EQUIPOTENTIAL LINES

Electric fields ||

One way to look at the force between charges is to say that the charge alters tlagospacé by
generating an electric field. Any other charge placed this field then experiences a Coulomb
force. We thus regard tliefield as transmitting the Coulomb force.

To define the electric fieldE more precisely, consider amall positive test chargg at a given
location. As long as everything else stays the same, the Coulomb force exerted on the tesgt charge
is proportional tag. Then the force per uniharge,F/q, does not depend dhe chargey, and
therefore can be regarded meaningfully to be the electricHiatdhat point.

In defining the electric field, we specifhiat the test chargg be small because in practice the test
chargeg can indirectly affect the field it is being used to meastiiefor example, we bring gest
charge near thé&/an de Graaff generatordome, the Coulombforces fromthe test charge
redistribute charge on the conducting dome and thereby slightly changefithe that the dome
produces. But secondary effects of this sdmave less and les&ffect on the proportionality
betweerF andg as we makeg smaller.

So many phenomena can be explained in terms of the elgsldlicbut notnearly as well in terms

of charges simply exerting forces each otheithroughempty space,that the electric field is
regarded as having r@al physicalexistence, rather than beingnaere mathematically-defined
guantity. For example whencallection ofcharges in one region of spatmve,the effect on a
test charge at a distant point is not felt instantaneously, but instead is detected with a tirtmatdelay
corresponds tthe changed pattern efectric fieldvalues moving through space the speed of
light.

Closely associated wittihe concept of electric field is the pictori@presentation of the field in
terms of lines of force. These are imaginary geometric lines constructed so that the direction of the
line, as given by the tangent to the line at each point, is always in the directiorbofi¢ta at that



point, or equivalently, is in the direction of the fotbatwould act on a smalpositive test charge
placed at that point. The electric field and the concept of linetedtiricforce can baised to map
out what forces act on a charge placed in a particular region of space.

Figures 1a and 1b show a region of space around an electric dipole, vatadine field indicated

by lines of force. The charges in Fig. 1a are identical but opposite in sigfig. Idbthe charges
have the same sign. Above each figure is a picture of a region around charges in whisbegrass
has been sprinkled on a glass plate. The elongated seeds have aligned themseahe®ledthic
field at each location, thus indicating its direction at each point.

A few simple rules govern the behavior of electric field lines. These rules can be applied to deduce
some properties of the field for various geometrical distributions of charge:

a) Electric field lines are drawsuchthat a tangent to the line at a particular point in space
gives the direction of the electrical force on a small positive test charge placed at the point.

b) The density oklectric fieldlines indicates thetrength ofthe E field in a particular
region. The field is stronger where the lines get closer together.

c) Electric field lines start on positive charges and end on negditarges. Sometimes the

lines take a long route around and we can only show a portitie dihewithin a diagram

of the kind below. If net charge in the picture is not zero, some lines will not have a charge
on which to end. In that case they head out toward infinity, as shown in Figure 1b.

You might thinkwhenseveral charges are presémat the electric fieldines fromtwo charges

could meet at some location, producing crossed lines of force. But imagine placing a charge where
the two lines intersect. Charges are never confused about the direction of the force acting on them,
so along which line woulthe force lie? Irsuch a casdhe electricfields add vectorially atach

point, producing a single néi field that lies along one specifime of force, raher than being at

the intersection of two lines of force. Thus, it can be $leamone ofthe linescrosseachother.

It can also be shown that two field lines never merge to become one.

Under certain circumstancesthe rules defining thesdield lines can beused todeduce some
general properties of charges and their forces. For example, a property easily deduced from these
rules is that a region of space enclosed by a spherically symmetric distribution of leszgen

electric everywhere withinthat region (assuming nadditional charges producaectric fields



inside). Imagine first a spherically symmetric thin shell of positive chellge a certairdistance

from the center. Field lines fronthe shellwould have to be radiallyoutward equally in all
directions. If these outward pointing lines continued radially inward beneasiheligthey would

have nowhere to end. Hence, the field lines must have ended at the surface charge, and there must
be zero field everywhern@side. Next, supposthe spherically symmetric distribution of charge
surroundingthe uncharged region is not merely a thhrell. Wecan neverthelessonsider the
charge distribution to be divided up into many thin laysxsh at a differentadius. Each layer
contributes its own field lines that end at that layer, producing notres dield lines in the region
enclosed bythatlayer. Then any point in the region of interest is insaleof the thin layers,

where all the field lines have ended. We can conclude that the E field is zero at any point within a
region surrounded by the spherical distribution of charge.
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Figure 1 Above: Grass seeds align themselves with the electric field between two
charges. Below: The drawing shows the lines of force associated with the electric field
between charges. Figure la shows a charge pair with negative charge above and positive
charge below. Figure 1b shows two positive charges.



In Figs. 1aand 1b it is seethat thedensity of field lines is greater near the charges because the
lines must converge closer together as they approach a particular charge. It carslatsentieat
the electric field intensityncreases near conducting surfatiest arecurved to protrudeutward,
so that they have positive curvature. Curvature is defined as the inverse ofaities. Aflat
surface has zero curvature. A needle pbag a verysmall radius and darge positivecurvature.
The larger the curvature of a conducting surface, the greater the field intensity is near the surface.

The lightning rod is a pointed conductor. An electrified thundercloud above it attracts charge of the
opposite sign to the near end of the rod, but repels charge of the sametbmgifat@nd. The far

end isgrounded,allowing its charge taescape. The rod thereby becomes charged blectric
induction. The cloud can similarly induce a chargesign opposite to is own ithe ground
beneath it. The strongest field results near the point of the lightmih@nd is intense enough to
transfer anet chargeonto the airbornemolecules, thusonizing them. This produces a glow
discharge, in which net electric charge is carried up on the ionized molecules in theeairabze

part of the charge at the bottom of the cloud before it can produce a lightning bolt.

The electric field representation is not the onlyy tomaphow acharge affects the spaaeound

it. An equivalentscheme involveshe notion ofelectric potential. The difference ielectric
potential betweetwo points A and B iglefined as thevork per unit charge required to move a
small positive test charge from point A to point B agathst electricforce. For electrostatic

forces, it can be shown that this work depends only on the locations of the points A and B and not
on the path followed between them in doing Weak. Therefore, choosing@nvenient point in

the region and arbitrarily assigning its electric potential to have some convenient value specifies the
electric potential at every other point in the region asabk per unit test charge done to move a

test charge between the points. It is usual to cheitiser some convenient conductor or else the
ground as the reference, and to assign it a potential of zero.

This bears some similarity to hotlve gravitational potential energyas defined. Weould have
considered the “electric potentgergy of a test charge in analogy withe gravitational potential

energy by considerinthe work, not thework per unitcharge, done in moving st charge
betweentwo points. But just asthe gravitational potential energy itself cannot umed to
characterize the gravitational field becausgepends orthe testmass usedthe electric potential

energy similarly depends on the test charge used. But the force and therefore the work to move the
test charge from one location to another is proportional tohissge. Thughe work per unit

charge, orlectric potentialifference, is independent dfe test chargesed as long ahe field

does not vary in time, sthat the electric potential characterizes the electric field itseighout



the region of space without regard to the magnitude of the test charge used to probe it.

It is convenient to connegioints of equal potentialvith lines intwo dimensional problems; or
surfaces in the case of three dimensions. These sudaresferred to as equipotentsirfaces,
or equipotentials.

If a small test charge is moved so that its direction of motion is always perpendiculaeltxtitie
field at eachlocation, thenthe electricforce and the direction of motion &ach point are
perpendicular. No work is done against the electric forcetftangotential at each point traversed
is therefore the same. Hence a path traced out by moving in a direction perpendiculalettiribe
field at each point is an equipotentialConversely, ifthe test charge is moved along an
equipotential, there is no change in potential and thereforeank done onthe charge by the
electricfield. For non-zercelectric field this can happeronly if the charge is being moved
perpendicular to the field at each point sach a path. Thereforelectric field lines and
equipotentials always cross at right angles.

Figure 2 shows aegion of space around group of charges.The electriclines of force are
indicated with solid lines and arrows. The electric field can also be indicated by equipotential lines,
shown as dashed lines in the figure. The mapping of a region of spacequilotential lines or,

in the case of 3-Bpace, withequipotentialurfaces, providethe same degree of information as

by mapping out the electric field itself throughout the region.

Figure 2 Electric field around a group of charges.
Lines of force are shown as solid lines. Equipotential lines
are shown as dashed lines.



Mapping equipotentials
between oppositely charged conductors

The equipotential apparatus skown in Fig. 3. The power supply is a source gotential
difference which is measured in Newton-meters per Coulomb. When it is connedtiedtieo
conductors, amall amount of charge is depositedeathconductor, producing aglectric field

and maintaining a potentiaifference,identical to that of thgopower supply,between the two
conductors. The black paper beneath the conductors is weakly conducting to allow a small current
to flow. The digital voltmetemeasureshe potential difference between the point on the paper
where the probe is held and the conductor connected to the other lead of the voltmeter.

Choosethe conductor geometrpr which youwill be mapping thefield. Start with acircular
conductor on theorth terminalpost (furthest away from you) andharizontal bar on theouth
terminal (nearest you). Mount these conductor pieces obréss bolts which protrude from the
black-coated paper. Secure the conductors thélbrass nuts. Tightendown the nuts to ensure
good electrical contact between tt@nductors anthe paper. The north banangack (away from
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you ) is red and the south jack is black. The positive terminal ghdaher supply isconnected to
the red banangck and the negativéerminal to the black bananack, thereby connecting the
power supply to the conductors.

The digital voltmeter measures the potential difference between the two input electrodes. The black
ground lead of the digital voltmeter (its negative terminal) should be connected to the black negative
banana jack on the board. You will use the red (positive) lead of the digital voltmeter as a probe.

Adjust the power supply tomaintain thedesired

voltage between thewo conductors by following

these steps. Connect the red lead of the digital voltmeter to the red banana jadkoandhéThe

black lead was connected to the black banana jack ipréweous step.)Adjust thepower supply

voltage to 6.00 volts, as read on the digital voltmeter. You may have to change the range setting of
the voltmeter to get the proper reading. When this adjustment is completed, disconnede#tk red

of the digital voltmeter. You are now ready to take data.

|| Setting the potential differen#e

Each equipotential line osurface is specified by the
same single value of the voltatigt allits pointshave
with respect to the conductor. The goal is to locate points at each desired potential in wader to
out the corresponding equipotential line.

|| Mapping equipotential lingis

Suppose, for example, you want to find an equipotential at 5.00 vBléze the regrobe on the
surface of the black paper and move it around untilditpéal voltmeterreads 5 volts. This point
is then at a potential of 5 volts above that of the bar conductor.

To simplify mapping the region, the bar is inscribed with marks at éwerycentimeters, and we

have provided graph paper containing a scale drawing of the apparatus in which we isclalde a
marked with two centimeter rulings. Use a straight edge as a guide for the probe. Line the straight
edge with one othe scribemarks onthe bar and slide thprobe alongthe straightedge,
maintaining good electrical contact, to find the point where the potential reads 5 volts. Record how
far up the straight edge this point is, and mark the point on the scale drdvaingj. thepoint as a

5 volt point. Now, move the straight edge to another scnibark, similarly find the 5 volt
potentialpoint, and markthat point on the scaldrawing. Repeatthis procesantil you have a

good idea of theshape othe 5 volt equipotential in theegion. Draw a line connectingll the 5

volt points to show the 5 volt potential surface.



Now, go after the 4 volt potential using the same technidueen, dothe samdor the 3 volt , 2
volt and 1 volt potential surfaces. For each case, dsmoathcurveconnecting thegoints at the
given equal potential. The curve is intendediatbalong the equipotentiddetween, asvell as at,
the specific points marked off, so the points should not be connected by straight line segments.

The resultdiscussedearlier that the electric field is
everywhere at right angles to the equipoterdiaifaces
and thefact that electridields start on positive charges and end on negative chargeseaie
used to drawthe field lines in the regiowhere youhave traced thequipotentials. On your
drawing, place your pen at goint representing the bar conducsurface and draw éine
perpendicular to the bgoing towardthe nearest equipotenti@e. As yourline approaches the
equipotential, be sure that it curves to meetlitteeat a rightangle. Proceedimilarly to the next

| Finding electric field line

equipotential, and so on until your line ends on the drawing of the round conductor. Keed in
that eachconductor itself is an equipotential. Return to the bar irgthph and construct a new
line starting at an appropriate distance (say 2 cm) from the first line. Continue conseletting
field lines to map the entire area on your graph

The electric fieldlines and equipotentiaurfacesthat you have mapped
should exhibit features consistent wittme properties of the Coulomb
interaction. You should examine your plot and verify thahtiwsthesefeatures. Herare some
suggested questions you might be able to address based on examining and analyzing your data.

|| Conclusion#

Do the electric field lines approach conducting surfaces everywhere at right angles?

Electric fields are more intense near surfaces with larger curvature. Dadsctiie field intensity
increase near the circular electrode as compared to the flat bar electrode, and if so, how?

Is the density of electrical potential lines related to the intensity of the electrical force?

Are there electridields and equipotentials above the plane of the papeseequipotential lines
were mapped? If so, could we use the probe to map them? How else could they be mapped?



| QUESTIONS|

The following list of questions is intended to hglpu prepare for thitaboratorysession. If you
have read andnderstood this write-up, you should &lgle toanswer most othesequestions.
Some of these questions may be asked in the quiz preceding the lab.

What are three properties of electric lines of force?
Why do electric lines of force never cross?
How do the electric lines of force represent an increasing field intensity?

How canyou prove from properties @lectric fieldlines that a sphericalistribution of charge
surrounding an uncharged region produces no electric field anywhere within the region?

In what way are equipotential lines oriented with respect to the electric field lines?

Are the electric field representatiamd the equipotentidihe representation equivalent in terms of
how much information they contain about the electric field?

What are the units of potential difference?
What are units of electric field?

Why must theE field be perpendicular to the surface of an ideal conductor?



