Electric Charges, Fields, and Gauss’s Law
AP Physics C: Electricity and Magnetism

Electric Charge and Electric Force

Electric charge Hifif comes in positive and negative; like charges repel, opposites
attract. Charge is quantized & T4k — every charge is a whole-number multiple of
the elementary charge AR fif e = 1.6 x 1071 C — and obeys conservation
of charge Hifif5F{H: charge is never created or destroyed, only moved. The force
between two point charges ;5 Hifif is Coulomb’s law JF¢;EH:
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F= Q192 7,
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an inverse-square *f- 75 Jz [t. force along the line joining them, with —— = k =

TEQ
9.0 x 10° N - m?/C?. For several charges (AP uses four or fewer, unless symmetry
helps), add the force vectors on the charge you care about — superposition &

Charge is a fundamental property E A& of matter, and a point charge is a
model that ignores the size of a charged object. The constant g is the permittivity
of free space EL5S /T HL 4L — a material property of the vacuum. The permittivity
of matter differs from ¢, set by how easily the material polarizes, which is why a
dielectric between charges weakens the force. Note too that although the electric force
is far stronger than gravity, gravity dominates at astronomical scales because large
bodies are nearly neutral.

Worked example. Two +2.0 pC charges sit 0.30 m apart: F = =
9.0 x 10°(2.0 x 1079)?
(0.30)2

Worked example (vectors). Charges +3.0 pC and —3.0 pC sit at two corners

of a right angle, each 0.30 m from a +1.0 uC charge at the corner. Each exerts
5 (90X 10°)(3.0 x 107°)(1.0 x 10-°)

0.09
angles to each other. The net force is Fe = +/0.302 +0.302 = 0.42 N, pointing

between them. Never add magnitudes blindly: components first.

= 0.40 N, repulsive.

= 0.30 N — one a push, one a pull, at right
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Electric Charge and the Process of Charging

A conductor F{£ lets charge move freely; an insulator #f#%{£& holds it in place.
Objects gain net charge three ways:

o Charging by friction FE#HL: rubbing transfers electrons from one surface to
the other.

o Charging by conduction {45 H,: touching a charged object shares charge of
the same sign.

« Charging by induction J&&/LHi: a nearby charge pushes the conductor’s charge
apart; ground fEHl the far side, remove the ground wire first, and the conductor
is left with the opposite sign — all without contact.

An insulator cannot pass charge, but it can develop polarization f§{k: its molecules
stretch or turn so one face is slightly positive and the other slightly negative. That is
why a charged comb picks up neutral paper scraps. An electroscope I Hi#s shows
net charge by its leaves repelling; on any isolated conductor the excess charge sits
entirely on the outer surface.

Electric Fields

A Tesla coil throws sparks: it raises the voltage so high that the electric field ionizes
the surrounding air, and charge leaps across as a visible discharge

The electric field H3j at a point is the force per unit charge that a small positive
test charge 356 HLfif would feel there:
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E=—21%L3 (point charge).

E= 5
dmegr

|y

)

A charge placed in a field feels F = ¢E - positive charges along the field, negative
charges against it. Fields from several sources add as vectors (superposition again).
Field lines Hi3%4k make the field visible: they point away from positive charge and
toward negative, their density shows the strength, and they never cross.

a) parallel plates (uniform field) b) dipole (+ and —)
—_—
—_—
+ - + -
—_—
—_—

—_

c) point charge (radial) d) sphere above earthed plate

Electric field-line patterns for parallel plates, a dipole, and a point charge

AP Physics C: Electricity and Magnetism o 8 Electric Charges, Fields, and Gauss’s Law @

5=q3 - lines leave + enter — - denser « stronger |E|

Electric field lines of a dipole point from the positive to the negative charge

In a uniform ¥J7%J field a charge feels a constant force, so it accelerates uniformly —
launched sideways, it follows a parabola, just like a projectile in gravity.

uniform field,

charge +q, +q | | =177 strength E
mass m, =
speed v

[} parabolic path

T~

A charge crossing a uniform field follows a parabolic path
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Charge spreads over the dome and onto the hair; like charges repel, so the strands
push apart

Electric Fields of Charge Distributions

For a continuous charge distribution JE£EH fif4) 11, cut the object into pieces dg
and integrate their point-charge fields:

1 dq

E= dreg ) 12
Write dq using the right density: Adl with the linear charge density £ fif %%
J& (a line or ring), o dA with the surface charge density JfijH fif % &, or pdV
with the volume charge density {& M fif%%5%. Then use symmetry % Fi{ to
cancel components before integrating — that sentence is usually a scored step. AP’s
calculus cases: a finite line (collinear point or perpendicular bisector), an infinite wire
or cylinder, a ring on its axis, and an arc at its centre.

Worked example (ring, on axis). A ring of radius R carries charge (). At a point
z along the axis, each element is a distance v/ R2 + 22 away, and by symmetry the
sideways components cancel, leaving only the axial part (cosa = z/v R? + 22):

_ 1 / dg =1 Q=
T dney ) R4z VRI4 22 Ameg (R4 2232

Check the limits: £ = 0 at the centre (z = 0), and far away (z > R) it becomes
kQ/2* — a point charge, as it must.
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Electric Flux

Electric flux Hijfifg measures how much field passes through a surface:
Py = / E-dA.

For a uniform field through a flat area, ®p = E'A cos ), where the area vector JajfR
+ is perpendicular to the surface. Flux is positive where field lines exit a closed surface
and negative where they enter — only the perpendicular component of E counts.

uniform field E

normal A

<DE=E'-A=EAc056 - max when Ell,z\

Electric flux through a surface depends on the angle between the field and the surface
normal

Gauss’s Law

Gauss’s law =i £ — the first of Maxwell’s equations — relates the flux through
any closed surface to the charge inside it:

\% E dA QQHC

€o

It is true for any closed surface, but it solves for E only when symmetry lets you
choose a Gaussian surface F#f]fi on which E is constant and perpendicular (or
parallel, contributing zero). The three symmetries AP tests: spherical symmetry

AP Physics C: Electricity and Magnetism o 8 Electric Charges, Fields, and Gauss’s Law @



ERXFFR (concentric sphere), cylindrical symmetry FEX}FR (coaxial cylinder), and
planar symmetry “FHEXFR (a straddling "pillbox”).

Spherical Cylindrical Planar
(point / sphere) (line / cylinder) (sheet / pillbox)
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Gauss: $E - dA = Qenc/eo
Choose a Gaussian surface so E is constant (or zero) on each face — then ®¢ = Qenc/€o

A Gaussian surface is chosen to match the symmetry of the charge

Worked example (sphere). Outside a sphere of total charge @, a spherical Gaussian

surface of radius r gives E(47r?) = Q/eg, so E = —, — identical to a point charge at
r

the centre. Inside a uniformly charged solid sphere of radius R, the surface encloses
. k

only Qene = Q13/R3, 50 E = % zero at the centre, growing linearly to the surface.

Worked example (wire). For an infinite wire with charge per length A, take a

coaxial cylinder of radius r and length L. The ends contribute nothing (E L dA), so
AL

E@2rrLl) = — and £ =
€o

. The same pillbox method gives an infinite sheet’s
2mwegr

o
field, & = —, uniform on both sides.

=)
Exam skill. A full-credit Gauss’s-law answer has four parts: name the surface, state
the symmetry argument (why E is constant and perpendicular on it), count Qenc,
then solve. Skipping the symmetry sentence loses the reasoning point — and remember
Gauss’s law also explains why F = 0 inside any conductor in equilibrium.

Exam tips

¢ Use Coulomb’s law F = 477150% and superpose forces as vectors (components,
not magnitudes).

o For a continuous charge, integrate dE over dq = Adl, odA, pdV; use symmetry
to cancel components.
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o The field points away from positive and toward negative charge; draw field lines

correctly.
« Distinguish the force on a charge (F = ¢E) from the field the charge creates.
« Keep the constant k = - straight and check units.
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