Electric Circuits
AP Physics C: Electricity and Magnetism

Electric Current

Electric current Hijii is the rate at which charge passes a cross-section of wire,

d
I = —q, measured in amperes %-}5. Conventional current points the way positive

charge would move. Microscopically, a current is a slow drift of many carriers:

I = nqu A,

with n the number of carriers per volume, ¢ the charge each carries, v, the drift
velocity EFZ# &, and A the cross-sectional area fifi# [fij fX.
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(b) electrons drift against I

Charge carriers drift slowly through a conductor to make a current

Worked example. A copper wire with A = 1.0x107% m? and n = 8.5x10%® m~ car-

I 1.7
1.7 A. Then vy = — = ~ 1.3 x 1074
Hes T g4 T (85 x 10%)(1.6 x 10 19)(1.0 x 10-9) X 107 m/s

— the carriers drift slower than a snail, even though the signal travels near light speed.

Current density @.{}m JF is charge ﬂow per unit area, J= nqv,, linked to the field
driving it by E = pJ. In general I = i J-dA; if J(r) varies across the wire, integrate it
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over the cross-section to get the total current. One care point: current has a direction
along its wire, but it is a scalar FrE — currents do not add as vectors, and there are
no "components of current”.

An oscilloscope: voltage against time reveals how current and charge evolve in a
circutt

Electric Circuits

A circuit is a set of closed loops built from wires, batteries, resistors, lightbulbs,
capacitors, inductors, switches, and meters; charge can flow only around a closed
path. One element can belong to several loops at once — that is what makes multi-
loop problems interesting. Every analysis starts by reading the circuit diagram H,
K trace each loop and identify which elements share the same current (series =
BX) and which share the same potential difference (parallel JfEk).

Resistance, Resistivity, and Ohm’s Law

Resistance HJH measures how strongly an object opposes charge flow. It grows with
the material’s resistivity HifH 3% and the conductor’s length, and shrinks with its
area:

ot
R = e

Ohm’s law R EfE relates the current through an element to the potential difference
across it:
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twice the length = twice the resistance

A longer conductor has more resistance; a wider one has less

Worked example. Stretch a wire to double its length: the volume is fixed, so the
area halves, and R = pl/A becomes p(2()/(A/2) = 4R — four times the resistance. An
element is ohmic KIHE if R stays constant (a straight line through the origin on an
I-AV graph); a lightbulb filament, which heats up, is not.

Electric Power

A charge ¢ falling through a potential difference AV gives up energy ¢AV, so the rate
of energy transfer in an element is

(AV)?

P=IAV =I’R =
R

In a resistor all of it becomes heat. Use the form whose quantities you actually know
— and use power to rank lightbulb brightness: brighter = more power, not necessarily
more resistance. In series, the larger resistance is brighter (P = I?R, same I); in

parallel, the smaller one is (P = AV?/R, same AV).
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Compound Direct Current Circuits

Reduce resistor networks to an equivalent resistance Z£3{HiJH: series resistances
add (Req = R1 + Ry + ---), while parallel resistances add as reciprocals (R%q =
R% + RLQ + -+ — always less than the smallest branch). Collapse the network step by
step to find the battery current, then expand back out to find each element’s current
and voltage.

Worked example. A 12 V battery drives a 4.0 2 and a 2.0 €) resistor in series:
Req = 6.0 Q, I = 2.0 A, the voltages split 8.0 V and 4.0 V, and the 4.0 € resistor
dissipates P = I?R = 16 W.
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Resistors in parallel combine to a smaller equivalent resistance

Real batteries are not ideal. Model a battery as an ideal battery FiAHHL L of emf
¢ in series with its own internal resistance NFH r. When current flows, some emf
is used up inside, so the terminal voltage iifif i &5 — what a voltmeter across the
battery actually reads — drops:

AV;erminal =¢e—1Ir

Worked example. A battery with ¢ = 12 V and r = 0.50 Q supplies 2.0 A: the
terminals sit at AV =12 —2.0(0.50) = 11 V. With no current, a voltmeter reads the
full 12 V.

Meters: an ammeter H i3 goes in series at the point whose current you want
(ideal ammeter: zero resistance); a voltmeter Hi %32 goes in parallel across the
element (ideal voltmeter: infinite resistance). Non-ideal meters disturb the circuit
they measure — a real ammeter adds series resistance, a real voltmeter steals current.
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Kirchhoff’s Loop Rule

Charges moving through potential differences exchange energy (AUgp = qAV), and
energy must balance around any closed path. That is Kirchhoff’s loop rule J:/REE

% [m] % DN

Z AV = 0 around any closed loop.
Sign discipline wins these problems: crossing a battery from — to + is +¢; crossing a

resistor with the assumed current is —I R (against it, +1R). Write one equation per
independent loop.

Kirchhoff’s Junction Rule

Kirchhoff’s junction rule X /K2 K5 5 E N is conservation of charge at a junction

T

Z Iin = Z [out-

—&
at each junction: 3A=2A+1A

Current divides at a junction: what flows in equals what flows out

Together the two rules solve any multi-loop circuit: assign a current to each branch,
write junction equations, then loop equations, and solve. A negative answer just means
that current flows opposite to your assumed direction.
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&,=12V &,=9V

% I3 RZ

KCL (node): D fin = D lout * KVL (loop): DAV =0

Two loop equations and one junction equation solve this two-battery circuit

Worked example. In the circuit above, ¢; = 12 V with R; = 1.0 Q on the left,
gy = 9.0 V with Ry = 1.0 © on the right, and a shared middle resistor R3 = 2.0 (2

carrying I3 = I + I (junction rule). The two loop equations are

12 = Il + 2([1 + IQ) - 3]1 + 2[2, 9 - [2 + 2([1 + [2) - 2[1 + 3[2

Solving: I = 3.6 A, I, = 0.60 A, so I3 = 4.2 A through the middle. Check with the
second loop: 2(3.6) + 3(0.60) = 9.0 v'.

Resistor-Capacitor (RC) Circuits

Capacitor networks reduce like resistors but with the rules swapped: parallel capaci-
tances add (Ceq = Cy + (), series add as reciprocals — and capacitors in series must
carry the same charge on each plate, by conservation of charge. Use the equivalent
capacitance ZEg{H2ZS to analyse the network, then expand back.

In an RC circuit RC H %, Kirchhoff’s loop rule gives the differential equation

dqg q

a o

PTG

whose solutions are exponentials with time constant I}[a] % 7 = RC:

q(t) = Q(l — e—t/RC) (charging), q(t) - Qe—t/RC (discharging), Z(t) _ %e—t/RC.

The current is largest at the first instant and decays — it never "waits” for the capacitor.
Learn the two limits: at ¢ = 0 an uncharged capacitor acts like a plain wire (maximum
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current); after a long time it is fully charged, no current flows in its branch, and it
acts like a break. In any steady state fa 75, cover the capacitor branch with your
finger, solve the resistor circuit, then read the capacitor’s voltage from the element it
sits across.

A
Qo

charge Q

Qole

0 T=RC time t

The charge on a capacitor decays exponentially as it discharges

Worked example. With R = 5.0 k2, ' = 200 pF, and a 10 V battery: 7 =
RC' = 1.0 s; initial current % = 2.0 mA; after one time constant the charge is

q=CV(1—-e1)~1.3x1073 C, about 63% of full charge, and the current has fallen
to 37% of its initial value.
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A real circuit on a breadboard: a resistor and capacitor together set how fast the
voltage rises and falls

Exam tips

» Relate current to charge flow I = % and use J =oFE, R = % for resistance.

o Apply Kirchhoff’s laws (junction: charge; loop: energy) with consistent sign
conventions.

o Analyse RC circuits with calculus: charging/discharging give exponentials with
time constant 7 = RC'.

« Combine resistors (series add, parallel reciprocal) and track power P = IV = I*R.

o At ¢t =0 a capacitor acts like a wire; after a long time (¢ — 00) it acts like an open
branch.
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