phgsigs 153 (HoPiman)

Lecture #2
Thus, Felo S, 20049

Energy, Conductors

| oo Hime: Tols fr compuﬁnﬁ focces exerted bﬁ 5mh'onaﬁ chargcs
® Coulomb's  locw

X S(JPU[DOsiHom
¥ Invrse e
® Gouss' low

* Tntegeal R §gé'da=

L
s 2
x Ditferentiol Bem: V- = ?',.TP

® Poffnﬁai
VB -0 R st feds (pryseal Boct)
> con defre scolor WF) suh thar ~VY(F) =E@  (math consequence)
# Poisson's equaion: V= 750:

* Laplaces equation: V¢ =0 (in feﬁions cith po dna@a)

(A)rap up lost hme -
Poszon gues ue P 0 terms of ¥ what we cedly wart |
5 ¢ ferms of p 2o thar we o ke a Swle gradiet
o C o Bd B n ferms of 0.
A usudl, weve gong To use superposthon so we sStart cath o
point- d@nﬁ@ﬁ%ﬁm~ Wa(ﬁ,gﬁ
[30/111(3 O aof )anHiM| we hove
N e S AW A
() ggE d L”’_&:X r* dr’ L{T&( r’)

o, Mﬁi(\ﬁ Supesposihon, we, have for any ohag@ distnloution

.t q
=

=) - ,‘\_ ) ‘
9 ure, 5 p?z‘dU

Exercise: Canpute the feld o P fom the filouing chugge diefribufon
P
3

+Qc(———-6“——-—- tq

Goals fr foday:
* Eﬂéf‘g
¥ Conduchrs (necessitates a fow comments en  Lagace)s g

. uahon 5
Loplaces agn wil be coveed in more detal next lectuce)




Enefatj

e wont o know hews mudh ¢nergy S contared In a 3ivm
chorge distilbuhon

For example :
Oeorly hos mores
+Dl0 0+CL pj@ﬁal Maﬂ(j Hrons -f—CLo °*rg

becouse Lo wadd have o do more Lork. (put more ereny it
Ws\tﬁervb fo bng 2 posifive g5 Closer tegether,

S well Compute, the en ey of a chorge/ Adistribuhon as the
work requied fo assemble nL al, starnn 3 with al of cur
%) Od’ m@rxrbﬁ(}(m@nk Ofapor’r each other),
’fhls ounts enenr
(like. Sdhnﬂ vafrahom po‘l-enhal erergy =0 ar the Aoor).

(Dork. o v/V\O\J& a sm e/ QA fom d to b in the
pfése/m a(:j C/V\oﬂae, dtsfﬁbuhon

di - fa,,d df = - &j_f: A = [06)- o(d))

394 g(oc exerted b& G

i :f:;f;f‘;fag:;r > ¢06)-4@)- L

’ﬂmsﬁn\)&s a pn sica) mean l/:a;? to ow wseRd scalar CL’uaﬂbU ()

dn e alruc?tj e Adimensions eneray /olnarﬁz,)

The potentiol differerce beheen G ond b is the Lk _Jou would
have to do, per untr Chage, T move charge. fiom

:[Q d b at infrity then QP 5 the work uoud have 1o do

n ¢ ihfo the Sgs’rem or (work- eneyy thm)
‘HW/ pﬁmhos W&j pe chora In the 535#@/\/)

Cdlection of dnarg@: 9e4

({‘ ° e g3
Wir= We b i m Qe with q alread there.
+Ws 1o brmﬁ 0 95 with 9 4 9 arcady there

B& superposihon, Ws = Lork o brmﬁ n gz with q dreod J ﬂnef@
+ Lok To brmﬁ i CP wifin Q2 alrcadj

S U L4 L 49, 993
qrE. YT e, /L,; Qr*g,, Ass
Wi - 99,
Piaﬂ around with indices - B gt this into a Brm thats

eosier fo e how we coud fake a conhouum linmt
and Compute erery n terms of B, YF), or 7).

N N .

. . L9

e é’zq(? e /%>
d'ﬂ

N N
This is the po’rm’nal af 7, the po&nhm of qe,
Oue to ol of the other clf\or‘ﬁes in W;\yaf@m

5 opfiaan L
W 2 g4y —=—— W= fodds

(hat dloour Wiﬁrg ths in ferve of EF)?
Gouss' law: 0+ £V E
> W= %"ﬂﬁﬁ)‘?dr

Integrote by parts (see Chopter |, egn 169 Rr a revicw
of multi- \/amablc infegraticn by parts)




=%—[ J’g (F9) dT +§CPE da]
Nover the surfece of the volume,
in which the dﬂgas oce contained

SATE P

S

V= \olume  (ohich conteins enhre e dishribuhen

This axPﬂc%lon for W dnould be I(\de,pé‘f\déf\‘f‘()@ our exack
choice. of V, s long as V 0001‘611/15 al the charce..

Lha- e chocse \ =0l

Then te suface s mﬁmfdg Qar away Gom the charges.
@ « i_ ond E 4 =

Snce the ﬁdd E exterds B al Spoce, e Bt

Intearal s dhma b%ef ondl b Q@/as we m’rcgrarc
O more mofe/ N containin

%‘@U,ﬂgj fne surfoce i—@gml 3@ aﬁ 5ma1[v like. Y7

in o fo compensate irg vume - infeged

> i we toke V- al qOm ﬂ/\ef\ e SquOce ntegzl Vanishes

and wece e (oith yrldj

Questions for Rurthes thought

rL Whle area < r*

® Inomsisi'a\c,&j ?
(@) W= Zzij; EdT s CJ@M& a!uﬁgs pos]ﬁ\)e/
Spoce.

bur (0) W- 5% gy e pesitve or regafive
grg,, i) A 5\0152 the dna@zg dn‘shﬂbuion
*q ‘9
What did we do wrona? Which s correct?

@ Where is the energy shorec? In 'rhe,ohorgea o the Bed?

Loplace's equation: V=0
X Reminder whefe/ it comes Fom: L
Crusss law in dfecental frm: VB = £ 0

Defined potential such that: B =-9@
Plu9 in: V= "ép

Th regions where thee 15 locolly ro charge. ( =0 kx)aiy)
the porential there locally “Zafisfies ">

* Two usefil properties of Laplace's equation:

O @) = avenge of PF) over sphere Centered ot 7

Actually, t 5 mathematical Wuo thor i any Rncpon £ (7 4,2)
safshee VR0, then ¢ vdue bz 6%3 2) over ary

gphere (not necessorly @ amﬂ sphese) 5 equal’fo the
wlue of p()&a 2) af Wé cente~ o the sphece.

But ue vl gue a specife physical pro? of Hs B A7), _
We want oy “prowe. this 1()&01' 1%r AF) 0 a choge- free region...
Seems daummg tee the a;pefgmhm pfmap]é,

Consider Q7 in“p d/v)/ge/ reqon where the feld s
produced bg cﬁe Q ourade this region,
Compum e, CP(r) over gome. spnece. in the e-fee, ma:on_

For COﬂ\/U\IU\CQ, 5@ coocdrates centered ot the Spherdls center:

Q pont chromp. located ot he,ghr Zo
o




At an\(j nf o +h<7, surfoce of the e,
erra, Z Where =20 +R:-22eRcond
Compure awfaﬁa Y oS gpere's surfoce -

LPauS LHF!ZZ § ‘(’da

[
T f@de y/&anedd) B s
K 5m@d@

R* - 22RCoeD

z
Q
Meo § 2.5
=®[,2_
ITE, | 22,
Q

o
=R - Qaﬂcose]]
[}

= i )] 1L &
Frean (BT ()] 0z, 2

[ this is Wj P(7) of frhe orgm (center oFf sphere,).

By auperposition, this wil hold true

for ony charge distribution
oufside the sphere.

Cordbtg: Y@ can have No local Mmaxima. or minima.

® Given 97 on closed surface, 9F) 1s u_fiq;%_ddz/‘mined inside.

P sugpese. there are. 2 finchiors RF) and @.(?) which fake

the some \blues on e surfoce S, ond which lpoth saﬁs\%
Lapecers eqn insde. S.

V¢ =0, V*6h=0 = V(4-%)=0 inside

Bur G- =0 everydece on S (4 and Yo have same valued)
ond Y- U;j Pies Laplace eqn insde
> G -% con lhave no maxma or miniva inside
> G-, =0 evwryuhere inside
= G (@)= P Nerywhee inside
> PR irpide 15 unlclua

Conductors (. Tnsulators)

e devoted some. ‘hma ny coMpuh
e &ce per unit ¢

Now the queston artse,s whar- dees a e actualy do in the presence
o trot Rece? 9 J

For o pont chone in free space, we cauld wite F=gE =ma and
loe,ﬁm fo compure accelernhon, efc.

nﬁ E in varicus 5&51'@6 that s

%SN' exercise: (o charges Rllow ‘H‘aJédbﬁob 01013 feld lines?

But ot happen swhancw ot o a rgteca? Lohat if e
agdv E b awhde lump T[fn COmpmcd o doms nuclo, ard
cleitons! Do these mdnndual Mtcroswp)c/ Chorges achally respond

Eexterna b&\j mo\n or are the 9 stuck in place \0& tHher interctomic
forces (iich ares aF’far all, st more. electric forces)?
Ansper: It d@pemls

we, can reason infuitivel ely Hrat R on ony S\Ven materiol, the response of
dnage,s in Hrar mate?al Must be~proporhonal o dhe, appled E-Reld.
In fochwe can wrte: 3 gr
current decshy A ~elechric, fed :/\ade, Wmafefu! (&)
amrgjg;r Zpumf EC(D% yé/‘iaw Omdw,h\uy ( SN m kf) -ﬂif"‘>
WO per unit fime

”ohm n
Lchoged  _ C
lergti)*[fime)  m°s

Some fypical values for corductiu ‘
o ( ] j ¢ Somehimes (ritten
Sm

T/m
silver 6. 2x 107
copper o S.CIKIOZ
wwgan}n a 2.5=10
slieon 9 23
ot wsker 25
o\r}nki(g woter 0.0005 -006
deiomzed woter SRR Ol
(eeod - o™
3@56 /O_no _ !O»H
SulPur Sxiote
rubbes

[D—ll- _ [046




de, in these, marerials!

Conductivity spans 23 erders of mog
(Compore 15 cther papernes of moteridls, like heat cgpocty

wh‘()f\ 0iCfe~ by a Pow ordess of fmﬁnduda)

Wha- s 0 Pusicaly? A messwe of how hghtly ¢ are bound
o their | p\\? ge/\ 6

medels: € ore Bree o "aim areund” in an ‘elechn sea!
Semiconduchors: A fuo ¢ are thermal y excited out of thewr
bound, shuck state, 17 move around

ed ons are @f@@ 1o Mmove, accund

Soluhons : some :
bound o Smﬁona@ nucler; ﬂodfwfae, can ol

Insulators: ¢l e

Clearta, o & a property Hhnat can foke on 0 continueus range. of ualues
Rur # tuns ot that™~most matecials have v hu@h or vz@ oo o
I moteriols:

Loell simPh‘% ond consider oy 2 Categpries
¢ foe feel ("ﬂwr |beme@0er)
N response. F O ~0DO

insulators: o dvf@e, Aoce of dl : o ~o

A Tole of 2 Spneces,
Consider br}ng'mﬁ 2 chorged spneres Todethes

2
even &venl
abmﬂdw & d.smnmw
on sucfpce

on swface
As we \om(g them close, the like dwg@a wll cepel each other.
TP the spnéres o nsulars, that's e end of ’rhc m the + uﬁ@
Moy not ke each ofhes buf 1%8 have fo sfay pur they sf
onvthe surfoce. o each sphert.

But what @ Hee Spheres e conduchrs!

= 2 competing efledts:
© + chages & a angle,spha@wmﬂb ef o5 for awo &ﬁmwdn
ofrer 0s” presitle mm.m& %aij Mmust gorecd our evenl Iy over sphere

Conduchrs:

® o5 the gfheres och each other, fhe, ndiviouol + ¢s 0N ONe
e Wil repel the + ea on the other so exia + cha@es

fﬁl‘ buld up on the B side of each ﬁph@fé/

7z
saire ol same. o
Chorg, lout- Ohw e, bt
mdts’mhd'w\ f‘&d:a'«‘;buf&;\
(0P course in red solide s not the + 3&5 that mowe, ts the Negofive ¢
wr the efect of movrg e 5 fhat Ahe netpesifive, chade redichriaites)

Tnh on :d@ahzed corductor  the d/wg@ redistrioute. In response. o
the apph@d E-Rd Neor - ma’mﬂ’ran@ \j Lelre. shl dotfﬁ Qa_c_f@_@tgﬁ_t;
(well need a lor moe fools befoe were o coreder movm3 Charaes)
)nL s ondl Afer weve Tumég

So lets et consider the conducthor o
on the ‘Efeld, when the choges have armj Rriched rm.smbuh@ and

e 6Ta’honafj agam
Consider . uniform, sfohe E- Reld:

%

Exerase: how woud Y make, such on E - Beld?

Now plop dowon an unchafaw conduchy it this feld:

2 C4) 7

The chages in the coducion, el reepond o the. Efeld and econfyue.
mefmor@ the E-Reld itself Lol be modifed in rezporee. to the

recon Sufc’,d dnorgea
Exercise: Quolifafively, cohat Wil the. news okl

E-feld lock like.?




OE =0 inside the conduchor

Lony? el (F’ E didn't vanieh, the es oud shl b, movi
(espanae o E. éo dus vt anoﬂner qo!n‘ 6acmd ch) Th@ Stop:
Lonat £ they don't ‘siop? (Oell, then weve used a stah” E 1o
Create a perpetud mofion machine >send it fo the patent office)!

Condusien: after stop moning (nepr- inetartonecusly),
E=0 inside o (/on% J g

n

@Ei perpendiculor 1o surface of conduchr (ie. Ei =0)

57 Some recsen os O I we hod g Cmpm@'ﬂ'ae épara!l) to
ajf?aca Hre cvonaes Loud  shl e mowﬁ 0/3 the surface.

® ?Pis congtant throughout a. conductor, mcludv:ﬁ su-face

%7 E VP s i E-0 nsde then wed bette~ have P constert inside.

P E-0 on sufoce Hen @ had bete- nofmmorgm as We,
run around on the subace.

® p=0 insde a conducior
Lory?  Becouse Gouss' low oo VE-p/e., s0 if E=0 then p-0.

Exercise: Dres fhs scem counter -intuifive? TF +ne om@e in the
condudrof wonts 1o d?}@r 0s b AL Rom ﬁs@l@ 0s peesipl ﬂf)e/)
doeen't fhroughour netead of Cmcem‘fahn on surface!
Compuie. ﬂ‘na ey F Qspread ow sucfoce of sphie., cadivs R
(b) Compute. e energy of @ spread wniforl j througrar 5,0%@

@ At ony pant: ¥pustx outside the. Conductor, £.= ofe,

wh o":s the local su-face chozgc on the COnduc)br

hy? To a om- *J\bTx curside the sw%ce t looks ke
o plone Loan surface, d’warﬁe o

Exercise: (ke Cuuss low fo prove cloim &

2
© Pressuce on the swface of a conductor: P=_%:= %Ez outward

where 6715 the local sufoce on the conducion
and E is the feld *\')usfr outsid?d +the conductor,

(,&h@7 Consder o Qupafdn of the surfoce, with char charge, oda.
Then -Hne,ﬁ)rc& ld be, 19 Eoda. 2ur whno\n Rld do
We Ute, Einsde = O 0r Eossie = Yo 0 (when H L surfoce)?

. _ . o
AnsLoer: we Uise Hhe oV age Reld, Eavf ﬁ(E.‘nsiAuEmdQ‘ 2%s n

Lohy Ea%? Totol Reld consisto of Reld pmduced Y chages on the
pofth ifsel? « Reld produced

Hn clze: Ehw= Eptiont B oo
But Epach can't contribure @ % cé? on the patch.
So e Reld we need fo tse. ghould be L—-else_

- 0 . -
o, B T By, = Buse-

> B = L(E = = o
> Fae = 3 (E ool © Cmg‘z) E‘Z"Jg’ 28 0
Therefore, P- ’Q EMS o = :7@5 directed ourads.




Exercises on conduciors :

(0.) 'Q|:+2 OO\L:_\%
; closed, hollow
cmduaﬁrg box
e Qs -l .p

What is E aF point P inside the bex? Lhy?

(b) e Q af center of holow
conduchnog box

* (pox itself no net dw@e/)

ot i E inside bex & oureide. box 7

(©) QA of-conter within
hollow, conduching Sphere
(sphm, tself is unchorﬁed)

Lhar 5 E outside, e, sphnere 7

Enerﬁg, l 4
Collecfon of poir\Jr dnorges: W= 2T, % 25
Clcric fd: - G | E2dr

Spoce.
loce's @Qwhm V*P-0 (fe,@[ons with no chcr@e,)
O Avernge value on surface of gphee = value at Tenter

® No lecal maxinma, o~ minima,
® Unigue solubion if & is specified on boundc@

Conduchus:
OE=0 inside
® Ey=0 onsuwr
®© P s constant )rhfoualno(,d‘
® p=0 nside
® Ei= %. 0 ‘ust outside
® pessue on ducfoce s O%2s.= LETy  cutwosds

Next time
*Loglace’s eqn 1o more defol
% more. opplicahons 1o conduchnrs




Sdutions b Exercises

E‘%&\d ot
.p PP —2k
; U4Te. | (k) +2*
Z
: 2 = a9 5. z2
: F--g- -dta.
A A At 4T, ((4d) - 2)
Inconsist

Cﬁcﬂ Both are correct.

(@) © theVererpy To ossemble a

teon of P charoes ass umin
_eoch oF e dread %ISS;F 8 j
(©) is the tinl en

, mc,)udn energy o Gssemble pr charges
Note that the ener @ ?&mcaa le pt char

Inthe real workd] pt charges ae
Q

> d;vifé;/g
small H\aé ua%
owr them K COASI onl oonhnuom d\orzza,
distrituhons, such that the c > a# on
5 vonighi lf) snall Ths works o de mb ﬁae clossical
orld bVt deeent et around the avkuard foct that
W@U@a of an e,lc n s, I theory, infinte.
Lohy s (b) al

Lweds osdmﬂ e, dishlotisn at all il produce.
Qlds /]n non- agv BId s al

Laus a higher ener 9
fien Han £ o, Which we know blc djarges %] alwags ke
h; Fed@iw\oum Hhemsehes B cance any £eld.
Where. is energ stored. ?
o think

y, &t ather wa
Em%@eneml f‘dah\ﬂ{'n

ete) Wc# N consider the
as stored In

-2e0

Clossicall

the Beld.
Do dfvrgw flow along Reld lines?
erdl, no. Congider a fold line coth any ootz
Suppese. the g
Si'of‘f'.sm

The ﬁﬂ:@mﬁna trorge, af Hs pot Is tongent
fo the Beld line. So the oceelerofion of H’we,

6 wd b& t 1o the feld lne. Buf (o

Curved ‘hgééja/h)f | thee Looud
need fo _be, Some CDrv\cbneN’ lecation
pepenchciar o the tmjechry

P(U\IL EL

e
E-Rad of undomed corduchr in unifrm applied E7

~

How t make a umﬁm state. E-Reld?
2 porglel inBnire dfuged eherls:

-

Far Bom the conductor, E is uncho ed,

but close, o 1t Hhe fd lres e bearp
N perpendiculor T the sur

SHll hawe, E e r outside, but now E 40 indide as el
> Epy -

erggo?dwge,&onaaphere,oemdtusK

& out=id A R C
ECHT&JP o >/«E j\& Il 1A
Wa(j I
() volume,

Eoe + Ein, where Eewr io What we cdculated in (),
i Ene £ (g0 >0

" X
The m@;\zﬂ% this

cm%mrhon b w@w (n foct, s =
/a.n

usl' outside. conduchor
/ a enall Gaussian box area A
G

e a0 BE 43 - £ Qrelossd = L 07

& z
;oneo 3

* INide, W?&o@ of ox: E-0 irmide corduchor
“ side wdb of box: Ear0 o conduchy s

face, <o
there & ro component of B exh Sde vals of box
- cutsde surface. of box: E P > box & anifrng i
box is =smal mouﬁh
~>&%Ed@ EM/—\-Q‘A > E,.-Z pop fo o




