ELECTROSTATIC FORCES

|| | ntroduction ||

" Electric Charge " It was known since th&éme of the ancientGreeks thatamber
rubbed with fur would become"electrified” and attract small
objects, an effect also easily seen by rubbing a piece of plétstivool. The word'electricity”

in fact comesfrom the Greek namdor amber. During Benjamin Franklin'dsime, such
astonishingelectrical phenomena had been observédt twidely-attendedpublic electrical
displays had become popular. A public presentation of this kind so strongly impressed Franklin
that he bought the lecturer's equipment, and began investigating electrical phenomena on his own,
in parallelwith other dforts already underway in EuropeOthershadalreadyfound thatthere

were twokinds of electrical chargeand that charges dhe samekind repel while charges of
opposite kind attract each other. Franklin designated th&itwis of charge aspositive” and
“negative.” But while qualitative understandingwas developing raplgl a quantitative
understanding of the forces between electrically charged objects was still lacking.

It was Charles AugustirCoulomb, aFrench scientist, whofirst quantitatively measured the
electrical atiactionand repulsiorbetweencharged objects and establishedt the force was
proportional tothe product of the charges andnversely proportional tothe square of the
distarce betweenthem. Inmks units, theelectrostaticforce F that two chargesq1 and q,a

distance apart exert on each other is
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The force acts in directionalong thestraight ine connecting the two charges)d theforce is
repulsive Whertq1 andq2 are both positive or bothegdive, corresponding to positivevalue of

0,0, The force isattractivewhenthe chargeshaveoppositesign so thay,q, is negative. The

quantitye,, called thepermittivity constant, is equal #8.854x 10" coulomig/(newton-metey,
and assures that the force will be in newtons when the charge is expressed in coulombs.



The gravitational force similarkxhibits aninversesquaredependence on distanbetween two
point masses. Gravitational forces differ howdaebeing always attractivagverrepulsive, and
by being inherently weaker, with the electrostatic repulsion between two protons bGeinmgeo
greater than their gravitational attraction.

This might seem puzzling. Gravitational foréegolving massiveobjects carbe literally strong
enough to move the Eartbonstantlyacting to keep it ira nearly circularorbit aroundthe Sun,
and certainly wexperencegravitationalforces on ourselvegery directly. But theelectrostatic
forcesbetweenpairs of objets in this laboratorare barelystrong enough téft small bits of
lint or paper. Even considering the large mass of the earth, this might seem inconglstiet
statement about electrostatic forces beinftifies stronger than gravitational forces.

The weaknes®f electrostaticforces betweendifferent everydayobjects reflectshe factthat
matterconsists ofalmostexactly equahumbers ofpositively chargedprotonsand negatively
charged electrons thoroughly intermingled witie another, mainly in thlerm of atoms whose
electronsmove around positively chargednuclei consisting ofprotonsand neutrons. The
electron and proton have equal but opposite charge1(.602x 10™° C, in mks units), and the
neutronhas zero charge. Théorces ofelectrostatic attractioand repulsionacting between
particles within this intimate mixture ofelectrons angrotonsare indeed sudtantial. But so
close to pe#ct isthe balancebetween thenumber of electrons artotons inordinary matter,
and so close to zero is the mhiarge, that twseparate objeshear eaclother hardlyexert any
electrostatic force at all. Yet if yavere standing at armsngth fromsomeone anéach of you
had onepercent more electrons thammotons,the forceof electrostaticrepulsionwould be
sufficient to lift a weight equal to that of the entire earth.

At the time when atoms first came toregarded as composedeabéctrons movinground much
heavierpositively chargednuclei, amajor questionwas why the treendus electric forces
between thgprotonsandthe electrons do natause them tduse together. According to the
Heisenberg Uncertainty Principléne electronsnust gain darger and largemomentumand a
larger kinetic energy, the monee try to confinetiem into a smalleand smallervolumearound
the protons. ltis this behavior,required bythe bBws of quantummechanics, thakeepsatoms
from collapsing under the influence of electrical forces.

Similarly, tremendouselectrical repulsive forces act betweerthe positively chargedprotons
confined withn theatomicnucleus,and yettheseforces do nousually succeed ipushing the



nucleus apart. This because athe additionaktrongshort-rangeattractivenuclearforcesthat
hold the protons and neutrons together despite the electrical repulsion.

Thus electricalforces andgquantummechanicaleffects acting together determine the precise
properties of amaterial. With such enormous forceacting in balance withinthis intimate
mixture, it is not hard to understand that matter, tending to keppsitsve and negativecharges

in the finest balance, can have great stiffness and strength.

Also as consequence of the electric gndntum mechanical effects tlugtermine theroperties
of matter,when atoms combine tdorm solids it often happens that oner more electrons
normdly bound toeach atom are able to wandeound more-or-lesgeely in the material.
These are theonduction electrons in metalsWhenthe electronsre not free tanovethrough
the materialexternally applied voltagesannot producelectric currents in thenaterial,and the
material is an insulator, or dielectric (amharcite, wood). Athird kind of solid in which some
of the bound charges can fveed,thus allowing current to fow in a contolled way, iscalled a
semiconductor. A consequence of Coulomb’s law is that if a metallic object has a net charge, the
excess electrons will repel each other andtbacted taany regionwith net positive charge, so
thatthe net chargéends toredistribute itselioverthe object. As a resukxcesscharge on an
isolated sphericaimetal conductor will distributeitself uniformly on the outside of the
conducting sphere. For the same reasonyif@connected to a pé buriedin the ground (for
example, to the plumbing the buildirg) toucheghe electricallycharged conductingphere, its
the excesschargewill flow into theground undethe influence of th&€€oulomb forcebetween
charges.

Practical applicgons of Coulomb’s law involve unbalanced (nettharge distributecbver an
extended regiorsuch as ampproximately sphericatonductor inthe peset experiment, and
not actually charge concentrated at a point. ridteharge on eadbject arises fromindividual
discrete electrons and protoisit the small size of the electrons gmtonsand their large
numbermake the htribution oneach objecappearsmooth and continuousCoulomb’s law,
Eq. (1), then applies by regardiegchchargedobject to be divided into smadub-regions, and
by using Eq. (1) to calculate the force that each such sub-region of the first object exadth on
small sub-region of the second object. We could then evaluate an appropriatswectorfind
the net force and torque oneobject on theother. In terms o€alculus,this means regarding
Eqg. (1) to involve an integral rather than an ordinary sum.

Applying a mathematical procedure eglént to that dgcribed inthe previougparagraprshows



that excesscharge distributediniformly over the surface of a sphere exedgorce on asmall
test charge a distance away as if al¢tharge on the sphesere concentrated at its center. For
this special case Edql) ends upapplying inthe form given provided that the distanaeto the
excess charge on the metal sphere is taken as the distance to the center of the sphere.

Conservation of Charg e" Amber rubbedwith fur acquires anet negativecharge

because some dhe negativelycharged electrons are
pulled from the fur onto the amber, leaving filmepositively charged. Sincelectrifying objects
by friction involvesmerely moing thecharges from onglace to anothethe totalchargestays
the same.

This principle is famore fundamental and genetawever. Newparticles can be produced in
high-energy reactions such as those at the Fermi NaAaooalerator. Charged pafés are not
meaely movedfrom oneplace toanother. Yet in each reaction theumber ofnewly created
positively-charged pécles alwaysequalsthe number of new paricles that are negatively
charged. Since the net chargalhknown physicalprocesses stayhe samecharge is said to
be conserved.



The Experiment ||

The measurements toe donewill
test the distance dependence in
Coulomb's law. The equipmentused to produceet charge needambnsists othe electrostatic
generator illustrated in Fig. MVe alsouse asmall pith ballhanging by a nylotine. The pith
bdl is a smallinsulatingspherewith a conducting outer surface thallows excesscharge to
distribute itselfevenly. Aknown charge is first placed on the baland therthe generator is
used to place a chargg on the spherical generator dome. Téectrostatic foce acts tanove
the ball away from the generator dome, but is balanced lyrahéational forcaending topush
the pith ball back. The measured displaceroétite ball andhe angle of thetring determines
the component ofravitational force in the directiotending torotate the pith balback, and
therefore measures the electrostatic force acting guittheall. We quickly measure trstring
angle forseveral values of thdistanceR to the center othe dome,andimmediately repeat the
measurement for the first valueRf TheR dependence of theeasureclectrostatidorce can
then be compared with that predicted by Coulomb’s law.

The Van de Graaff Electrostatic Generatpr

Figure 1 showshe electrostatigenerator. Thé&ottom roller isdriven by a motorcausing the
continuous rubber beto turn. Frictionbetween the beland thewool on thebottom roller
transferscharge so thahe wool becomegpositively charged
and the blt negativelycharged. Te beltcarries thenegative
— charge to the topoller where thecharge igransferred to the
- top collector. Then, friction betwedme top rollerand thebelt
leavesthe roller negatively charged andthe belt positively
charged. Theregion ofpositive charge on the liteis carried
- back to the bottom roller. A contact placed close to the bottom
roller is grounded (meaning that itattached to aearbypipe
- that ultimately is connected to the earth). The flow of charge to
- or from the ground cancels of the excess chargib®mpart of
Il \ the belt near the contact. Biis mechanism, the belt and

+ roller systemact as a pumpgdoing work on the negative
electric charge against the repuldioece of thecharge already
on the dome, and depositing it orthe domewith a high
potential energy per unitcharge, corresponding to a high
voltage.

+ 4+ + + + + + + H + 4+
1

Figure 1
Van de Graaff generator



The chargeggenerated irthis experimentare notdangerous, buyou might experiencesome
disconcerting shocks by not following the instructions precisely as given. You may also pick up
charge that can subject you to a mietarctricalshock, about astrong as &arpet shockwhen

you touch a grounded object.

" Experimental Procedure " The measurements toe madeand later analyzedising
the set-up in Fig. 2 require three basic steps:

a) Aligning the pith ball with respect to the electrostatic generator's conducting dome.
b) Placing a charge on the ball and determining its value.

C) Measuring the displacement between the ch@rge the generator argpgon the ball.
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Figure 2
Apparatus for Coulomb's Law Experiment



" Alignment of the Equipment " As shown in Fig. 3the electrostatigenerator is
- arranged so itan be displaced along the ruler

fastened to/our laboratory bench. Iraddition, eachset-upincludes a dullaluminumsphere
grounded to a water pipe and mounted on an insulating rod of Lucite; the aluminum sphere is for
use in groundinghe conducting generator dome thre pith tall whennecessary toemove the

excess charge.

First you need todetermine

Upper Half /m o the position of the voltage
of A ,\ 1 generator so that the pithall,
Sphere %Dy I_J hanging vertically, is at its
Removed Pith Ball center. Tado this, ground the
ﬂ , 7™ generatorsphere bytouching

/ it with the dull aluminum

sphee. Removethe top half
of the dome, placethe small

Van de Graaff plastic ruleracross adiameter
Generator for guidance in locating the
X Ruler center,and shiftthe generator

until the midpointbetween the

—~

: two pith balls lies directly
Figure 3 above the center of ttsphere.
Alignment of Apparatus If necessary, adjust the height
of the horizontal bar
supporting the pith balls so their midpoint coincidé the center ofhe generatosphere(Fig.
3). Record the position of the right side of the generator along the table. This méasaiieal
along the ruler is calle in the equations we will be using later.

Now move the generator along the ruler, in the direction away from the vertical pole, until the pith
ball clears the dome, and replace theabjhe dome. If the experimentere donewith the Van

de Graaff generataioo close to thevertical pole,the charge induceth the conductingpole

would in turn exertCoulomb forces toredistributethe charge in thelome, making it further

from spherically symmetric.



" Charging the Pith Ball " The measurements describsekt mustbe donequickly

- because the charge on the pith bdlilssipates irtime.
The rate of loss depends on the humidity in the air. Therefore, be sure you knowelRatty
do, and once you start, continue taking measurematityou finish, savinghe calculations for
later.

First, ground both pith balls by touching them with the dull aluminum sphere. Then wrap the fur
around the pointed end tfe rubber rod andbriskly rubthe rod with the fur to produce a net
negative charge on the end of the rod. Then bring the charged pointed end close to the pith balls.
A positive charge will first be induced on thgles ofthe pith ballsclosest tahe rod, ashown

in Fig. 4,causingthem to be attracted to tihed. After therod andpith balls make contact, a
negativecharge(consisting ofelectrons)will passfrom the rod to the balls. When enough
negativechargehasbeen transferred, the ballsliwily away from the rod and will repel each

other. If the balls do not fly away frotihe rod within 10 secondthey are toalry andmust be
moistened by breathing gently on them. The separation between the two chargatbbédide
between 2 and 6 cm. Do not thube pith ball or theymay be partiallydischarged. Place the

rod on the table and measure the distarmsween the centers thie balls byholding he plastic
calipers just below them. The measured valuaheeded in order to calculate the chaygm

the pith balls.

Lift one of the charged balls by its line and drape it over the insulated plastic peg mounted on the
meter stick without touching or discharging the otb&lt. Nowslide theelectrostatiaqyenerator
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Figure 4
Charging the Pith Balls



along thetable until thecharged ball is about 5 cm frotine generator spherdJse the power
cord switch to run the generator for sevstairt bursts until thball is deflectedbetween 10 to
15° asmeasured byhe protractor athe ine support pint. Recordhe deflection anglé and
the horizontalposition X of the generator. N& the shift the generatosideways so as to
decrease the deflecti@angle andagainrecord X and 6. Make six separate measurements to
obtain values 08 for AX=X-X, between 10 cnand 60 cnm(see Fig.5). Thedata obtaineavill

be used to determine the total cha@gen the generatosphere and twerify the inversesquare
dependence on distance in Coulomb’s law.

Immediately after thdast measurementreturn the generatorto the position of the first
measurement anecordthe value of 6. How closely these twegalues of@ agree provides
information about how much the dissipation of the charge affected your results.



Data Analysis ||

You probablywill have noticed bythis point hat theVan de Graaff generatorcan produce
impressiveelectrical discharges. Therefore, tominimize chances ofaccidental damage to the
computer equipment, leave themputer ayour workstation turneaff until you havetaken all
your dataand have groundedthe electrostatigenerator dome bieaving the dull aluminum
sphere resting in contact with it.

| Calculating the Charge on the Pith Ball | Figure 5 showshe vector diagram
' for the threeforcesacting oneach

ball in equilibrium. They are: theéensionT in thenylon line,the weightFy and theCoulomb

forceFc. The mass is written on each ball in units afilligrams and the lengtlof the nylon
line must be measured.

a) Show that ifeach pithball has massn and the twohang fromstrings of length L

separated by a distancbecause of thercharge, theeharge g
on each is

4
3]
q=C2TBMO @

b) Calculate the chargg(in coulombs) on the pith ball.

C) Calculate thenumber of electrons thahake upthis
5| charge. Inyour conclusionsdiscussthe magnitudeof this
number.

Figure 5
Two Charged Pith Balls
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" Verifying the Inverse Square Law With the help of Fig. 6 itan beshown by

- trigonometry,with AX=X-X, being that the

distance from alignment that the generator was moved, that the diRtapesveen theenter of
the generator sphere and the center of the ball is given by

R =(AX|+Lsim@Y + L -L co® j (3)
and that the angle between the line joining the two centers and the horizontal is
a=tan"[(L - L co® )/(AX HL si® )].

By resolving the forces perpendicutarthe thread sumpting the ball, it can beshown that the
electrical forcd= acting on the ball is given in terms of the obsei@by

_ mgsin®
cos@-a)

If we make theassumption thatr is small,
this force can be written as

F = mgtan©. 4)

Pith Ball
Equation (4) can be uséadl calculate the force

F for eachmeasuredralue of @ and therefore
at eaclRin Eq. (3). Weseek to compare the

t’l A}/ - observed dependence Bfon R with that in
| Coulomb’s law
F=_ 19 (5)
4mgyR
X X, It is possible to use the program GAXHave
{ \*_* the computer make these calculations, plot the
AX |<— results, and #n fit thedata to a power law
Figure 6 equation to obtain valuder the R power and
Geometric Considerations the constant qQf#,.
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First enter the raw data in the first two columraad y in thgorogram GAX. Youmight want to
re-labelthese columns as X andhdta.From the drop down DATA menuselect ‘'newcolumn'’
and from that select the 'calculated’ option.

Define the new column asd&hd use equatiof8) to calculate Rusing Xand Thetacolumns by
entering the following into the space designated 'new column formula’:

Sqrt(("X"-0.24+0.56*(sin("Theta")))*2+(0.056*(1 - cos("Theta")))*2)

where in this calculation 0.24 ig dnd 0.56is L. These values will bedifferentfor your set up.

You should havethese measurementsady whenyou enter the datalNote: the quantities in
guotes refeto previouslydefined columns andan be inserted into the formula by clicking on
‘columns' and selecting the column of interest. Likewise function like sgrt, sin, cos and tan can be
inserted into the formula by clicking on the corresponding function button.

In asimilarway choose tcacalculate &ourth columnfor F using equizon (4). In this case you
will need to type in the following for the 'new column formula’ for F:

(45*107-6)*9,8*tan("Theta")

where 45 is the amount in milligrams of the massnaf of the pith balls (theghould be closely
matched). The amount in milligrams for each pith ball is written on each pith ball.

Once you have numbers in these taw columns, go tdhe plot andclick on thevertical axis
label. A box will open allowing you tohange the quantity plottexh thevertical axis. Choose F,
Do the saméo changehe horizontabxis toread R.You shouldsee arinverse relation on the
plot where as Ryets larger Fbecomes smaller. You woultke to verify thatthis is aninverse
guadratic relation.

Use the mouse to drag the arrow horizontally across thesdditat it is highlightedboth in the
graph and in the Data Table window. From dinep down 'Analyze'menu,selectthe 'Automatic
Curve Fit' option. When the box opens, select the '‘®Rer' formulafrom the set of 'Stock
functions..." Thevariable Bshouldtell you towhatpower the datalepends on R.ldeally it
should be -2Sometimes théit might need dittle help. One possibility would be toinsert a -
sign in front of the K in the formula.

. Using the value Kn your analysis,evaluatethe power dependencé the force F to the
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radius R. Is it an inverse square relationship?

. Using the value A inyour analysis,calculate thecharge thevan de Graaffgenerator
dome. Also indicate the sign of the charge.

. What charge did you determine was on the pith balls?

. How did the firstd value differ when re-measured at #mad, andwhat does thigell you
about any experimental error caused by charge leaking off the pith balls and the generator?

. Do yourdatasatisfy Coulomb'saw to within reasonableexperimentalerror? Explain
the possible sources of any disagreement.

. How do the values of the charges you measured compargaithexpectations? How
hard would it be to place a coulomb or two of charge on the dome of the sphere?

13



QUESTIONS|

The following list ofquestions isntended to helyyou preparefor this laboratorysession. If
you have read and undstood thiswrite-up, you should beable toanswermost of these
guestions. Some of these questions may be asked in the quiz preceding the lab.

State Coulomb's Law.
How many types of electric charge exist?

In a nucleusthere are severaprotons,all of which have positive charge. Why does the
electrostatic repulsion fail to push the nucleus apart?

What does it mean to say that charge is conserved?

An electron with a charge of -1.68210*° C can combine with a positron having charde602
x 10™ C to yield only uncharged products. Is charge conserved in this process?

How does the Van de Graaff generator operate?
Is humidity in the room a concern in this experiment? Why or why not?
As time passes, the pith balls lose their excess charge. Where does it go?

Why is it possible to us¢he formulafor the forcebetween twoint chargesgq. (1), for the
force between thecharged pith ball and the dome of #an de Graaffgeneratorwhen the
electrified dome is not even approximately a point charge?

After the Van de Graaff generator has been running and is turned off with its dordieasgéd,
how would the charge distribution in tikeoundedaluminumsphere beaffected bybringing it
near the domevithout makingcontact? Eplain this effect in terms ofthe electrostatidorces
acting and the properties of the metallic sphere.

Why does the experiment require using two pith balls rather than one?

Prove Eq. (2) of this lab write-up.
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