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Eledrodynamica

Where ore we? w&‘vg covered al of eechrostabes and mcgn@%?;r@hcs
both 1n vecuum  and in materials, (Do knos oo Jrahon

s projuce E‘Q@Adé ond Steody state curcents ce
B-B8ds. We know the Brces exer eép @ these. f2lds on C/hafﬁes

dn summary, e ove:
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Now it's Hime, o ook ar dynamics © haw do e determine. E and &
mox:ims Solwrce cmr@es ancd non—sféadd/si‘am curents?

G-oals%r‘l'odoy

* Ohms o

* EMF (eecpmopve Rorce)

x Foroday's & Lenz! lows

* TnducHnce -2 Wﬁﬂ shred in & Relds
x Maxwdlb equaions “in complete. form

)

Onhm's Law 4
Moet fomliac: VTP (ot equation of a circut element)

More general J=0E  (local equation)

Where, 07 = cma\ubh\)lb 5 an inrinsic propecty F a suostance
p= Vo = resish i5 alko an Infrinsic prep ery
but R resistance. is aﬂ extrinsic propety Which “dleperds

both on the Jrﬂp@ o material o its geo Mé’@
p ranges fom 107 Lm B copper o 10° B quarte

Queshon: (Ve scid Hhat E-=0 ms»d@ a oono!uoz‘br s0 how

Ao we ever @:; ow:
First Quess: current % ol
I"" I

No| becouse. we said (paraﬂa{ 1> W\Qace) as well
Answe/ For ang conduchr woith  finfle conductarce (any Materil
C_tf oom  te ature) there is a very small E Redd &:?’V:n wher
J 6 fowing For example, @ [mm diamete” copper wire
carryinﬁ OMA of current oould /V\nvc
o -4
E-5J- (Om’m)(wcr)(o[oon/z)L> Ha o Vjm
Compam/ T the Rl acrees a typcal 100 PF copecitor 10 @
lem padc Loith CJ; ;/& Oolan\c/!)ak) \/F?(/Das i
- C oV)Go™ — 12 x|
¢ B ZA " (0r335410™% F/m)(00Im)*™ HEXG
And - Compare. TD ﬂr\a break doun @@Id of air: 3¥10° \Jm
50 moaT et E b conductors.
fij uchors (eﬁ Nb below Ak (e nzay«j do
have. E o

Question: Lohat happecs ¥ Lo oge E T corduchy?
Arcer: i Conduchr s Isolafed, OM@ nsfrlbufes to concel E
(thus Caus:rﬁ a v Iargc T a \/ery 5hor’r durahon).

I¢ corductrVis not edlared, very lorg I il oo bur

=1 il be Iarzae ->p055eb| amdudbr
Queston:  (What alpour L E o sup Co’lduch)r7
Answer = Con't. Tnevit the volfoge source. Wil ave, more,
&nes resisionce ﬂm e superconductor, so the feld ol

develop inside. voltoge scute rather than inside superconductor




Queston: T£ the Bre on o chorged particle s F-ma-QE
1@ a ecF then how in theorld con e clam
J = HQV UE 1e. T <E 777

of
pof-h
Avewer: e T oppearing in T=nQ@T is the Orift velocihy'

Tn fock tre ochol W»o) velocity & ony one. eleciros e
much lom oo thran this, louf s 1N & random direchon.
Tn the Bmz infern) betuieen colisions, the eectron starts,
TDpI(;K up o component of Wlodly in accordonce  with F=0E

ﬁb fme, the elechon suf a cdisien, its ve,loc,\hj
o\vmh 5 re-randomized,

L=teon free potn -

T = L/ Uthewma = hvie behoeen colisions
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"Drude medel”
LM Vel (cessical mede) o cmduohvn\@
Questhion: How do e aer Bom J=0E +to V= IR ?
Arswer = fbr o pi& A matenial oP lmg%d ond Cos-sechon A
V= Ed
T=UA
So J=0E 2 T/A=0Vid = V= d/(Ac) T

Coll this geomeiny-dependent Constart R
Power = (uork dm/m@d@m@a/ﬁm): VI = TR

Queshon: how do es B Rom the souce know fo move?

(Ard appecent] 2y kroo it near -instonfancously, because the.
I hﬂf)ulb Turhg 0 soon ¢ you flip _the wardm)
» fhee muo’r be o oddifiordl smal £ which develops

hout the. lcop.
%f ]0 +r¢/@2(fm E thar develeps

tol Reze pg‘ Q@xaa ¢ Kom the source
it dvrﬁe, u&u&l\\\j a»n@nad fo one port oP kop, ¢4 lgaﬂz@)

An

Elechomotive Force (EMF): £- 5@?-(;2

Cavineg, Wlﬁ tat I £40 then thee is a pet mobon of chage,
osround “the leop, bur ¥ £=0 then thee is no et moben.

80«11'613'- 6 _w |nfegration direction
- I3
(realily: the
Soua aw&s Pg %f A (6);;2';!0/1%
hos zome ;%
Roite. raﬁ\s‘fam@) 5
A

:j?-d’i =0 Rr stofic E

In te ded cose in Lhich >0, the net Rce on the chages
within the bafre@ must be zev so ?—Psﬂ—“ =0 = ?

= ‘r‘m
so the vd+aﬁa 0C 085 ‘ﬂne, mr
) - 6) S
V= V- \/a = J’Eln dt SEm ?’fgin'd[/ s \2 % de= &
)
R ?\s ? some. small Ear (not necessaril ly
ERARE A consiant around the lap)
En § such that s
Am SE di- ;F.nd& }Ewm -0

R \/ﬂ/—~
In bal’reg oround loep
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In the realishic case in which 40 lar ~<R) Hhee must be
Some, ned upword force on the charges within the resisior, so
Ein ofil ponts doan bur now [EnlV<|Ps|.

(Question: why cant Ein point up? .

Ansues: <. then we. could never have, $E di-0)

O VoV = - Bun ol (jjé dxa)jj Eindl <f@ di- €

So e presence, of the internal resistonce causes the
achuadl volwoe diference acmes tre bah“e@ feminals fo 504
5\i8hﬁﬁ belts the EMF of the ba#%: D CE

6
. 2 ? Some. small Eos (rot V\&Cf,ssar‘i)j
)E;n|<|P5] v T8 A constont around the. lep)
E. § such that s

N
.W \G'/V‘d
I baﬁoﬂ oround lopop
Capacitor:  (ohats the EMF aound this loop 5

_ET ]—::—_’———_—éR
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L must hove BE-dl <0
We cont hove net current Aovang around the lop
or we woud have o [ mohen machine.
e must redistribute, around the left half of the
bop T Concel the opporent E Reld within the wire iteelf?
go fhat 5. BE di- 0

Note: EMF is instantonecus .
Tts Just defned tnat WS‘%} s a snopset of JEAEL R

the gimulionecus E o ere. On the loop, nat the E—?j_\ encountered
bﬁ\jag} lo Choge oS i “rakes 5 Loay oround e lop in same
nite. agount 7~ Hme.

Grenerator: Pul\ 0 loop to the F‘gh’r N the presence F @
[jolwl se: r =0 ewyuwhee

T dse’ in loop
e—r—— j’l j@ adl

Z = §‘?maﬂ Clz = U&h
Magnehic. Rux = 6= JBda
For this particular loop, &= Bhy

QQ dx
g Bin - - Ghu
puﬁifﬁ this Tpﬁcﬂ\er 5\\/&5 £ - %%—
Tn fact, this is gerealy true B any lcp ard an
(even inhomocenous) B Geta, j W \j
(General i a lile tedious, see pages 2929 in CorifBths )
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Al 3 cases: T Hows clockwise

Cut 1n coase O we,lfuuaarvwgw e sefing up the EMF
Wheeos in coses @ cnd O Ywoe hove no mog choges o
We Con have No netic. RBre = 1t pust be Y eeciric Brece
o set up on EMF on Staﬁorn@ chofges.

Famdaﬂ's Law: chonﬂug % induces E
R
JL(STDK&S' thim)
VxE~—9‘5

Lenzs Law: nofure dbhors B
(this 1o Jusi' fhe some as gﬂaﬁ ts casier b s Hhe 53/6 rtgw

EM-M le: An infnited shﬂaglrﬂ' wire (Aong 2) carries a. slow \/d@z
Curfenf‘ T). hn l: '?5 a Brchon f distonce s Bom e Qp
ubon: T Tk s c)ﬂ/\ﬁmﬁ slodly, lets assume.

B /U T c,pdmg afou(\d ﬂ/\& U)lf& > BC 72

ffvxduur) E s 301/5 o run paale o T, V\gm fo cppose.
in I, becots Lenz seye tnat ot docen't wont B Tbchalgc

W2 con emply o sort of "Ampee's law" %fC
Y Where - d@/dtp?:/ﬂ%m term:

omgma\ Ampere's  law: anclog o Ampeses law & E:
BAL - 4t Torsaen SEdL =~%@Mw
Draw an “Amperion logp* fr E: s
| \T !
i _J
y st .
T T

$edi- Eay-ee-- 4 (o

, dT 0° L
:-/g‘Tr d_t\gsﬁldsz*/ii%[lna—!nso]

SE(9)- l;“ <= Ins + KJ
for some. K whidh doesn't degend on 5 (it ma may deperd ont)
(Dhat's wrong here?
E() anf redly blow up as 5> _
We con't e this so-colled "@uaéiém‘ic afproxrrmﬁon” that

b= é‘{—w because. s on&know& about the current T
TS o o tme t¥s later

Moral of the 5h> C‘Luaslﬁ‘rahc, apprbxmahon Oﬁ’d/" (gcr To
colculoe 1ns m/\&ous & Kom nsontonesus J fo gef
bﬂ@hr side f g - ,é&

but I+ s when we start 1011@1(\ apout  nGarte o}a(;c,b
o \/(7{<j k)ﬁ distonces.

Mutwal Tnductance. * consider 1o cmduc,h'?a locps
&

A curent L oround Loop 1 coll produce. a feld B. some. of
tohich pene,fmfes Loop 2.

G- ,u 2 é; dl‘ (Bict -Sevart)
@z_ :\J?& ‘ddz < I,

> 8= My T where My, comes Fom the {h@@ douple. im‘ggfa\r
Mu: /%(”% 5§db><ﬂ) da

We con wete My in o cute! woy (not necessonly edsier 1o
colewate, but wil ﬂ've, us bedter iMubon) as RlSos.




B, - GG - | (A =5@Z. AL,

- $ (A1 L) 4i, - Lo, $plidle

Which telo vs thar:
O Mu 15 pwe/lt? a Sama‘rio quant
® Mzt Mie | 25 dop the supscriptsond call it M

ae tjou NoLo i\/w:j ’rdh% currwird Ij; :
2= - .oy ==

at at
Wee hee we are agan implicirly  using Hhe quasistanc
approximahen, lﬁgdm insde \the use f fhe Biot-Sawrt law
o caleulate M. Here, the quasistahc approximahon 15 pfo‘oabB
wld, 05 long 05 the loops @ ok o far apactand  the
Currect docg not wary oo q/uiakj

Rom o procheol stondpont, s Chal]yﬁ\lr\ﬁ to make @ current 1n a
]OOp vafg oo @uicklﬁ) becovse . ..

Sb"e Tnductaonce: n ?@d‘. o Curcent looP s Hrreaded b
ts con G-Reld in preporhen b ts current T

I . dL
b- LT = ¢£- Ldt

[= Inductance, measuced in Hearies = Volt-second [Ampere

Example: Consider gﬁain my 4 Tesla rwgner, with L= 30 Amps,
diomefer S cm, Weght 20 ent’, ond N= 53 900 turns,
Wih a. 8V %p) . approXimately  how fast con
we amp the fedd fort 0 Tesla o 9 Tesla?
Soluton: Exact self-inductonce i going to be pely iricky fo
cdaulate B a Qn}fa-lmﬁﬁn solenodd Kz this, due 1@{@78 Reld.

>‘

Bur we can Gef a decent appasimation Rom the gppasmimation
Yot A Teslg Y5 unform within -
O- [Bdd- B-NT(Z)*(aT)(52900) T (005Y = 957 Tt
L=0/T = @S2T m¥)/(0A) = 12 H
Now we fave a SV power wpp[\j

QB 1eg) N
pouser supp 27 Eeur (@lorg
(in’remal r:‘g) En\L ?ST SW 5 CP b‘ﬂ"&

|E.l=1P) A Dencd)

-~

Ldea) power aupply > o work done iin pouce s Spply = En=- P,
£=$Pdl - BAB)dL- L di+fEdl -0

> 4 \ T
[odi- v =Sy P22
5 4L . 5V - oy Afs

at I2ZH

2D ramp al the wa fo WA reguires
Ot=p(?o A)/(o%ﬂtj/s%if‘z min, ngi@

t The powoer supply hod to do work agaunst™ the bock EMF
OV'a snde chame gdfg arund fhe circulonce,  the. power supply
does wok per Cootery = SN
or we con think 8P Hhis a5 work done against’ & maget,

2o work is  — Emaer = - (-LAT[t) = LAT/A
Wock per uat hme = (Lork. per Of‘arsa)((/hafﬁéé pe hme)

Blgh

Fgml T
- dT -
W= Lf T8 dr- L]
here 1 the ererqy actually stred? In fhe B -fld.

(Unlike @ poroes” ply driviig @ regishr and  Convertng eners
o heat, this @/\%\jb s)brgo\ in & ond i f‘@oo\lefglé,) &
L con derve o (see. GrifPRHns 33-212) -
W=LLl1r > w- L J’BLdT
ke all space

H o LT (stortig fom To=0)




Eanpll. Lnat hoppens # m conduch (vvaﬁnej' v ﬁumd\as”
le. sudden 055 normal, 50 e 5 d@ﬂj an | k3L,
Ansioer: lo?j SP ey 5 mprdl& conver ted to feat!

stred E-= —(12 H(BOM*= 334 kJ

Latert rear of  fiquid helium = 21 3/
D@ns; = 0125 /Ml,

/ 23 otzs : IM>= 4.6 L poled (‘dpid\)ﬁ

| L
rzg /ooo Imol 224 | gas _
!Lll%ﬁ_@ T —!R)él— %00 L gos

= quench preduces (9 ) (7o) = 10" gas vy gtuidqg

HOW OLLMGH 7
Answer: e powes Su\opj is oud— of the circuit now (e
Adisconnecied W asYscon as we were done mmp{rg i BOA).

A11
%a

Il/( 'f’L%r];:o

tgz low: s 15 Rrward -EMF  now: wants
o keep the B-feid Brom Chonging

s oL - T R
—v—I———dt > jQ‘»ﬁL L ov'
3 ]n(i>=‘2’f—t
5 T T tPf

hme, consiant T=L/e= LW/ k)= [2 mo
>Th I ms, T hos e Fom s 510/1‘5(3 value BOA
down 1o £ (0A) 20 A

> Th 12 ms, the UW%D dw\'\péd WoS  AE = @O;‘O%OL(%H k)= 33 kT = %67,

> Weee shl produanﬁ olmost [0 [ of g 0 12 ms!

Mexwell's Equations S0 FAR @
0 VE- % (Gous' law)

@ V60
@ VrE = - %;% (Freday's o)
O Vxp= ud  (Arpere’s law)

A we done”?
Consider fhe %l\owv@ We're dvrﬁrg up & capacihor

{ | —
baﬂvj

Around e loop §édz * tho Lenc

Gt which guwfoce Sould e use b ger Lo !
O dviows suface in the plane of Hhe locp gves Tew=T
© polleon surfoce possi 3 between copacitor plares 9!\/@5 Loe 2O
Which is omeuﬁB
Gutr Skes' Ham sSaus mafhu»«ah'call that s ok b use

either surfacel ¥ S we must ke mia&inﬁ Some. plnﬁsrlcs,

Lock ook ot Maxwel () 9xB= tJ
> V(958) .PT

W\aﬁnm ™~ bur % the conh'nw'y equahon R
dlvef@m a_wrl:o © g‘%_ ""(EVE) §(6D%%>
Cfauss' law

So what i we add agt J M corect (W)?
> new (W) VX&—/AJ yu.@%%
Now  we have Ally consistent Marwel's ns, and we see that

O dwg 9 E Rld Yoduces a & Bad (ke a cmgrxﬁ & prduces ).

Next fime: wrap wp Maxwel's equahions in matres
seorcn for magnehc Monopoles?




