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MATHEMATICS PREREQUISITES

l. Trigonometry - ability to use sin, cos, tan
2. Addition of vectors

3. BAbility to use exponential notation

LAWS AND PRINCIPLES TO BE EXTRACTED

1. Conservation of charge

2. Cculomb's Law |

3. Concept of a field

4. Force on a charged particle in an electric field

5. Application of Newton's Second Law to charged particles

moving in uniform electric fields




PREREQUISITES CHECK

If you are to be successful in your study of this module,
there are some things you should know and be able to do before
you begin. Try to answer the following questions. If you can
handle them all easily, you should be able to read the module
and do the experiments without difficulty. If you have trouble
with any of these questions, ask your instructor for help on

those items before you begin to study the module.

A. Mathematical Skills

l. For the right triangle at the right:

S

(a) sin p =

(b) cos ©
(c) tan 8 =
2. A man walks 4 miles east, then he walks 4 miles 600
north qf west. Where is he in relation to his starting
point?
3. Write as a number between 1 and 10 multiplied by the
proper power of ten:
(a) 12,400
(b) 0.00309
4. Carry out the indicated calculations:

10 27

3 x 107 x 6 x 10

9 x 10719




B. Vocabulary

1. The following words are used in connection with forces
on an object and the motion that may result. Can you

define them?

(a) force (f) velocity

(b) attract (g) acceleration
(c) repel (h) average

(d) deflect (i) constant

(e) mass (j) uniform

2. The following words are used in connection with work done
by a force and the changes in energy which may result.

Can you define them?

(a) work (e) conservation
(b) energy . (£) joule
(c) kinetic energy (g) microjoule

(d) potential energy

3. The following words are used in connection with vectors.

Can you define them?

(a) vector (d) tangent
(b) component (e) parallel
(c) magnitude (f) perpendicular

4. The following words are used in connection with elec-

trical appuratus. Can you define them?

(a) electricity (f) oscilloscope

(b) terminal (g) deflecting plates
(c) electrode (h) banana plug

(d) cathode (i) AcC

(e) battery (j) pcC




You are using a cathode ray tube whenever you watch television.

The picture is formed by 525 horizontal scans of the electron beam.
Each scan takes about 0.000063 seconds (63 microseconds).

The signal from the TV camera causes the Intensity of the beam in
the viewer's CRT to change as it scans, producing the light and dark
patterns that make up the picture on the tube's phosphor coat.

Photograph courtesy of the Office of Educational Communications,
State University of New York at Binghamton.




OBJECTIVES

The list of learning goals below should help youf stu&y of
the experiments, reading material, and problems included in

this module. If you are able to perform all of the tasks in

this list, you should have no trouble with the test that will

follow at the end of the module. You should be prepared to

l. Give the rules for attraction and repulsion of electric
charges.

2. Describe the transfer of electric charge from one body to
another and the effect of electric charge on metal surfaces.

3. Define electric field, electric intensity, potential differ-
ence or voltage.

4. State the names of the Standard International (SI) units for
all quantities that appear in the equations of this module.

5. Use the lay F = (KQle)/r2 and the expression F = gE to
solve problems.

6. Discuss the properties of field lines and equipotential
surfaces and tell why they intersect at right angles.

7. Determine the path of a charged particle that enters a
electric field perpendicular to the field.

8. Calculate the final kinetic energy and velocity of a charged
particle, given the initial velocity and the potential
difference through which it moves.

9. Measure, using the apparatus of laboratory experiment 3, the
deflection of an electron beam on the face of a CRT as a

function of the voltage on the deflecting plates.




“I1DONT CARE ABOUT THE LAWS OF PHYSICS . I'M A PRACTICAL MAN 1~



WHAT YOU WILL STUDY

The main topic of this module is electricity. Electricity
is so common in our lives that no one needs to be told how;
important it is. EKnowing the basic ideas of electricity is a
first step toward understanding how electrical things work.

The main ideas you will learn here are: (1) that there are two
kinds of electric charge (called positive and negative), (2)

that two or more charges always exert forces on each other (you
will learn how to calculate the size and direction of these forces) .
(3) the meaning of the £erm "electric field," (4) how to find

the forces acting on a charged particle in an electric field,

(5) the meaning of electrical potential energy, (6) the defini-
tion of kinetic energy, and (7) the importance of conservation

of energy.

The electrical device you will study is the cathode ray
tube (CRT). It is the main component of T.V. sets, automobile
engine analysers, patient care units in hospitals, and oscillo-
scopes. The CRT and a few other devices (electron microscope,
x-ray tube) utilize electric forces to speed up (accelerate),
concentrate (focus) and deflect a stream (beam) of charged
particles. Frequently, magnetic forces are used for focusing
and deflecting. This is true in the case of T.V. picture tubes,
particle accelerators and mass spectrographs. The physics you
learn in this module can help you understand all these devices

and many more.




CATHODE RAY TUBE

The parts of a cathode ray tube (CRT) are shown in Figﬁrell.
They are a glass container called an envelope, an electron gun,
deflecting plates, a screen, and base. The envelope holds and
protects the other parts and keeps them in a vacuum. The
electron gun does three things: It supplies electronsl, accel-
erates them, and shapes or focgses them into a narrow beam.

The deflecting plates control the path of the beam and can make
it strike anywhere on the screen. The screen is a coating on
the inside of the glass called a phosphor which lights up and
thereby makes visible the spot where the electron beam strikes.
All electrical connections are made through the base.

The black and white picture on the television screen is
formed by making a properly focussed beaﬁ'scan, that is, move
rapidly along closely spaced horizontal lines to cover the entire
screen. At the same time the brightness or intensity of the spot
is varied to provide at each point on the screen the desired
shade of white, black or Qray. The brightnesé or intensity
depends on the number of electrons striking the screen per
second. For the light to be seen by the eye, many electrons
must strike near the same point. The contrel knob marked
"brightness" on a T.V. set and "intensity" on an oscilloscope

allows you to control the number of electrons in the beam.

The free electrons for a cathode ray tube are supplied by
a process called thermionic emission. In thermionic emission

electrons are boiled off with heat from a piece of metal called

1. An electron is the smallest charged particle -- radius
less than 10-14 meters, mass 9.11 x 103! kg, and negative
charge 1.60 x 1019 coulombs. :
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noticed that a current could be made to flow from a wire'tﬁat-
had been heated to a glowing temperature in vacuum.

Much research went into developing cathodes-with long
lifetimes and which could operate devices like vécﬁdm tubes,
cathode ray tubes, and X-ray tubes. The problem was that metals
didn't last long at the high operating temperatures needed to
get enough electrons emitted. Several solutions were found;
the most commonly used one has a metal core coated with certain
oxides to lower the operating temperature required for adequate
thermionic emission. This type of cathode is called an oxide-
coated cathcde.

Modern oxide-~coated cathodes often are cylindrical caps
which surround a heating wire, called the filament. The

filament is heated by passing a current through it and this heats

the cathode. CATH ODE
In normal operation, high - '

voltages are applied to parts of

the CRT. Care must be taken not F l LA MENT
to turn on the high voltages
before the cathode has reached
operating temperature, or pieces Figure 2
of the oxide coating may be pulled off the core. This may
reduce the emission, and damage the tube.

The motion of an electron in the CRT and the electric
forces which produce that motion will be the main topic of
this module. Electric forces come from and act on electric

charges; to understand these forces it is necessary to know

something about electric charge.




Nurses can watch the electrical pulses produced by cardiac patients'
hearts on the cathode ray tube monitors located in a central display

panel.

A general purpose physiological
monitor which displays eight
traces on the large cathode ray
tube. Three channels display
electrocardiograph traces, two
channels display heart sounds,
two are for intercardiac pres-
sure, and one is a channel for
DP/DT. ‘

Photographs courtesy of
Wilson Memorial Hospital,
Johnson City, New York
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Laboratory Experiment 1

ELECTRIC CHARGE

OBJECTIVES

1. To study the effect of electric charge on a piece of metal.
2. To study the effect of electric charge on the electron

beam of a cathode ray tube.

Have you ever walked across a rug and gotten a shock when
you touched another person? Have you ever run a comb through
your hair and noticed that the comb will pick up small pieces
of paper? Have you ever noticed nylon clothing cling and some-
times crackle as you take it off? If yourbanswer to any of
these questions is yes, you have observed electric charges
"doing their thing."”

The purpdse of this ekperiment is to give you a chance to
see and learn for yourself some facts about electricity.
Electric charges are a part of all ordinary matter. There are
two kinds of charge called positive and negative. The things
we use, see, and touch in our daily lives have equal numbers
of positive and negative charges in them. They are said to be
"neutral"” or uncharged. Sometimes, when things are rubbed
together a separation of charge takes place. For example, whén
a plastic rod is rubbed with a wool cloth, the plastic rod ends
up with more negative charge and the wool cloth with more
positive charge than before. They are now said to be charged
-- one negatively and the other positively. Charges within
neutral objects can also be separated under some conditions.

Thus it is possible for negative charges in an object to move
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to one end of the object leaving a shortage of negative charges
on the other end. This is the same as saying one end carries
negative charge and the other end carries positive charée.
Charge is never created or destroyed. Charges can bé moved
around, separated, recombined, but the net charge - that is,
the total amount of positive charge minus the total amount of
negative charge never changes. This is the "principle of
congervation of charge.”

Let's start examining the behavior of charged objects.
Cut a triangular piece of aluminum foil about one-half inch
on each side. Form a small loop at one end of a nylon thread.
Crimp one cornex of the triangle around this loop and attach
the other end¢ of the thread to a support allowing the aluminum
to swing freely. Handle the string as little as possible;
moisture from your hands may spoil the results. If you want
to remove charge from the aluminum, simply touch it with your
finger. This has the effect of "grounding" the aluminum.

Follow the sequence of experiments described in the next
section keeping a written record of what you did and what you

saw.

PROCEDURE

1. Begin by rubbing the hard-rubber rod with a piece of Saran
wrap. Hold the rod near the suspended aluminum foil
without touching.

2. Hold the piece of Saran wrap near the foil without touching.

3. Touch the foil with the rod.

4. Remove the rod and hold the Saran wrap near the foil.

5. Touch the foil with the rod, then touch the foil with a
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finger. Now approach the foil with the rod.

Try similar experiments using other charged materials . »
(glass rod rubbed with silk cloth; rubber rod rubbed-with‘
cat's fur). |

Find out whether electrically charged rods have any effect
on the electron beam of a cathode ray tube.

To do this, you may use a ready-made oscilloscope if
one is available, or the cathode ray tube that is provided
with this module and wire it as shown in Figures 3 and 4.

If you use an oscilloscope let your instructor advise
you how to operate it. If you use the CRT of the module,
start with the DC switch on STANDBY. Turn the AC power
switch to ON and observe the red glow of the filament

behind the cathode. Wait at least half a minute before

turning the DC switch, which controls the high voltages,

to ON. Focus the beam by adjusting the B and C voltages

on the power supply. If the bright spot doesn't appear on
the screen, try touching the B+ terminal with the brown
antenna leads (Caution: High Voltage).

(a) Is there any effect on the electron beam when you move
a charged rod near the face of the CRT?

{(b) when you move it near or allow it to touch one of the
deflection plate terminals?

(c) Does it make a difference whether the charged rod is
moved toward or away from a given deflection plate
terminal? Note the direction in each case. Is the
deflection permanent or pulse-like?

{(d) Connect a 22% volt battery to one pair of deflection

plates. 1Is the deflection permanent?
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{e) Do you think it is possible to determine what type of
charge (+ or -) is on a charged rod by comparing the
directions of deflection which you observe for the

rod and the battery? Plan your own experiment.

QUESTIONS

1.

Why should you ground (by touching) the aluminum before
each new observation?

Which of the things that you tried show that like charges
repel and unlike attract? Explain how each shows it.

What difference, if any, did you see in the behavior of the
foil when held near a charged rod before and after being
touched with the rod? Explain in terms of charge.

What effect does touching the foil with your hand have?
Explain, using the idea of charge.

What happens to the charge on the foil if the string is
moist?

Will charge stay on the foil forever if the foil is not
touched?

What is the Principle of Conservation of Charge? What did -~
you see that agrees or disagrees with this principle?

When a charged rod is moved rapidly toward a deflection
plate terminal of the CRT and then pulled back, the electron
beam is seen to deflect in opposite directions. Can you
explain why?

It is known that if rubber is rubbed with cat's fur, the
rubber becomes negatively charged and the fur becomes
positively charged. 1In the case of glass rubbed with silk,
the glass takes on positive charge and the silk negative

charge. Do your experimental results agree with these facts?
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The signals from the radar scanner are displayed on this cathode
ray tube in the Broome County Airport control tower.

This picture of an older radar displayﬂtube, formerly used in the
radar room of the Broome County Airport, shows the cathode ray tube
and some of the electronics associated with a radar display system.

Photographs courtesy of Federal Aviation Administration and

Broome County Airport.
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COULOMB'S LAW

A Frenchman named Coulomb measured the force between.two'
small charged spheres. Coulomb found that the force depends
on (1) the amount of charge on each sphere, and (2) the distance
between them. Keeping the distance between the charges the
same, Coulomh found that if the amount of either one of the
charges is doubled, the force is doubled; if tripled, the force
is tripled. 1In general, if either charge is made N times as
large, the force becomes N times as large.

What happens if the distance is changed and the charges
are kept the same? Coulomb found that doubling the distance
between the charges made the force one~quarter (1/4) of what
it was. When the distance was made M times as large, the force
became l/M2 of what it was. The way the force changes with the
charge strength and distance is called Coulomb's Law. It can
be written in a formula. If F is the force, Q4 and Q2 the
magnitudes of the charges, and r the distance between them, the

formula is

F= 172 (1)

K is a constant that depends on the units that are used. In
the SI (Standard International) system of units

P is in newtons, abbreviation -- N

Q1 and Q2 are in coulombs, abbreviation -- C

r is in meters, abbreviation -——m

K= 92,0 x 109 N mz/cd (for charges .in air or vacuum)
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The force between two point charges acts along the line joining
them. For unlike (+ and -) charges, the force is attractive,
as you undoubtedly discovered for yourself.

+‘-———-F S —

Figure 5 -- Unlike Charges Attract

For like charges (+,+) or (-,~) the force is repulsive.

f ot @————am= [

+ +

Figure 6 =-- Like Charges Repel

EXAMPLE

Two charges are 5.0 cm apart in air. The charges are 25
and 15 microcoulombs. What is the force between them? Is it
attractive or repulsive? (Note: One Coulomb is a huge amount
of charge. It is more convenient to use the smaller unit:

-6

1 microcoulomb = 10 C.)

1. Draw a diagram.

r—' Scm
angieeessessocznalll)

F Q1 Q2

2. Write the equation to be used.
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3. List all known and given values converting to 81 units

where necessary.

K =9 x 107 8 n/c’

Ql = 25 microcoulombs = 25 x 10:: C
Q2 = 15 microcoulombs = 15 x 10 C
r=5cm=5cm x 1m/100cm = .05 m

4. Put the numbers into the formula.

F= (0 x 109 N m2/c?) (25 x 1078 o s x 107 ©
2
(.050 m)
5. State the result.
: ) 3 .
F=1.35 x 10 N (repulsive force)

PROBLEMS AND QUESTIONS

1. Two point charges are a distance d apart. What happens to
the electric force between them if the charge on (a) one
of them is doubled; (b) on both is doubled; (c) on both
is tripled?

2. Calculate the force on a 40 microcoulomb positive charge
exerted by a negative 50 microcoulomb charge which is 50
cm away .

3. Calculate the electric force between a proton (charge +1.6 X

-19 19

10 C) and an electron (charge -1.6 x 10~ C) which are

10-1 meters apart.

4. Two point charges repel each other with a force of 1.6 x
10- newtons when they are 1.0 meters apart. Which of the
following is certainly true? The charges are (1) both

negative; (2) both positive; (3) unlike; (4) like.




If the distance hetween the two charges in question 4 is
increased to 4.0 meters, does the force between the charges,
in newtons, become (1) 1.0 x 10~5’ (2) 6.4 x 10~4, |
(3) 4.0 x 107%, (4) 8.0 x 1075 » |

Three charges are placed along a straight line as shown:

%= 0 X = 0.3 m X = 0.5 m
~9
+2 uc -5 uc +3 uc

(a) What is the magnitude and direction of the force on
the +2 microcoulombs charge?

(b) What is the magnitude and direction of the force on
the negative charge?

[Hint: To do this problem, you must know the experimental

fact that the force one charge exerts on a sgecond charge

is not changed by the presence of a third charge. (Though,

of course, the third charge also exerts a force on the

second charge.)]

Three charges are placed on a plane in the following way:

(1) a positive charge of magnitude 2 microcoulombs is

placed at x = 0, v = 0; (2) a negative charge of magnitude -

i

5 microcoulombs is placed at x 3 meters, v = 0; (3)

a positive charge of magnitude 3 microcoulombs is placed

at x = 0, y = 2 meters.

(a) What is the magnitude of the force on the 2 microcoulomb
charge?

(b) Is the direction of the force up and right, up and left,

down and left, or down and right?

(Hint: Remember that forces are vectors,)
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The cathode ray oscilloscope was the first device to utilize the
cathode ray tube. The large oscilloscope shown, which has a power
supply as large as itself, was built in the 1940's. The modern
oscilloscope is not only more compact, but has better performance
characteristics.

Photograph courtesy of the Nuclear Physics IL,.aboratory,
State University of New York at Binghamton




ELECTRIC FIELDS

Electric fields are used to accelerate, focus, and deflect
the electron beam of a CRT. Magnetic fields are used -for beam
deflection in T.V. picture tubes and to steer charged particles
in particle accelerators. Fields are important in all devices
that use charged particles.

Electric fields exist because of the existence of charged
particles. Each electric charge is surrounded by an electric
field. To know if there is an electric field at some point,
we mmust place a charge as a test charge at thét point. If the
test charge is acted on by an electric force, then an electric
field exists'at that point. The direction of the electric field
at that point is defined as the direction of the force acting
on a positive charge placed there. The size or magnitude of
the electric field at that point is equal to the magnitude of
the force divided by the strength of the charge. This will be
easier to understand as you go on reading.

As an example, let us find the electric field which is
present at a point P because of the presence of a charge +Q

at a point O (see figure 7).

_,ao
-
o
4
P~ 4
0 " T
-
+Q°”
Figure 7 -- Diagram to Obtain Field of Point Charge

The distance between points O and P is r. To determine the

field at P, we must put a positive electric charge there,
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measure the force on it and divide the force by the size of

the charge. Let g be the size of the test charge put at point P.
We can save ourselves the time it would take to measure éhe
force by using Coulomb's Law (equation 1) to calculaté it,

(0f course, we could not do this unless Coulomb and others had
taken the time to do the experiments needed to discover and

verify his law.)
F= (KO q)/rz (2)

1f we now divide the force F by the charge g which we put at

P, we get the force per unit charge
2 K3
F/q = KQ/x {3)

The letter E is commonly used for F/g and is called the electric

» * *
intensity .
E = F/g (4)

E is force divided by charge which in SI units is newtons/coulomb
(N/C). The direction of the electric intensgity is taken to be
the same as the direction of the force F. The electric intensity

E is a vector; it has both magnitude and direction.

EXAMPLE
What is the electric intensity at a distance of 1 cm

from an electron having charge e?

*Intensity (here) means field strength, and so electric inten-
sity means electric field strength.




1. Draw a diagram.

G 13
® R
Q= e +q

A positive charge placed at P would be attracted to the
negatively charged electron. The feorce F is drawn in the
direction from P to O to show that attraction.

2. Write the eguation to be used. The electric intensity for

a point charge is given by eguation (3]
£ = KQ/r?

3. List all known and given values converting to SI units

where necessary.

K = 9.0 x 10° § m?/c?

~19
Qg =e=-1.6 x 10 C
r = 1l cmx im/100cm = .01l m
4. Enter all numbers in the equation as positive.

: 2 ) -19
E=109.0 x 10° N m°/Cc?)/(.01m) "1 [{1.6 x 10~ C]

5. state the result.

EF = 1.44 ¥ 10“5 N/C (toward the electron)
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PROBLEMS AND QUESTIONS

What is meant by electric intensity?

How would you determine the direction of an electric field?
A positive test charge of 200 microcoulombs has a force of
0.50 newtons acting on it at a certain point in an electric
field. (a) Calculate the electric intensity at this point.
(b} What would the force be on a test charge twice as great
placed at this point?

The electric intensity at a certain point ié 11,000 N/C.
Calculate the magnitude of the force on a 3 microcoulomb
charge placed at that point.

One model of the hydrogen atom proposes that the nucleus

is a stationary, positive charge of magnitude 1.6 X 10~19C
and the electron travels around the nucleus in a circle

-

of radius 5 x 10“11 m. What is the electric intensity at
the location of the electron?

A positive charge of magnitude 2 microcoulombs and a
negative charge of magnitude 3 microcoulombs are 4 centi-
meters apart. What is the magnitude and direction of the

electric intensity at a point halfway between them?
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Experiment 2

MAPPING ELECTRIC FIELDS

1. To map the electrostatic field between two parallel plates
including the fringe field.

2. To map the electrostatic field for a set of flared CRT
deflecting plates.

3. To map the accelerating field of a CRT.

4, To map the field inside a closed charged metallic conductor.

INTRODUCTION

Fields due to electric charges at rest are called electro-
static fields. They are pictured as field lines starting on
pesitive charges and ending on negative charges. To map field

lines we make use of eguipotential surfaces. "Egul" means same

a3}

or equal. FElectric potential means electric potential energy
per unit charge. To explain equipotential surfaces let's
consider first the gravitational case which is very similar.

When you lift a heavy obiect and release it, the earth
pulls on the object, the object accelerates, and thus it acquires
kinetic energy. Before the ohiject was releasad, it had the
ability to acqguire this kinetic energy. This ability is called
gravitational potential energy and is dependent on the gravita-
tional pull and the height or level to which the object was
raised. For unit mass of any oblect each level has its own
potential energy callied gravitational potential. All points

on a given level have the same potential. The levels are really

lavered surfaces parallel to the surface of the earth and are
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called gravitational equipotential surfaces. On geographical
maps they appear as "contour lines.”

In the electrical case, if you hold a negative charge
near a stationary positive charge and release it, the negative
charge will accelerate toward the positive charge, thus acquiring

IAT

kinetic energy. We say the separated charges possess potential
energy, and because this energy clearly results from electric
forces, we Cail it electric potential energy. It too is dependent
on position. For unit electric charge sitting in an electric
field there are levels or surfaces on which the electric potential
energy remains the same. The electric potential energy per

unit charge is called electric potential. A surface having

the same electric potential is called an electric equipotential

surface. 1In two-dimensional mapping these surfaces appear as

lines when seen edge-on.

4

slectric potential is measured in volts. Retween twWo

r

different equipotential surfaces there exists a potential

difference also called voltage. This too is measured in volts.
All points on an eguipotential surface are by definition
at the same potential. This means that a charged particle can
bhe moved from one point to ancther on an equipotential surface
without changing its potential energy. Changes of potential
energy and thus of potential result from work done by or against
an electric force. No work is done by the field on a charged
particle as it moves along an equipotential. How is this
poszible if work is the product of the force by the distance
moved? The answer is that work = force z distance only for

the component of the force in the direction of the motion. If

the direction of the force and the path of the motion are at




o
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right angles, nc work is done by the force. Motion along an
egquipotential surface must, therefore, be perpendicular to

the force of the field, and so eguipotential surfaces are

e

f L

everywhere perpendicular to the field lines.
Field lines are drawn in the direction of the field 1f

+he field line is curved, the direction of the field at any point

e

is the direction of the tangent drawn to the fiec

(S 2

}.,J

d line at that
point (see figure 8). Because field lines are in the direction
of the force and eqguipotential surfaces are perpendicular to

the force, it follows that field lines and egulpotential surfaces

alwavs cross at right angles.

J LINE

Figure § -- Tangent to 2 Fileld Line

1. Wire the equipment as shown in Figures 9 and 10. While
some of the students are doing this, others in the group
should be preparing the materials in the next step.

2. Paint the forms shown in Figures 11, 12
special teledeltos paper provided for this purpose, using
silver conducting paint.

3. #Mount one of the sheets of teledeltos paper prepared in

step 2 on the bcard provided. With the negative terminal

of the voltmeter connected to the negative terminal of the
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igure 12; CRT Deflecting Flates
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battery (or voltage source) and the positive terminal
connected to the voltage divider, set the voltage diyider 
for 5 volts. |
Disconnect the voltmeter lead that is connected to the
negative battery terminal. Touch this lead to the teledeltos
paper. Locate the points which produce no movement of the
meter needle (zerc voltage). Mark these points which are

all at a potential of 5 volts. Be sure to take enough points
so that vou can draw the path of this equipotential line
between the plates and also beyond the plates. Mark the
voltage of all lines on the teledeltos paper after you have
finished all measurements including those for other voltages.
Repeat steps 3 through 6 for 10, 12, 15, 17, 20 volts.

Repeat the entire procedure for the other sheets of

teledeltos paper.

TREATMENT OF DATA

1. Draw the équipotential surfaces as lines on all the
teledeltos sheets.

2. Draw fieid lines perpendicular to the equipotential lines.

QUESTIONS

1. What is an equipotential surface?

2. Why is it impossible for different equipotential surfaces
to cross?

3. What is a field line?

4.: Why can two different field lines never cross?
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5. What is the geometrical relationship of field lines tov
equipotential lines?

6. Are the field lines for two parallel plates paral;el eve;y-
where? How about near the ends of the plates?

7. What is the electric intensity inside a closed charged
conducter? A practical application of this result is

electric shielding.

CALCULATIONS

The work done by an electric field on a positive charge g

in moving firom a place where the potential is V., to a place of

2
lower potential vy is

This is the definition or meaning of the term potential difference
The particle has gone from a place where its potential energy

was gV, to a place where it is qu. The decrease in potential
energy is g{vé—vl). If the particle is allowed to move freely,
this decrease in potential energy will just equal the increase

in kinetic energy caused by the electric force.

Select & straight field line on your field map of two
parallel plate conductors. A charged particle released on a
straight field line will travel along the line. Why? In
traveling between one equipotential line and the next along a

line of force, the work done on this particle is

w=~F_4d . (6)
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where Fav is the average force and d is the distance between
two equipotential lines. Eguations (6) and (7) are two different

ways to calculate the same work. This means that

Fow @7 q(vz—vl) (7)
Divide by 4 and q
Fav/q =(v2-v1)/d (8)

We recall that force divided by charge is electric intensity, so
Fav/q = E&v =(V2~V1)/d (10)

Start et the positive plate. Calculate Eav between that
plate and the closest equipotential line to it on your field
plot. Then calculate'Eav between that first equipotential
line and the next one. Continue until you come to the negative
plate. Put yourresults into the following tabular form.

v I v

a =(V,~ = AV
2 1 Eav_ Vpmvy2 /4 B /P

In the formula for E in the last column above, AV is the
voltage across the plates and D the plate spacing. This is a
much used formula for calculating E between two charged parallel

platas.
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QUESTIONS

1. Dpid E_y remain constant or vary along the field line for
which you did the calculations?

2. Are your measurements of Eav in good or poor agreement with

E calculated from the formula F = AV/D?
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KINETIC AND POTENTIAL ENERGY

EXAMPLE

One of the fields that you mapped was that of accelerating
electrodes. In the CRT which you use for this module, the
accelerating voltage is about 400 volts. Calculate the velocity
of an electron after acceleration through 400 volts assuming
it starts with zero velocity.

The decrease in potential energy is eAV where e = the
electron's charge and AV is the potential drop (here AV = 400
velts). This decrease of potential energy is converted to
kinetic energy (1/2 mvz, where m = the electron's mass and
v is its velocity after acceleration).

The kinetic energy gained by an electron in passing through
a potential difference of 1 volt is equal to the loss of potential

energy which is

elv

(1.6 x 10712 ¢) 1wy

1.6 x 1072 g

i

This amcunt of energy is a common unit of enerqgy in nuclear
physics and is called the electron volt. The J is an abbreviation
for joules, the S8I unit of energy (or work).

Using 400 wvolts,

eavV = 640 x 10712 g

Then 2

1/2 mv® = 640 x 10”12

J

Solving for v gives

v = /(2 x 640 x 1071%) /(9 x 10™%Y) = 11.9 x 106 m/sc
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QUESTIONS

1'

How much kinetic energy expressed in electron volts (eV)

is gained by a proton that is accelerated through a pétential
difference of 1 volt? Answer the same guestion fof an aipha
particle. (An alpha particle has a charge equal to two
proton charges.)

What is the velocity of (a) an electron which has a kinetic
energy of one electron volt; (b) a proton which has the same
energy?

A positively~charged particle is released at some point on
the 10-volt equipotential line. Will it move toward the
8-volt or toward the 12-volt equipotential line? What is.
the answer for an electron?

Of what general principle of physics is the equation 1/2 mv?

= eAV an example?

An electron enters the elec- -

tric field between two de~

flecting plates midway be- §x ] Oem/s ec

tween them with a velocity “'_—-_.'ﬂ-&m\\\ 4cm

of 8§ x 106 m/sec and perpen- i :
dicular to the field lines + AV=300 v
as shown. What kinetic

energy does it have when it hits the positively charged
deflecting plate? Express this in joules and in electron

volts. The electron's mass is 9 x 10"31 kg; its charge is

-1.6 x 107%° ¢,
[Hint: Remember that the increase in kinetic energy (1/2 mvz)
is equal to the decrease in electrical potential energy

(eav).]
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A charged particle of mass 2 grams and charge 0.003 coulombs

is falling freely under the influence of gravity with an

acceleration of 9.8 m/secz. In the region where it is

falling there is a horizontal electric field of intensity

4.9 N/C. The particle starts from rest at a point we could

label with the coordinates x = 0, y = 0.

(a)
(b)
(c)

(d)

{e)

(£)

What is the path of the particle?

What is the total force on the particle?

Hew much work is done on the particle by the gravita-
tional field?

How far does the particle travel in 0.5 second?

How much work is done on the particle by the electric
field?

What is the kinetic energy of the particle at t = 5

seconds?
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ELECTROSTATIC DEFLECTION IN THE CRT

Getting inside a CRT and watching the electrons mové‘abouﬁ
would help one to learn how a CRT works. That, of codrse, is
not possible. Motion pictures or strobe pictures of an electron
as it moves along would be nice, but electrons are too small
to photograph. However, it is possible to take pictures of
their paths in cloud chambers and bubble chambers. This is
similar to seeing the vapor trails of high-flying aircraft with-
out being able to see the aircraft themselves.

Student laboratories do not have the equipment to photo-
graph electron paths. The results of experiments are shown in
Figures 15 A and B, which are drawn to scale. Figure 15A is
an actual size drawing of electron paths in a CRT from the point
where they enter the séace between the deflecting piates to the
screen. Figure 15B is a ten times magnification of the space
between the deflecting plates. The sizes and spacings in Figure
15 are not the same as for the CRT you will use in the laboratory.
The top set of dots that go straight across the page mark the

‘path of an electron with no deflection; The curved set of dots
show a deflected path.

Treat Figure 15 as though it were data taken by a scientist
or engineer you are helping with an experiment. The objectives
of the scientist are:

1. to compare the undeflected and deflected motions of an
electron in a CRT;

2. to see how closely the paths can be calculated using Newton's
laws when the forces acting on the electron are known;

3. tobcalculate how much the beam is deflected by gravity.
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QUESTIONS AND PROBLEMS

The scientist tells you that the time it takes an electron

to go from the place marked by one dot to the next is 4 x 10“10

seconds. He asks you to make whatever measurements (on Figure

15) and calculations you need to answer the following questions

for the undeflected beam:

l.

(a) What is the speed of the electron in meters/second
(m/s) and in miles/hour? (l m/s = 2.24 mi/hr.)

(b} What voltage is required to accelerate an electron to
this speed if it starts from rest? The scientist asks
this question because he wants to know if the CRT is
working well and accelerating electrons to the speed
expected from the voltages he is using.

What is the length of the plates? This is marked % in

Figure 15A. If you.were working in a laboratory, you would

make this measurement on the tube. For this exercise you

can make it on Figure 15A which is drawn to exact size.

What is the spacing of the plates? This is the distance D

in Figure 15A.

‘What 1is the distance from plates to screen? This is the

distance d in Figure 15.

How long a time is the electron between the plates?

How much time does it take the electron to travel from the
plates to the screen? There are two ways to do this. Try

both ways.
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The scientist tells you that the curved path in Figure 15
was obtained by putting 100 volts across the deflecting plates.
He asks you to see how well calculations of the deflectea pa;h‘
based on Newton's Laws of motion agree with the experimental

path in Figure 15. The next several paragraphs will help you

do this.

CALCULATIONS

I Calculate E, the Electric Intensity

We know from the field mapping experiment that the field
between two parallel plates is constant everywhere except near

the edges of the plates. We also learned in that experiment that
E = AV/D

where E is the electric intensity, AV is the deflection voltage
and_D is the distance between the plates. You have previously
measured D, so E can be calculated.

You should notice that for SI units, AV is in volts and
D in meters, and so from E = AV/d, E is in volts/meter (V/m).
When we defined field intensity by the equation E = F/q, force
divided by charge, we said the units are newtons/coulomb (N/C) .
Both V/m and N/C are correct and equivalent units for E.

II Calculate the Deflection Force on the Electron

The force on a charge g in a field of intensity E is

F = gE

v -19
To calculate the force on an electron we set g = 1.6 x 10

coulombs and use the value of E calculated in step I. This
force acts in the Y direction which is shown as straight down

in Figure 15. This is perpendicular to the undeflected beam
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direction, which is the X direction in Figure 15.

IIT Calculate the Acceleration in the Y Direction

The acceleration in the Y direction is

ay = Fy/m

Subscripts y are used on a and F to help us remember that the

acceleration and force we calculate here are in the Y direction

shown in Figure 15,

v Calculate Velocity in Y Direction

The velocity in the Y direction at time t is

This formula can be used to calculate velocities in the

10 10 10

Y direction for the times t = 4 x 10 , 12 x 10 7,

16 x 10"10, and 20 x 10“10 sec. Draw Table 2 on your calculation

, 8 x 10

sheets and enter your calculated values of vy in it.

t (sec)’ Vs (ra/s) 5, (m) ¢ measured ™

4 x 10710
8 x 10710
12 x 10710 |

16 x 10”10

20 x 1010

Table 2

v Calculate the Distance Traveled in Y Direction

To calculate the distance traveled by the electron in the
Y direction while in the space between the deflecting plates,

we can use the formula




47

_ 2
SY = 1/2 aYt

Calculate Sv for the times in Table 2 and enter the results in
your table. The values of Sy measured in Table 2 are to be
obtained by measuring the distances between the curved (deflected)

path and the straight (undeflected) path in Figure 15.

VI Calculating the Total Beam Deflection

The particle travels in a straight line after leaving the
electric field because there is then no force acting on it.

In Figure 15, the electric field acts only between the plates.
(In practice, as you found in the field mapping experiment,

the fieid does not stop at the edges of the plates but continues
more weakly beyond them.)

The electron is now in the space between the deflecting
plates and the screen. It is traveling with a velocity compon-
ent in the X direction given by Vyr Which you determined at the
beginning of this exercise. The Y component of the velocity
is the value of Vy at time t = 2 x lO"9 in Table 2. The sum
(resultant) of vectors vy and vy gives the velocity v of the

electron in this region.

Vx

Vy
VEGTOR SUM

OF VxAND V,

By multiplying each of these vectors by the time T that it
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takes the electron to travel the distance from plates to screen

(d in Figure 15), we get the diagram

VyT =d

V)/T.== L

From L = vyT and 4 = v,T, dividing L by d

i

L/d (VYT)/(VXT) = vy/vx

or L/d = vy/vx

L = (vyd)/vx

All the numbers on the righ£ of this equation are known and so
L can be calculated. This is the additional amount by which
the electron moves in the Y direction while going from plates
to screen (the_distance d in Figure 15). The total distance
that the spot will move on the screen is L plus the distance
moved in the Y direction while the electron was in the space
between the plates. This distance is 5. at + = 20 x 10710 gec

Y
in Table 2.

QUESTIONS AND PROBLEMS

1. How well do Sy and 8

2. Calculate the distance the electron will fall due to grav-

v measured ¢ompare?

ity as it moves between the plates, and judge whether or
rot the effect of gravity is significant in this case.
Assume the plates are uncharged. (Gravitational accelera-

tion g = 9.8 m/sza)
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An electron starts from rest in the same field as was
used to calculate distances in Table 2. How far will
this electron move verticaily in 2 x 1072 sec and what
will its y-velocity be at that time?

Calculate L + Sy. This is the total beam deflection M
on the screen. Compare your calculated value of M with
that shown in Figure 15.

Calculate the sensitivity of the CRT. This is obtained
by dividing the distance M the beam is deflected by the
voltage required to produce the deflection.

An electron beam enters the electric field between two
deflecting plates at a point midway between the plates
in a direction perpendicular to the field lines. After
the electrons emerge from the plates, they move in a
straight line. Prove that if this straight line is

extended back into the region between the plates, it

passes through the midpoint of the region.



Laboratory Experiment 3

ELECTROSTATIC DEFLECTION OF THE CATHODE RAY TUBE BEAM.

OBJECTIVES

1. To produce a graph of displacement of beam spot vs.
deflection voltage for both sets of deflection plates.

2. To compare observed and calculated values of deflection.

3. To compare the vertical ang horizontal deflections for
equal applied vcltages and to explain any difference.

4. To observe and explain the effects of varying the acceler-
ation voltage on the graphs (3).

3. To produce horizontal sweep manually and observe it.

PROCEDURE
A) Wiring

Wire the CRT as shown in Figures 16 and 17. You are
already familiar with part of the circuit that was used in
laboratory experiment 1. This time however, the flat antenna-
type leads are connected to a voltage divider control box and
to the high voltage B+ power supply.

Connect the voltmeter last. When you do, set it to a 25
volt or higher scale, connect one lead, and while watching the
meter needle, momentarily touch the other lead to its point of
connection in the circuit. If the needle starts to move off
scale to the left, reverse the meter leads. Connect the meter
into the circuit. By means of the toggle switch mounted on
the side of the control box the slider of the voltage divider
can be connected to either the horizontal (flat white) or

vertical(flat brown) deflection plates.
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Warning: Do not touch the deflection plate terminals as
you might have in experiment 1. This time they are connected
to the high voltage B+ power supply and may be "hot!"

With the DC power switch on the power supply in fhe
STANDBY position turn the AC power switch to ON. Observe the

red glow of the filament behind the cathode. Wait at least

half a minute before turning the DC switch, which controls the

high voltages, to ON. Focus the beam by adjusting the B and C
voltages on the power supply. The apparatus is now ready for
the experiment.

If you want to know the reasons behind the wiring, here
they are: The yellow wires are the filament leads. The
filament is designed for 6.3 volts AC.

The brown (cathode) lead is connected to C~, the low volt-
age side of the C supply, and the blue (first anode) lead is
connected to the high voltage of the C supply (the COMMON
terminal of the power supply). The voltage between cathode and
first anode can be varied between 0 and 100 volts by means of
the C supply. This voltage does some focussing and acceleration
of the electrons as they travel between the cathode and the
first anode.

The green lead is connected to the grid which in this
experiment will be kept at a Fixed potential of -4.5 volts
relative to the cathode. This negative potential on the grid
repels electrons back toward the cathode and acts like a gate.
Fast moving electrons can get past the grid and into the accel-
erating region between grid and first anode. Making the grid

more negative allows fewer electrons to get past it; making
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the grid less negative has the opposite effect. in this way,
the grid voltage controls intensity. The -4.5 volts used in
this exercise limits the electron current to a value which will
not burn a hole in the screen if the beam is stationary. It
is important that the grid always be kept negative with respect
to the cathode; a positive grid can result in damage to the tube.
The red (second anode) lead is connected to the B+ terminal,
the high voltage side of the B supply. The COMMON terminal,
to which the first anode is connected, acts as both the low
volitage side of the B supply and the high voltage side of the
C supply. The B supply and by means of it the voltage differ-
ence between the first and second anodes can be varied between
0 and 400 volts. This voltage accelerates and focuses the beam
beyond what was done ky the C supply.
The antenna type leads are connected to the deflection plates
--brown for vertical and white for horizontal. Figures 16 and
17 show the wiring for horizontal deflection of the beam.
The 45-volt kattery and the deflection plates are plugged
into a box which serves as a voltage divider. It makes possible
the application tc one set of deflection plates at a time of

potentials ranging from approximately -22.5 volts to +22.5

t

O

volts. The meter measures the deflection voltags.

T3

{

The deflection plates are kept at the samc potential as
the second ancde by connecting one plate of each set to the B+
terminal. This prewvents unwanted charges frcm collecting on

the plates and setting up fields that might interfere with beam

focussing and deflection.
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B) Checking Deflection Plate Wiring

To compare calculations and measurements, it is necessary
to know whichh set of deflecting plates are nearer the screen.
The tube manufacturer gives the information that pins 7 and 8
connect to the deflecting plates closer to the cathode and pins
10 and 11 connect to the plates closer to the screen. Which
set i3z the horizontal and which the vertical deflection plates
depends on how the tube is turned. The white flat antenna wires
are connected to the plates closer to the screen (pins 10 and
11). Use these for horizontal deflections. The brown flat
antenna wires are connected to pins 7 and 8. Check with a
battery that a few volts applied to the white antenna lead
terminals causes horizontal deflection, and applied to the
brown antenna lead terminals causes vertical deflection. Rotate

the tube accordingly.

C) Observations and Measurements of Beam Deflections

The movabie plastic screen and plastic grids were designed
to make graphing beam deflections as a function of voltage easy
and quick.

Set the toggle switch on the control box for vertical
deflections. Focus the beam using the largest values of B and
C voltages that give a sharp focus. Record these values and
do not change them until the graph is completed.

Label a plastic grid as shown in Figure 18. Mount it on
the plastic screen. Set the deflection voltage to zero. The
beam spot should ncw be near the center of the tube. Adjust
the plastic screen so that the grid point for 0 deflection and

0 voltage is directly in front of the spot. Mark this point
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on the grid with a marker pen. Set the deflection voltage at

5 volts. Consider upward deflections as due to positive volt-
ages and downward deflections as due to negative voltages.

Move the grid horizontally, being careful not to move it verti-
cally, so that for an upward deflection the +5 volt vertical
line and for a downward deflection the -5 volt vertical line
passes through the beam spot. Mark the location of the spot

on the grid with the marker pen. Repeat this procedure for 10,
15, and 20 velts.

Reverse the beam direction by reducing the voltage to zero
and interchanging the voltmeter leads. Proceed to plot points
for meter readings of 5%, 1o, 15, and 20 volts.

Focus the beam for as small values of B and C voltages as
possible. Record these voltages and using a marker pen with a
different color ink plot a second graph on the same grid.

Set the toggle switch on the control box +o give horizontal
deflections of the beam. Label a plastic grid as shown in
Figure 19, and mount it on the plastic slide. Now by moving
the grid vertically, and taking care not to move it horizontally,
3 graph can be plotted for horizontal deflections in a similar
manner to the one for vertical deflections. Do so for the two
sets of accelerating voltages used previously. Consider deflec-
tions to the right to be caused by positive voltages and those

to the left by negative voltages.

D) Horizontal Sweep
In an oscilloscope the beam can be made to move horizontally
across the face of the tube at a constant speed. This is called

the horizontal sweep. Try to produce this effect manually by
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rotating the knob on the control box, but first disconnect the
voltmeter. Start the sweep at the far left of the screen, then

turn the knob as rapidly and as uniformly as you can.

TREATMENT OF DATA

1. Draw a smocth line through each set of points on the plastic
grids having the same values of Vb and VC. This will pro-
duce four lines, two on each grid.

2. What is the shape of the lines obtained in step 17

3. Wwhat effect doesg changing the accelerating voltage (Vb+Vc)
have on the lineg?

4. Por the same values of Vb' Vc' and applied deflection volt~
age, are the horizontal and vertical deflections equal?

1f they are not equal, which deflections are larger?

CALCULATIONS

1. In a previous exercise, you helped a scientist calculate
the deflection of a CRT bean. Use that method to calculate
the vertical deflection for deflection voltages of +10
and +15 for the highest accelerating voltage (Vb+vc) for
which you took data in the laboratory. The dimensions of
the CRT deflection system are given in Figure 1. 'The dimen-
sions of the vertical and horizontal deflections plates are
the same. Because the plates are flared, their effective
separation is an average value which lies between 0.42 cm
and 1.0 cm. It turns ocut to be 0.56 cm. Therefore, in
your calculationg assume the plates to be flat (not flared)

and spaced .56 cm apart.
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Perform the deflection calculation for the horizontal deflec-
tion plates using the same accelerating and deflecting volt-
ages. You may save yourself time by noticing that only. the
distance from deflection plates to screen is different in

the horizontal deflection as compared to the vertical deflec-
tion. Up to the voint in the calculations where you use

this number, everything will be the same and need not be
recalculated.

Calculate the deflection sensitivity of each set of plates.

QUESTIONS

1.

Does the deflection increase, decrease, or not change when
the accelerating voltage (Vb + Vc) is decreased and nothing
else is changed? Explain why this should be so.

[Hint: Ask yourself the following questions. How does
decreasing the accelerating voltage affect vx? How does
the changg in Vg affect ay and the time the particle is
between the deflecting plates? FHow do these, in turn,
affiect the deflection Sy and the velocity vy at the point
where the particle just leaves the region between the plateé?
How do these and the change in time to go from deflection
rlates to screen change the deflection that occurs between
plates and screen?]

How do your calculations of the deflection compare with the
observed (measured) wvalues? What assumptior made in the
calculations miuht cause differences between calculated and

observed deflections?
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When you plot the deflection of the electron beam as a
function of the deflecting voltage, the points lie on a
straight line. When you change the accelerating voltage,
the slope of the straight line changes. If you doubled
the accelerating voltage, would you expect the slope to
(a) doukle, (b) stay the same, (c) reduce by a factor of

the square root of 2, (d) reduce by a factor of 2, (e) re-

duce by a factor of 47
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