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Chapter 1

Introduction

1.1 The Amber E�ect

Experiment 1.1 - Electrifying a body by friction

The simplest and oldest experiment of electricity, which gave rise to this �eld
of research, is called theamber e�ect.1 It was originally performed with amber
(electron in Greek), which is a hard and fossil resin. It will be reproduced here
with a plastic straw or acrylic ruler. This behavior is also called the triboelectric
e�ect or triboelectricity. The pre�x \tribo" has also a Greek origin, meaning
friction or rub. This e�ect is related to the electri�cation of bodies o btained
through friction.

Place some bits of paper on a table. Move an acrylic ruler or plastic straw
close to the pieces of paper, taking care not to touch the paper. Nothing happens
to the pieces of paper, Figure1.1.

(a) (b)

Figure 1.1: (a) Plastic straw far away from pieces of paper. (b) When the plastic
straw is moved near the pieces of paper, nothing happens to them.

Now rub the ruler or straw in hair, in a sheet of paper or cotton tissue,

1Experiment 2.1 of [ Ass10b], [Ass10a], [Ass11], [Ass15b] and [Ass17].

13



moving it briskly up and down. We represent the region of the straw which has
been rubbed by the letter F , taken from the word friction , Figure 1.2.

F
F
F
F
F

(a) (b)

Figure 1.2: (a) Plastic straw rubbed by paper. (b) The letterF represents the
rubbed region of the straw.

Bring the rubbed straw near the small pieces of paper, without touching
them, only coming very close. Observe that at a certain distance they jump to
the rubbed straw and remain attached to it, Figure 1.3. As the straw moves
away from the table, the pieces of paper remain attached to the straw.

(a) (b)

F F FF

F F FF

Figure 1.3: (a) A rubbed straw far away from small pieces of paper. (b) Therubbed
straw attracts the pieces of paper when brought close to them.

Not all pieces of paper remain attached to the rubbed straw. Someof them
touch the straw and fall. Others are emitted or reected back to the table. This
subject is further discussed in Section4.4.

The di�erent behavior of the bits of paper when they are close to these
straws leads to an important de�nition.

14



De�nition 1.1

We say that the plastic which has not been rubbed and which does notat-
tract small pieces of paper iselectrically neutral, neutral or that it has zero
charge. When it has been rubbed and acquired the capacity to attract pieces
of paper we say that it has acquired an electrical charge, has becomeelec-
tri�ed , electrically chargedor, simply, charged. The rubbing process is called
triboelectric e�ect , triboelectri�cation , frictional electri�cation , charge obtained
by friction , charging by friction, electri�cation by rubbing, or electri�cation by
friction . This attraction is sometimes referred to as anelectric attraction , or
as anelectrostatic attraction.

1.2 The Triboelectric Series

As discussed in Volume 1 of this work,2 there are two kinds of electri�ed bodies,
usually called positive and negative bodies. When two di�erent neutral bodies
are rubbed together, one of them becomes positively electri�ed and the other
negatively electri�ed. If one of these bodies is a conductor, it will remain charged
only when it is insulated from the ground. After performing many experiments
we arrived at Table 1.1.

This Table should be read as follows: When bodyI is rubbed against body
II , the positively charged one will be the body that is above the other.That is,
the body which is closer to the symbol + will become positively charged, while
the other body will become negatively charged. For instance, whenthe plastic
straw is rubbed in silk, the silk will become positive and the plastic negative.

De�nition 1.2

A list like Table 1.1 is called a triboelectric series. The pre�x \tribo" comes
from the Greek. Its meaning is friction or the act of rubbing. A tribo electric
series indicates the kinds of electri�cation obtained by friction.

A plastic straw and an acrylic ruler become negatively electri�ed when
rubbed in hair or in a sheet of paper. Therefore from now on a plasticstraw
and an acrylic ruler will be represented as having negative charges (or becoming
negatively electri�ed) when rubbed against these materials.

1.2.1 The Position of Water in the Triboelectric Series

Also liquids become charged when they ow through solid channels.3 It was
known since 1675 that ashes of light appeared in the evacuated space at the

2Chapter 5 of [ Ass10b], [Ass10a], [Ass11], [Ass15b] and [Ass17].
3 [Gre94].
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+
hair

smooth glass
human skin

synthetic polyamide
cotton

silk
paper or thin cardboard

leather
porcelain

aluminum foil
wood
cork

acrylic cloth
Styrofoam
plastic bag

drinking plastic straw
rigid acrylic
PVC tube

hard rubber
�

Table 1.1: Triboelectric Series.

top of a mercury barometer when it was shaken in the dark. It was later
discovered that these lights originated in the static charge developed in the
mercury when it moved against the glass walls of the barometer. In 1840 the
driver of a steam locomotive received an electrical shock when he put his hand
near the jet of high-pressure steam escaping from the boiler, whilehe touched
the boiler with the other hand. William Armstrong (1810-1900) investigated this
phenomenon. He isolated electrically the boiler from the ground and directed
the jet toward a metallic insulated conductor. The conductor became positively
charged while the boiler acquired a negative charge. In 1843 he built the hydro-
electrical generator based on this principle. Michael Faraday (1791-1867) also
investigated this phenomenon around 1843. He showed that the electri�cation
was due to the friction between the steam and water droplets expelled by the
boiler rubbing against the walls of the nozzle. A jet of dry air produced no
e�ects, but electricity evolved when moist air was used. The sign of the charge
produced in the water could be changed by a suitable choice of nozzlematerial.
He also concluded that the excitation of electricity was clearly independent
of the evaporation or of the change of state of water (from liquid to steam).
Moreover, in order to collect a good amount of electricity, pure or dislilled
water should be utilized. Common water supplied to London was unableto
produce any electricity, the same happening with the addition of conducting
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substances to pure water. He explained this fact saying that whenwater became
so good a conductor, the electricity evolved by its friction against the metal or
other body could be immediately discharged again. The more insulatingthe
water, the higher the collected electricity acquired by friction. By comparing
the position of the water in the triboelectric series with several other substances,
he concluded that water was close to the top of the list. When it owed against
solid surfaces, it became normally positively electri�ed, while the solid material
became negative. He presented one of his conclusions as follows:4

2107. Having thus given the result of the friction of the stea m and water
against so many bodies, I may here point out the remarkable circumstance
of water being positive to them all. It very probably will �nd its place
above all other substances, even cat's hair and oxalate of lime (2131).

Modern researches con�rm these �ndings. Recently Burgo, Galembeck and
Pollack utilized water owing through tubes of di�erent materials and concluded
that water charge is always positive, except when falling through air.5

Robert Andrews Millikan (1868-1953) utilized ow electri�cation in his f a-
mous oil droplets experiments to determine the electron's charge.The droplets
became electri�ed as they were sprayed into the experimental chamber. In his
book of 1917,The Electron, he mentioned the following:6

The droplets [...] were found in general to have been strongly charged by
the frictional process in blowing the [oil] spray [through a small ori�ce]
[...]

In many triboelectric series found in the literature and on the Internet, air
appears at the top of the positive side of the list, even above waterand other
materials.

1.3 Simple and Primitive Facts about Electric-
ity

Volume 1 of this book presented the experimental and conceptualfoundations of
electricity. Each topic was introduced with some simple experiments.The basic
concepts were formulated based on the outcome of these experiments. Section
8.2 of this work listed the simple and primitive facts or principles about elec-
tricity. 7 This Section presents these basic facts once again, without explaining
them, but only describing the principles observed in the behavior of bodies.
They are treated as primitive concepts here. They can be utilized in order to
explain other phenomena and more complicated experiments, although these
basic facts are not explained. It is never possible to explain everything. We al-
ways need to begin with some basic concepts and unexplained phenomena which

4 [Far43b, article 2107].
5 [BGP16 ] and [GB17, Section 6.5].
6 [Gre94] and [Mil17 , p. 66].
7Section 8.2 of [Ass10b], [Ass10a], [Ass11], [Ass15b] and [Ass17].
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have to be considered true facts of nature. These basic principlescan then be
utilized to explain more complex phenomena and other observations of nature.
We always need to assume some basic principles or postulates. Theseprinciples
can be utilized to deduce other results. Here are the simple and primitive facts
or principles related to electricity:

1. The bodies of nature can be found in three di�erent states, namely, (a)
electrically neutral, non electri�ed, discharged or without electric charge;
(b) positively charged or positively electri�ed; and (c) negatively charged
or negatively electri�ed. They have null charge, positive charge, and neg-
ative charge, respectively. By an \electric charge", be it positive or neg-
ative, it should be understood an electri�ed body or electri�ed particle .
The bodies in these three di�erent states have, respectively, (a)zero net
charge, zero resultant charge or zero total charge; (b) positive net charge,
positive resultant charge or positive total charge; and (c) negative net
charge, negative resultant charge or negative total charge.

2. These states are characterized by the observed behavior of bodies. Two
neutral bodies neither attract nor repel one another, except when they
are polarized (this polarized condition will be clari�ed in another item).
There is an attraction between a positive body and an initially neutral
body. There is also an attraction between a negative body and an initially
neutral body.

3. Bodies having charges of opposite sign attract one another. Bodies with
charges of the same sign normally repel one another, but in some situations
they can also attract one another.8

4. These forces of attraction and repulsion increase in intensity when the
distance between the interacting bodies decreases. The intensityof these
forces also increases when the strength of charge in the bodies increases
(or when there is an increase in the electri�cation of these bodies).These
forces are mutual, acting with the same intensity on both interacting
bodies. They are directed along the straight line connecting the bod-
ies, although acting in opposite directions in each body. They are called
electrostatic or coulombic forces.

5. The bodies can be divided into two groups called conductors and insu-
lators. The main di�erence between these two groups is that conductors
have mobile electri�ed particles which can move along the whole volume
of the conductor. The conductors allow the passage or ow of electric
charges through their bodies and along their surfaces. Insulators, on the
other hand, have no mobile electri�ed particles which can move along the
body of the insulator. The electri�ed particles belonging to insulators can
only move inside their molecules. Insulators do not allow the passage or
ow of charges through their bodies nor along their surfaces.

8As shown in the experiments of Section 7.10 of [ Ass10b], [Ass10a], [Ass11], [Ass15b] and
[Ass17].
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6. The conductors and the insulators can be electrically neutral, positive, or
negative.

7. The bodies can be classi�ed as conductors and insulators utilizing acharged
electroscope, as will be described in Section3.1. One end of the body must
touch on the cardboard of the electroscope while the other end ofthe body
must be brought into contact the ground. The bodies which discharge the
electroscope are called conductors, while the bodies which do not discharge
the electroscope are called insulators.

8. When a charged conductor touches the ground, it discharges.This process
is called grounding. The same discharge does not happen for a charged
insulator touching the ground.

9. The majority of solid and liquid bodies behave as conductors in the usual
experiments of electrostatics, only few of them are insulators. List of some
insulators: Dry air, amber, silk, vegetable oil, most plastics and resins.

10. The bodies can also be classi�ed as conductors and insulators utilizing
a circuit tester, as will be described in Section3.2. We mount a circuit
containing a piece of wireA, a battery, an intermediary piece of wire, a
light bulb and another piece of wire B . Connect wiresA and B with the
body which is being tested. When the light bulb turns on, the test body
is called a conductor. When the light bulb does not turn on, the test body
is called an insulator.

11. A body which behaves as an insulator when under a small electric potential
di�erence (typically up to a few hundred volts) may behave as a conductor
when this potential di�erence increases beyond a certain value. Inthe
usual experiments of electrostatics we deal with high potential di�erences,
ranging typically from 1,000 up to 10,000 volts. In these cases the majority
of solid and liquid bodies behave as conductors, while only a few of these
bodies behave as insulators.

12. The behavior of a body as a conductor or as an insulator also depends on
other factors. Suppose that one end of the body touches the cardboard of
a charged electroscope, while another end of the body touches the ground.
The factors which inuence the properties of this body are the following:
(a) The time interval required to discharge the electroscope (thegreater
the time of contact, the greater will be the amount of discharge). (b)
The length of the body (the greater this length, the slower will be the
discharge). (c) The cross-sectional area of the body (the greater this area,
the faster will be the discharge). Chapter3 of this book presents a detailed
study of these factors.

13. Neutral bodies can be charged by several mechanisms. The most common
procedure is friction of two neutral bodies. These two bodies may be two
insulators, two conductors, or one insulator and one conductor.After the
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friction, one of the rubbed bodies becomes positive and the other negative.
Which one will become positive or negative will depend on their location
on the so-called triboelectric series. This series is established empirically.
Moreover, in order to collect the charges of the conductor that isbeing
rubbed, it must be completely insulated from the ground. It can be, for
instance, held with an insulating handle.

14. The insulators are only charged on the rubbed portion of their surfaces.
The charges acquired by the rubbed conductors, on the other hand, spread
over their outside surfaces when the conductors are completely surrounded
by insulators. If the rubbed conductor is connected to the Earth(directly
or through another conducting body), then the charge it acquired by fric-
tion is immediately neutralized by the ground.

15. A neutral conductor can also acquire a charge from an electri�ed insulator
when they are put into contact with one another, without any frict ion. One
example of this process utilizes a paper disk hanging from a silk threadin
an electric pendulum. The paper disk is attracted by a nearby electri�ed
plastic, touches this plastic, and is then repelled by it. This mechanismis
called ACR, namely, attraction, communication of electricity, and repul-
sion. Section4.4 analyses this mechanism. The charge acquired by the
conductor has the same sign as the charge of the electri�ed insulator. In
this process the amount of charge lost by the insulator is equal to that
gained by the conductor. On the other hand, the amount of charge ac-
quired by a neutral insulator when it touches another electri�ed insulator
is negligible when there is no friction between them, provided they arenot
rubbed against one another.

16. Conductors insulated from the ground polarize electrically in thepresence
of a nearby charged body. The portion of the conductor which is closest to
the charged body becomes electri�ed with a charge having an opposite sign
to that of the nearby charged body. The farthest portion of the conductor
becomes electri�ed with a charge of the same sign as the nearby body
when the conductor is electrically insulated. If the conductor is insulated
and if the two portions are separated in the presence of the nearby charged
body, the two parts will become electri�ed with charges of oppositesign.

17. If the conductor is electrically grounded in the presence of thenearby
charged body, the portion of the conductor which is closest to thecharged
body becomes electri�ed with a charge having an opposite sign to that of
the nearby charged body. The portion of the conductor which is farthest
from the charged body will be neutralized by the Earth. If we then remove
the grounding while the charged body remains close to the conductor, the
conductor will become electri�ed with a charge of opposite sign to that of
the nearby body.

18. The molecules of an insulator are polarized in the presence of a nearby
charged body. The portion of any molecule which is closer to (farther from)
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the charged body becomes electri�ed with the opposite (same) signas the
charged body. These polarized charges are restricted to the molecules and
do not move along the insulator. Moreover, they do not pass to another
conductor which comes into contact with the insulator.

19. The numbers of positive and negative particles in polarized conductors
close to a charged body increase when the distance between the conductor
and the charged body decreases. The same happens with the e�ective
polarized charges of insulators close to a charged body.

20. There is a higher polarization of conductors and insulators whenthe degree
of electri�cation of the nearby charged body increases.

21. A force of non-electrostatic origin keeps the electri�ed particles on the sur-
faces of conductors and insulators at rest when these bodies areelectri�ed
or polarized.

22. A force of non-electrostatic origin is also responsible for generating oppo-
site charges when two bodies are rubbed against one another. Chapter 14
shows examples of several situations requiring the existence of these forces
of non-electrostatic origin.

When describing these simple facts, bear in mind that we are talking in
general terms, referring implicitly to the experiments described in Volume 1 of
this book. All these e�ects depend on the order of magnitude involved in the
experiments, there are always exceptions in all experimental descriptions. For
instance, when we say that two neutral bodies do not interact withone another,
we are not considering the gravitational attractions between them. The reason
is that this gravitational interaction is not observed by our sensesor cannot
be detected in ordinary experiments involving small, light bodies. Gravitation
shows its e�ect only when at least one of the bodies is of astronomical dimen-
sions, like the planet Earth. When we say that a charged body attracts a body
which is initially neutral, we are assuming light bodies or bodies supported by
threads, in such a way that there is only small resistance to lateralmotion of
these bodies. If this is the case, these initially neutral bodies will be able to move
towards the charged body when there is an attraction between them. Moreover,
if this attraction is to be observed, the distance between the interacting bodies
cannot be very large and the charge of the rubbed body should notbe very
small, otherwise these e�ects are not perceptible. Similar conditionsapply to
the other principles.

1.3.1 We Are Not Explaining These Facts, They Were
Only Listed

These simple and primitive facts about electricity were not explained.Likewise,
several things were not justi�ed:
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� The existence of two kinds of electricity (positive and negative) instead of
1, 3, 4, ..., or even an in�nite number of di�erent kinds of electricity.

� The reasons why charges of opposite sign attract one another, while charges
of the same sign repel one another.

� The reason why the electrostatic force depends on the distance between
the interacting bodies.

� The mechanisms responsible for electri�cation by friction.

� The order of the triboelectric series. That is, we are not explaining why
a certain body becomes positively electri�ed and another body negatively
electri�ed when rubbed against each other.

� The origin of the non-electrostatic force responsible for the separation of
opposite charges in the amber e�ect.

� The reason why some bodies behave as conductors while other bodies
behave as insulators.

� The reason why the conductivity of a body depends on several factors
like: the potential di�erence acting between its ends, the length and cross
section of the body, its temperature, etc.

� The origin of the non-electrostatic force responsible for maintaining at rest
the electri�ed particles in conductors and insulators which are charged or
electri�ed.

� Etc.

1.3.2 The Meanings of Some Expressions

Here it is worth mentioning a relevant distinction presented by Gaspar related
to some simple expressions usually utilized in physics textbooks, namely:9

Some authors mention that \a massm exerts a force" or that \a charge q
exerts a force". These two expressions are physically incorrect.Mass and charge
are properties of matter, but they are not things themselves. A body, a particle,
a material point or a similar concept is the entity which may exert a force on
another body. A body has mass and may have electric charge. But there is no
mass without a body. Likewise, there is no charge without a body. Therefore,
if we wish to speak properly, it is incorrect to mention a \massm" or a \charge
q" without referring to the body carrying this mass or this electrical charge.
Normally the body carrying the mass or the charge is implicitly assumedin
these expressions. In any event, the omission of the body when referring to a
massm or to a chargeq does not contribute to the understanding of the concept.
For this reason we should avoid these expressions.

9 [Gas00, p. 22] and [Gas13, p. 25].
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We agree with these points of view presented by Gaspar.
This book presents only a macroscopic description of the phenomena. We

will not present in detail the atomic model. We will then talk of electri�e d
bodies or electri�ed particles.

23



24



Chapter 2

Electric Instruments

This Chapter presents some of the main electric instruments utilizedin this
book.

2.1 List of Materials for the Experiments

We list here some of the main materials utilized in the following experiments.
It may be useful to collect these things in advance.

� Plastic straws, an acrylic ruler and a PVC tube.

� Paper nakpkin and plastic bags.

� Thin cardboard or paperboard.

� Paper (A4 or letter size) and aluminum foil.

� Tissue paper (used to build kites or employed to wrap fragile gifts).

� Spool of silk thread (or spool of synthetic polyamide thread, like nylon,
or polyester thread).

� Spool of cotton thread and twine.

� Paper fasteners, pins, needles and nails.

� Corks.

� Kitchen vegetable oil.

� Wood skewers and metal wires.

� The supports for the electric pendulums and electroscopes are made with
thin plastic co�ee cups, paper fasteners and gypsum dough.

� Insulated copper wire, batteries and ashlight bulbs.
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� Neon lamp and LED (light emitting diode). These two items are not
essential.

� Adhesive tapes (like PSA o�ce tape, magic tape, invisible tape, sticky
tape, cellophane tape, surgical or medical tape, electrical or insulating
tape).

� Beverage cans.

� Plastic bottles (200 or 300 ml).

� Glass, metal and plastic cups.

� Pizza pan, metal pie pans, aluminum or iron ladles.

� Electrets will be made with para�n obtained from candles or acquired in
bar or tablet. Some electrets will be made with carnauba wax, but it is
not essential to obtain this material if it is di�cult to �nd it.

� Some other speci�c materials described in the appropriate Sections.

2.2 The Electroscope: The Most Important In-
strument of Electrostatics

In Volume 1 of this book we built several electric devices, namely, perpendiculo,
metal versorium, Du Fay's versorium, electric pendulum, pendulousthread,
electroscope and charge collector. The electroscope is undoubtedly the most
important instrument, as it allows the practical distinction between conductors
and insulators. Before beginning any electrical experiment or the construction
of any device, test the materials to be employed in order to know if they conduct
electricity or not. This test is very important. Many experiments will not work
or will not function properly due to the fact that people do not take notice of
this crucial aspect. People may think, for instance, that a piece ofrubber will
be an insulator due to the simple fact that it is made of rubber. However, in
reality many kinds of rubber behave as conductors in electrostaticexperiments.
If the body or instrument which is being studied or utilized is connected to
the ground through one of these pieces of rubber, no electric charges will be
accumulated in the body or instrument due to the grounding. Therefore, the
electrical e�ects which are being looked for will not be present. Theperson
performing this experiment, not aware of this important fact, will b e frustrated.
He will not understand why the experiment failed or the reason for the bad
behavior of his instrument.

The support which will be utilized in most experiments with the electroscope
and electric pendulum is made with a thin plastic co�ee cup. Make a smallhole
in the bottom of the cup and pass both legs of a paper fastener through it. The
cup is placed with its mouth upward. Fill it with wet gypsum dough or wet
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(a) (b) (c)

Figure 2.1: (a) Thin plastic co�ee cup and paper fastener. (b) Cup �lled with wet
gypsum dough. (c) Support for the electric pendulum and electroscope.

white cement. It will dry in this position. It will be used with the cup's mo uth
facing downward and the paper fastener pointing upward, Figure2.1.

Other supports can also be utilized. An example is a piece of modeling clay
with a nail or paper fastener stuck through it. The nail or paper fastener will
be located inside the straw, supporting it in a vertical position, so the nail's
thickness and length should be chosen appropriately.1 Another example is a
wooden board, a plate or cup made of plastic or Styrofoam with a holein the
middle to �x the vertical straw. 2

Here we present the simple electroscope utilized in all experiments ofVolume
1 of this book, Figure 2.2:3

glue drop

thin cardboard

plastic straw

support

tissue paper strip

Figure 2.2: Electroscope seen face on.

The thin cardboard may have, for instance, 7 by 10 cm sides, with the longer

1 [FM91 , p. 10], [Ferb, Material para experiências em eletrost�atica, pp. 1-2], Section 4.4 of
[Ass10b], [Ass10a], [Ass11], [Ass15b] and [Ass17].

2 [Gas03, pp. 225-6].
3Sections 6.1 and 6.5 of [Ass10b], [Ass10a], [Ass11], [Ass15b] and [Ass17].
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side vertical. Attach the rectangle to a plastic straw with two piecesof adhesive
tape. The tape should be applied to the back side of the rectangle, not extending
beyond the edges. The upper end of the straw should remain close to the upper
edge of the rectangle, without extending beyond it. Cut a small strip of tissue
paper, from 1 to 3 mm wide and 6 to 9 cm long. The e�ects to be described in
this book become more visible when utilizing a very thin and light strip. The
tissue paper can be the kind used to build kites or employed to wrap fragile gifts.
Glue the upper end of this strip to the upper middle of the rectangle.The strip
should not be folded and should not go beyond the lower edge of the rectangle.
Instead of glue, the strip can also be �xed with a small piece of adhesive tape,
provided the tape does not go beyond the edge of the rectangle, Figure 2.3.

(a) (b) (c)

Figure 2.3: (a) Classic electroscope seen face on. (b) Back view. (c) Seen in
pro�le.

2.2.1 Main Components of an Electroscope

The thin cardboard and the tissue paper strip behave as conductors in the
usual experiments of electrostatics. Dry air around the electroscope behaves
as an insulator. The plastic straw supporting the rectangle also behaves as an
insulator, being the most important element of the electroscope. It prevents
the discharge of the electroscope to the ground. Figure2.4 presents the main
components of an electroscope.

The plastic straw cannot be replaced with a wood skewer or with a metal
wire. After all, these two substances behave as conductors in electrostatics. If a
wood skewer replaced the plastic straw, the electroscope would always discharge
to the ground after scratching its cardboard with an electri�ed acrylic ruler.
Therefore, it would not be possible to keep it electri�ed after being rubbed.
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conductor

insulator

conductor

Figure 2.4: Components of an electroscope.

2.2.2 Comparison between the Gold Leaf Electroscope and
the Electroscope Made with Low Cost Material

Modern textbooks present the electroscope when discussing conductors and in-
sulators, or when they present electri�cation by induction or polarization. They
normally mention only the gold leaf electroscope. It has two mobile goldleaves
which open when they are electri�ed. These books usually do not explain how
to make an electroscope with simple and cheap material.

However, the electroscope presented in this Section works perfectly well, just
like any gold leaf electroscope. It is extremely sensitive. Its strip oftissue paper
rises easily even for a low electri�cation of the instrument. This strip is very
light. It is �xed to the cardboard only by the its upper end with a drop of
glue. The remainder of the strip can move easily away from the cardboard,
without any hindrance, whenever the instrument acquires a little amount of
charge. The plastic straw is an excellent insulator, preventing the loss of charge
to the ground, especially in dry and cold weather.

The main advantage of this simple instrument compared to the gold leaf
electroscope is that it can be easily made by the teacher or by each student.
It costs almost nothing. It is very sensitive and we can make innumerable
experiments with it. This fact provides a great autonomy to the students. They
can easily acquire �rst hand electric knowledge with it.

A normal student will not try to build a gold leaf electroscope. After all,
this instrument should be extremely expensive because it contains gold. This
simple fact suggests that this device should have been made by specialists, being
di�cult to construct. Many students can even imagine that there is vacuum
inside the glass bottle which protects the electroscope. Most students become
apathetic with the description found in the textbooks. It does not stimulate
their creativity and does not suggest that they could build a similar instrument
with simple material. Many of them will never try these simple experiments with
their own hands, limiting themselves to the descriptions found in the textbooks.
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2.2.3 The Electroscope and the Discovery of Cosmic Rays

In order to illustrate the importance of the electroscope, we mention here the
discovery of cosmic rays. For a long time it was known that an electri�ed
electroscope discharges slowly through air. One of the reasons for the air's con-
ductivity is the presence of charged ions in the atmosphere, that is, the existence
of mobile electri�ed particles. In 1896 Henri Becquerel (1852-1908) veri�ed that
uranium salts emitted ionizing rays which increased air conductivity. The 
rays (high frequency electromagnetic radiation), in particular, possess this ion-
izing property. They penetrate air up to a certain distance, until t hey interact
with neutral atoms, ionizing them. In order to research the origin of the ioniza-
tion of the air, in the beginning of the XIXth century scientists began to study
atmospheric conductivity at di�erent altitudes relative to the grou nd. Most
researchers of this period believed that the origin of the ionizing radiation was
inside the Earth due to the presence of radioactive substances. Fundamental
research on this topic was performed by the scientist Victor FranzHess (1883-
1964). His main researches on cosmic rays were performed between 1911 and
1913. He made balloon ights during this period carrying electroscopes devel-
oped by Theodor Wulf (1868-1946) in which the electri�cation was indicated
by the separation distance between two conducting wires. Hess electri�ed his
electroscopes up to a certain distance between the conducting wires and mea-
sured the time interval required to discharge the electroscopes as a function of
the altitude of the balloon. He made ights up to 5.3 km above sea level.He
found that the radiation level decreased up to an altitude of approximately 1
km, increasing considerably beyond this height, reaching up to twicethe sea
level radiation when he was at an altitude of 5 km. He then concluded that the
main ionizing radiation came from space, having no terrestrial origin. He also
ew during a solar eclipse and at night, concluding that the radiation level had
a value close to the value during the day, and that the Sun was not the source
of this radiation. His �nal conclusion was that the radiation penetra ting the
atmosphere originated from space. It was called ultra-radiation. The present
name, \cosmic radiation", was introduced by Robert A. Millikan in 1925 . He
researched cosmic rays and the photoelectric e�ect, receiving the Nobel prize in
1923 for his measurement of the electron's charge, as discussed inSubsection
1.2.1. Hess received the Nobel prize in physics in 1936 for his discovery ofcos-
mic radiation, sharing it with Carl David Anderson (1905-1991), an American
physicist who discovered the positron in 1932.

The electroscope was essential for creating a whole new researcharea in
physics, namely, cosmic radiation.

2.3 The Versorium

The oldest electrical instruments were the perpendiculo of GirolamoFracastoro
(1478-1553) and the versorium of William Gilbert (1544-1603).4 Here we present

4Chapter 3 of [ Ass10b], [Ass10a], [Ass11], [Ass15b] and [Ass17].
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the main types of versoria.

2.3.1 The Metal Versorium Supported on a Pin

A simple versorium can be made with a brass or steel paper fastener. The
center of the circular base of the paper fastener should be a little bent. It will
be supported by a pin �xed on a rigid base. To bend or deform the center of the
paper fastener, utilize a nail and a hammer, but carefully, without making a hole
in the top of the fastener, only bending it a little to create a small indentation.
The paper fastener will be supported by this bent section placed onthe tip of
the pin in such a way that it will not slip o� the pin. After the legs of the p aper
fastener have been bent downward, so that it makes an upside down letter V ,
the fastener can be set on the pin. It should be completely free to turn around
the pin, Figure 2.5.

(a) (b) (c).

Figure 2.5: Metal versorium. (a) Versorium base. (b) Steel paper fastener seen
from above and the side. (c) The mounted versorium.

2.3.2 The Metal Versorium Supported on a Pointed Piece
of Plastic

The metal versorium of this Subsection is supported on a pointed piece of plastic.
The main di�erence in comparison with the versorium of Subsection2.3.1is that
plastic behaves as an insulator. Therefore the paper fastener willbe insulated
from the ground, so that it can maintain its net charge after being electri�ed.
When an electri�ed body is located nearby, the insulated versorium will become
polarized.

This versorium is made in a few simple steps. In the �rst place, cut a small
piece of plastic straw 5 cm long. Sharpen one of its ends with scissors, then
cap it on the support of the electroscope of Figure2.1, as shown in Figure2.6
(a). Then mount the paper fastener of Figure2.5 (b) on this pointed piece of
plastic, as shown in Figure2.6 (c).

2.3.3 The Plastic Versorium

In Figure 2.7 we see a representation of the plastic versorium. Its base, in this
case a nail stuck in a board, appears in Figure2.7 (a). Figure 2.7 (b) shows the
mobile part of the versorium, in this case a strip of plastic with a pin attached to
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(a) (b) (c).

Figure 2.6: Metal versorium supported on a pointed plastic straw. (a) Support of
Figure2.1 with a pointed plastic straw around the two legs of a paper fastener set
in gypsum dough. (b) Steel paper fastener seen from above andthe side. (c) The
mounted metal versorium on a pointed plastic straw.

its center, with its tip downward. We will call this mobile part the \hat" of the
versorium. It should be a plastic strip. The pin is securely attached through the
center of the hat, with the tip of the pin pointing downward. The pin r otates
together with the hat relative to the ground. This system is then supported on
a small horizontal at surface which is �xed relative to the ground, like the head
of a nail stuck in a board or cork. The complete versorium appears inFigure
2.7 (c), with the tip of the pin set on the horizontal head of the nail stuck in a
board.

(a) (b) (c).

Figure 2.7: Plastic versorium with the pin set in the center of the insulating strip.
(a) Fixed base of the versorium. (b) Hat of the versorium (plastic strip) with the
pin attached to it. (c) Mounted versorium.

Important: In order to prevent the versorium from slipping, it is crucial that
the center of gravity of the hat and pin be lower than the tip ofthe pin.

2.3.4 The Versorium of Du Fay

The versorium of Du Fay can be made of plastic with a piece of aluminum foil
at one of its ends, Figure2.8.
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aluminum
foil paperplastic

Figure 2.8: The versorium of Du Fay.

2.3.5 Main Components of These Versoria

The main components of these four kinds of versoria are presented in Figure
2.9.

(a) (b) (d)(c).

conductor

conductor

insulatorinsulator

insulator

conductor conductor

conductor

Figure 2.9: Components of the di�erent kinds of versoria. (a) Metal versorium
supported on a metal pin. (b) Metal versorium supported on a pointed plastic
straw. (c) Plastic versorium. (d) Versorium of Du Fay.

In the case of a metal versorium supported on a metal pin, Figure2.9 (a),
there is a horizontal conducting strip (like the steel paper fastener) supported
on a vertical conducting pin attached to a wooden board or cork. That is, all
elements of this versorium are conductors. The metal versorium supported on
a pointed plastic straw, Figure 2.9 (b), has a conducting strip supported on
an insulating pointed material. The plastic versorium, Figure 2.9 (c), has an
insulating hat. The pin passing through its center is conducting, although its
composition is not relevant for the experiments. The versorium of Du Fay, on
the other hand, Figure 2.9 (d), is composed of an insulating plastic hat having a
conductor at one of its tips, namely, the aluminum foil. It is not relevant if the
pin passing through its center is made of a conducting or insulating material.

2.4 The Electric Pendulum

This Section presents the main kinds of electric pendulums.5

5 [FM91 , p. 47], [Ferb, Eletriza�c~ao por contato: Pêndulo, p. 8; Eletriza�c~ao por indu�c~ao:
Pêndulo, p. 14; e Campo el�etrico: Vetor, p. 22], [ Gas03, pp. 228-229], together with Sections
4.4, 4.10 and 7.6 of [Ass10b], [Ass10a], [Ass11], [Ass15b] and [Ass17].
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2.4.1 The Classic Electric Pendulum

The classic electric pendulum is presented in Figure2.10.

silk thread

paper disk

Figure 2.10: Electric pendulum with support.

Tie a disk of paper or aluminum foil to the lower free end of a thread made
of silk, polyester or polyamide (like nylon). The upper end of this thread is
tied to a plastic straw. This plastic straw is connected at right angle to another
plastic straw with a paper fastener. The vertical plastic straw is supported on a
paper fastener set in gypsum dough inside a thin plastic co�ee cup, Figure 2.1.

2.4.2 The Arrow Pendulum

A variation of this classic pendulum replaces the disk of paper or aluminum
foil with a small arrow made of paper, aluminum foil, or thin cardboard. It
can be called an arrow pendulum. The arrow should point horizontally and be
suspended at its center by a silk or nylon thread. It can be 2 to 5 cm long,
with a vertical shaft width from 0.2 to 0.5 cm, and the maximum width of the
arrow tip from 0.5 to 0.7 cm. These are only approximate measures and are not
so critical. The arrow can be tied directly to the end of the silk thread, as in
Figure 2.11 (a). It can also be �xed around a small piece of plastic straw, as in
Figure 2.11 (b).

(a) (b)

silk thread

paper arrow

Figure 2.11: Electric pendulum with a suspended arrow.
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