PHY481: Electromagnetism

Constant currents
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Exam problem 2

Capacitors C,, and C, carry charges O, and Q, respectively. ?f
The switch is closed causing the charge to redistribute a
a) What are the new charges 9/ and @, ?
Charge is conserved: 9/ +9, =0, +0, |
C
. - J— o C 2
Final potential is the same: g9 9 . - Fle

Cl C2 1

O/=(0+ Qz)/£1+ g?) 0, =(0,+ QZ)/(Hg;]

a) What happens to the stored energy?  0'=0 -AQ; 0,=0,+A0

2 2 ,2 )
g/ 190 _1(Q-40) o 107 1(Q+A0)
''2¢ 2 ¢ T * 2C, 2 (G
e 2
’ ’ A 1 1
U +U, =U,+U,+AQ % _9 +( 0) 4 AU:_l(AQ)
C2 Cl 2 C1 C2 2 C
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Charge carriers

n, = no. of charge carriers per unit volume . vdt_,
Charge passing P~ 9 = ¢y Avdt my | X (4]
per unit time I 6;_? T b

n, = no. of charge carriers per unit length

Examples I=qnyy V= Varip

Cu, atomic mass 63, mass density 9 g/cms3,
Assume 1 charge carrier (assume an electron) per Cu atom. ¢g=1.6x10" C
How many charge carriers in 1 cm3 of Cu?

How big is a Coulomb?

right answer!
n, = (6 x10> /63 g)(9 g/cm3) =9x10” /em” (but rather lucky)

Wire 1 mm? area. How long a wire has 1 Coulomb of charge carriers?
0=1.6x10"Cc)(9x10% em)(1x10™ ecm?) L = L=0.07 mm
The wire carries a current of 1 A (1 C/s). What is the speed of the carriers?

Vg = 0.07 mm/s V= 1 mm/s (15 A) Lights turn on immediately, why?
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Origin of Ohm's law

Stationary charges ---> electrostatics
Constant current ---> magnetostatics

What is the origin of Ohm's law, V' =IR ?

( Classical calculations arej
Key is thermal velocity v, of electrons is > than 1 mm/s.

within £1 order of mag.

(QM description)

Time between collisions 7 involves mean the free path (1) required here

t=(A/v,
Electron drift velocity is then
CGEQ g )

V. . =at
arift mv, mLv,
Current from previous slide
2
n, (A V
I—anvd.ﬁ—q Ly [=
v mL v R

Resistance per unit length  Conductivity o, (beware, o also surface Q density)

£ _ mvth ReS|5T|V|Ty pR s L nL q2 </l> anZ (2)
= = O. .=
L qan (1) p. = é R R4 A mv, R mv,
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Resistors

Each resistor has the value R. What is the total resistance, R+, of
this infinite set of resistors?
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A \r- -—{r_j‘f R (;T“ R

One resistor: Ry=R
Four resistors: R+ = R+ (3R in parallel)

‘l.\\ll'\\

| r . .
: - S N resistors: R+= not obvious
VYV YUY

The trick!
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Current and current densities

No charge can accumulate in a uniform wire carrying
current. Charge going in = charge going out.

p (x) = charge density 9P, _ 0 Beware: p is also used for
k3 resistivity of a material.

Volume current density J(x)=n,qv(x) (3 D)

Current density J is Local current density J for K(x)=ngqv(x) ED)

position dependent a differential area element Surface current K
} 4 . e R 4.
Ty ] y

Current is charge
through A per unit time Current through dA Current crossing d/

[=dQ/dt (1D) dl =J(x)-dA (1D) dl=K-e dl (1D)
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Continuity equation -- conservation of charge
Remember that p, and J are

Continuity equation: vy .jy— _ ap, functions of 3D position
ot p.(x) & J(x)
Integrate over volume V, I Rate of change of

3
and use Gauss's theorem JVV'J dx= _JV % ¢*  charge inside of V

Continuity equation, integral form.

Flux of J through
surface S

Rate of change of

d 3
JSJ'dA_ _EJ.VpCd *  charge inside of V

Boundary condition on J at a surface

Discontinuity in normal g 90, Rate of change of
component of J at asurface “2¢ “In— 5 o oo charge density

ap, do,  with constant o

% 0 and R 0 currents Reminiscent of £, — £, =

(@)
Om |qq
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Conductors

Macroscopic Microscopic - Local forms of Ohm's law
Resistance Resistivity p Conductivity o
|
]:lV J(x):LE(x) J(x)=0, E(x) Op ="~
R Pr

R
p and o are an intrinsic property of a material

"Wire" with area A, and resistivity p, ~ With constant resistivity p,

R:JdR:%j‘pR(z')dz' R:p_jz

. Resistance linear in z (length) and p .

What is still true about E ?

E=-VV field <--> potential relationship,e.q., E=E k; V=-E z

VXE=0 violation requires changing magnetic fields

V.E=Fe Pee must specify "free charge density” and permittivity, €.
g, £
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Free charge and resistivity

What is free charge, P/ ?
Though currents have moving charge, resistance will allow charge to
accumulate locally.

P e =0 with constant resistivity (uniform material) dp, /dz=0 resistivity

No f h 1 resist | resistor _ constant
o free charge in resistor volume ; Cu OI%I @ Cuo
Free charge on ] Pe =Ty o Pg=
up- & down-stream surfaces J' p. d’x=0 nonet charge
p, = €L 4Py | ith resistivity changing over z resistivity
e AN dz Py /d: >0 increasing
. . resistor e
Free charge in resistor volume, and Cu & = Cu
:_.- =) l#l - = 0
P =V Pr
free charge on E—
up- & down-stream surfaces I P, =0 nonetcharge

Lecture 22 Carl Bromberg - Prof. of Physics 8



