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Problem 7.2 A capacitor C has been charged up to potential Vp;-at time ¢ = 0 it is connec
toa resistor R, and begins to discharge (Fig. 7.5a).

(#) Determine the charee on the capacitor as a function of time, ((¢). What is the
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(b) What was the original energy stored in the capacitor (Eq. 2.55)? By integrating Eq. 7.7, -
confirm that the heat delivered to the resistor is equal to the energy lost by the capacitor.
- Now imagine charging up the capacitor, by connecting it (and the resistor) to a battery of —
fixed voltage Vp, at ime ¢ = 0 (Fig. 7.5b).
(c) Again, determine Q(r} and I (1), -
(d) Find'the total energy output of the battery ( [ VoI df). Determine the heat delivered to the
resistor. What is the final energy stored in the capacitor? What fraction of the work done by e
the battery shows up as energy in the capacitor? [Notice that the answer is independent of R!}
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Problem 7. 5 A battery of emf £ and internal resistance r is hooked up to a variable “load”

resistance, R. If you want to deliver the maximum possible power to the load, what resistance & T ) % R
R should you choose" (You can’t change £ and r, of course.)
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""“ﬂ'l 7.10 A square loop (side o
locity w (Fig. 7.18). A uniform m
current generator.

) is mounted on a vertical shaft and rotated at angular k
agnetic field B points to the right. Find the £(¢) for this :

oLt i ofpns Dt Jix i _slmgso aq T _fong
Yunae Pz B > RAGE = foaoat

d¢ : .
o dtr © "& w Shail =

£
Bt Sinwt = 5




Problem 7.7 A metal bar of mass m slides frictionlessly on two parallel conducting rails a
distance / apart (Fig. 7.16). A resistor R is connected across the rails and a uniform magnetic

field B, pointing into the page, fills the entire region. -
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(a) If the bar moves to the right at speed v, what is the cuzrrent in the resistor? In what d1recnon
does it flow?

~ (b) What is the magnetic force on the bar? In what direction? _—
(c) If the bar starts out with speed vy at time ¢ = 0, and is left to slide, what is its speed at a
later time 7 7 _ >
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7 7,@ (d)mmmhmncmgyofmebum,ofcoum Lmug?. Check that the epesgy delivered

to the resistor is exactly §mug?. —
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Problem 7.12 A long solenoid, of radius a, is driven by an alternating current, so that the field o

inside is sinusoidal: B(f) = By cos(wt) 2. A circular loop of wire, of radius a/2 and resistance
R, is placed inside the solenoid, and coaxial with it. Find the current induced in the loop, as a b,
funct:onofume o
d2 g
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. Problem 7.11 A square loop is cut out of a thick sheet of aluminum, It is then placed so that the ‘FM

top portion is in a uniform magnetic field B, and allowed to fall under gravity (Fig. 7.19). (In _ @. ] _
the diagram, shading indicates the field region; B points into the page.) If the magnetic field x 2 K

is 1 T (a pretty standard laboratory field), find the terminal velocity of the loop (in m/s). Find / 7 /7

the velocity of the loop as a function of time. How long does it take (in seconds) to reach, say, —

90% of the terminal velocity? What would happen if you cut & tiny slit in the ring, breaking !

the circuit? [Note: The dimensions of the loop canccl out determine the actual numbers, in ,L .
tlle units indicated.]
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Problem 7.17 A long soienoid of radius 4, carrying n turns per unit length, is looped by a wire n = _/U-—
with resistance R, as shown in Fig. 7.27. ,{

(a) If the current in the solenoid is increasing at a constant rate (d1/dt = k), what current
flows in the loop, and which way (left or right) does it pass through the resistor?

(b) If the current / in the solenoid is constant but the solenoid is pulled out of the locp, turned
around, and reinserted, what totai charge passes through the resistor?
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Problem 725 A capacitor C is charged up to a potential V and connected to an inductor L,
sz shown schematically in Fig. 7.38. At time ¢ = 0 the switch § is closed. Find the current I —
the circuit as a function of time. How does your answer change if a resistor R is included it c
seties with C and L? E 1= -
—_—

= @ d & A
N0 =V, * V= 2+ L3t (o dt bty weschonis )
dqw ¥ "
) T4 T Bew G0e™ G0
W@
| e
:C - oWt > Q . OO Coo wl Sice C)[a) :Qa :CV)
- ,
' Q N L x Ik i’f =~ W@ Sinul
N/ A
17
JfW{Q//QWd/éf 'étm F\/‘ VL‘V}Z*UC :LE*ZR+E
0=16*R0G+ 2 &
Zé:j Loipett, ke i( Qs yus lprteaini oy 7 @MHM) "‘
T i ) (et o
wlards we e e pusehacecs 7F = iAx = —kx-bx =0 24 octer £33
2 ﬁ - b o N )
%ﬁ W, me; A X - "&JMX—Z%:X
: \ i
W, = e LAY, ff. G -[cQ- 'RZQ “
7L

, 3 _od
7[;_ wthasrfoser Uto, (o (b fa X =€ z]*tf */‘1. € / )

ot 9 2 L wi Azo/m« /Afr"’?,uucc, e q/w,,,_,}fuz )
+ opd [y Cjuteesy

“FL F il
(370 v&‘ﬂ ehoetn'e/f M’mi/éﬁv U Sl Aas @”C’ //JH‘JP "‘/!-6 P)
where P= {0y gud W {07707
) :1/ L_’c - 5%..

~
~ + Borvom Lk D pociupans DA ?";




T A g e
S e e e .J_‘M%___:
T () ey

T I *’W%W’”Wﬁz b L

R w0 o0

NEFY IS B |




LU ke 3- 1001 = O Elebodipnie Lok ! opy
(a8 . EM Whoe
t{zﬂ«gag whgueh'e Hhir = Ewdt . (oo D due So o cwnet 7
2 E: -
) rmr‘wf}y _preech Mﬁ?/ﬂ éﬂf&-W(M@e ) st B didactor L
/22
Exi L corpuct TV=TR¥L %’o \":}
RCcrad  IV-%R 1% o \.rw}
L arud 2y $4L%0
_ T
- elichve felly whtastor Lol s
burgg  Ue = 2Cv* fy= 317
ol Uz Z 76 ET “g =%;.K’
ANz EONS ‘
N B O VELZp s
ﬂ.@-d/i; 0 @) TEo :
| B, S EG-E ovE 13 [
‘4’!,,4 @ B iz N J*'df Y PI l‘(i'v) @[z’é,ef“jf f/uji{i 5’%
| B0t Mo o M= - B e BB o
Bhasp = 4Dz eb’-6rley ,  Aps Blpeo
bboguatio de o (pTIOv0S L




(- vorbdush -t S
° Der\ve Tug EM\??—(M StORED 0 1W00TUl = uore ot Appuir! s ol -
> Pouser = ZZ bwer == E] @'LZ ~&= :f,t_,ms
Ligute flw=w=) ___ fr -

DO cldmb Gj 03‘0 J-n dPV)W W 71“;/\{? JdT - U "714452

.
o DERVVE  CU WAMES FRoM jANuRY. EBRNL (n vacuum :Jz0)  3#—
3 — WE,
(a \7)( (ﬁ’.) wal e lfor a'M\ﬂf -—M(m
vI (M)
>
aﬁk C?J)
>
VF < i
x Civ) - w2t veckhsr .>/M<~>{_T |
VI ()
,)% (ﬂ}') :
y 2%
Y~ i
3 L 2%
2 5= WAES ¢ 5%~ > 3> i
- AT E e ﬁ : .
éo - ?‘5/5 o (/Ulm-p) SeeEp V :)L:}'A




WepSUeET

(,/{amc'?f@f\fhfd KPA £U /\a_;lf‘f/f{m‘ /4_051&(’ PUE

Movochroniaf'c wayes /ﬁw Cacg Yl Wawéwr% Jw//ém«}, w )
- < ) g g &1‘.'
er b 3 - ety E(%;{) = Ee (Gt 7 Cia O:Re 9

1
Cousfoet Ouplox )mﬁrasz,
VE-=

= inNaludin

<7}
i
0

0w vaduuia,

kst Ovpuut & EAB yanighe

© TRNSUERSGE WMES | perpendiculee 1o drechin, o Frapel

ﬁxdé =

o
ot

-

How ave XF;;L C&M‘[mé%r/igﬂlﬁ 2R M/ﬁa(,(ze&/ﬁ) Cach Oﬁ_af:’

- MUTURLY PPREFUNICULAR

; Zﬂ —~ (&‘r-wt)
HO Spucal, ECH) 27 A
} = LC&'F‘W"C) - 4) _ A
B(m) B, e (lexn) = C LTE
© Do Pubb 99
300




(3% %9

A

()™= 5(")3 i ?)“‘%("3)7\—

0@ Xory - . 14
"'9(!‘ 024\1 Q) + - q@
f I}
~9>1:]’("_,7 L-ﬁ- 4,911 ﬁ":? vr— z l 0 (:Iaazl va}loj
2 X% e (A__ _ Zo )
<(l””'??7/.” A ’c')" ; / z 4 = Ao
%< ) I R S
szag/y/j a ‘é ) ¥ ¥
0= “E[) = -‘t-(aa)
£
Q= 2927 - #yte, Libe  xqke 2 A4
(im-ep ) ler gt 3% -




WW

-~ ) ,
Euorgy o Ut T=pe = fic = b wtee 22 % | wzf

2

U = Daucte Gl izri ';‘*’;

P 1 , ‘
ﬁﬁega': voFfA: et e YR NRE @) -

Euﬂxjr; fur tﬁwﬁ = Buser . W . g de  Ju C_
Ao Area Ayt sl o
-z Er '
S =cw = (Cé&E - ‘!;lgz-; é,;wda«‘go;_
—— - - —
S = e Exk /ZM autresed (S7 = 3 !s/)
(\ 7/1{&457'@ G A /
! !
_lr d Loy
pdiaon presire = foew > ,_dt/ ég - c %é b gorplre
Qyeo e o
1 dp > & dgpn rellctsen
0 pr C‘}V
N f‘ua’ f Er Ozécfﬂrﬂgﬁ"‘ﬂmﬂq 7= 3 7dt
Qg o

382

|
|

,A
I4GY P




Fouw/ E2l joas yporte due Mo S Doc 02

Gofhter Gz #725,4,53 (e 340,59, 5 T35

Gitbte, (.9 * 1,9, 10, adl onpate worbpherts s e

oo s ézw/“’”’ G2k 47 45

o5 %7

b Re

@ uy 71;/9;;(# w wieqrel Brve

P -
@M&){"_}M. () uze E,aa(é‘.éa)é/ﬂd ‘zii; Sub @

L @ A - ;'Zﬂ ) - - -
G Gra+z), 7= =0 (bt b g bxi

-[k+h-f‘;;)‘u)f7/ X+2~; z\
JU 4

=

-6 i
Jo « A0 wr, £.3107" ahw




Problem 7.42 In a perfect conductor, the conductivity is infinite, sc E = 0 (Eg. 7.3), and any
net charge resides on the surface (just as it does for an imperfect conductor, in electrostarics). -

(a) Show that the magnetic field is constant (3B/3¢ < 0), inside a perfect conductor.

(b) Show that the magnetic flux through a perfecily condncting loop is constant.
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A superconductor is a perfect conductor with the additional property that the (constant) B
inside is in fact zero. (This “flux exclusion” is known as the Meissner effect.!%)

(¢) Show that the current in a superconductor is confined to the surface.
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(d) Superconductivity is Jost above 2 certain critical temperature (T;), which varies from one
waterial to another. Suppose you had a sphere (radius a) above its critical temperature, and
you held it in a uniform magnetic field ByZ while cooling it below 7. Find the induced surface
current density K, as a function of the polar angle 4.
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Preblem 7.53 Two coils are wrapped around a cylindrical form in such a way that the same
S passes through every turn of both coils. (In practice this is achieved by inserting an iron

cose through the cylinder; this has the effect of concentrating the flux.) The “primary” coil
has Ny turns and the secondary has N, (Fig. 7.54). If the current [ in the primary is changing,

show that the emf in the secondary is given by

N
L_M (1.67)

& N
where £ is the (back) emf of the primary. {This is a primitive transformer—a device for

reising or Jowering the emf of an alternating current source, By choosing the appropriate
sumsber of tums, any desired secondary emf can be obtained, If you think this violates the
) comservation of energy, check out Prob. 7.54.]
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Preblesu 9.1 By explicit differentiation, check thet the fumctions f), f5, and f3 in the text

llﬁlfyﬂnwaveequaﬁon. Show that f4 and f5 do mor.

e

‘ A
At = AP L = A-sin{b(z —u)], faz.1)= bz —oZ+1

all represent waves (with different shapes, of course),but

- 2
— falz, 1) = Ae7PETH)  and  fs(z, 1) = Asin(bz) cos(bur)®,

do not. -

-



E(r,t) = Epcos (k-1 — wt + 8) i, (9.51)

(9.52)

B(r,n = %Eocos k-r—aot +8)(k x ).

give the explicit Cartesian components of k and #.

Problem 9.9 Write down the (real) electric and magnetic fields for a monochromatic plane
wave of amplitude Ey, frequency w, and phase angle zero that is (a) traveling in the negative
x direction and polarized in the 7 direction; (b) traveling in the direction from the origin to the
point (1, 1, 1), with polarization paralle] to the x z plane. In each case, sketch the wave, and
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Problem 7.5

(a) Show that electrostatic forces alone cannot be used to drive current around a circuit.
(In fact, within the source current flows in the direction opposite to E.)

(b) A rectangular loop of wire is situated so that one end is between the plates of a
parallel-plate capacitor (Fig. 7.10), oriented parallel to the field £ = (0/¢p). The other
end is way outside, where the field is essentially zero. If the width of the loop is z and its
total resistance is R, what current flows? Explain.

} Figure 7.10
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Problem 7.9 Suppose the disc in Fig. 7.15 is rotating at an angular velocity w, and its radius

is a. What is the emf of the circuit, and what current flows through the resistor?
rxampie 4

A metal disc rotates about a vertical axis, through a uniform field B, pointing
up. A circuit is made by connecting one end of a resistor to the axle and the
other end to a sliding contact which touches the outer edge of the disc (Fig.
7.15). Current will flow in the direction indicated, yet the flux through the cir-
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(Sliding contact}

{
R <-j Figure 7.15

cuit does not seem to be changing. I'll let you calculate the emf (Problem 7.9),
using the Lorentz force law. (The trouble with the flux rule is that it assumes the
current flows along a well-defined path, whereas in this example the current
spreads out over the whole disc. When you stop to think about it, it's not even
clear what the ‘‘flux through the circuit” means in this context.)
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Problem 7.12 * A square loop is cut out of a thick sheet of aluminum. It is then placed so that,

the top portion is in a uniform magnetic field B, and allowed to fall under gravity (Fig.
7.19). (In the diagram, shading indicates the field region; B points into the page.) If the
magnetic field is 1 T (a pretty standard laboratory field), find the terminal velocity of the
loop (in m/s). Find the velocity of the loop as a function of time. How long does it take
(in seconds) to reach, say, 90% of the terminal velocity? What would happen if you cuta
tiny slit in the ring, breakmg the circuit? (Note: The dimensions of the loop cancel out;

Anbnvemninn tha antual , s bawe in tha rntte indicatad )
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Problem 7.16 Electrons undergoing cyclotron motion can be speeded up by increasing the
magnetic field; the accompanying electric field will impart tangential acceleration. This
is the principle behind the betatron. One would like to keep the radius of the orbit
constant during the process. Show that this can be achieved by designing a magnet such e
that the average field over the area of the orbit is twice the field at the circumference
(Fig. 7.26). Assume the electrons start from rest in zero field, and that the apparatus is
symmetric about the center of the orbit. (Assume also that the electron velocity remains
well below the speed of light, so that nonrelativistic mechanics applies.)
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Problem 7.22 Two solenoidal coils are wrapped around a cylinder in such a way that the
same amount of flux passes through every turn. (In practice this is achieved by i msertmg
an iron core through the cylinder, which has the effect of concentrating the flux.) Thc

“primary”’ coil has N, turns and the “secondary” N, (Fig. 7.36). If the current / in the! -

primary is changing, show that the emf induced in the secondary is given by 3
& N b
& _ N (7.29) 3
& N : ?;L
< 4

where &, is the (back) emf in the primary. (What we have here is a primitive trans-
former—a device for raising or lowering the emf of an alternating current source. By
choosing the appropriate number of turns, any desired secondary emf can be obtained.
If you think this violates conservation of energy, see Problem 7.58.)
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Example 12
Finfl the vector potential of an infinite solenoid with N turns per unit length
radius R, and current [. '
.Solut.ion: This time we cannot use (5.38), since the current itself extends to
infinity. But here’s a cute method that does the job. Notice that b

#A-dl=j(VXA)-da=EB-da=d’ (5.63)

wher? ¢ is the flux of B through the loop in question. This is reminiscent of I
Ampére’s law in integral form (5.49),

(§)B.d1=ﬂ01enc l -

In fact, it's the same equation, with B — A and pof.n. — $. If symmetry per-
mits, we can determine A from ¢ in the same way we got B from /., in Section
3.3.3. The present problem (with a uniform longitudinal magnetic field uyNJ

inside the solenoid and no field outside) is analogous to the Ampére’s law prob- T

lem of a fat wire carrying a uniformly distributed current. The vector potential (
is “circumferential” (it mimics the magnetic field of the wire); using a ctrcular
*‘amperian loop” at radius r inside the solenoid, we have

(§) A-dl = AQ2zr) = X B-da = uoNi(xr?)
50

2N S frr <R (5.64)

A= 2 o

For an amperian loop outside the solenoid, the flux is
S B-da = poNI(mR?) N

since the field only extends out to R. Thus, _ .
NI RY . .
A=i‘12-—RT¢, forr > R (5.65) , G

If you have any doubts about this answer, check it: Does V X A = B? Does
VA = 0? If so, we're done.
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Problem 7.25 Find the energy stored in a section of length / of a long solenoid (radius R,

current I, N turns per unit length), )
(a) Using (7.30) (you found L in Problem 7.20). QM bpra |
(b) Using (7.31) (we worked out A in Example 12, Chapter 5). @ hdse sudtide Spiginand

Lo ctow [ thooed F27 Soloucrat Pl (?-/4,,/1/2[

\

O SR Tty A S
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g ﬂ/d M&J‘; J“/?arf/ 74 ﬁe J@ﬁ’az&’?”ﬂ/ (e war Qﬂ)

‘ ‘ é—' z z k4 2z
(7.30) W=%:Hzl %—Z: '('Z"fz "/%/f?@ /L/J/

L
2, %

Q7 $otucd vecte penkel fime 5id2 G5 i
/ff; = /{"—i/i/‘z rﬁiuyo M”’ﬁ’ W=§<§>(A-I)dx (7.31)

W=z /f@ly o -2LLE 224y Gre) - feweh
A

4 Frurug
if we agree to integrate over all space, then the surface integral goes to
@ zero, and we are left with
1 BI-H :/'L‘N Z
#D all space E& lot = 0

Wzt 8.5 vole= L (A1) (D) = po zp* N1
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W=-—1—-UBzdr— &V-(A X B)dr}
Zpg
(7.34)
- =-—1—{ j Bidr — {) (AXB)‘da}
2#0 lume surface

Now, the integration (in 7.32) is to be taken over the entire volume occupied by the
current. But any region larger than this will do just as well, for J is zero out there
anyway. In the form (7.34}, the larger the region we pick, the greater is the contribu-
tion from the B? integral and therefore the smaller is that of the surface integral (this
makes sense: as the surface gets farther from the current, both A and B decrease). In
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Problem 7.28 Suppose the circuit in Fig. 7.39 has been connected for a long time when sud-
denly, at time ¢ = 0, switch § is thrown, bypassing the battery.
(a) What is the current at any subsequent time #?
(b) What is the total energy delivered to the fesistor?
(c) Show that this is equal to the energy originally stored in the inductor.
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Problem 7.59 In a perfect conductor, the conductivity is infinite, so £ = 0 (equation'f
|

7.3), and any net charge resides on the surface (just as it does for an imperfect conduc-,
tor, in electrostatics). §

(a) Show that the magnetic field is constant (i.e., 3B/3r = 0), inside a perfect conduc-i

tor. - } o A

——— e an LT 3-- . - -" : - _
PW@V Gy - g'é“ = -Veb N Lo Slu VP

.. { So Bromteit juedex oducte, s
= ‘_ - o o N
] o e e
= A superconductor is a perfect conductor with the additional property that this constant
B is always zero. (This “flux exclusion is known as the Meissner effect.) .
‘—; (b) Show- ;ﬂat the‘éu_r”re-r;t- ina S;é;l:coriauétor is confined to the surface. T
] __AueereS L4 ﬂ/‘g _‘_M_:“’__/é@ Leuctrsod. .‘
,_:.4 . 7/ 7/@:’{_ Wt Caprenl __,ﬁaJkaﬁ___J&(.__cm:tﬂéf i, 7é2&_,_,4_._m_”__ :
— g ol deaw on  auipsvu . A 0 M1t - __-,

e tuclotd_teonsore. X, auel B uwmld lo_werore

Siuet B, =0, Horefo 7, =0 ,

Fia——

N S S N

‘ Superconductivity is lost above a certain critical temperature (T,), which varies from
—-—{ —  one material to another.

(c) Suppose you had a sphere (radius R) aboveé its critical temperature, and you held it

——a 1

in a uniform magnetic field B,y# while cooling it below T.. Find the induced surface
—d current density K, as a function of the polar angie 4. e
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Problem 7.41 Calculate the power (energy per unit time) transported down the
@Example 13 and Problem 7.29¢assuming the two conductors are held at a p

difference V, and carry current I (down one and back up the other).

Example 13 @
A long coaxial cable carries current / (the current flows down the surface of the
inner cylinder, radius a, and back along the outer cylinder, radius b) as shown
in Fig. 7.38. Find the energy stored in a section of length /.

otential

¢ o<t

— R
‘ <]
— - Figure 7.38 §
- Solution: According to Ampére’s law, the field between the cylinders is ‘ !.
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Problem 8.10 The intensity of sunlight hitting the earth is about 1300 W/m?2. Find the am- | |
plitude of the electric and magnetic fields. How far from 2 stationary electron would you E
have to be to get a comparable electric field? (Actually, the sun’s radiation is neither "
monochromatic nor linearly polarized, so don't take these numbers too seriously.) If the Ly
— sunlight falls on a perfect absorber (which soaks up all the incident momentum), what A
. pressure does it exert? How about a perfect reflector? What fraction of atmospheric
— pressure does this amount to? (2
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Problem 8.9 erte down the (real) electric and magnetic fields for a monochromatic plane
wave of amplitude £, frequency w, and phase angle zero that is
(a) traveling in the negative y-direction and polarized in the x-direction;
(b) traveling in the direction from the origin to the point (1, 1, 1), with polarization
parallel to the xy plane.
In each case, sketch the wave, and give the explicit Cartesian components of x and 4.
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i Problem 8.11 In the complex notation there is a cute trick for finding the average of a product,
4 Suppose f{r, ) = acos(k T — wt + 8,) and g(r, ) = bcos(K*r — wt + &). Show that
r (Jfgy = (1/2) Re(fg*). Thus for example ~ o
~ /2> = (1/2) Re(f§™). P Asve = Ee'l C
: 1 - - i . - - ' |
B (U) =—Re (eoE-E*-{-—B-B*) B-_-,gg"”% -
: 4 Ko
s - - -
. (§) = Re (E X B*)
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Problem 10.44

o,

oy el )

gy

e

L2
'\) -

another system i inw
—— -

| 7 (1Y) -
- llsoise, T Eg,(1-%0):

O A

G o %44 21t
b §#A-S

(a) Show that (E - B)is relatmstlcally invariant. g

(b) Show that (E? — ¢282) ig relativistically invariant. :

(c) Suppose the ‘magnetic field at some point is zero in one system. Is it possible to find
luch the elecmc ﬁeld at that pomt is zero?
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