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A new approach for introducing optics concepts
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hile attending a modeling workshop on optics, I became keenly aware of
the inadequacies in my own optics curriculum and the need for change.
Most introductory optics lab activities begin with students locating the
real image formed by a converging lens. The method is simple and
straightforward—students move a screen back and forth until the real image is in
sharp focus on the screen. Students then draw a simple ray diagram to explain the
observation using only two or three special rays. This is how my study of optics
began and probably how it began for most teachers. Unfortunately, this conventional
methodology obscures student understanding of some of the most basic and essential
concepts of image formation by a lens.
To ﬁx this problem, I begin my optics curriculum by having students observe an
aerial image in free space. An aerial image is simply a real image formed by a converging lens in free space without the aid of a screen. Because a screen is not used
to diffusely reﬂect the image, the aerial image can only be observed from a position
behind the image plane and along the principal axis of the lens (Figure 1, p. 52). Students are amazed to see that an image can exist suspended in space and this creates a
most teachable moment, which I seize by using guided inquiry to help my students
build a strong conceptual understanding of how converging lenses form real images.

Changing the optics curriculum
As already mentioned, conventional instructional routines used to introduce optics
concepts can be ineffective at developing an in-depth conceptual understanding that
allows students to apply optics concepts to simple, but real, optical systems. As an
example, if students are always taught to use a screen to locate and see a real image,
most will never realize that a real image can form in free space without the aid of a
screen. In addition, if students are never guided to look along the principal axis of
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FIGURE 1

The geometric optics of forming an aerial image.

Aerial Image

Object
Eye
Convergence

a converging lens to see an aerial image forming in free
space, most will never understand the true function of a
screen as a diffuse reflector that allows an observer not
located along the axis of the lens to see the image as well.
These are just two of many examples of how conventional
optics instruction falls far short of the robust conceptual
understanding of image formation that physics teachers
desire. An excellent assessment of student understanding
of the real image formed by a converging lens can be found
in a journal article by Goldberg and McDermott (1987)
and in Teaching Introductory Physics by Arons (1997).
As an alternative to the conventional approach, I start
by having students locate the real image formed by a converging lens in a dark lab room with a translucent coffee
can lid acting as a screen. I then pose the following question: “Where would you move to see the image if the lid
were removed?” This is not an easy question for novice
students to answer, so teachers should not hesitate to offer
a little guidance. Once students are in the correct position to see the aerial image, along the principal axis of the
lens, I have them locate it again with the translucent lid
(Figure 2) and then slowly remove the lid in a direction
transverse to the axis to reveal that the image remains
suspended in space at the previous position of the lid.
Most students are shocked to see that an image can exist
without a screen to form on.
I then guide students in their exploration of these aerial
images and, more importantly, image formation in general.
Students keep their heads close (within 20 cm) to the aerial
image, and I have them close one eye and then the other.
The image disappears and then reappears. I ask students,
“What does this mean?” Most quickly answer that the image is forming in just one eye. I then ask, “Why?” This is a
more difﬁcult question, and students should be given some
time to think. Again, teachers may offer some guidance
and even better yet, a physical model.
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Divergence

I have developed a simple method to make a light
ray model that uses cone-shaped birthday party hats,
spaghetti noodles, and plastic wrap to create a threedimensional model of both the divergence of light from
an object point and the convergence of light by a convex
lens to an image point (see Figure 3 and the “Making a
light cone model” sidebar on page 54). I use this light
cone model to simply show how a convex lens converges
diverging light rays from an object point to the image
point, and that they diverge again beyond the image
point (Figure 4). In Figure 4, I substituted athletic cones
for party hats to create a larger light ray model that I
use for large group presentations. I then ask the class for
an explanation of how a converging lens forms an aerial
image in general.
After seeing the light cone model, students should be
able to explain in their own words that the aerial image
forms at the point where the light rays intersect and that
the image is really made up of an inﬁnite collection of
these image points in a plane. The instructor should also
make it explicit to students that the diverging light rays
beyond the image point are behaving exactly like the diverging light rays at the object point. We see objects and
real images for exactly the same reason—light is diverging from a point. A converging lens in essence recreates
the same light behavior at the image point and beyond,
as is occurring at the object point. The reason the aerial
image can only be seen with one eye at a time is simply
because the cones of diverging light rays beyond the image plane have not diverged far enough in space to enter
both eyes simultaneously at the close position the students
are observing it.
Next, while students are still observing the aerial
image close up, they slowly back up approximately
1 m behind the image plane. This time students see
two identical images. I tell them to close one eye and

FIGURE 2

FIGURE 3

Experimental setup for forming an aerial
image with a candle and a lens.

Light ray models for the convergence
and divergence of light.
(The left one models how a convex lens converges diverging
light rays that then diverge again beyond the image point, and
the right one models diverging light from a point source.)

FIGURE 4

FIGURE 5

(The cone on the left represents the diverging light from the
source, indicated by the left arrow, and the converging lens forms
the aerial image at the position marked by the right arrow.)

Experimental setup for forming a very
bright aerial image with a 75 W bulb,
L-shaped light stencil, and a lens.

then the other, but still one image always remains.
I ask the class for an explanation. Most students
quickly realize that the cones of diverging light rays
beyond the image plane have diverged far enough to
enter both of their eyes and form two separate images
on the back of each of their retinas.
Now students slowly back up approximately 1 m
more and mysteriously both images merge into one
distinct image. If students have difficulty merging

the two separate images, the teacher can suggest that
students blink their eyes and usually they will see
just one image. The moment that the images merge,
students should gain increased depth perception and
clearly see that the aerial image is in front of the lens.
Again I ask the class for an explanation. Students answer that their brain (visual cortex) has merged the
two separate and distinct images on each of their retinas into one image like it normally does.

PHOTOS COURTESY OF EDWARD WYREMBECK

Students use two light ray models to
explain how a converging lens forms an
aerial image in free space.
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Making a light cone model.
The light cone model is easy to make and fun to use. All that is required are
some cone-shaped birthday party hats, long hard spaghetti noodles, and plastic cling wrap. Start by using scissors to cut the apex off of two party hats, so
you have about a 1.5 cm opening on one end. Next, cut approximately 2 cm to
3 cm off the base of both cones to make them smaller, so that the spaghetti
noodles will stick out on each end, at least 5 cm, and, if needed, tape the
cones back together with transparent tape (sometimes when you cut 2 cm
to 3 cm off of the base you cut the tabs that hold the cones together so it
may require tape). Place three layers of cling wrap over the base of one cone
to hold the noodles in the correct positions. Slide the other cone over the
cone with the cling wrap to hold the excess cling wrap in place. Finally, push
the noodles carefully through the cling wrap, like a pincushion, to produce a
converging and diverging cone of light rays at the apex (Figure 3, p. 53).
To produce just a diverging light cone model for diffuse reﬂection from
an object point, simply crumple up some cling wrap and push it down into
the apex of a cone, so that the noodles cannot slide all the way in and
stick out at least 5 cm beyond the base. Cover the base of this cone with
three layers of cling wrap and slide another cone over this cone to hold
the excess cling wrap in place. Once more, push the noodles carefully
through the cling wrap, like a pincushion, to produce a diverging cone of
light rays (Figure 3).
The light cone model helps students conceptually imagine the inﬁnite
bundle of diverging light rays either being diffusely reﬂected from each
rough surface point of an illuminated object, or being emitted from each
ideal point source of a luminous object. This is an essential optics concept
that all students need to learn, mentioned often by Arons in his text (1997),
but many students never fully recognize and understand this concept
because simple ray diagrams focus only on two or three special rays. This
leaves many students with an incomplete concept of how a converging lens
forms a real image and can be traced back as the source of many student
misconceptions concerning image formation.
In contrast, the light cone model provides students with a more
complete picture of how a converging lens forms a real image that
they can reflect upon as they are drawing ray diagrams. I never allow
students to make a ray diagram with less than five rays. I teach students to use the three special rays to locate the image point, so that
they can draw all the other rays from the same object point to the
image point if they need to. The light cone model can be a powerful
conceptual tool for teachers and students to use to achieve a more
robust understanding of the behavior of light. As an additional note,
I also use the ray cone to conceptually model the inverse-square
relationship between the intensity of radiation and the distance from
the ideal point source emitting the radiation.

54

The Science Teacher

Finally, I place a translucent coffee
can lid at the aerial image plane and
ask the class, “Who can see the image?” All students should answer that
they can. I take the lid away and ask,
“Who can see the image now?” Only
students located along the principal
axis of the lens in the paths of the diverging cones of light rays beyond the
image plane can see the image. I ask,
“What is the function of any screen?”
Students should explain that the screen
is a diffuse reflector of light allowing
an observer not located along the principal axis of the lens to see the image,
too. This should be enough image formation concept development for one
lab period and probably more.

Forming and observing
an aerial image
Forming an aerial image is easy to
do and requires just basic optics
equipment. The simplest method for
forming an aerial image requires a
candle and a converging lens. I like
to use a standard lab candle and a
converging lens with a focal length
of about 20 cm, but a birthday candle
and a magnifying glass will work just
fine. It is best not to use a lens with a
very short focal length (high power)
because the aerial image will form so
close to the lens that it will be difficult
to observe that the image is actually
forming in space and not on the surface
of the lens. I have also discovered
that a converging lens with a large
diameter, such as 10 cm, works the best
because it provides the observer with a
wider angle of view and much better
depth perception, and these lenses are
usually easy to remove and replace. I
have used the converging lens from
my overhead projector many times to
produce a high-quality aerial image for
observation and for many other optics
investigations over the years.
I begin by placing the lit candle
approximately three focal lengths
away from the converging lens. To
determine the focal length of the lens
(if unavailable), teachers can form an
image of a distant object on a screen
and measure the distance from the

screen to the lens. This will give the approximate focal length of the lens. I place the lens in a large lens
holder made out of cardboard. I simply take a piece
of thick corrugated cardboard, about the size of a legal pad, and cut a hole in the center of the cardboard
slightly smaller than the size of the lens. Next, I place
the lens over the hole in the cardboard, and with a
little pressure, push the lens into the opening. Friction should hold the lens securely in place, but the
edges of the lens can always be taped to the cardboard
with some transparent tape for added support. The
cardboard acts as both a lens holder and an opaque
screen, so that the aerial image formed by the lens is
of just the candle flame against a dark background.
The aerial image forms on the other side of the lens, a
little over a focal length away, and is inverted.
Locating the aerial image is easy to do with the aid of a
translucent lid, such as off of a coffee can, to act as a movable translucent screen. I use a paper cutter to cut about
3 cm off the side of each lid, so that students have a nice
straight edge for locating the aerial images. Students can
bring in their own lids; lids make very effective screens
because they allow students to see real images on both
sides of the lid. Figure 2 (p. 53) shows this particular experimental setup for observing an aerial image.
Once students have located the aerial image with
the lid and positioned themselves to see it without
the lid, they should slowly remove the lid in a direction transverse to the principal axis of the lens. At
first the aerial image may appear to be on the surface
of the lens, but asking students to move their heads
slightly from side to side and up and down will cause
the image to appear to shift positions. If the image
were actually on the surface of the lens, the movement of the observer’s head should have no affect on
the image’s position. The aerial image only appears to
shift positions because it is indeed in front of the lens
more than a focal length away. I get my best depth
perception of an aerial image when I am more than
1 m away from the image plane.
After students have located and observed an aerial
image, they can use the lids to see the convergence and
divergence of light at the image plane. I accomplish this
by having students position the lid where the image is in
sharp focus while holding the lid at an edge and ﬂipping
it rapidly back and forth parallel to the principal axis of
the lens. One student called this the “bow tie effect” because that is exactly what the convergence and divergence
of light looks like.
I also form a brighter aerial image by using an ordinary 75 W white incandescent light bulb as a source
and a small “L”-shape cutout of a piece of cardboard as
an object for the lens. I again take a piece of stiff cardboard to act as an opaque screen, and cut a small (3
cm × 1 cm) L-shaped stencil out of the center. I place

the cardboard screen in front of the light bulb, a safe
distance (minimum of 5 cm) away because of the high
temperature of the bulb, so that the L-shaped light
stencil is directly in front of the bulb. The L-shaped
light stencil is now a very bright object for my converging lens, which I again place approximately three
focal lengths away (Figure 5, p. 53).
This particular experimental setup creates a very
bright aerial image against a dark background for
students to study and easily allows students to observe
that the image is inverted both vertically and horizontally. In addition, I like to place large L-shaped light
stencils in my classroom windows (Figures 2 and 5)
to act as bright objects illuminated by sunlight for my
students to observe as we continue our study of geometric optics. The large L-shaped light stencils require
no set-up time on my part, no energy from fossil fuels,
and always provide students with an easy object to
form a real or virtual image of with either a converging or diverging lens.
Finally, for a dramatic “Princess Leia”-like hologram
effect from the classic movie Star Wars, I spray diffusion
mist (smoke in a can) along the principal axis of the lens
away from the students’ eyes as they are observing the
aerial image. [Safety note: For safety reasons, I never allow students to spray the diffusion mist, and
all students are required to wear safety goggles as a
precaution.] The diffusion mist allows students to see the
convergence and divergence of light at the image plane in
three dimensions—a spectacular sight.

An unconventional method
This approach is a convincing argument for changing the conventional instructional routines that have
traditionally been used to introduce optics concepts.
Starting optics by studying an aerial image is not the
standard approach, but it provides students with the
opportunity to achieve a much deeper and more complete conceptual understanding of how a converging
lens forms a real image. The light cone model compliments this approach and helps students visualize in
three dimensions the behavior of light rays when emitted, reflected, and refracted. ■
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