
PHYS 1P22/92
Prof. Barak Shoshany

Spring 2024

19. Electric Potential 
and Electric Energy



19.1 Electric Potential 
Energy: Potential 

Difference



• Electric potential energy is the 
negative of the work done to 
bring the charge from infinity:

𝐸𝑝 ≡ −𝑊 = −𝐅 ⋅ 𝐫 = −𝑞𝐄 ⋅ 𝐫

• More precisely (with calculus):

𝐸𝑝 = −∫ 𝑞𝐄 ⋅ d𝐫

• Analogous with gravity, 
converted to kinetic energy as 
charge “falls” down electric field.

• Electric potential is potential 
energy per unit charge:

𝑉 ≡
𝐸𝑝

𝑞

• Units: Volt (V) ≡ J/C.



Voltage

• “Voltage” is the potential 
difference Δ𝑉 = 𝑉𝐵 − 𝑉𝐴

between two points A and B.

• Voltage is energy per unit 
charge, so two batteries with 
same voltage but different 
charge store different energy.

• Charges going from A to B 
obtain a change in potential 
energy Δ𝐸𝑝 = 𝑞Δ𝑉.



Electron volts

• 1 eV = energy given to elementary charge 𝑒
accelerated through 1 volt.

1 eV = 𝑒 ⋅ Δ𝑉

≡ 1.602 176 634 × 10−19 C 1 V

= 1.602 176 634 × 10−19 J.

• Can also be used for mass since 𝐸 = 𝑚𝑐2:
𝑚 = 𝐸/𝑐2

So:
1 eV/𝑐2 ≈ 1.6 × 10−19 J / 3.0 × 108 m/s 2

≈ 1.8 × 10−36 kg



keV = 103 eV
MeV = 106 eV
GeV = 109 eV



19.2 Electric Potential in 
a Uniform Electric Field



• Work done by electric field to move positive 𝑞 
from A (+) to B (−):

𝑊 = −Δ𝐸𝑝 = −𝑞Δ𝑉

• Potential difference:
Δ𝑉 = 𝑉𝐵 − 𝑉𝐴 = −𝑉𝐴𝐵

• Definition of work:
𝑊 = 𝐹𝑑 = 𝑞𝐸𝑑

• Compare:
𝑞𝐸𝑑 = 𝑞𝑉𝐴𝐵

𝐸𝑑 = 𝑉𝐴𝐵

𝐸 =
𝑉𝐴𝐵

𝑑
• Note: units of 𝐸 are V/m, equivalent to N/C.



Some vector calculus

• Precise definition of electric potential:

𝑉 ≡ −∫ 𝐄 ⋅ d𝐫

• Inverting the relation (using the gradient theorem):

𝐄 = −𝛁𝑉 = −
d𝑉

d𝐫

• In terms of magnitude:

𝐸 = −
d𝑉

d𝑟
≈ −

Δ𝑉

Δ𝑟

• Why should you learn calculus? See next slides…





(This is actually just ∫ 𝑓 𝑥  d𝑥)



19.3 Electrical Potential 
Due to a Point Charge



• For a point charge 𝑄:

𝑉 = 𝑘
𝑄

𝑟

• 𝑘 ≈ 8.987 551 792 3 14 × 109 N ⋅ m2/C2 is Coulomb’s constant.

• Only potential difference matters (like gravity, e.g. choosing the ground to be 
zero potential). In this case we choose to have zero potential at infinity:

lim
𝑟→∞

𝑉 = "
1

∞
" = 0.

• Electric field:

𝐄 =
d𝑉

d𝑟
= 𝑘

𝑄

𝑟2

• And we find Coulomb’s law, since 𝐅 = 𝑞𝐄:

𝐅 = 𝑘
𝑄𝑞

𝑟2



19.4 Equipotential Lines



• Equipotential = line of equal potential 
(green).

• No work required to move along an 
equipotential line, since 𝑊 = −𝑞Δ𝑉 
but Δ𝑉 = 0.

• Work is required to move between 
different lines!



• Equipotential lines (green) are always 
perpendicular to electric field lines 
(blue), because

𝑊 ≡ 𝐅 ⋅ 𝐝 ≡ 𝐹𝑑 cos 𝜃 = 𝑞𝐸𝑑 cos 𝜃 = 0

If 𝑞, 𝐸, 𝑑 ≠ 0 then cos 𝜃 = 0, therefore 
𝜃 = 90°.

• In a conductor, 𝐄 is perpendicular to 
the surface. Thus a conductor is an 
equipotential surface.

• Conductor can be fixed to 0 voltage by 
grounding (connecting to the Earth).



Note:
1. Equipotential lines are perpendicular to electric field lines. This can be used to draw one if the other is known.
2. Potential is most positive near the positive charge, most negative near the negative charge.



(a) Measure potential in lab and draw lines, (b) add perpendicular electric field lines.





Notes on equipotentials

• In 2D, the equipotentials are lines. In 3D, they are surfaces.

• Equipotential line density doesn’t indicate magnitude (like field 

lines). It indicates rate of change.



Demonstration

Simulations of electric field lines and equipotential lines:

https://phet.colorado.edu/sims/html/charges-and-fields/latest/charges-and-

fields_all.html

https://prancer.physics.louisville.edu/modules/electric_field/index.html

https://phet.colorado.edu/sims/html/charges-and-fields/latest/charges-and-fields_all.html
https://phet.colorado.edu/sims/html/charges-and-fields/latest/charges-and-fields_all.html
https://prancer.physics.louisville.edu/modules/electric_field/index.html


19.5 Capacitors and 
Dielectrics



• A capacitor is a device used to store 
electric charge.

• Usually: two conductors close to each 
other but not touching.

• (a) air, (b) insulator.

• Initially uncharged. After connecting 
battery, charges +𝑄 and −𝑄 are 
added and we say the capacitor 
stores a charge 𝑄.

• 𝑄 depends on voltage and physical 
characteristics.

• Capacitor is neutral overall.



• Parallel plate capacitor: each pair of charges connected 
by one field line, so 𝐸 ∝ 𝑄.

• 𝑉 = 𝐸𝑑, so 𝑉 ∝ 𝐸.

• Therefore:
𝑄 ∝ 𝑉

• The proportionality constant is the capacitance 𝐶:
𝑄 = 𝐶𝑉

or

𝐶 =
𝑄

𝑉

• Units: farad (F) ≡ C/V = kg−1 ⋅ m−2 ⋅ s4 ⋅ A2.

• (Notice the font: 𝐶 is capacitance, C is coulomb, 𝑉 is 
voltage, V is volt!)

• 1 coulomb is a lot, so 1 farad is also a lot. Typically 𝐶 is 
measured in picofarads pF ≡ 10−12 F up to millifarads 
mF ≡ 10−3 F.





• Increase 𝐴: more charge. So 𝐶 ∝ 𝐴.

• Decrease 𝑑: force increases (F ∝ 1/𝑑2), pulls 
more charges in. So 𝐶 ∝ 1/𝑑.

• Thus

𝐶 ∝
𝐴

𝑑
.

• Label the proportionality constant:

𝐶 = 𝜀0

𝐴

𝑑

• 𝜀0 is called “vacuum permittivity” or 
“permittivity of free space”.
𝜀0 ≈ 8.854 187 8188 14 × 10−12 F ⋅ m−1



Dielectrics

• With small 𝑑, electric field increases since 𝐸 = 𝑉/𝑑.

• When 𝐸 is large enough, electrical breakdown occurs: an insulator 
(including air or even vacuum) becomes a conductor and the capacitor 
doesn’t work anymore.

• We can add a dielectric, an insulator that can withstand greater 𝐸.

𝐶 = 𝜅𝜀0

𝐴

𝑑

• 𝜅 = dielectric constant of the specific material.

• Dielectric strength = maximum 𝐸 before breakdown.



Material Dielectric constant 𝜅
Dielectric strength

(𝟏𝟎𝟔 V/m)

Vacuum 1.00000 —

Air 1.00059 3

Bakelite 4.9 24

Fused quartz 3.78 8

Neoprene rubber 6.7 12

Nylon 3.4 14

Paper 3.7 16

Polystyrene 2.56 24

Pyrex glass 5.6 14 

Silicon oil 2.5 15 

Strontium 
titanate

233 8 

Teflon 2.1 60 

Water 80 —



How do dielectrics work?

Polarization attracts more charge, increasing 𝐶.

𝐸 is reduced (field lines end on surface).
𝑉 = 𝐸𝑑 decreases, so 𝐶 = 𝑄/𝑉 increases.

𝜅 ≡ 𝐸vacuum/𝐸dielectric.





Water molecule: electrons concentrated around oxygen atom.



Capacitor demonstration

https://phet.colorado.edu/sims/html/capacitor-lab-

basics/latest/capacitor-lab-basics_en.html

https://phet.colorado.edu/sims/html/capacitor-lab-basics/latest/capacitor-lab-basics_en.html
https://phet.colorado.edu/sims/html/capacitor-lab-basics/latest/capacitor-lab-basics_en.html


19.6 Capacitors in Series 
and Parallel



1

𝐶𝑆
=

1

𝐶1
+

1

𝐶2
+

1

𝐶3
= ෍

𝑖

1

𝐶𝑖

Series

𝑉 =
𝑄

𝐶

𝑉𝑆 = 𝑉1 + 𝑉2 + 𝑉3 = ෍

𝑖

𝑉𝑖

𝑄

𝐶𝑆
=

𝑄

𝐶1
+

𝑄

𝐶2
+

𝑄

𝐶3
= 𝑄 ෍

𝑖

1

𝐶𝑖

𝐶𝑆 =
1

1
𝐶1

+
1

𝐶2
+

1
𝐶3

=
1

σ𝑖
1
𝐶𝑖



Parallel

𝑄 = 𝐶𝑉

𝑄𝑃 = 𝑄1 + 𝑄2 + 𝑄3 = ෍

𝑖

𝑄𝑖

𝐶𝑃𝑉 = 𝐶1𝑉 + 𝐶2𝑉 + 𝐶3𝑉 = 𝑉 ෍

𝑖

𝐶𝑖

𝐶𝑃 = 𝐶1 + 𝐶2 + 𝐶3 = ෍

𝑖

𝐶𝑖



Both series and parallel

𝐶1 and 𝐶2 are in series: 𝐶𝑆 =
1

1

𝐶1
+

1

𝐶2

𝐶𝑆 and 𝐶3 are in parallel



19.7 Energy Stored in 
Capacitors



• Energy in capacitor = potential 
energy = work done to charge it.

• From calculus:

𝐸 = න𝑉 d𝑄 = න
𝑄

𝐶
d𝑄 =

1

2

𝑄2

𝐶

• Alternative expressions using 𝑄 = 𝐶𝑉:

𝐸 =
1

2

𝑄2

𝐶
=

1

2
𝐶𝑉2 =

1

2
𝑄𝑉
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