Electric Potential
AP Physics C: Electricity and Magnetism

Electric Potential Energy

When you push two like charges together, you do work IJj against the electric force.
That work is stored by the pair as electric potential energy % fE:
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Ug is defined as the work an external force must do to bring the charges from infinitely
far away to a distance r apart. The signs carry the physics:

o Like charges: Ugr > 0. An outside push was needed to bring them together. If
released, they fly apart, and the stored energy becomes kinetic energy ZfjfE.

« Opposite charges: Ug < 0. The pair is bound. You must supply |Ug| of work to
pull them apart to infinity.

The electric force is a conservative force {£5F 77: the work it does depends only on
the start and end points, not the path, and equals —AUg.

For a system &4t of several charges, add the potential energy of every distinct pair:
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Worked example. Three +2.0 uC charges sit at the corners of an equilateral triangle

2 : 10%)(2. 1076)2
with sides 0.30 m. Each pair stores U = ki = (9.0 10°)(2.0 x 107) = 0.12 J.

r 0.30
There are three pairs, so Uigta = 3 X 0.12 J = 0.36 J. This is the work needed to
assemble the triangle from infinity — and the kinetic energy the charges would share if
all three were released.

Electric Potential

Electric potential H % is electric potential energy per unit charge at a point in
space. It is measured in volts (1 V=1 J/C):

1
V=— V= 1 (point charge).
q dmegr
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Potential is a scalar #Rr#: it has a sign but no direction. This makes V far eas-
ier to work with than the field E. For several point charges fi Hifif, use scalar
superposition &/l — add the potentials with their signs:
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Worked example. The potential 0.10 m from a +3.0 nC point charge is V' = k-
”

9.0 x 10°(3.0 x 107°
s (3.0 x ) = 270 V. Now add a —3.0 nC charge 0.30 m from the same

0.10
. 109(—3. 1079
point: it contributes 9.0 > 10 (0 3300 x 107) = —90 V, so the total is 270—90 = 180 V.

Just a signed sum — no vector components to resolve.

Continuous charge distributions

For a continuous charge distribution %% Hi fij4 17, cut it into small pieces dg,
treat each piece as a point charge, and integrate 143

1 dq
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This is a scalar integral, so it is usually much easier than the field integral. AP expects
you to handle four shapes with calculus: a thin ring (at a point on its axis), an arc
(at its centre), a finite line or wire (collinear, or on its perpendicular bisector), and an
infinitely long wire or cylinder (at a distance from its axis).
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v=,L_2  (all dg share the same r)

4neg /R2 + 22

A ring of charge: every element dq is the same distance from an axis point

Worked example (ring of charge). A thin ring of radius R carries total charge Q).
For a point P on the axis a distance z from the centre, every element dq sits at the
same distance r = v/ R? + 22 from P. The distance is constant, so it comes out of the
integral:

V= 1 / dq 1 Q
Cdmeg ) VRZ L 22 dmegJR2 + 22

On an FRQ, say that r is the same for every element — that statement is the marked
step. The same idea gives V = kQ/R at the centre of any arc, whatever its angle.

From potential to field

Potential and field contain the same information, linked by a derivative in each direc-
tion and by a path integral:

av

ECC = 5
dx

b
AV:VI,—V;:—/ E - dr.

The field is the negative gradient £5J% of the potential: E points from high potential
to low potential, "downhill”. Where V' changes quickly, the field is strong.

Worked example. Along the z-axis, V(z) = 3z — 2z (volts, with = in metres).

Then E, = —Z—V =2—6z V/m. At z = 0.50 m, £, = —1.0 V/m: the field there
x

points in the —z direction.
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potential V
field strength E
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In a uniform field the potential falls steadily with distance

The potential difference H %2 between two points is the change in potential energy
per unit charge moved between them: AV = AUg/q. A battery makes a potential

difference chemically: reactions inside separate positive from negative charge and hold
the terminals a fixed AV apart.

./

V<0 for —Q .
— positive charge (+Q)

— negative charge (—Q)

The potential near a point charge varies as 1/r
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Equipotential maps

An equipotential Z#fj line (also called an isoline Z#{F4k) joins points that share
the same potential. Four rules let you read any map:

o Isolines are perpendicular T H to field lines H 354k everywhere they cross.

. E points from high V' to low V' — never along an isoline. Moving a charge along an
isoline takes no work.

 Closely spaced isolines mean a strong field: £~ —AV /Ax.

e You can sketch the field map from an isoline map, and the isoline map from a field
map.
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field line

El equipotential - AV =0 along an equipotential - V=0 midplane
dipole: V high near +q, zero on perpendicular bisector

Equipotential lines around a dipole cross the field lines at right angles

Exam skill. Given a map with isolines every 10 V spaced about 2 cm apart, estimate

10
b= 00z = 500 V/m, pointing from the higher-value line to the lower one. The work
an external agent does moving a charge ¢ slowly from A to B is W = q(Vg — V) —

the path taken does not matter.
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High-voltage power lines: electric potential energy is converted and transmitted as
current at high voltage

Conservation of Electric Energy

When a charge ¢ moves between two points that differ in potential by AV, the potential
energy of the charge—field system changes by

If only the electric force acts, total energy is conserved, so the kinetic energy changes
by the opposite amount:

AK = —AUE = —qAV.

Watch the two signs together: a positive charge speeds up when it moves to lower
potential, while a negative charge speeds up when it moves to higher potential. Both
are just the system trading potential energy for kinetic energy. This is how particle
accelerators give charged particles their energy, and it underlies energy analysis in
circuits.

Worked example. A proton (¢ =1.6 x 1071 C, m = 1.67 x 10727 kg) starts at rest
and is accelerated through a potential drop of 500 V (it moves to lower potential, so
AV = =500 V and AK = —¢ AV = +8.0 x 1077 J). Setting AK = imv*:

2(8.0 x 10-17) .
’U—\/W—nglO m/S.
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Exam skill. Choose energy methods, not kinematics, whenever the field is non-
uniform or the path curves: only the end-point potentials matter. A typical FRQ chain
is g AV — AK — v, with one line of justification: "the electric force is conservative,
so energy is conserved.”

Exam tips

» Relate field and potential by V = — fﬁ dl'and E = —VV (in 1-D, E, = —9%).

o Potential is a scalar — add contributions with signs, no vector components needed.

» Potential energy of a pair is U = F{EO%; use energy conservation for a charge’s
speed.

. Kngw that no work is done moving along an equipotential, which is perpendicular
to E.

» Choose the zero of potential (usually infinity) and state it.
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