Lel] p= 2L _ 2x6x10° _

F 3x|olox5

0.8 gauss

Force percm= IBJc = 6x%10°x 0.8/3 x 10°= 1.6 dyne/cm

6.2 8000 amp = 24 X 10" esu[sec
current inside r=1 is 6x10”esu|sec
21 _2x6x|0"%
B, rC = m = L{'OO gauss
2 % 2 12
B, = —-—31;%;’-;% = 800 gauss
_ 2x24x10% _
By = Sxoox3 ° 533 gauss
6.2 z
BZ=21rbI fB dz:zan dz
c (bz+7_2) 3 o] (bz )a/q_
_ 2mb?I [ z Y _ 2wb’I 2 4 I
- T ¢ b*(b*+z2)%2] = T ¢ bt T T ¢
- o0
To see why the return path PN
. . . / KR
can be ignored in the limit Y. \
Z 2 o0, consider the finite // b ‘ / \\ ‘
poth out to z =r, refummg_____%_‘__{-_{?______\_
by way of the large semicircle . T z

On the axis B "'—Z'—, ,for z » b andwe may

infer that, going out in any direction from the ring,
13| ~ —,13 as r 2o, Since the length of the
semicircle is proportional to r, the integral jg ds.
over the semicircle must vanish at least as fast

os 1/r* as r- e, [In foct, it vanishes just that fast]



6.4 =%( \) + __(__ ZTT'I

Each straight sec‘hon contributes Half the field of a

half the field of an infinite wire  complete ring

B=(2 +'"')'|:'£c' = 5.]4!6‘,:-1:2
6.5 At B the field of wires A and C
21 I cancel. Field of wire B at
ENO I R Pais
\ 'q ( cd
N
P
/\' i Field of B ot , = 2V21
Field of B
AOI _____ E L/L-Faeld of A=3

d
d ~Field of C

The vector sum of the 3 fields at P, is zero.

6.6

600 dynes weight (75 cm of wire
at 8 dynes/cm)*

center of gravity

F X300 cm = 600 x I8 Sin6
= 600 x 18 x 15
30
~£ F =18 dynes
| 212
A F=Z2o— x15 I:=C
j’/ c? x 1.5 20

I=2.85 x 10° esufsec =

9.5 amperes
The equllabraum is stable.

X For | mm diameter copper Wire This is not realistic.
It would weigh nearly 30 dynes per cm.



current ring
- Ix2m(R/2) (R/2)

T

= Ll = 0.5 gauss

cR
TO'-S-CR = %’é 3%x10°%x 6 % losesu/sec

I=35
- 4
R= 6 x10°cm ;QXIOBesu/sec = 3x107 amp
63| I(Tdx ,y I dy' %
y o e AT
(xy) ;o s 'z 2

1 oo
1 —_= - C 2 ! 2 3/2 Wl'fh x
dx' I- () [\/ +Hx X').] =Y

€9 Evidently the magnetic field of the current in
the wire was .2 gauss at a distance of roughly
2 ¢cm.. The current must have been about 2 amperes.

6.10] For 10" watts at 5x10% volts, I = 200 amp.

, : Ie—am
Field in teslas at | meter = -/;—"#T; s

-1
4 % 10 200 -5
= X == T4x10°T = A4 gauss

Other wire causes equal field : B = 8x10°T = 0.8 gauss

6.11 Average diameter of furn = 8+2x 0.163 = 8.3 cm
Total length of wire = 7 x 8.33 x8 x 32 = 67 meters
Resistance = 0.67 ohm I= 50/.67 =75 amps
Power = 50 x 75 = 3750 watts
g~ 8 x 75 ampturns/cm
B —ol Field in infinitely long coil would be

O=tan” (4/6) | Lm x 600 or 154 gauss.
B = 754 x cos (tan™ ) = 73! gauss

—r— e




6.12 )
8 c;rcunL ] Cerul'f' 3
i &
]
|

) ) e

(@) In circuit | +he contributions of AB and EF to the
field ot P cancel, as do those of CD and GH. The pair
BC and FG make a field at P in the y direction, and
so does the pair HA and ED.

(b) Reverse the current in circuit 2 and add it to
circuit |, thereby creating circuit 3 in which the field
ot P must vanish by symmetry. It follows that
circuit 2 not reversed must produce the same field
at P as circuit I.

| 6.13]

" N
al /\l/\
1
4 I Y Iy

coils far apart coils close together
e—b—l
b/l2-y blz +y .
o< + Differentiate
y [ai+(b/2"y)z]3h [az + (b/Z +y)213/2 ! ren
A
twice and set % = 0 at y=0. This gives: b=a
e y g
B

d
Note that Fg;y' = 0 at y=0 just from stmeTr\/.

With b=a we have By =B, (0) + constant x y* + --
Two coils thus arranged are called Helmholtz coils.



AN
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|
Loop | | Loop 2
field of 03 field of
Loop! X Loop 2
(N '
/! @ \_)E 9 N\

Consider two current loops symmetrically located with
respect to a plane through the oxis of the toroid. At any
point on this plane the vector sum of the field of Loop |
and the field of Loop 2 is a vector normal to the plane.
(This is true for two similar loops of any shape
carrying equal currents in the same direction.) Now the
entire coil can be decomposed into pairs of loops
symmetrical about a chosen plane. Hence the total
magnetic field ot any point must be perpendicular fo
the plane through that point and the axis.

If the magnitude of the field is B at any point P a
distance r from the axis, it must have the same value
everywhere on the circle of radius r in the plane through
P perpendicular to the axis. The line integral of B around
this path = 4w/c times the current enclosed. If Pis
outside the +toroid the current enclosed /s zero.
Therefore B=0 everywhere outside the toroid. If Pis
inside the toroid the current enclosed is NI. Therefore
of any point inside +he foroid B =2 NI/cr. This holds
for a toroid of any cross- section :

\ Iii'/’ ii'ZBl\iIc{cr



6.5| since 10 milligauss is about 2%

of the earth's field, we need a
compensating field that is uniform to
about 2% over the region of irferest .
Lets try a solenoid | meter long
and 50 cm in diameter. To see
whether it meets the requirement,
compare the field at the
center ¢ with the field on the 4\%
axis 15 cm from the center, at D,

From Egq. 44
field ot C - .2cos So
field at D Cos 8, + cos 6,
.25
8, = tan' 50 cos 6o = 0.8944
e' - 1-an-' ,%% [ale].) el = 0- 3’38
6, =tan" 22 cos 8, = 0.9334
2cos 6 _ _1.7838
cos 6, + 056, ) 17472 oz -

This is a little too large for comfort, especially as we
have no easy way o estimate the deviation at off-axis

points, such as E. Let's lengthen the solenoid to 120 cm.
Then 6,=tan™ £ 6, =tan"'2 and 8, = tan 25

60 45 noTsc
This gives: 2. 2% . LBI62 .\ ,,
Cos O, + cos 0, 1.8229 '

We may expect the departure from uniformity in the radial
direction to be of the same magnitude, roughly, as the
variation in the axial direction — although it has the
opposite sign, of course, the field strength at E, being
greater than that at C. [Note : an exact calculation of
+the field strength at F, which involves an elliptic in+egra|l




shows that it is 1.4 % greater +han +he field strength atC,
in the 120 em long solenoid.]

The ampere- turns, NI, required to make the field of the

solenoid at C equal to the earth’s field, 0.55 gauss, are

computed as follows : (4T) NL

o/ 726 cos 6, = 0.55

0.95 x 120 % |0 +
I= 4T x 0923 = 57.0 ampere Turns

6.16

If the hole were filled with a copper rod carrying a
current of 300 amperes, complete symmetry would be
restored and the field at P would surely be zero. So the
actual field ot P must be the negative of the field of the
rod just described. Its magnitude in gauss is (2/10)Ifr
with I = 300 amperes and r = 2 cm, or 30 gauss, and
it points to the left. A more remarkable fact, not too
hard to prove : The field is 30 gauss pointing 1o the

left notonly at P but everywhere within the
cylindrical hole |

6.17

— v — — — o d— —

@ ’

—— e — —— o —— — —

Imagine adding a similar solenoid on the left, as shown.
This exactly doubles the field strength B at P, . But now
the field strengths ot P, and P, are approximately equal,
for both points lie well inside a fairly long solencid, the
field at P, being slightly stronger. Therefore the

original field at P, must have been slightly more than
half the field at P,.



(b) Suppose the field does have a G-%ﬁ'

vertical component Somewhere along
+he line GH, that is, in the plane
of the end of the coil, as shown at T?.o
' ‘ the right. Now | :
imagine a similar
T B, solenoid, extending upward , as shown
at the left. The field B' at the
3 —?f TH corresponding point must have a
downward component, if B does
and if B, and B, are in the same direction. Now join
+he two semi - infinite solenoids end to end, and super-
pose their fields. The resulting infinitely long solenoid
must have zero external field. But the addition of B and
B cannot give zero. Hence B cannot have a vertical
component. Therefore B is horizontal atall points on
+he line GH, and GH is a field line .

{w

L

(¢) The argument used in (9), applied to the semi-infinite
solenoid, shows that the axial component of the field, ot
any point on the end face is 3B, . Foradding another
semi- infinite solenoid just doubles the axial field
component and produces the purely axial uniform field Bo.
In calculating the flux through the end face, only The
axial field component is involved. Therefore the flux must
be just half the interior flux.

d) For the same reason, the flux tube on the surface of
which +he field line CDE lies must flare out as it
approaches the end face sothat its cross-section there
becomes a circle of twice the area, containing the same
amount of flux. mr2= 2nr2, or r=va2r,.



The arguments used in (b) and (c) lead to a more
general statement about the field of the semi- infinite
solenoid : TS 5.1 Ba

£ ' LA B
|
|

—— ——

At two corresponding points P and P, symmetrically
located with respect to the end plane and equidistant
from the axis, the fields B and B' are related as
follows : The radial components of B and B'are equal.
The sum of the axial components of B and B’ is equal to
B, , if P lies inside the coil , or to zerp, if P lies
outside the coil. The conclusions of (b) and (¢) follow in
+he special case in which Pand P’ coincide .

6.1 capacitance of coaxial cylinders, length L:

C = 2—;772_ . Charge per unit length on
inner cylinder (assumed positive) = §C/L

=d/2 I8 = 50/2.4m (4/3) = 87 esufem

If inner cylinder rotates ) at 30 rev/sec
it is a solenoidal surface current of density } = 30x% 87

= 2610 esu cm™ sec”.  Inside that cylinder B = 41T$L/c
= 1.09 x 107® gauss (into paper), r<a; B=0,r>a .

If both cylinders rotate L1 at 30 rev/sec,
B = 1.09 x 10 gauss (outof paper) a<r<b and
B=0, r<a, r>b.



6.19

The analysis in Sec. 59 showed that a test charge
moving parallel To a wire carrying current experiencés a
force which, as observed in the rest frame of the test
charge , is due to an electric field. To understand why
+he introduction of a conductor, such as a metal plate,
between the wire and the test charge has no effect, let
us view the situation from the rest frame of the test
charge. In that frame, the conducting plate, which is
stationary in the lab frame, is moving. Tt is moving
through a magnetic field and an electric field and these
are related precisely so as to make +the total force on
any charge in the plate zero. Hence there is na redistri-
bution whatever of the electrons In the plate. On the
other hand, if we caused the plate to move along with
the same velocity as the test charge, it would make a
difference. An observer in the test-charge frame
would say that we have introduced a stationary plate
info an electrostatic field, with a consequent
redistribution of charge on the plate and a resulting
alteration of the total electric field. An observer in the
lab frame, where there was no electric field before,
would say that the electrons in the plate have redistrib-
uted themselves under the influence of the q%xg force,

and the new charge distribution itself produces an
electric field.




6.20

The statementon p. 234 that (B,z— B:)/Srr is the
force per cm? would imply that the force is zero in This
case where B? = B,® although B, # B, . Indeed thatis
true, for what we have here is a superposition of the
field of some external source Be, the same on both
sides of the sheet, and By, the field of a current “&

flowing in +he sheet. If i is parallel to Be there can
be no force on the sheet.

‘__6;_2_'_} 1£ the conduction electrons are forced closer to the
axis there will be uncompensated negative charge near
+he axis. This will cause a radial electric field E,
pushing outward on the electrons, preventing further
constriction when Er = (v/c)B. The field B within the
conducting rod is 2mrJ/c, where +he conduction current
density J is nev, n being the number density and v
+he mean drift velocity of the conduction electrons.
Suppose the electron cloud at radius  is squeezed inward
by a small distance Ar. The cylinder of radius r will
now contain, per unit length, an éxcess of negative
charge in amount (ne)(2mrar) causing an electric
field E. = #4mnear. In equilibrium, then,

4 near= (V/c)B = 2mrne (V/c)?, or Ar/r =3 (v/<)% In



solid conductors we always find v/c « 1. In meftallic
conduction v/c is seldom much greater than 107°, and
ar/r = 10°% is too small to detect. In highly ionized

gases however, the " Pinch effect", as it is called, can be
not only detectable but important.

6.22] Jf = IdfxB
- C

>

~

?

o

B
The z - component of B produces A”
a force in the plane of the coil, _ —
which contributes nothing tothe =57 ;%5
forque and can therefore be ignored Y /

in this calculation.
d&xﬁBY=g':dL Bysin®  But di& sin 6 =dx

Hence dF, = 2 B,dx The torgue about the X%-axis
is y-dF, = IBy ydx = dN.  We have to integrate
C
this around the loop to find the total torque.
f\/dx. = area of loop =a (See fig. 1.4 , p.406)
loop

Hence N = BVCIG . The forque vector N is in the

A . . . .
% direction, and if we define m= j_:c.:_% as in the Figure,
our result can be written in the more general form :

N=mxB.

If B is the same at all points on the loop, the net
force on the loop is zero, for

[df, =f%-d,&x§= ‘%—_&x.jd& and fd!}_ over

The whole loop is zero.



[_é’gﬂ Y=2 g = 0.366. Travelling with the ion

we see an electric field E' =g xB. If this isto
be % 1.5 % 10" statvolts/cm we must have

2 1.5x 104 _
B< a7 = 8660 gauss
6,24 Curren-,' - e . _\_,-_ B = 2.‘" I e e
- X o-al e
- 0 x48x107° g ot gauss
10716 -
625 B, =0 By=0 B,=B, with B=VxA
2A, QA Ax DA 2A, oA
- Yy X .24z 0 —_ % =
ENY 5z 0 3z ox x 9y 5
One obvious choice is: A, = _BZ°7 , Ay= B,,zx , Az=0

Equally obvious is: Ay=Bx Ax=Az=0. To make
others, add any vector function with zero curl.

Y
Current inside r = Ir?/r}?
B=2Ir* _ 2Ir

| 6.26

cr2r cr,?
%
- Y p_ —2yI _2x 1
By =B = cr? BY—cr;,Z
TFA = AL (+yD), vxA =228 _§ 24:

= 2yAX - 2%AY AT —=



p=B¥mc Ap=gpBat

§= pcat _ Lp _ gBat
R - P ' mc

qB qB
. 2mR 2md mec?
for one revolution: T = Bc = 3B
628 y=10 B=1 m=16x10"
qQ=e B=3x IO—6gauss mc? = 1.44 x lo-aerg

7 ~3
= 10 X "L*_LL x 10 ~ = .0 x 10" cm
43 x10"°x3x10°

-19
0
T-= % = 2. % 10? sec =~ 70 years

2] y =300 PB=Vgq9 = 0943

102amp = 3x10® esufsec = I A=I/v

_ 32X 10® -y
A= YT .06 x 10 esufcm
_q _
(o) E = zr)‘ = z.lz lx 0 = 242 x 107" s+a+vol+/cm
22 -
(b) B = —‘—_—g = 2.00 x 107* gauss

In F’ thereis no current ; B=0
X=Aly, so E's % = 071 x 107* statvolts|cm



In frame F, Ey =100 cos 30° = 86.6;
Ey =100sin30°=50 ; E,=0; B=0
Eq. 58 is the transformation for
motion of F’in +he x -direction.
For F'moving in the y-direction,
with B =0 in F, we have:

E=100 statvolts/cm E;= E, Ex=YEyx E,=YVE,=0
I y /
Here ¥ = ——— =125 E_=50 E. = 86.6 x 1.25
“/ y x ‘
|- 0.6 - 108.3
. !
v | §'=tan™' =22 = 24.8°
<

108.3

' statvolts
E' = V108.32 +50% = 119.3 ——<¢m

cm

g To find B’ we can use
Eq. 62 with ¥'= —.6¢{’

/

B

C
of 2 , with magnitude

<X x E' B'is in the direction

0.6 E, = 0.6 x108.3 =65 gauss

-1l e .
(a) af(a,o,o)E-T,z+ 5t =

(b) at (3,0,0) B= pr% - E:ze -



632 -e v (6) In a frame of reference moving

T o—>

r with the electrons we have two

o charges at rest, r cm apart. The
-

force is repulsive and its magnitude

2
is simply £z . Transforming the force tothe lab frame,
using dpy _ ! dpi , as given on p. 191 we have
dt v dt’
=1 e?
F=7r

(6) In the lab frame , consider

+the fields at the location of -

elec+ron #2 arising from electron®l -e
N
wrl'h 6'=7) 42 &

B= BE = g%, (applying Eq. &1, p. 240)
The resuh‘mg Force on electron®2 is made upof :
i) an outward force eE = ¥ f_z

2) an inward force evp - ezé"
2
The net forceis F= 75 -78°5 =3’:%

which agrees with what we found by method (a).
() As v—c, = o2 and the force, as observed in
the lab frame, approaches zero.

6.33] If we move in the ﬁ direction at the constant

speed of 10cm/microsecond, we see the ion simply
revolving on a circular path that remains stationary. In
+his frame of reference there is no electric field .
Tf E was the field in the original frame -

E'= 0=E+%xB (We can neglect B>



in +he +ransformation, since V/c is only 1/3000.)
= 10752 ; B= 6000:2: Hence E must have

6x10"° » A
been 3)( 100 xx Z = "'22& S+G+VOH'/CM

6.34

stationary electrode

| SO SOUUSISNONONONUNSINOUNN NN ( rotating disk

axis

T\\\ RN \\\\\2
—4.45¢cm stationary elecfrodil 0.6 cm space

<— 12 cm re

With the disk at I0kv, the electric field strength In

+he space above and in the space below the disk Is:
10%
E = 300 x06 = 55 statvolts/cm.

Dens'd\/ of surface charge on each surface :

g= = 41r = 4.5 esu/cm? »w .}r.l\i.%%l e
At the mean radius r = -'—2—-2—— m -
= 8.2 cm, the velocity is 1EL | o= 45
ZTT X 8«2 X6l = 3'50 Cm/SeC, W

The equivalent surface current density is
} oV 45 x 3150 = 1.4 x10* esu/sec/cm .
2—> %  The twocurrent sheefs each of surface

vz density §, produce a field B= 4T

both above and below.
3 K?’ _Hmg _ 4mx 1.4 x 104
T = Hxom

=59 x lo"'gauss

We have used the velocity at the mean radius to estimate the
field strength B immediately above the disk in that region. Fora
more accurate calculation of the field strength to be expected at
the location of the magnetometer needle, one could divide the
disk into equivalent circular current rings and integrate over the
whole distribution. That is what Rowland did .



6.35
"—'—‘ .6 ohm-cm x 0.5 ¢cm
Resistance of ribbon = 00l emZz = 800 ohms

V =1 volt I=L25 milliamp.

J = 1.25 ampfem® = 1.25 x 10 amp/m?
Let's use S.I.: v =J/ne 3 n= 2xI10* per m?
-19 1.25 x |o%
e=1.6xI0 coulomb Ve enon = 39 m/sec

B=o01 tesla Eg=vB = 39 volt/m
Across the 0.2 em width of the ribbon the
Hall voltage = 7.8 millivolts .

6.36] The relation between current density 3 and charge
carrier velocity v-is J=nq Vv, with v in mfsec , J in
amp/m*, n in m> and g in coulomb. Force on charge
carrier is g (Ey+ M X B) which is zew if

B, - -IxB
nq

.37 The resistance of the winding of the small solenoid
will be 10 times that of the large coil. (The wire is 1/10 as
long , with 1/100 the cross - sectional area.) If we apply
the same voltage, 120 volts, we'll get 1/i0 the current.
That is just what will be needed to produce a magnetic
field equal fo that in the large coil, because the small
coil has I0 times as many turns per unit length. The
power is down by the factor 10, but the small coil has
only 1/i0o the surface area. It will be much harder
Yo keep it cool.




6.38

The grain in Problem 2.22 had a radius of

3x 107 m and was charged to a potential V' of 0.5 volt.
Its charge g = 4TErV = 0.5 X 10™'7 coulomb.
Moving through a magnetic field B the grain
experiences a transverse force q v B. If its path

is a circle of radius R, around which it moves with
angular speed w = V/R, setting mRw*= BgRw
gives us the usual "cyclotron™ relation -

w = Bg[m

Given Bz 3x 10 “+esia, m=10" kg, q = 0.5 x 0" cou-
lomb, we find w =15 x 10" sec. The period of
one revolution is 2M/w or “x 10" sec ,

about 1300 years.



