. First Edition, 2002



