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Introduction

The PASCO OS-8517A Light Source includes:

– light box

– 12-Volt adapter

– bracket for mounting the light box to the optics bench

 The source of light inside the light box is a 10-Watt 12-
Volt halogen bulb (Philips Order Code: 13284; Philips
Description: 10W/12V/Capsule, PASCO part number 526-
035).  This light source is designed to be used in two ways:

➀ The Light Source can be used without the bracket at-
tached as a ray box which sits directly on the table.
The OS-8516 Ray Optics Kit supplies free-standing
lenses, mirrors, and a rhombus to use with the ray box.
The ray box can produce one to five white light rays.
When the ray box is inverted it produces three primary
color rays.

➁ The Light Source can be mounted to the Optical Bench
which is part of the OS-8518 Geometric Optics Kit .

The OS-8518 Kit includes:

– optics bench

– viewing screen

– two 50 mm diameter lenses

• focal length +100 mm, in holder

• focal length +200 mm, in holder

While mounted in the bracket, the Light Source can be
used either as a target-shaped lighted object or it can be
rotated into a new position to become a point light source.

The Basic Optics System (OS-8515) includes:

– OS-8517A Light Source

– OS-8516A Ray Optics Kit

– OS-8518 Geometric Optics Kit

Additional accessories available include:

– OS-8519 a set of two additional mounted lenses

• focal length +250 mm

• focal length -150 mm

– OS-8520 a non-electric comparative Photometer
which includes:

• set of mounted polarizers

• neutral density filter set that allow 25%, 50%,
  75%, and 100% transmittance.

Photometer

The PASCO Photometer (OS-8520) operates in a similar
fashion to a wax photometer except the wax is replaced
by two high brightness fluorescent acrylic disks. By look-
ing through the eyepiece, students can see if the disks,
each receiving light from an opposite side of the photom-
eter, are equal in intensity.  Although it is difficult for the
eye to determine relative intensities, it can detect equal
intensities quite accurately.

A set of neutral density transmission filters (25, 50, 75,
and 100%) are included to be used on the Photometer to
block out a known amount of light so quantitative mea-
surements may be made. Note that because the Photom-
eter uses a fluorescent material, it will not respond equally
in the red and violet parts of the spectrum.  This Photom-
eter was designed to be used with white light, such as the
PASCO Light Source (OS-8517A).  To decrease the in-
tensity of the light that is emitted by the light source, use a
mask  rather than decreasing the voltage to the bulb.  The
use of a mask preserves the white color of the light
whereas a decrease in the voltage would change the color
of the emitted light to red.

A set of two mounted polarizers is also included.  The po-
larizer perimeters are marked in degrees and the polarizers
can be rotated to any angle to show the amount of extinc-
tion of the transmitted light.

All the filters snap into the ends of the photometer and
can be rotated once they are snapped into place.  The
polarizers are designed to fit on their own separate holder.
One polarizer can be snapped into each side of this holder.

How to Use the Photometer

To determine if the two sides of the photometer are illu-
minated by light of equal intensity, look down into the
conical eyepiece of the photometer.  The cone is designed
to cast a shadow on the inner parts of the photometer to
allow a better view.  Do not put your eye directly on the
eyepiece:  Keep your head back at a distance which al-
lows you to comfortably focus on the orange indicator.  If
the light is the same brightness on each side, the color and
brightness of the two sides of the orange indicator will
appear to be the same.
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Equipment

12V transformer
+200 mm Lens

mounted in
protective holder

+100 mm Lens
mounted in

protective holder

Point, Object, Ray
and Primary colors

Light  Source

Light Stand

Lens Storage CaseOptics Viewing
Screen

1.16 m Basics Optics Bench with T-slot
(securely holds components rigid and

perpendicular)

Equipment included in the, OS-8515 Basic Optics System.

Multi use Light Source

Object Light
Source

Point Light Source

Light Source stood
on end

Convex Lens

Rhombus

Concave Lens

Mirror
(concave, convex

and plane)

Slide the attached mask
for colors or rays.

Primary Color Spectrum
and 1 to 5 Rays
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Setup:

Attach the bracket to the optics bench by inserting the nut
into the T-slot in the center of the track.  The bracket can
be slid to any position on the track while the thumbscrew
is loose.  Tighten the thumbscrew to secure the light
source at any position.  Rotate the Light Source box in its
bracket until its label side is up and the box clicks into
place.  In this horizontal position, the Light Source acts as
a cross-arrow target object.  To use the Light Source as a
point light source, rotate the Light Source box into its ver-
tical position.  It will click into position.  Regardless of
which orientation the Light Source box is locked into, the
plane of the object is indicated on the metric tape on the
bench by the recessed portion of the base of the bracket.
Plug the cord from the transformer into the power supply
jack.

Using the Light Source as a Ray Box

To use the Light Source as a ray box, remove the bracket
if it is attached.  The power cord from the transformer
must be unplugged from the Light Source before taking
the bracket off or putting the bracket on.  See Figure 1.
The Light Source is held in place by the spring action of
the bracket.  To remove the bracket, hold the light source
box in one hand and pull outward on each of the bracket’s
two sides, pulling the light box’s side tabs out of the
bracket.

Set the Light Source box on a piece of white paper on the
table.  Plug the transformer into the power supply jack on
the side of the light box.  If you set the Light Source on
the table with the label side up, it will produce white light
rays.  If the label side is down, it will produce the three
primary colors.  To select the number (1, 3, 5) of white
rays, slide the plastic mask which is fastened to the front
of the box until you see the desired number of rays.

Mounting the Light Source to the Optics Bench

The bracket must be attached to the Light Source to
mount it on the optics bench.  See Figure 1.  The power
cord from the transformer must be unplugged from the
Light Source before taking the bracket off or putting the
bracket on.  The Light Source is held in place by the
spring action of the bracket.  To attach the bracket, hold
the light source box in one hand and pull outward on each
of the bracket’s two sides and insert the light box’s side
tabs into the holes in the sides of the bracket.  Note that
the crossed-arrow target should face the front side of the
bracket which can be identified by the cut-away areas in
the lower side portions of the bracket.  See Figure 1 or see
the label on the side of the bracket for the correct position-
ing of the light source.

Light Source

T-Slot
Power cord

Light Source
Bracket

Bracket
Thumbscrew

Optics
Bench

Figure 1:  Light Source
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To mount the viewing screen to the Optics Bench, slide
the square nut into the center T-slot in the bench.  See
Figure 2 below, Mounting Screen on Bench.

The lenses simply snap into place on the bench.  See Fig-
ure 3, Mounting Lens holders on Bench.  There is no need
to slide them on from the end of the bench.  To slide the
lens holder along the bench, grasp the lens holder at its
base and squeeze the locking clip on the side of the
holder.  Continue to squeeze the locking clip while the
lens is slid along or removed from the bench.  When the
locking clip is released the lens is held firmly in place.

Storage

All parts (lens holders, screen, etc.) have a hole allowing
them to be hung on a peg board for compact storage.  The
light source can be hung by its bracket or stacked on a
shelf.

The experiments can be arranged in categories according
to which equipment is used with the Light Source:

Ray Box Experiments

➀ Color Addition

➁ Prisms

➂ Reflection:  Plane and Curved Mirrors

➃ Snell’s Law

➄ Total Internal Reflection

➅ Refraction:  Convex and Concave Lenses

➆  Lensmaker’s Equation

➇ Apparent Depth

Optics Bench Experiments

� Focal Length of a Thin Lens

 Telescope

Microscope

Shadows

Photometer Experiments

Inverse Square Law

Polarization

Mounting the Screen and Lenses to the
Optics Bench (OS-8518)

Optics
Bench

Figure 2: Mounting Screen on Bench

Screen

Optics Bench

Nut

T-Slot

Lens Holder

Figure 3: Mounting Lens holder on Bench

Hole for
Rack

Storage

Locking
clip

Position
Indicator

Hole for
rack storage

��

��
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Experiment 1: Color Addition

EQUIPMENT NEEDED

– Ray box (color rays) –  Convex lens
– Colored paper (red, yellow, green, blue)

Purpose

To determine the colors that result from the addition of two or three primary colors and to show
the effect of illuminating colored objects with different colors of light.

Procedure

➀ Place the ray box on a white sheet of paper on the table.  Adjust the box so the primary colors are
showing.  If the white screen from the Optics Bench (OS-8518) is available, it can be laid flat on
the table to make a good viewing platform for this experiment.  It may be helpful to raise the
front end of the box by approximately 1 cm (The concave lens works fine for this).  This causes
the colored rays to shine out a further distance.

➁ Place the convex lens near the ray box so it focuses the rays and causes them to cross each other
at the focal point.  What is the color of the light where the three rays come together?  Record the
result in Table 1.1.  It may be helpful to crease the paper so it forms a wall upon which the focal
point is projected.  See Figure 1.1.

Figure 1.1:  Ray Box for color addition

➂ Now block the green ray with an opaque object.  What color results from adding red and blue?
Record the result in Table 1.1.

Repeat Step 3, blocking one color each in succession and completing Table 1.1.

Table 1.1 Results of Color Addition

COLORS ADDED RESULTING COLOR

red + blue + green

red + blue

red + green

green + blue

Light Box

Screen  (if not available,
a white sheet of paper)

Convex Lens

Concave Lens
as prop
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 Shine the three primary colors on each of the colored sheets of paper.  What color does each
sheet of paper appear to be for each color of illuminating light?  Record the results in Table 1.2.

Table 1.2  Results of Reflection Off Colored Paper

COLOR OF PAPER COLOR OF COLOR OF PAPER IN
IN WHITE LIGHT LIGHT RAY COLORED LIGHT

Red

Green

Blue

Red

Green

Blue

Red

Green

Blue

Red

Green

Blue
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Experiment 2: Prism

EQUIPMENT NEEDED

– Ray box (white ray)
– Rhombus

Purpose

To show how a prism separates white light into its component colors and to show that different
colors are refracted at different angles through a prism.

Theory

According to Snell’s Law,

n1sin θ1 = n2sin θ2

the angle of refraction depends on the angle of incidence and the index of refraction of the mate-
rial.  See Figure 2.1.  Because the index of refraction for light varies with the frequency of the
light, white light which enters the material at a given angle of incidence will separate out into its
component colors as each frequency is bent a different amount.

The rhombus is made of Acrylic which has an index of refraction of 1.497 for light of wave-
length 486 nm in a vacuum, 1.491 for wavelength 589 nm, and 1.489 for wavelength 651 nm
(red).  Notice that in general for visible light, the index of refraction for Acrylic increases with
increasing frequency.

Figure 2.1:  Refraction of Light

n1

Normal to surface

Refracted Ray  (n2 > n1)

θ1

θ2

n2
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Procedure for Separating White Light

➀ Place the ray box, label side up, on a white sheet of paper on the table. Adjust the box so one
white ray is showing.  If the white screen from the OS-8518 Optics Bench is available, it can be
laid flat on the table to make a good viewing platform for this experiment.

➁ Position the rhombus as shown in Figure
2.2.  The triangular end of the rhombus is
used as a prism in this experiment.  Keep
the ray near the point of the rhombus for
maximum transmission of the light.

➂ Rotate the rhombus until the angle (θ) of the
emerging ray is as large as possible and the
ray separates into colors.

(a)  What colors are seen and in what order
are they?

(b)  Which color is refracted at the largest
angle?

(c)  According to Snell’s Law and the information given about the frequency dependence of the
index of refraction for Acrylic, which color is predicted to refract at the largest angle?

➃ Turn the ray box over and shine the three primary color rays into the rhombus at the same angle
used for the white ray.  Do the colored rays emerge from the rhombus parallel to each other? Why
or why not?

Figure 2.2

Rhombus
Color

spectrum

Ray Box

θ

Normal to Surface

Single Ray
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 Experiment 3:  Reflection – Plane and Curved Mirrors

EQUIPMENT NEEDED

– Ray box (single and multiple white rays) – Plane and curved mirrors
– Protractor (SE-8732) – Drawing compass (SE-8733)
– Metric rule – White paper

Purpose

To study how rays are reflected and to determine the focal length and radius of curvature of dif-
ferent types of mirrors.

Part I:  Plane Mirror

Procedure

➀ Place the ray box, label side up, on a white sheet of paper on the table. Adjust the box so one white
ray is showing.

➁ Place the mirror on the table and position the plane surface of the mirror at an angle to the ray so
that the both the incident and reflected rays are clearly seen.

➂ Mark the position of the surface of the plane mirror and trace the incident and reflected rays.
Indicate the incoming and the outgoing rays with arrows in the appropriate directions.

➃ On the paper, draw the normal to the surface.
See Figure 3.1.

➄ Measure the angle of incidence (θ
i
) and the

angle of reflection.  Both these angles should
be measured from the normal.  Record the
angles in Table 3.1.

➅ Change the angle of incidence and measure the
incident and reflected angles again.  Repeat this
procedure for a total of three different incident
angles.

➆ Adjust the ray box so it produces the three
primary color rays.  Shine the colored rays at an angle to the plane mirror. Mark the position of
the surface of the plane mirror and trace the incident and reflected rays.  Indicate the colors of the
incoming and the outgoing rays and mark them with arrows in the appropriate directions.

Table 3.1  Plane Mirror Results

Figure 3.1

Angle of Incidence Angle of Reflection

Incident Ray

Normal to surface

θi



10

Basic Optics 012-05628C

�

Questions

➀ What is the relationship between the angle of incidence and the angle of reflection?

➁ Are the three colored rays reversed left-to-right by the plane mirror?

Part II:  Cylindrical Mirrors

Theory
A concave cylindrical mirror will focus parallel rays
of light at the focal point.  The focal length is the
distance from the focal point to the center of the
mirror surface.  The radius of curvature of the mirror
is twice the focal length.  See Figure 3.2.

Procedure

➀ Using five white rays from the ray box, shine the
rays straight into the concave mirror so the light is
reflected back toward the ray box.  See Figure 3.3.
Draw the surface of the mirror and trace the incident
and reflected rays.  Indicate the incoming and the
outgoing rays with arrows in the appropriate direc-
tions.

➁ The place where the five reflected rays cross each
other is the focal point of the mirror.  Measure the
focal length from the center of the concave mirror
surface to the focal point.  Record the result in
Table 3.2.

➂ Use the compass to draw a circle that matches the
curvature of the mirror.  Measure the radius of cur-
vature using a rule and record it in Table 3.2.

➃ Repeat Steps 1 through 3 for the convex mirror.  Note that in Step 2, the reflected rays are diverg-
ing for a convex mirror and they will not cross.  Use a rule to extend the reflected rays back be-
hind the mirror’s surface.  The focal point is where these extended rays cross.

Table 3.2  Cylindrical Mirror Results

Focal Point

mirror set

Figure 3.2

Figure 3.3

R

f

Questions

➀ What is the relationship between the focal length of a cylindrical mirror and its radius of curva-
ture?  Do your results confirm your answer?

➁ What is the radius of curvature of a plane mirror?

Concave Mirror  Convex Mirror

Focal Length

Radius of Curvature
using compass
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Experiment 4:  Snell’s Law

EQUIPMENT NEEDED

– Ray box (single white ray and colored rays)
– Rhombus
– Protractor (SE-8732)
– White paper

Purpose

To use Snell’s Law to determine the index of
refraction of the acrylic rhombus.

Theory

Snell’s Law states

 

n1 sin θ1 = n2 sin θ2

where θ
1
 is the angle of incidence, θ

2
 is the

angle of refraction, and n
1
 and n

2
 are the re-

spective indices of refraction of the materials.
See Figure 4.1.

Procedure

➀ Place the ray box, label side up, on a white sheet
of paper on the table. Slide the ray mask until
only one white ray is showing.

➁ Place the rhombus on the table and position it so
the ray passes through the parallel sides as
shown in Figure 4.2.

➂ Mark the position of the parallel surfaces of the
rhombus and trace the incident and transmitted
rays.  Indicate the incoming and the outgoing
rays with arrows in the appropriate directions.
Mark carefully where the ray enters and leaves
the rhombus.

➃ Remove the rhombus and on the paper draw a line connecting the points where the ray entered
and left the rhombus.

➄ Choose either the point where the ray enters the rhombus or the point where the ray leaves the
rhombus.  At this point, draw the normal to the surface.

➅ Measure the angle of incidence (θ
i
) and the angle of refraction with a protractor.  Both these

angles should be measured from the normal.  Record the angles in Table 4.1.

➆ Change the angle of incidence and measure the incident and refracted angles again.  Repeat this
procedure for a total of three different incident angles.

θ2

θ1

n1

n2

Normal to surface

Refracted Ray  (n2 >
n1)

Figure 4.1

Normal to
Surface

Rhombus

Figure 4.2

θι

Incident
Ray
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Table 4.1  Data and Results

Analysis

➀ Using Snell’s Law and your data, calculate the index of refraction for the Acrylic rhombus, assuming the index
of refraction of air is one.  Record the result for each of the three data sets in Table 4.1.

➁ Average the three values of the index of refraction and compare to the accepted value (n = 1.5) using a percent
difference.

Question

     What is the angle of the ray that leaves the rhombus relative to the ray that enters the rhombus?

Angle of Incidence Angle of Refraction n rhombus

Average index of refraction
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Experiment 5:  Total Internal Reflection

EQUIPMENT NEEDED

– Ray box (single ray)
– Rhombus
– Protractor (SE-8732)
– White paper

Purpose

To determine the critical angle at which total internal reflection occurs and to confirm it using
Snell’s Law.

Theory

Snell’s Law states

n1sin θ1 = n2sin θ2

where θ
1
 is the angle of incidence, θ

2
 is the

angle of refraction, and n
1
 and n

2
 are the respec-

tive indices of refraction of the materials.  See
Figure 5.1.

If a ray of light traveling from a medium of
greater index of refraction to a medium of lesser
index of refraction is incident with an angle
greater than the critical angle (θ

c
), there is no

refracted ray and total internal reflection occurs.
If the angle of incidence is exactly the critical
angle, the angle of the refracted ray is 90 de-
grees.  See Figure 5.2.  In this case, using
Snell’s Law,

nsin θC = (1)sin (90°)

assuming the medium of lesser index of refrac-
tion is air with n

2
 = 1 and the medium of greater

index of refraction is the Acrylic rhombus with
n

1
 = n = 1.5.  Solving for the critical angle gives

sin θC = 1
n

Procedure

➀ Place the ray box, label side up, on a white
sheet of paper on the table. Slide the ray mask
until only one white ray is showing.

➁ Position the rhombus as shown in Figure 5.3.
Do not shine the ray through the rhombus too
near the triangular tip.

θ1

θ2Normal to
surface

Figure 5.1

n2

n1

Refracted Ray
(n2 > n1)

θc

Air

n

Incident
Ray

Reflected Ray

Figure 5.2

Refracted
Ray

Normal to
surface

Figure 5.3

Ray Box

Rhombus

Reflected Ray

Incident
Ray

Refracted
Ray
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➂ Rotate the rhombus until the emerging ray just barely disappears.  Just as it disappears, the ray
separates into colors.  The rhombus is correctly positioned if the red has just disappeared.

➃ Mark the surfaces of the rhombus.  Mark exactly the point on the surface where the ray is inter-
nally reflected.  Also mark the entrance point of the incident ray and mark the exit point of the
reflected ray.

➄Remove the rhombus and draw the rays that are incident upon and that reflect off the inside sur-
face of the rhombus.  See Figure 5.4.  Measure the
total angle between these rays using a protractor.  If
necessary, you may extend these rays to make the
protractor easier to use.   Note that this total angle is
twice the critical angle because the angle of inci-
dence equals the angle of reflection.  Record the
critical angle here:_______________

➅ Calculate the critical angle using Snell’s Law and
the given index of refraction for Acrylic.  Record the
theoretical value
here:_______________________________

➆ Calculate the percent difference between the mea-
sured and theoretical values:
% difference = _____________________

Questions

➀ How does the brightness of the internally reflected ray change when the incident angle changes
from less than θ

c
 to greater than θ

c
?

➁ Is the critical angle greater for red light or violet light? What does this tell you about the index of
refraction?

2θc

Exit point

Reflected Ray

Rhombus

total Internal
Reflection

Entrance point

Figure 5.4
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Experiment 6:  Refraction – Convex and Concave Lenses

Five parallel rays

Figure 6.1

EQUIPMENT NEEDED

– Ray box (multiple white rays)
– Convex lens
– Concave lens
– Metric rule
– Second convex lens (optional)

Purpose

To explore the difference between convex and concave lenses and to determine their focal
lengths.

Theory

Parallel rays of light passing through a thin convex lens cross at the focal point of the lens.  The
focal length is measured from the center of
the lens to the focal point.

Procedure

➀ Place the ray box on a white piece of paper.
Using five white rays from the ray box,
shine the rays straight into the convex lens.
See Figure 6.1.

NOTE: Concave and Convex lenses have
only one flat edge. Place flat edge on surface.

 Trace around the surface of the lens and
trace the incident and transmitted rays.  In-
dicate the incoming and the outgoing rays
with arrows in the appropriate directions.

➁ The place where the five refracted rays cross each other is the focal point of the lens.  Measure the
focal length from the center of the convex lens to the focal point.  Record the result in Table 6.1.

Table 6.1  Results

Convex Lens Concave Lens

Focal Length

➂ Repeat the procedure for the concave lens.  Note that in Step 2, the rays leaving the lens are di-
verging and they will not cross.  Use a rule to extend the outgoing rays straight back through the
lens.  The focal point is where these extended rays cross.

➃ Nest the convex and concave lenses together and place them in the path of the parallel rays.
Trace the rays.  What does this tell you about the relationship between the focal lengths of these
two lenses?

Double
Convex

Lens

Ray
Box
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➄ Slide the convex and concave lenses apart to observe the effect of a combination of two lenses.
Then reverse the order of the lenses.  Trace at least one pattern of this type.

➅ Place the convex lens in the path of the five rays.  Block out the center 3 rays (the mirror on edge
works well) and mark the focal point for the outer two rays.  Next, block out the outer two rays (or
slide the mask to the position that gives 3 rays) and mark the focal point for the inner 3 rays.  Are
the two focal points the same?

➆ If you have a second convex lens, place both convex lenses in the path of the five rays.  The dis-
tance between the lenses should be less than the focal length of the lenses.  Compare the quality of
the focus of this two lens system to the focus of a single lens.  Do all five rays cross in the same
place?
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Experiment 7:  Lensmaker’s Equation

Figure 7.1

R1

Double
Concave

Lens

R2

Figure 7.2

Ray
Box

Five parallel rays

Double
Concave

Lens

EQUIPMENT NEEDED

– Ray box (multiple white rays)
– Concave lens
– Metric rule

Purpose

To determine the focal length of a convex lens by direct measurement and by using the
lensmaker’s equation.

Theory

The lensmaker’s equation is used to calculate the focal length of a lens based on the radii of cur-
vature of its surfaces and the index of refraction of the lens material.

1
ƒ = n – 1 1

R1
+ 1

R2

where f is the focal length, n is the
relative index of refraction of the
lens material, and R

1
 and R

2
 are the

radii of curvature of the lens sur-
faces.

NOTE:  In this notation, R is posi-
tive for a convex surface (as viewed
from outside the lens) and R is
negative for a concave surface.  See
Figure 7.1.

Procedure

➀ Place the ray box on a white piece of paper.  Using
five white rays from the ray box, shine the rays
straight into the concave lens.  See Figure 7.2.
Trace around the surface of the lens and trace the
incident and transmitted rays.  Indicate the incoming
and the outgoing rays with arrows in the appropriate
directions.

➁ Remove the lens.  To measure the focal length, use
a rule to extend the outgoing diverging rays straight
back through the lens.  The focal point is where
these extended rays cross. Measure the distance
from the center of the lens to the focal point.
Record the result:  f = _______________
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➂ To determine the radius of curvature,
put the concave lens back in the path of
the rays and observe the faint reflected
rays off the first surface of the lens.
The front of the lens can be treated as a
concave mirror having a radius of cur-
vature equal to twice the focal length of
the effective mirror.  Trace the surface
of the lens and the incident rays and the
faint reflected rays.  Measure the dis-
tance from the center of the front
curved surface to the point where the
faint reflected rays cross.  See Figure
7.3.  The radius of curvature of the
surface is twice this distance.  Record
the radius of curvature:
R = _______________.

➃ Note that the lens is symmetrical and it is not necessary to measure the curvature of both sides of
the lens because R is the same for both.  Calculate the focal length of the lens using the
lensmaker’s equation.  The index of refraction is 1.5 for the Acrylic lens.  Remember that a con-
cave surface has a negative radius of curvature.  f = ___________________________

➄ Calculate the percent difference between the two values of the focal length of the concave lens.
% difference = ___________

Questions

➀ Is the focal length of a concave lens positive or negative?

➁ How might the thickness of the lens affect the results of this experiment?

Ray
Box

1/2 R

Incident rays

Faint Reflected
Rays

Double
concave

lens

Figure 7.3



19

012-05628C Basic Optics

�

Experiment 8:  Apparent Depth

Figure 8.1

Air

n

t
d

Figure 8.2

Rhombus

Ray Box

Double
Convex

Lens

Mirror on
edge

d
t

EQUIPMENT NEEDED

– Ray box – Convex lens
– Rhombus – Metric rule
– Mirror (Used to block center rays)

PART I

Purpose

To determine the index of refraction using apparent depth.

Theory

Light rays originating from the bottom surface of a block of material
refract at the top surface as the rays emerge from the material into
the air.  See Figure 8.1.  When viewed from above, the apparent
depth, d, of the bottom surface of the block is less than the actual
thickness, t, of the block.  The apparent depth is given by
d = t/n, where n is the index of refraction of the material.

Procedure

➀   Place the ray box on a white piece of paper.  Using five white rays from
the ray box, shine the rays straight into the convex lens.  See Figure 8.2.
Place the mirror on its edge between the ray box and the lens so that it
blocks the middle three rays, leaving only the outside two rays.

➁   Mark the place where the two rays cross each other.

➂   Place the rhombus as shown in Figure 8.2.  The bottom surface of the
rhombus must be exactly at the point where the two rays cross.  The
crossed rays simulate the rays that emerge from the bottom of the rhombus
block discussed in the theory.

➃ Trace the bottom and top surfaces of the rhombus and trace the rays diverg-
ing from the top surface.

➄ Remove the rhombus, turn off the light source, and trace the diverging rays
back into the rhombus.  The place where these rays cross (inside the rhom-
bus) is the apparent position of the bottom of the rhombus when viewed
from the top.

➅ Measure the apparent depth, d, and the thickness, t.

          d = ________________

          t = ________________

➆ Calculate the index of refraction of the material using n = t/d.      n = ________________

➇ Calculate the percent difference between the measured value of the accepted value (n = 1.5).
% difference = ________________
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PART II

Theory

Parallel rays passing through a convex lens cross at the focal point of the lens.  If a block with
parallel sides is placed between the lens and the focal point, the point where the rays cross moves
further from the lens.  Since the thickness, t, of the block has an apparent depth, d, that is less than
the thickness (d = t/n), the point where the rays cross must move by an amount equal the differ-
ence between the actual thickness of the block and the apparent thickness of the block.  Thus the
distance, x, that the focal point moves is given by x = t - t/n, where n is the index of refraction of
the block.

Procedure

➀ Turn the light source on.  Using a new
sheet of paper, mark the place where the
two rays cross.

➁ Set the rhombus between the lens and the
place where the rays cross.  See Figure
8.3.  Mark the new place where the rays
cross.

➂ Move the rhombus to a new position,
closer to the lens.  Does the position of the
focal point change?

➃ Turn off the light source and measure the
distance, x, between the marks.  x =  _______________

➄ Using the thickness of the rhombus from Part I and the distance x, calculate the index of refraction

using n = _______________

➅ Calculate the percent difference between the measured value of the accepted value (n = 1.5).
% difference = ________________

Figure 8.3

New focus
with Rhombus

in place

Ray
Box Lens Rhombus

Mirror on
edge

Focus without
Rhombus
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Experiment 9:  Focal Length of a Thin Lens

EQUIPMENT NEEDED

–Bench (OS-8518) –Light source (object) (OS-8517)
–Convex lens –Screen

Purpose

To determine the focal length of a thin
lens.

Theory

For a thin lens:   
1
f

= 1
d o

+ 1
d i

where f is focal length, d
o
 is the dis-

tance between the object and the lens,
and d

i
 is the distance between the image

and the lens.  See Figure 9.1.

Procedure

I.   FOCAL LENGTH USING AN OBJECT
AT INFINITY

➀ Using one of the positive lenses focus a
distant light source on a paper.

➁ Measure the distance from the lens to
the paper.  This is the image distance.

➂ Take the limit as the object distance goes
to infinity in the Thin Lens Formula:

1
f

= 1
d o

+ 1
d i

Solve for the focal length.  f = _______________

II.  FOCAL LENGTH BY PLOTTING 1/d
o
 vs. 1/d

i

a.   On the optical bench, position the lens between a light source (the object) and a screen.  Be sure
the object and the screen are at least one meter apart.

b.   Move the lens to a position where an image of the object is formed on the screen.  Measure the
image distance and the object distance. Record all measurements in table 9.1.

c.   Measure the object size and the image size for this position of the lens.

d.   Move the lens to a second position where the image is in focus (Do not move the screen or Light
Source).  Measure the image distance and the object distance.

e. Measure the image size for this position also.

f.   Move the screen toward the object until you can no longer find two positions of the lens where
the image will focus.  Then move the screen a few centimeters further away from the object.
Repeat Parts b and d for this position of the screen and for 4 other intermediate positions of the
screen.  This will give you 6 sets of data points (a total of 12 data points).

Figure 9.1

Scale

Object

Image

d
i

d
o

f

Screen
Focal
Point

Lens
Holder

Light
Source
(object)
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g.   Plot 1/d
o
 vs. 1/d

i
 using the 12 data points.  This will give a straight line and the x- and y- inter-

cepts are each equal to 1/f.

h.   Find the percent difference between the two values of the focal length found from the intercepts.
Then average these two values and find the percent difference between this average and the focal
length found in Part I.

i.   For the first two sets of data points ONLY, use image and object distances to find the magnifica-
tion at each position of the lens.

Magnification = M = d i

d o

Then, using your measurements of the image size and object size, find the magnification by mea-
suring the image size and the object size.

M = image size
object size

Find the percent differences.
Table 9.1

x – intercept  ________________ y – intercept  ________________

f average ________________ percent difference  ________________

QUESTIONS

➀ Is the image formed by the lens erect or inverted?

➁ Is the image real or virtual?  How do you know?

➂ Explain why, for a given screen–object distance, there are two positions where the image is in focus.

➃ Why is the magnification negative?

Object distance Image distance Image size 1/d
0

1/d
i

1

2

3

4

5

6

7

8

9

10

11

12
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Screen

Experiment 10: Telescope

EQUIPMENT NEEDED

– Bench (OS-8518) – 2 convex lenses (focal lengths 10 cm and 20 cm)
– Screen with paper pattern (See back of manual for pattern) – Metric rule

Purpose
To construct a telescope and determine the magnification.

Theory

An astronomical telescope is constructed with two convex lenses.  The ray diagram for this ex-
periment (shown in Figure 10.1) indicates that the image is in the same plane as the object.  Hav-
ing the image in the same plane as the object allows the distance to the virtual image to be deter-
mined.  For this experiment, it is assumed that the lenses are thin compared to the other distances
involved.  In this case the Thin Lens Formula may be used.  This equation states:

1
f

= 1
d o

+ 1
d i

 where f is focal length, d
o
 is the distance between the object and the lens, and d

i
 is the distance

between the image and the lens.

The magnification of a two-lens system is equal to the multiplication of the magnifications of the

individual lenses: M = M1M2 =
–d i1

do1
= –d i2

do2

Set Up

➀ Tape or use paper clips to fasten the paper pattern to the screen.  The crosshatching on the screen
acts as the object.

➁ The 200 mm lens is the objective lens (the one which is nearer to the object).  The 100 mm lens
is the eyepiece lens (the one which is nearer to the eye).  Place the lenses near one end of the
optical bench and place the screen on the other end.  See Figure 10.2.

Figure 10.2

100 mm Lens

200 mm
Lens

do1 di1

di2

do2

Figure 10.1

Image

Object

Lens #2
100 mm focal length

Lens #1
200 mm focal length
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Procedure

➀ Focus the image of the object (the crosshatching on the screen) by moving the objective lens (the
one which is closer to the object).  To view the image, you must put your eye close to the eyepiece
lens.

➁ Eliminate the parallax by moving the eyepiece lens until the image is in the same plane as the
object (screen).  To observe the parallax, open both eyes and look through the lenses at the image
with one eye while looking around the edge of the lenses directly at the object with the other eye.
See Figure 10.3.  The lines of the image (solid lines shown in Figure 10.4 inset) will be superim-
posed on the lines of the object (shown as dotted lines in Figure 10.4 inset).  Move your head
back-and-forth or up-and- down.  As you move your head, the lines of the image will move rela-
tive to the lines of the object due to the parallax.  To eliminate the parallax, move the eyepiece
lens until the image lines do not move relative to the object lines when you move your head.
When there is no parallax, the lines in the center of the lens appear to be stuck to the object lines.

 NOTE:  Even when there is no parallax, the lines
may appear to move near the edges of the lens be-
cause of lens aberrations.

➂ With the parallax now eliminated, the virtual image is
now in the plane of the object.  Record the positions of the lenses and the object in Table 10.1.

➃ Measure the magnification of this telescope by counting the number of squares in the object that
lies along one side of one square of the image.  To do this, you must view the image through the
telescope with one eye while looking directly at the object with the other eye.  Record the ob-
served magnification in Table 10.1.

➄ Remove the screen and look through the lenses at a distant object such as a meter stick at the op-
posite side of the room.  Eliminate the parallax and determine the magnification.  When viewing
an object at infinity through a telescope, the magnification is the ratio of the focal lengths of the
lenses.  Check to see if this is true for your telescope.

Figure 10.3
	
������	�

Figure 10.4

Lens Lens
Top view of

person

Screen
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Analysis

To calculate the magnification complete the following steps and record the answers in Table 10.1:

➀ Determine d
o1

, the distance from the object (paper pattern on screen) to the objective lens.

➁ Determine d
i2

, the distance from the eyepiece lens and the image.  Since the image is in the plane
of the object, this is also the distance between the eyepiece lens and the object (screen).

➂ Calculate d
i1
 using d

o1
 and the focal length of the objective lens in the Thin Lens Formula.

➃ Calculate d
o2

 using d
i2
 and the focal length of the eyepiece lens in the Thin Lens Formula.

➄ Calculate the magnification using:

Μ = Μ 1Μ 2 = –d i1

do1

–d i2

do2

➅ Take a percent deviation between this value and the observed value.

Table 10.1  Results

Position of Objective Lens
 (200 mm)

Position of Eyepiece Lens
 (100 mm)

Position of Screen

Observed Magnification

d
o1

d
i2

d
i1

d
o2

Calculated Magnification

Percent Difference

Questions

➀ Is the image inverted or erect?

➁ Is the image seen through the telescope real or virtual?
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Experiment 11: Microscope

EQUIPMENT NEEDED

– Bench (OS-8518) – 2 convex lenses
– Screen with paper pattern (See back of manual for pattern) – Metric rule

Purpose
To construct a microscope and determine the magnification.

Theory
A microscope magnifies an object that is close to the microscope.  The ray diagram for this ex-
periment (shown in Figure 11.1) indicates that the image is in the same plane as the object.  Having
the image in the same plane as the object allows the distance to the virtual image to be determined.

For this experiment, it is assumed that the lenses are thin compared to the other distances in-

volved.  In this case the Thin Lens  Formula may be used.  This equation states  

1
f

= 1
d o

+ 1
d i

where f is focal length, d
o
 is the distance

between the object and the lens, and d
i
 is

the distance between the image and the
lens.  The magnification of a two-lens
system is equal to the multiplication of
the magnifications of the individual
lenses:

Μ = Μ 1Μ 2 = –d i1

d o1

–d i2

d o2

Set Up
➀ Tape or use paper clips to fasten the paper pattern to the screen.  The crosshatching on the screen

acts as the object.

➁ The 100 mm lens is the objective lens (the one which is
nearer to the object).  The 200 mm lens is the eyepiece
lens (the one which is nearer to the eye).  Place the lenses
near one end of the optical bench and place the screen
about in the middle of the optical bench.  See Figure 11.2.

Procedure
➀ Focus the image of the object (the crosshatching on the

screen) by moving the objective lens (the one which is closer to the object).  To view the image,
you must put your eye close to the eyepiece lens.

➁ Eliminate the parallax by moving the eyepiece lens until the image is in the same plane as the
object (screen).  To observe the parallax, open both eyes and look through the lenses at the image
with one eye while looking around the edge of the lenses directly at the object with the other eye.
See Figure 11.3.  The lines of the image (solid lines shown in Figure 11.4 inset) will be superim-
posed on the lines of the object (shown as dotted lines in Figure 11.4 inset).  Move your head back-
and-forth or up-and- down.  As you move your head, the lines of the image will move relative to
the lines of the object due to the parallax.  To eliminate the parallax, move the eyepiece lens until
the image lines do not move relative to the object lines when you move your head.  When there is
no parallax, the lines in the center of the lens appear to be stuck to the object lines.

Figure 11.2

Figure 11.1

200 mm100 mmScreen

do1

di2

di1 do2

Image

Object

Lens #1
100 mm focal length

Lens #2
200 mm focal length
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 NOTE:  Even when there is no parallax,
the lines may appear to move near the edges
of the lens because of lens aberrations.

➂ With the parallax now eliminated, the
virtual image is now in the plane of the
object.  Record the positions of the lenses
and the object in Table 11.1.

➃ Measure the magnification of this micro-
scope by counting the number of squares in the object that lies along one side of one square of the
image.  To do this, you must view the image through the microscope with one eye while looking
directly at the object with the other eye.  Record the observed magnification in Table 11.1.

Analysis
To calculate the magnification complete the following steps and record the answers in Table 10.1:

➀ Determine d
o1

, the distance from the object (paper pattern on screen) to the objective lens.

➁ Determine d
i2
, the distance from the eyepiece lens and the image.  Since the image is in the plane

of the object, this is also the distance between the eyepiece lens and the object (screen).

➂ Calculate d
i1
 using d

o1
 and the focal length of the objective lens in the Thin Lens Formula.

➃ Calculate d
o2

 using d
i2
 and the focal length of the eyepiece lens in the Thin Lens Formula.

➄ Calculate the magnification using:

➅ Take a percent deviation between this value and the observed value.

Table 11.1  Results

Figure 11.3

Position of Objective Lens

Position of Eyepiece Lens

Position of Screen

Observed Magnification

d
o1

d
i2

d
i1

d
o2

Calculated Magnification

Percent Difference
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Figure 11.4

Questions

➀ Is the image inverted or erect?

➁ Is the image seen through the microscope real or virtual?

Lens LensScreen
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Experiment 12:  Shadows

EQUIPMENT NEEDED

– 2 Optics benches (OS-8518) – 2 point light sources (OS-8517)
– Screen – A pencil to use as the object that casts the shadow

Purpose

To show the umbra (dark) and the penumbra (lighter) parts of the shadow.

Set Up

➀ Place the two optics benches beside each other.

➁ Put one point light source on each bench as shown in Figure 12.1.

➂ Place the screen on the other end of the track, opposite the light sources.

Procedure

➀ Plug in only one of the light sources.

➁ Hold the pencil about 5 cm away from the screen so its shadow is cast on the screen.  Now
change the light source from the point source position to the broader crossed-arrow position.
How does the shadow change?

➂ Rotate the light source back to the point source position.  Plug in the second point light source.
Make a sketch of the shadow of the pencil.  Label the umbra and the penumbra.

➃ Move the pencil away and toward the screen.  How does the shadow change?

➄ Block the light from each point source in succession to determine which part of the shadow is
caused by each light source.

Figure 12.1

Two Point Sources

Two Tracks

One Screen
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Experiment 13:  Inverse Square Law

EQUIPMENT NEEDED

– Bench (OS-8518) – 2 Point Light Sources (OS-8517)
– Photometer with Filter Set (OS-8520)

Purpose

The purpose of this experiment is to show that light intensity is inversely proportional to the
square of the distance from a point light source.

Theory

The light from a point light source spreads out uniformly in all directions.  The intensity at a
given distance, r, from the light will be equal to the power output of the light divided by the sur-
face area of the sphere through which the light has spread.  Since the area of the sphere goes as
the square of its radius, r, the intensity will drop off as 1/r2.  In general, the intensity of the point
light source at any distance, r, is given by

I = constant
r2

Thus, the ratio of the intensity (I) of the light at a position (r) as compared to the reference inten-
sity (I

o
) measured at a position (r

o
) is given by

I
Io

=
r2

o

r2

Set Up
➀ Place the photometer at the 70 cm mark on the optics bench.

➁ Place a point light source at 40 cm.  Put a neutral density filter on the side of the photometer that
is opposite the point source.  See Figure 13.1.  Place the other light source on the same side of
the bench that has the neutral density filter.

 NOTE:  This experiment
can be done using one
point light source and a
second light source (used
as a reference) that is not a
point source.  If you are
using only one point
source, put the point
source on the side of the
photometer that does not
have the filter.

➂ Adjust the neutral density
filter for 100% transmit-
tance.

Figure 13.1:  Experiment Set-Up

Second Light
Source40 cm

Eyepiece

Filter

Photometer

Point Source

70 cm
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Procedure

NOTE:  You may want to cover the crossed-arrow object on each light source to reduce the
excess light in the room.  The room lights must be off for this experiment.

➀ Turn off the room lights.  The only sources of light should be the two point sources.

➁ Look into the photometer and move the light source on the filter side to a position that gives equal
intensities.  The light source on the filter side will remain at this position for the rest of the experi-
ment.  This light will act as the reference intensity I

o
.  Record the positions of the photometer and

the light source that is opposite the filter side of the photometer in Table 13.1.  The position of the
reference light (on the filter side) is not needed.

➂ Rotate the neutral density filter to 75% transmittance.  Move the point light source (the one oppo-
site to the filter side) the position where the intensities are once again the same when viewed in the
photometer.  Record this new position of the light source in Table 13.1.

➃ Repeat the last step for 50% and 25% transmittance.

Analysis

➀ Using the measured positions in Table 13.1, calculate the distances of the point source from the
photometer and record in Table 13.1.

➁ For each of the different positions, calculate the intensity using

I =
ro
r

2

Io

where r
o
 is the initial distance of the point source (100%) and r is the distance at the given inten-

sity.  Note that the intensity is calculated in terms of the initial intensity I
o
.  Record your answers

in Table 13.1.

➂ Calculate the percent difference between the calculated intensities and their corresponding ex-
pected values.  Record in Table 13.1.

Table 13.1:  Positions

����������	�� �	�����
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Experiment 14: Polarization

EQUIPMENT NEEDED

– Optics bench (OS-8518) – 2 Point light sources (OS-8517)
– Photometer with filter set (OS-8520) – 2 Polarizers (OS-8520)

Purpose

The purpose of this experiment is to show that the intensity of the transmitted light through two
polarizers depends on the square of the cosine of the angle between the axes of the two
polarizers.

Theory

A polarizer only allows light which is vibrating in a particular plane to pass through it.  This
plane forms the “axis” of polarization.  Unpolarized light vibrates in all planes.  Thus if unpolar-
ized light is incident upon an “ideal” polarizer, only half will be transmitted through the polarizer.
(Since in reality no polarizer is “ideal”, less than half the light will be transmitted.)  The transmit-
ted light is polarized in one plane.  If this polarized light is incident upon a second polarizer, the
axis of which is oriented such that it is perpendicular to the plane of polarization of the incident
light, no light will be transmitted through the second polarizer (Figure 14.1).

Polarized
Light

Unpolarized
Light

First Polarizer Second Polarizer

No Light

However, if the second polarizer is oriented at an angle so that it is not perpendicular to the first
polarizer, there will be some component of the electric field of the polarized light that lies in the
same direction as the axis of the second polarizer, and thus some light will be transmitted through
the second polarizer (Figure 14.2).

Figure 14.1:  Unpolarized light incident on two polarizers
oriented perpendicularly to each other.

Figure 14.2:  Unpolarized light incident on two polarizers
oriented at an angle φφφφφ with respect to each other.

First Polarizer Second Polarizer

Unpolarized
Light

Polarized
Light

Polarized
Light

φ

I = Io cos2φIo

φ
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The component, E, of the polarized electric field, E
o
, is found by using trigonometry:  E = E

o
 cosφ.

Since the intensity of the light goes as the square of the electric field, the transmitted light intensity
is given by I = I

o
 cos2φ, where I

o
 is the incident light intensity and φ is the angle between the axis

of polarization of the incident light and the polarizer.

 Notice that the two extremes work in this formula:

➀ If φ is zero, cos2(φ) equals one, and thus the intensity transmitted is equal to the incident intensity
of the polarized light because the polarizer is aligned with the incident light and will allow all of it
to pass through.

 NOTE:  It is assumed that the incident light is polarized, not unpolarized.

➁ If φ is 90⋅, cos2(φ) equals zero, and no light is transmitted since the polarizer is oriented perpen-
dicular to the plane of polarization of the incident light.

Set Up

➀ Place the photometer in the middle of the optics bench.  Place the neutral density filter on one side
of the photometer.  See Figure 14.3.

➁ Place a point light source on each end of the optics bench.

➂ Snap one polarizer onto each side of the accessory holder.  Before beginning the experiment,
check the angle calibration on the polarizers in the following way:  On the side of the accessory
holder that has the label, set the angle to 90 degrees.  Look through both polarizers at a bright light
and rotate the other polarizer until the transmitted light is at the minimum.  Now the polarizers are
crossed at 90 degrees.  Rotate the label- side polarizer back to zero degrees.  Now the two
polarizers are aligned for maxi-
mum transmission.  Throughout
the experiment, only rotate the
label-side polarizer.

➃ Place the polarizer accessory
holder (with polarizers) on the
bench between the light source
and the photometer on the side
opposite the neutral density filter.
The label side of the polarizer
holder should face away from the
photometer.  The polarizer holder
should be close to the photometer
so only polarized light will enter
that side of the photometer.

Figure 14.3:  Experiment Set-Up

��

� �

��
�
�
�

��
�	

�
��
��

��
��
���
��
�	


���
�

���
��
���
��
�

����
��

�

�������

����
��

��	
��

�	
	�

���
���

	�
���

�	�
���

�

���
���

��
��
���

��
�	�

��	
����

���
���
���

���

 �
���

���
��
!
���

	�

���
!�"

���
��
��

 ��
�
��
�
���
��

��

��
"�
��
�!

��
���

���
�	
��

���
���

���
�	��

!��
��
��
�

��
��	


��
���

� �
���

��
��

������

���
�
���

������
�����

��
�
�
�

��
�	

�
��
��

Polarizer

Indicator

Polarizer

Point Source

Point Source



35

012-05628C Basic Optics

�

Procedure

 NOTE:  You may want to cover the crossed-arrow objects on each light source to reduce the
excess light in the room.  The room lights must be off for this experiment.

➀ Set the neutral density filter for 100% transmission.

➁ While looking into the photometer’s conical eyepiece, adjust the position(s) of the light source(s)
until the two sides of the orange indicator have equal intensity.

➂ Set the neutral density filter for 75% transmission.

➃ While looking into the photometer’s conical eyepiece, rotate the label-side polarizer until the two
sides once again have equal intensity.  Record the angle in Table 14.1.  Rotate the polarizer back
to zero and repeat the measurement ftwomore times.

➄ Repeat the previous step for 50% and 25% transmission.

Table 14.1:  Data and Results

% transmittance 75% 50% 25%

 trial 1

 trial 2

 trial 3

Average angle

 cos2φ

% difference

Analysis

➀ For each of the neutral density filter settings, calculate the average of the three trials and record
the average angle in Table 14.1.

➁ To calculate the predicted percent transmittance for each case, calculate the square of the cosine
of each average angle and record in Table 14.1.

➂ Calculate the percent difference between the percentage transmittance and the predicted value for
each case and record in Table 14.1.
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Experiment 7:  Lensmaker’s Equation

Notes on Experiment

Measured Focal Length: 12.0 cm

Measured Radius of Curvature = -6.0 * 2 = -12.0 cm

Calculated Focal Length:  1/f = (n - 1) * (1/R1 + 1/R2)

= (1.5 -1) * (1/(-12) + 1/(-12))

= (.5)(-1/6) = -.0833

So, f = -12.1 cm

% Difference: (-12.1 - (-12.0))/(-12.1) * 100 = .83%

Experiment 9: Focal Length of a Thin Lens

Notes on Procedure:

It is recommended that you use either the +100 or +200
lenses for this experiment.

Analysis:

Experiment 8:  Apparent Depth

Notes on Experiment Part I

Apparent Depth, d = 2.2 cm

Thickness, t = 3.1 cm

Index of Refraction, n = t/d = 3.1 cm / 2.2 cm =  1.41

% Difference = (1.5 - 1.41) / 1.5 * 100 = 6%

Notes on Questions

The focal length of a concave lens is negative.

The thicker lensmaker formula is an approximation for
thin lenses.  The thicker the lens, the worse the approxi-
mation.

Notes on Experiment Part II

x = 1.0 cm

n = 1 / (1-x/t) = 1 / (1-1.0/3.1) = 1.48

% Difference = (1.5 - 1.48) / 1.5 * 100 = 1.3%

��������	
����� � �� ��������	��� �	 �� ��������	���
��� ��� ���� ���� ���� ���� ���
���� ��� ���� �� ���� ���� ���
���� ��� ���� �� ���� ��� ���
���� ���� ���� �� ���� ���� ���
���� ���� ��� �� ��� ���� ���
���� ��� ���� �� ���� ��� ���


