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NOTES

1. So as to save space, simple mathematical expressions are typed
on a single line. Whenever the order of the operations is not indi-
cated explicitly by means of parentheses, they are performed in the
following order:

multiplications,

divisions,

additions and subtractions.

Examples:
1 1 1
1/ab =-a—b', l/a+b=a+b 5 1/(a+b) =a+b s
a 1
l+a/bp =1+—, 1/(a+b/c + de/fg) =
b b de
a+—+ —
c fg

2. Programs for drawing the curves in this Manual with a HP9820 cal-
culator and a 9862A plotter are available free of charge from the

undersigned.

3. Reference is made, occasionally, to a table of integrals by
Dwight. The full reference is 'Tables of Integrals and Other Mathe-

matical Data" by Herbert Bristol Dwight (Macmillan).

Paul Lorrain
Département de physique
Université de Montréal

Montréal, Canada.



CHAPTER 1
2
> >
AB =ABcosH =9x%x4-6-3=0

) 1
KB =ABcosO = 2-18+1 = -15; AB = (4+9+1)2(1+36+1)% = 23.1
cos 8 = -0.650, 6 = 130.5°

1.3 (1.2) -
K. (§+E) = A'E)_E, C
AB+A.C = AOm +A0% = AOn IS [
o o~
m Al n

1-4 (1.2)
2 > > > > > > > >
C = C.C = A.A+B.B+2A.B ,

= A2+B2+2ABcos6
D2 = A2+B2-2AB cos 6
c2+p2 = 2(A2+B2), c2-D2 = 4AB cos ©

B

1-6 (1.3)

- > >

A x B is normal to the plane of A J

and ﬁ Its magnitude is the area

shown hatched. Then |(:A> X g) —él ?

is the base of the parallelepiped,

multiplied by its height, or its
—_—
A



volume. Similarly, K.(§5<E) is also the volume of the parallelepiped.

1-7 (1.3)
The x-component is Ay(Bz+Cz)-A?(By+Cy):=(Asz—Asz)1-(AyCz—Asz),or
the x-component of Kxﬁ-rzxé The same applies to the y- and z- com-

ponents.

1-8 (1.3)

For the x-component,

ay(bxcy—bycx)-az(bzcx-bxcz)z bx(axcx+aycy+azcz) —cx(axbx+ayby+azbz)
The corresponding equations for the y- and z- components can be found

by rotating the subscripts.

1-9 (1.4)

d?/dt is perpendicular to ?l Then r is a constant. Also,
(d/dt) (£.7) = 2%.(dr/dt) = 0
= (d/dt)r? = 2r(dr/dt)

Then dr/dt = 0 and r = constant.

1-10 (1.4)

x = 500(cos 30°)t, y=500(sin 300)t-4.90t2
- 433t = 250t - 4. 90t>

¥ - 433t T+ (250t - 4.90tD) 7,

¥ = 4337 +(250-9.80t)7,

4--9.803

1-11 (1.5)

v(K.¥)=v(Axx+Ayy+Azz)= (3/3x) ( )3+(3/3y) ( )3+(8/32) ( )Yk=A

1-12 (1.5)

R.NT = [Ax('a/ ) +Ay(3/3y)+AZ(B/3z)] (xi+yi+3k) = &

1-13 (1.5)
a) v'(1/r) =1(5/9x") (1/x) + 3(3/3y") (1/x) + K(3/3z") (1/x)

where r = |(x"



Now (3/9x')(1/xr) = -(1/r2) (3r/9x') = = (1/r2) (x"-x) /r = (x—x')/r3

By symmetry, (3/3y')(1/r) = (y-y')/r3,(3/32")(1/r) = (z-2")/x3

Since x-x'
>
of r
1

is the x-component of ?, and (x-x')/r is the x-component
, ete, vV(1/r) = _r)l/rz

> > >
b) In this case, V(1/r) =1(3/9x)(1/r) + 3(3/9y) (1/x) +k(3/3z) (1/x)

(3/9x) (1/1) = -(1/r2) (3r/3x) = - (1/1r2) (x-x") /T = - (x-x ") /r3 and

similarly for the other derivatives. Then V(1/r) =——1:>1/r2

1-14 (1.5)
a) i ? k
> >
A = b4 y 4 = rxVf

3f/3x af/ 3y af/ 3z
> > > . - . . >
b) A.r=(rxVf).-r is zero, since r x Vf is perpendicular to r.
>
A

c)

+Vf is zero for the same reason.

1-15 (1.8)
a) v.T= (3/9x)x+ (8/3y)y + (d8/93z)z=3

-> > > 2 3 3 3
b) The flux of r is r-rllnrr =4mr” or, using the divergence theorem,

for a sphere of radius r,

J?.;lda = J’V.¥dr= 4111:3

s T

1-16 (1.8)
V. (£8) = (3/3%) (£A ) + (a/0y) (£4) + (/02) (£4 )
=rf
y z X y z
> >
=fV.A+ A.VE

1-17 (1.8)
a) fA= 28 »  (3/3%) (x2+y2+z2) =2x, etc

V.(£R) = (3/3%) (Bxrl) + (3/3y) (yr2) + (3/3z) (2zr2)

2
3r2+3x 2x+r2+y 2y + 2r + 2z 2z

61‘2 + 6x2 + 2y2 + 422 = 12x2 + 8y2 + lOz2 = 120



) VE= Ve = (3/0)r23 +(3/0y) 125 +(3/82) r2k = 2%
V.ZX> =3+1+2 =6
fV.X'f‘ R.VE = 6r2+ (3x§_>+y3>+ 22?)-(2x_i*+ 2y5>+22§)

= 61'2 + 6X2 + 2y2 + 422 = 120

5 [v.(fK)] < [l/L] [LLZ] - [Lz]

So V.(fK) is expressed in meters squared.

1-18 (1.7) X
x=+R y=+(RZ--x2)E +R s 2.3
vV = (H/2) (1-x/R)dydx = j (H/2) (1-x/R)2(R"-x")%dx
1
x=—R  y=-(R%-x2)2 -R

1

+R 1 +R 1
= H J (Rz-xz)idx— (H/R) f (_Rz—x )2xdx = H(,Tr/Z)R2 - 0=H'ITR2/2

-R -R
1-19 (1.7)
Calculate the volume in the octant where x, y, z are all positive.
2_23 2 2 2% 2_ 2.3
R ((R7-2%) (R"-y"-2%) R(R—z)zzzl
V/8=j f dxdydz=J j (R™-y“-27)%dy dz
0 0 0 0 0

R
‘j (r/8) (R2=2%)dz = (n/8)R> - (n/4) (R3/3) = (n/6)R>
0

1-20 (1.9)

v.% dt = jz.dz

T S

- > >
Now V.A = df(x)/dx, and A.da is zero on the cylindrical surface. If

the cross-section of the cylinder is B,

b
J [df(x)/dx] Bdx = [£(b) - £(a)]B

a

Thus b

[df(x)/dx]dx = f(b) - f(a)

[ —



1-21 (1.10) -
Set F = I(/rz. Then PE = J (K/rz)dr = -K/r

r

1-22 (1.10)
The work done by
curve is zero, even taking into account the curvature of the Earth.

Then the gravitational field is conservative.

1-23 (1.12)

Since the field is conservative,

b—> > a, o b+ > b-+ >
A.de + A.d? = 0 => A.de=| A.d2

a b a a
over P over Q over P over Q
1-24 (1.12)

Since the value of the integral is independent of the path, the

field defined by the

1-25 (1.12)

Since the force is azimuthal,

> —
§ F.dt = 27mrF # O

and, from Stokes's theorem, L e e e e- ---
- P ]
VxF # 0, so the force is non- - \

‘/

conservative. y _- 'r’ :
The curl is calculated as follows: P < [}
2 2 0. - 0O [}
F_=-Fsing =-Fy > 2
X x

Fy = Fcosb = Fx/r = Fx/(x2+y

where F = K(x2+y2)0'2. So
- - >
i 3 k
-
VxF =| 9/9x 3/3y 3/9z
- Ky Kx
2 _2.0. 2 2.0.3
x"+y") 3 x"+y7) 0
K 0.3 Kx K 0.3 Ky J >
= - 2x + - 2y| k
2 2.0.3 2 21.3 2 2.0.3 2 2.1.
l2ev%) hy ey Pyt

_ K 9 - 0.3(2x2+2y2) T 1.4K T
-, 2 2.0.3 2 2 -
"ty x"+y")



1-26 (1.11)

i 3 k
N
VxA =|03/3x 3/9y 3/03z
xf (1) yf(r) zf(r)

= [23£/9y) - y(3£/02)] T + ...

Now ?2f/3y = (9f/9r) (dr/dy) = (8f/dr)(y/r),d3f/3z = (3f/3r)(z/r)

SonK: [(zy/r)(Bf/Br) - (yz/r)(af/ar)]+ ve. =0
1-27 (1.11)
i 7 4
N
VxfA=|3/0x 3/dy 3/23z
fA fA fA
X y z

= [(3/ay) (8 ) - (a/az)(fAy)]I Foaas

_=§f[(8Az/ay) - (aAy/az)]+ Az(af/ay) - Ay(af/az) T+...

1-28 (1.11)
V. (RxD)=(3/3x)(AD -AD)
yz ‘“zy
+ (3793y) (AZDX—AXDZ)

+(3/932) (Any - Any)

£
B- (VxA) =D (A /3y -03A /3z) + D _(3A /3z- 3A /3x)
X z y y X z
+ Dz(aAy/ax- an/ay)
- ->
-A - (VxD) =-A (3D /oy -203D /3z) -A (3D /dz - 3D /dx)
X z y y X z
- A (3D_/ox - 3D _/3y)
z y X
1-29 (1.11)
3/ 0x 3/dy 3/ 9z
'S
V.VxA =|03/9x 3/ 9y 3/9z | = 0
A A A
X y z



1-30 (1.12)

f E.db = J(vXE).dZ = - J(aﬁ/at).cﬁ=2x10'3x10‘2=2x10"5v=zo n
Cc S S
1-31 (1.13)
VP (E) = T(8%/0x> + 8%/ 0y? + 8% /32%) (3£ /3x) + ...

=T(a/x) (8°/3x% + 8% /ay% + 8% /32 0)E + 3. ..

- v (72f)

CHAPTER 2
2-1 (2.1) COULOMB'S LAW
-31 -19 -11

a) Ee = mg, E = mg/e = 9.1 x 10 x 9.8/1.6 x 10 =5.6 x 10 V/m

b) E = e/4n€0r2, r2 = e/4WEOE, r=5.1m

2-2 (2.1) SEPARATION OF PHOSPHATE FROM QUARTZ

Let x be the horizontal coordinate and y the vertical coordinate,

downward

x = @M, y= Bt

x/y = QE/mg = (Q/m) (E/g) = 107°(5x10°/9.8) ~ 0.5
y = 2x = 100 mm

Reference: A.D. Moore, Electrostatics and its Applications, Wiley,

1973.

2-3 (2.3) ELECTRIC FIELD INTENSITY
> >

E = ﬁi-+E2. By symmetry, the
vertical components cancel and

N
F = -2 cos 45° Qi/lmeo(a2 + a2)

- -[Q/[ZS/ZweanH Ed




2-4 (2.4) ELECTRIC FIELD INTENSITY
The charge in the ring is 2mrdro.
Each point in the ring is at a
distance az<fr2]% from P. By sym-

metry, E is along the axis.

27rdro a
dE = (2. 2) (2. 2]
lmeo a +r a +r

oardr/Zeo[azﬁ—r2]3/2

=]

ga

=1
]

N
oY

R
rdr/(azﬁ-r2)3/2 = —(08/260)[1/(32‘+r2)%]0

(oa/ZEO)[l/(azi-Rz)% - 1/al + o/2eo when a << R

2-5 (2.5) CATHODE-RAY TUBE
Of course not. In approaching one plate an electron gains kinetic
energy by losing potential energy, like a body falling in the

gravitational field of the earth.

2-6 (2.5) CATHODE-RAY TUBE

Let V be the accelerating voltage and e the absolute value of the
electronic charge. Then

(1/2)mv2 =eV, v = (ZeV/m)%.

If the distance traveled is D, the time of flight is D(m/ZeV)%.
During that time the electron falls by a distance

(l/2)gt2 - 4.9 D’m/2eV = 4.9(0.2)2 9.1x10 1 /2x1.6x10 7 x5x 10>

1.1x10 ‘onm.

An atom has a diameter of the order of lO_lOm.

2-7 (2.5) MACROSCOPIC PARTICLE GUN
-12 -12 4 -2 -16
Q =1.65x4mx2x8.85 x 10 x (10 /4)(1.5x10 /10 ") =1.38x 10 C

188y x 1000 = 5.24x 10 *° kg

(1/2)mv2 = 1.5x104x1.38x10_16, v = 89 m/s

m = (4/3)7 (10~

Reference: A.D. Moore, p 59.



-8 (2.5) ELECTROSTATIC SPRAYING

QE/mg = (Q/m)(E/g) = E/g>10"/9.8 ~ 10°

Reference : A.D. Moore, pp 71, 250, 259, 262.

2-9 (2.5) THE RUTHERFORD EXPERIMENT
a) At the distance of closest approach, Q1Q2/4'rreor is equal to the

kinetic energy :

6 -19
Q1Q2/4Weor = 7.68x10 x1.6x10

r=2%x79%(1.6x10 % /4rx8.85% 10 2 x7.68x1.6x10 > =29.6 fm
b) Qle/lnTeorz - 7.68x1.6x10 3/29.6x101° = 41.5 N

) a= (41.5/4x1.7x10 27)/9.8 = 6.23x10°° g's

2-10 (2.5) ELECTROSTATIC SEED-SORTING

a) 2x107% = (1/2)g[<t+o.01)2 - tzjm 5(o.ozt+1o'4), t~0.2s
The upper pea must have fallen through a distance of gt2/2, or about
200 mm.

b) The average mass of ome pea is 2000/100 x 3600x 24 = 2.32 x 10_4 kg
Thus Z;xlO_2 = (1/2) (QE/m)t'z, where t' is the time interval during
which a pea is deflected:
, -2 -4 -9 5.3
t' = (2x4x10 "x2.32x10 /1.5x10 " x5x107)° = 0.157 s.
1 A
The plates have a length L = vt togt 2/2, with Vi: 26x0.2, VO=2m/s

L =2x0.157+4.9%x 0.1572 = 450 mm.
Reference: Fluorescence-Activated Cell-Sorting, Scientific American,

March 1976, p 108.

2-11 (2.5) CYLINDRICAL ELECTROSTATIC ANALYSER

1
m’/R = QE = QV/a, v = (QUR/ma)>
Reference: Jour. Phys. E, Sci. Imnstr. 10, 403 (1977).

2—124 (2.5) PARALLEL-PLATE ANALYSER
Reference: Rev. Sci. Instr. 42, 1423 (1971), Rev. Sci. Instr. 48,
454 (1977).



2-13 (2.5) CYLINDRICAL AND PARALLEL-PLATE ANALYSERS COMPARED

In the cylindrical analyser, v = (QVR/ma)%.

So (1/2)mv2/Q = (R/2a)V. For a given instrument, R and a are fixed
and V is a measure of the given ratio.

In the parallel-plate analyser, from Prob. 2-12,

Qv_/Q = (1/2)mv’/Q = (a/2b)V.

So V is a measure of the same ratio.

2-14 (2.5) ION THRUSTER

Consider a satellite of mass M and velocity V in a region where
gravitational forces are negligible. The satellite ejects m'kg/sec
backwards at a velocity v with respect to the satellite. The
momentum of the system (M + total ejected mass) is constant. Then,
with respect to a fixed reference frame, calling p the total momentum
of the ejected fuel,

(d/dt) (MV) + (dp/dt) = 0, or MdV/dt + VdM/dt+m'(V-v) = O,
Mdv/dt-m'V+m'V-m'v = 0, M(dV/dt) = m'v.

It is this quantity that is called the thrust. Note that the thrust

is not the force (d/dt) (MV). In the last equation

a) F=m'v, (l/2)m'v2 IV, m' = (I/ne)m

v2= 21V/(I/ne)m, F = (ZmV/ne)%I

27

19,3

b) (2x1.7x10 x5x104/l.6x10_ ) 0.1 = 3.26x10°°N

c) F=m'v, (1/2)111'\72 =P

n

F = (2m'P)% =2 P/v = 2P/(21V/m')% = (2m'/IV)%P = (,2m/nev)%1>
4

6

d Vv = 5.56x10 V

Q/lmeoR, Q = lmeoRV = 4rx 8.85x10-12x1x5x10

Q/I = 10Q = 5.6 x 10778

Reference: R.G. Jahn, Physics of Electric Propulsion.

t

]

2-15 (2.5) COLLOID THRUSTER

Reference: The Electrical Propulsion of Space Vehicles, A.W. Bright
and B. Makin, Contemporary Physics 14 (1973) p 25. See also Static
Electrification 1975, The Institute of Physics, London, 1975, p 44.

10



CHAPTER 3

3-1 (3.1) ANGLE SUBTENDED BY A LINE AT A POINT

6 = 2 arc tan (a/2b) -
o"
’t" I/s
-
= 0
‘s\ b
- a
- I2

3-2 (3.1) SOLID ANGLE SUBTENDED BY A DISK AT A POINT
The ring of radius r and width

dr subtends at P a solid angle

dQ = [2mrdr/(b2+ r2)Jcos 6 -r
24 2y3/2 r
= 2mrdrb/(b% + r4) ) .
Thus a P b

Q = 271b err/(b2+r2)3/2

0
_1]a
21b [—(bz 1) 2]0

1
2n[1-(1+ a2 /b5 %)
Ifb>>a, 00, Ifb=0, 8 =2m TIfQ=m a>= 3b

3-3 (3.2) GAUSS'S LAW
No. Gauss's law can only tell us that the net flux of E emitted
by a dipole is zero, since the net charge is zero. For example, the

average radial E is zero.

3-4 (3.2) SURFACE DENSITY OF ELECTRONS ON A CHARGED BODY

a) 0 = eOE = 8.85x10-12x3x106 = 2.7}(10_5 C/m2

10,2

b) Each atom occupies an area of about (3x10 ) meterz. Thus the

. 19.
number of atoms per square meter is about 10 2

c) The number of electrons per square meter is 2.7x10_5/l.6x 10_19,

11



4 19

or 1.7x 10l . The number of free electrons per atom is 1.7x1014/10

or 1.7x10°.

3-5 (3.2) THE ELECTRIC FIELD IN A NUCLEUS

/3 15

R = l.25x10_15(127)l = 6.28x10 "m. At the center,

(p/2e0>R2 = [QZ/@nR3/3)] (RZ/ZEO) - 3ze/8me R

V =

- 3x53x1.6x10 22/87x8.85%x10 2 x6.28x10 > = 1.8x10'V
At the surface,
V= (p/ )(RZ/Z-R2/6) = R2/3 =V /1.5 = 1.2 1o7v

= pley = €0 = Ycenter/ 7 = X >
E = Q/41T€0R2 = 53x1.6x10 22 /4mx8.85x 10 12 (6.28 x 10712

1.9x 1021V/m.

3-6 (3.2) THE SPACE DERIVATIVES OF Ex, E , E
From Gauss's law, BEX/BX + 8Ey/3y+ BEZ/Bz

V4
€ .
o/0

Since V x E = 0, oE /3y = oE_/dz, 9E_/dz = 3E /ox, °E_/dx = 9E_/dy.
z y x z y X

3-7 (3.2) PHYSICALLY IMPOSSIBLE FIELDS

We set E = Eiz

If p =0, V-F = 0 and 3E/dz = 0.

Also, VxE = 0 and 9E/dx = 9E/3y = O.

So, if p = 0, E is uniform.

If p 20, V- E = p/»so and dE/3z = p/eo.

Also, VxE = 0 and 9E/dx = 3E/dy = 0, as before.

Then ﬁ is a function of z, but independent of x and y.

12



3-9 (3.4) ION BEAM
2 2
From Laplace's equation, 3 V/3x = —p/eo, V/¥x = —(p/eo)x+A,

2
V = —(p/Zeo)x + Ax+ B.
Since V=0 at x = 0, B = 0. Also,

2
VO = —(p/Zeo)a +Aa and A = Vo/a+pa/2eo.
Finally, V = (_Vo/a+ pa/Zeo)x - DXZ/ZEO,

E = -dV/dx = -(Vo/a-fpa/Zeo) + px/eo.

3-10 (3.4) A UNIFORM AND A NON UNIFORM FIELD

T w1

+100 +iooV
@) (b)
0 0.1
= -
100
E
-5%0 E
50
1000
% £73 o
) )

a) V = 1000 x, E = -1000. See Figs. a and c.
2 2 4 4 4 2
b) 3°V/3x™ = -10, 3V/dx = -10 x+ A, V = -10 x /2 +Ax+B
Since V=0 at x = 0, B = 0. Since V = 100 at x = 0.1, then A = 500.
4

V =-10 x2/2 +1,500x. See Figs,b and d.

13



3-11 (3.4) VACUUM DIODE
a) 82V/3x2 = (4\70/934/3)1(_2/3
/3

4/3) 3Xl/3

, oV/0x = (4vol9s +A

/3

V= (12 vo/9s‘*/3)<3/4)x‘* vax o=V Ge/e) P 4

Since V = V_ at x = s, then A = 0, V = VO(_x/s)z*/3

oV, (1/2)mv2 =eV , v = (V /m)%
o o
/

b) J

1 1
—(AEOVO/QSZ) (2eVo/m)2 = —(25 2.50/9) (_63,/m)2(VO3/2 s2
-2.335x 10'6\703/2/s2

/

)

o
]

3-12 (3.7) IMAGES
2 2 2 2 T (+)----=----
F, = Q /4me a7, F, = Q" /16me b T @

b
F3 = Qz/lmeo(a2 + 4b2) ‘ -
Fax = Qz&l/fnreo(a2 + lfb2)3/2 _______ ) ::: [
Py, = 20°b/hme (" + 407 o
v, = @ /mey) [ara® v an?M? 1722 | q
¥, = (Q2/4Treo) [Zb/(a2 v a2 1/4]32]
3-13 (3.7) IMAGES D | a A
2 []
EA = -(Q/4me a ' @ : @ T
B = -@/4me a3 | a
B~ tmegd X i
EC = I:Q/lmeo(az + 4a2)3/2J (2ai + a3) b e e e
ED = [Q/‘Weo(?z + 432)3/2] (-2a1 + ad) @C @B
> 2 s
Etot= (Q/4Treoa )Y(-2+2/5V5)}

- -(1.8211aneoa2)§

3-14 (3.7) IMAGES P —-
a) At some point P on the con- ,”1 E
ducting plane, /’, : RN
2 2 Q - i ~.
E = 2|:Q/47reo(D +r ):| cos 0 .- 0 <-Q

2)3/2 D

]
|\
'
]
1
[
[}
[}
)
1
)
———F-
[}
1
]
'
'
]
'
)
|
'I
'

ZQD/énTeo(D2 +r

g = -EOE = —QD/Z'rr(DZJrr?'):a/:Z

14



) o

b) - 2nrerD/2ﬂ(D2-fr2)3/2

2)3/2 _

= -QD rdr/(Dz-fr -Q

0 0

CHAPTER 4

4-1 (4.1) THE PERMITTIVITY OF FREE SPACE

From Coulomb's law,

[e, ] = [Q%/FL2] = [Q%/(FL)L] = [Q%/(Q%/O)L] = [c/L],

where the brackets indicate that we are concerned only with the
dimensions, and where F, L, C, stand for Force, Length, and

2
Capacitance. Note that FL is an energy, like Q" /C.

(4.1) THE EARTH'S ELECTRIC FIELD

7.1x107%F ~ 700uF

- 4rr% = 4rR%c E = 6.4x10%%x100/9x10° = 4.5x10°¢C

c) V= 4ﬂR260E/4WEOR = ER = 6.41{108V

4=2

a) C = 4me R
o

b) Q

Reference: Richard Feynman, Lectures on Physics, 2, Ch 9, Addison-

Wesley.

4—3_(4.2) PARALLEL-PLATE CAPACITOR
If there are 3 plates,

C - 8.85x 10 2 (2a/t) o— DN

With four plates,
C = 8.85x 10 Y2 (3A/t), etc.

For N plates,

C = 8.85x10_12(N—l)A/tF J' '9)
= 8.85 (N-1)A/t) pF

4-4 (4.2) PARALLEL-PLATE CAPACITOR

The plate separation might be 1mm. Then lO_12 = 8.851{10_12A/10_3,

-4 .
A = 10 ', or one square centimeter.
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4-5 (4.2) PARALLEL-PLATE CAPACITOR
Vo _ ~ _ _a
C _CaCb/(CaJer) _eOS/(a+b) _€OS/(S s')

The capacitance is larger, but it Wﬂwfz
is independent of the position of ]

the conducting plate.

b
_4_—_§ (4.3) ELECTROSTATIC ENERGY + V -
+ V- 1|+
I — 1
l I
Q C Q
‘ I |
i *+] ( - Ié
el N-0 [ el N-a
C, C, - ' [0
a) W M, = (QV,/2)/(QV,/2) =V /¥, = (@/c))/(Q/c,) = C,/c;
b) Wl/W2 = (QlV/Z)/(QZV/Z) = Ql/Q2 = ClVVCZV = Cl/CZ
R I
4-9 (4.3) ELECTROSTATIC ENERGY AN >
a) The energy that is dissipated is
2 . c —

2 2 ]
o’ o [oqf’. 3
2¢; '26,| T 2(c; 7 ¢, T
c(cc)z(cc)2 c, ( )2
2(C;+€;)Q1+C,(C1+C,)Q) - €1 G, (Q+Q,
2C1C2(01+c2)

_ 2
(ClQ2 CZQl) /zclcz(cl+cz)

b) The energy is dissipated by Joule heating in the resistance R of
the wires. Let QlO and on be the charges at t = 0, Ql and Q2 the
charges at t. Cl discharges into CZ' Then

Q/€,-Q,/Cy = TR, Q; +Q, = Q) +Qyy = Q, T = dQ,/dt,
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(@-Q,)/C; = Q,/C, = RdQ,/dt, RdQ,/dt +Q,(1/C +1/C,) = Q/C,

! /C1+1/Cy) t/R]
Q, = 77— + A exp[-(1/C1+1/Cy) t/R
2 1/c1+1/c2
Q/ci
Since Q2 = QZO at t =0, A = Q20 - 1/Cl+1/C2

Q/c
sz/dt = [éZO - 176;:%76;] [—(l/Cl+l/C2)/R] exp [—(l/C1+l/C2)t/R]

= [-Q,,(1/C1+1/Cy) /R +Q/C{R] exp [-(1/C1+1/Cy)t/R]

[-QZO/CZR-fQIO/CIR] exp [-(1/C1+1/Cp)t/R]

oo

2
[Qq9/C1R-Qyq/CoR]
I(sz/dt)zR = 10° 1 20

-2(1/cy+1/co) /R

=
(]

R(0-1)

0

(Q10/C1-Q20/C2)2  (@10C2-Q20C1) >
= 2(1/c;+1/¢c,) = 2€.C, (€ +C)

This is the result found under a, except that the initial charges

are now called QlO and on, instead of Q1 and Q2.

4-10 (4.3) PROTON BOMB
R

R 2 2 2
(1/2) J pvdt = (1/2) J(pz/eo)(R /2 -1"/6)4rr " dr
0 0

a) W

(47[/1560) szS = 3Q2/(2OTTEOR)

b) Use the above result, replacing l/41reo by G :
W, = 3GM2/5R

c) 3x6.67x10-llx (_7.33x1022)2/5xl.74x106 = 1.24x1029J.

d) o = (1000/1.7:;10_27)1.61<10_19 - 9.6x100¢/m’
If R is the radius of the sphere of protons, 4‘n‘p2R5/15€O=1.24X1029,<
R = [15¢,x1.24x10%/4m(9.6x10")2]° _ 0.17 m

4-11 (4.5) ELECTROSTATIC MOTOR

Reference: A.D. Moore, Electrostatics and its Applications.
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4-12 (4.5) ELECTROSTATIC PRESSURE
a) V= Q/lnreoR, E = Q/lmeoRz, V = ER = 3x106/0.05 = l.5x105V

b) The pressure is 0'2/26 = (Q/411R2)22/€' =(Q/4me R)z(e 2/RZ) /2¢€
o o o (s o

= (1.5X105)260/2R2 ~ 40Pa =~ 4){10_4 atmosphere.

4-13 (4.5) PARALLEL-PLATE CAPACITOR

Let each plate have an area S. Then the capacitance changes by
dc = d(e _S/s) = —(EOS/Sz)ds.

Let ds be positive. The capacitance decreases and a charge

dqQ = v|dc| = (eos/sz)vds returns to the battery. Thus

awy = (e 8/s?)vids = —eOEZSds.

The energy stored in the field increases by

dwe = d(eoEsz/Z) = d(eOVZS/ZS) = —(EOVZS/Z)ds/sz =—EOEZSds/2.
The mechanical work done on the system is

Fds = S(EOEZ/Z)dS = EOEZS/Z.

4-14 (4.5) PARALLEL-PLATE CAPACITOR

See the preceding problem. Here, dWB = 0 and E is constant.
dwe d(eogsz/Z) = (eOEZS/Z)st

Fds (eOE §/2)ds, F = €.E S/2

4-15 (4.5) OSCILLATING PARALLEL-PLATE CAPACITOR

a) The energy stored in the V

capacitor is

Qv/2 = oV /2 = (e AV /2.

Let x >xo. Then the total ?

potential energy is =

W:mg(x—xo) +k(x—xo) 2/2 T / —

N eoA(llx-l/xo)Vz/Z +VAQ,

where AQ is the charge fed into
the battery because of the decrease in capacitance:
VAQ = vAac = —VZEOA(l/x—l/Xo).
The battery gains energy if AC is negative. Thus

W= mg(x-xo) +k(x-xo)2/2 - eOA(l/x—l/xo)Vz/Z

(x—xo) [mg + (x-xo)k/Z + €OAV2 /2xxo]

18



= [(x—xo) /x][kx2 /2 + (mg—kxo/Z)x + EOAVZ/ZXO]

X
-6 -4 -
b) There are three downward forces ’Q /0 0 2
and, at equilibrium, -3
2, 2 -1 x40
mg + k(x-x ) + € AV /2x" = 0.
o o w
Also, at equilibrium, -2
2 2

dW/dx = mg +k(x-xo) + eoAV /2x" =0 -3
c) The relation F = -(dW/dx)eq (b)

comes from the conservation of

energy for a small displacement

near equilibrium. In setting

dw/dx = K(x—xeq), we assuge that the W(x) curve approximates a
parabola W = (K/Z)(x—xeq) in the region near the point of stable
equilibrium. Thus

K (dZW/dXZ) =k-¢ AVZ/x3 s
eq o eq

1
k- EOAVZ/XZ 2
w = —————Er————ii , f = 6.16 Hz.

ﬁ:lg (4.5) HIGH-VOLTAGE GENERATOR

a) The charge density on the plates, and hence E, remain constant
when the plates are separated. Then the increase in energy is
GOEZSs(n—l)/Z. The mechanical work done is the force, eOEZS/Z,

multiplied by s(n-1).

b) Reference: A.D. Moore, Electrostatics and its Applicatioms,

Chapter 8.

4-17 (4.5) INK-JET PRINTER
- C'V =
a) A= C'V = Zneov/in(Rz/Rl)

b) (4/3)1T(2R1)3/1TR12 - 2 R /3

c) Q = 32 Rlx/3 = 64ne°VRl/3En(R2/R1)

3
d) m = 1000t , Q/m = Q/1000t = 64neOVRl/3OOO Rn(RZ/Rl)(4/3)W(2R1)
2
= eov/soo R, ln(RQ/Rl)
Qhu:8£5xldizxﬂmﬁOMZXHf%thSXlf3ﬂxld6)=8Jmuf%kg
e) v = 10°x10°% = 10 m/s
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f) A droplet remains in the deflecting field during 41{10_3s. During
that time it is subjected to a transverse force QE and its accelera-

4xlOS, or 80 m/sz. The transverse deflection

tion is QE/m, or 8x 10
is

at?/2 = 80(4x107)%/2 = 0.64 m

The transverse velocity at the far end of the deflecting plates is
at = 80x4x10_?J = 0.32 m/s

Reference: Special issue of the IBM Journal of Research and Develop-

ment, January 1977.

CHAPTER 5

(5.1) CONDUCTION IN A UNIFORM MEDIUM

4y
AR

o t+ax/s, E = J/o = J/(c_+ ax/s)
o (o]

5-2 (5.2) RESISTIVE FILM
Let the film have an area a2 and a thickness t. Then

R = a/oat = 1/ct.

5-3 (5.2) RESISTOJET

The thrust is m'v, where m' is the mass ejected per second, and v
is the exhaust velocity. See the solution of Prob. 2-14. Then
m'v2/2 = 3000, v =(6000/m')%, mn'v = (6000 m')% =1.9 N.

Reference: Robert J. Jahn, Physics of Electric Propulsion, p 103.

5-4 (5.2) JOULE LOSSES —
2 2 5 E_
V'/R= P, V° = RP = 10~ x0.25,
V =158 V N
— D
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5-5 (5.4) VOLTAGE DIVIDER

The current flowing through Rl and R2 is I.

v, = I(R1+R2), v, = IR, VO/Vi = Rz/(Rl+R2)

5-6 (5.4) POTENTIOMETER
See Prob. 5-5.

5-7 SIMPLE CIRCUIT
' - - - -
V' =V 2V[Rl/(Rl + Rz)] = (R2 Rl)V/(R2 + Rl)

5-9 AMPLIFIER

a) R, and R2 carry the same current

L= %Vi_ViA)/Rl = (Vip= V) Ry

(vi + VO/A) /Rl = Vo(—l/A— l)/R2,

V IV, = R, /(R + (Rl+R2)/A] = —(R,/R))/[1+1/A+ (R,/R))/A].
Vo/vi ~ —RZ/Rl if A >> 1 and if RZ/Rl << A. The gain RZ/Rl must
therefore be much less than A.

b) (Rli-Rz)/A < Rl/lOOO, 3000/A < 1, A = 3000

5-10 (5.5) G = e !
210 5.5) G = el O —O ~O----
|2 4’ 1' 4. 1’ <L 5:
resistors $ $ 3 % $
..... O J\) {).--.

expx = 1+x+x2/2! +x3/3! +x4/4! +
1+1+1/2+1/6+1/24+

o
n

5-11 (5.5) TETRAHEDRON
a) By symmetry, the currents through ACB and ADB are equal. The
potential at C and D is half-way between the potentials at A and B.

b) 2R/2 = R, in parallel with the R between A and B. The resistance

between nodes A and B is R.

5-12 (5.5) CUBE
a) By symmetry points BED are at the same potential. Points FCH are
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at another potential.

b) The resistance from A to BED F G
N
is R/3. That from BED to FCH is B (5
R/6. That from FCH to G is R/3. N "L,
A\ AN
The resistance is 5R/6. \¢¢\ \Q“
NN Y H
\§§
A D

5-13 (5.5) CUBE

a) Points FBDH. Branches FD and DH can be either removed or short-
circuited.

b) Remove those branches. Around the inner square, we have a resis-
tance 2R/2 = R. Around the outer square, the resistance is 3R. Thus

we have R and 3R in parallel and the resistance is 3R/4.

5-14 (5.5) CUBE

Distort the cube as in Fig. a. C G

Then, by symmetry, B and E are

at the same potential and can be
shorted. Similarly, C and H can

be shorted. Now redraw the

figure as in b and c. The resis- A E

tance to the right of the dotted

line is 0.4 R and
RAD= R(l.AR)/(R‘f‘l.AR) = 1.4R/2.4
=0.583R

(a)
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5-15 (5.7) LINE FAULT LOCATION
Let the length of the line be % and let a be the resistance of one
meter of wire. Then

Zax-fRS = 550/3.78 = 145.5, RS = 145.5-—23X,
2ax-fRSZa(l—X)/[RS+Za(2—x)] = 550/7.2 = 76.39,

ax[RS-fZa(l-x)}fRsa(Q—x) = 38.19[RS+-2a(£—x)],

2

axRS+>2a2xl-Zazx ﬁ»Rsa(l-x) = 38.19Rsﬁ>76.39al—-76.39ax.

Canceling the axRS terms and substituting the value of RS in the
first equation,

Zale-2a2x2<+(145.5-Zax)al = 38.19(145.5 - 2ax) + 76.39a% - 76.39ax,
—2a2x217152.8ax-+69.1lal - 5.557 = 0.

Now a = 1/5.8x10 7(1.5%x10 )% = 2.439x 107°.

Solving, x = 7.818 kilometers.

5-16 (5.7) TUNIFORM RESISTIVE NET
a) From Kirchoff's voltage law, the sum of the currents flowing into
0 is zero. Thus

(VA—VO)/R'r(VB-VO)/Rﬂ-(VC-VO)/R:f(VD—VO)/R =0,

V0 = (VA+VB+VC+VD)/4.

b) For a three-dimensional circuit we have 6 resistors connected
to 0 and

V0 (VA+VB+VC+VD+VE+VF)/6.

5-17 (5.9) POTENTIAL DIVIDER
For the left hand mesh,
Vi—IlR—(Il—IZ)R = 0.

For the middle mesh,

(IZ-Il)R+ IZR+ 12R = 0.

Then I2 = Vi/SR, V0= (V/SR)R = V/S.
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5-18 (5.9) SIMPLE CIRCUIT WITH TWO SOURCES

(Rl+r)I, - r12 =V, - rIl+ (R2+r)I2 =V

Rl
T =1-T, = (R,=R)V/[R R +r(R +R))] A ANA—

L

5-19 (5.10) DELTA-STAR TRANSFORMATIONS
Equating the voltages,

VoV = R(IpTe) = Ry(Ip-To) + Rp(T, 1), S

V-V = Ra(ID-IA) = R_B(I -I )+R (IB A) (2)

VeV, = Rb(ID—IB) = R, (1 -1 )+R (IC B (3)

Rewriting,

-I,Ry - IR, + IC(RA+RB-RC) tI R, = 0, (4)

—IA(RB+RC—Ra) - IR, - IRy + IR =0, (5)
= 0. (6)

—IARC+IB(R +RA Rb) I R +1I Rb
Eliminating ID from Eqs. 4 and 5,

-IARB—IBRA+ IC(RA+RB—RC) + (RC/Ra)[—IA(RB+RC-Ra) + IBRC + ICRB] =0(7)
I,0-Ry - (Rc/Ra) (RgtR-R ) I+ T [-R, + (R_/RDR.]

- \ -
IC[RA+RB RC+ (Rc/Ra’RB] =0 9)
Thus RB+ (_Rc/Ra) (RB+RC) —RC =0, RA/RC = RC/Ra (10)
RB+(Rc/Ra)RB+RA_Rc =0 (11)
Only two of these equations are independent. Combining the first
two,
R+ (RA/RC)RB&R = RC, RC = (RBRC+R R, +R RB)/R (12)
Oor, setting R = 1/G, G, = GAGB/(GA+GB+GC) (13)
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5-20

(5.10) DELTA-STAR TRANSFORMATIONS

4K
M-

Redraw the circuit as in Fig. a and transform the left hand delta

into

R

R

5-21

a star, as in Fig. b, with
4000 x 1000/7000 = (4/7)1000%, R2 = (8/7)1000¢9, R3 =(2/7)1000%,
2.89 kQ.

(5.12) OUTPUT RESISTANCE OF A BRIDGE CIRCUIT

The output resistance is the resistance one would measure at the

terminals of the voltmeter if the source were replaced by a short-

circuit. This is R/2+R/2 = R.

5-22

(5.12) INTERNAL RESISTANCE OF AN AUTOMOBILE BATTERY

The headlights, tail lights, etc draw about 15 A. Hence the internal

resistance of the battery is about (1/15)Q. This is much too large,

because a cranking motor draws, say 200 A. A normal automobile bat-

tery

has an internal resistance of the order of 10_29.

Reference: Standard Handbook for Electrical Engineers, Sections

21 and 24.

5-23

From

(5.14) DISCHARGING A CAPACITOR THROUGH A RESISTOR
Kirchoff's voltage law, Q/C = RdQ/dt. Thus

RdQ/dt-Q/C = 0, Q = Qoexp(—t/RC), vV = Voexp(—t/RC) = 100 exp(-t)

5-24

vV =
[o]

(5.14) RAMP GENERATOR

Q/Cc = It/C
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5-25 (5.14) CHARGING A CAPACITOR THROUGH A RESISTOR
The energy supplied by the source is
© *© cv
wS = JVIdt =V J(dQ/dt)dt =V JdQ = CVZ.
0 0 0
The energy stored in the capacitor for t »> « is CV2/2.

The energy dissipated in the resistor is

W = JIZRdt - R J[(V/R)exp(—t/RC)]zdt - cv?/2
0 0

5-26 (5.14) RC TRANSIENT

a) I = V/Rz-erV/dt, VS = IR1-+V = (V/R2i>CdV/dt)Rl-kV

RlC dv/dt + (1+Rl/R2)V =V
V = VS/(1+R1/R2) +Aexp[-(l+R1/R2)t/Rlc]

Since V=0 at t = 0,
V= [VS/(1+R1/R2)]{1—exP[—(1+Rl/R2)t/R1C]}

[Rz/(Rl+R2) ]{l—exp[—(Rl+R2) t/Rlec] }VS

The time constant is RlRZC/(Rl+R2), or C/(l/Ri+l/R2).

For t + =, V = RZVS/(R1+R2).

b) Now, at t = 0, V = RZVs/(R1+R2)'
The capacitor discharges through Ré and

V= [RZVS/(R1+R2)Jexp[—t/RQC].

5-27 (5.14) RC DIFFERENTIATING CIRCUIT
V, = C+RI= C
i Q/Cc+ Q/ I () _(}
vV, =RI = RdQ/dtwRCdVi/dt ———O
C
v, SRv
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5-28 DIFFERENTIATING A SQUARE WAVE

EEERE
L

5-30 (5.14) RC INTEGRATING CIRCUIT
The current flowing into the capacitor is I.
Vi RI +Q/C = RdQ/dt + Q/C ~ RdQ/dt,
t
Q/c = (1/RC) [Vidt.
0

<
1]

5-31 (5.14) INTEGRATING CIRCUIT

5-32 (5.14) INTEGRATING CIRCUIT
(Vi-ViA)/R = C(d/dt)(ViA-Vo)
Vi+V0/A = —RC(l+1/A)dVO/dt,

'

i -RC(l+l/A)dVO/dt - VO/A

—RCdVO/dt if A >> 1 and if VO/A << RCdVo/dt.
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5-33 (5.14) PULSE-COUNTING CIRCUIT
a) During a pulse, the voltage

across Cl is approximately equal \%

to V_and Q = C,V_. After the
P 1lp

first pulse, the voltage across
)
repeats itself. The voltage

is clvp/cz. The process

across C, increases by C1VP/C2

2

at each pulse.

b) V= (Clvp/CZ)ft'

CHAPTER 6

6-1 (6.1) THE DIPOLE MOMENT p
-7 23 6 -37
a) p=P/N=10"/[6.02x107%x(3.5/12)10°] = 5.7x 10 ~'Cm

Y 59x10 Y m

b) s = p/Q = 5.7x10_37/6x1.6x10_

The diameter of an atom is of the order of 10~10 m.

6-2 (6.2) THE VOLUME AND SURFACE BOUND CHARGE ‘DENSITIES
v.Bdr + |o.d 3.4 d Yda = 0
-V « Pdt cba=— .da + oba_ (—crb+crb a =

T S S S S

6-3 (6.2) BOUND CHARGE DENSITY AT AN INTERFACE
In the figure, we have shown the

two media separated, for clarity,

On the f £ 1 B.-n
n the face o ) Ubl =5 n.

> > >
On 2, Opo = Pz-(—n) = —Pz-n.
h (. -3,)-3
Thus %het = 172

6-4 (6.4) COAXIAL LINE

Consider a volume T of dielectric having the shape shown in the

figure.
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ot - [ida

T S

where S is the surface bounding T.
The surfaces A and B are the only

> >
ones where E-da is not zero. Then,

and r_,

if their radii are T, B

> >
JE-da = —(}\/ZvreorA)rAeL+ ()\/ZneorB)rBeL =0
S
> >
So J V-Edt = 0 and, since Ty Tp and 6 are arbitrary, V-E = O.

T

6-5 (6.7) COAXIAL LINE
a) Near the inner conductor,

El = K/ZﬂereoR

If A is the charge per meter and C' the capacitance per meter,

A=C'V = [ZTTEreo/JLn(RZ/Rl)]V

1

Thus El
6 -3 -5
5x10 = SOO/RlJLn(leo /Rl), Rl =1.772x10 " m

= V/Rlzn(RZ/Rl)

b) One should use No 34 wire.

c) C' = 21rx2.lx8.85x10-12/!Ln(5/0.l6) = 33.93 pF/m

6-7 (6.8) CHARGED WIRE EMBEDDED IN DIELECTRIC : THE FREE AND BOUND
CHARGES

a) Inside the dielectric, \*\\\:\\\j\\\—{%

D= A/2Tr, E = A/2me_e T

r o >
Then P = D-eOE = (A/27x) (l-l/er) rlw
>
NN
+ + + +*

On the inner surface of the

dielectric,

o; =-P; ==(A/2ma)(1-1/e ), Q. = -A(1-1/¢))
On the outer surface,
o, =P, = (A/27Db) (1-1/€r), Q, = X(l-l/er)

b) >\+Qéi = A-x(l—l/er) = A/er
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6-8 (6.8) PARALLEL-PLATE CAPACITOR
a) We can treat this problem as if 3

we had two capacitors in series :

c, = EOA/(s—t), C, = EreoA/t 2
C = CyC,/(C*Cy)
€ Ae e A € !
iy T oa e
LA € €A €A
= €
t(s-1) [sTlt+—1:£] t+ (s-the = s-t+t/e
1

b) ¢/C = 1(e7s) 2/3)

6-9 (6.7)

a) Since the only free charge is Q,

Eq. 6-17 gives us that

D = Q/4mr® = 1077 /4nr’ = 7.96 x 1071 /2% c/m®

both inside and outside the dielectric.

11

Inside the dielectric, D
2
Ei = D/ere0 = Q/4wer€0r

11 2

- 7.95x10 1 /3r% - 2.65x 107 1)r

Outside the dielectric,

E0 = D/eO = Q/Aweorz = 8.94/r2 0 0.1

To find V, we set V = 0 at infinity.
Outside the sphere, v, = Q/Aweor = 9.00/rV

At the surface of the sphere, V = 450 V.
R 2
Inside the sphere, Vi = 4501—f(Q/4W€r€or )dr = 300+ 3.00/r

T

b) oy =P =D-ck= (Q/lnTeoRz)(l—l/er) - 1.33x 10" ¢c/m®

c) Let us apply Gauss's law to a small element of volume at the

surface. The bound charge on the element of area da is

obda = eo(Eoda-Eida),
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oy = ¢ (B-E) = (Q/anRZ)(l-l/er),

as previously. (o]
da
The discontinuity in E is due to

the bound surface charge.

e,

2
6-10 (6.7) CHARGED DIELECTRIC SPHERE
Outside the sphere, E = (4/3)wR3pf/4ﬂeor2 = Rapf/3eor2

At r = R, vV = (4/3)WR3pf/4weoR = R3pf/3€0R = Rzpf/BE0
Inside the sphere, D = (4/3)wr3pf/4ﬂr2 = rpf/3, E = rpf/3€reo
2 R 2
At the center, V=R pf/3eo+-f(rpf/3eoer)dr = (R pf/3eo)(l+1/2€r)
0

6-11 (6.7) MEASURING SURFACE CHARGE DENSITIES ON DIELECTRICS
Reference: Journal of Physics E 2, 412 (1969).

6-12 (6.7) VARIABLE CAPACITOR UTILIZING A PRINTED CIRCUIT BOARD

(e

3) z )

In all cases, dC = ereoydz/t, dc/dz = ereoy/t

v - 1072 dc 10° dc
3%8.85x 10 12 dz ~ 26.55 dz
9
10 -9
a) Y = %5655 10 = 37.7 mm
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_10°
Y = 726.55

8

b) 100 "x2z = 0.753z m

6-13 (6.8) EQUIPOTENTIAL SURFACES
a) No.
b) Oc = D. The charge density is positive on the side where the

&>
vector D points away from the sheet.

6-14 (6.8) NON-HOMOGENEOUS DIELECTRICS
v.D = V(e e E) = e (e V-E+E-Ve ) =0
r o o T r

Since Ve_=#0, v-£E#0 and o, *0

> >
pb = EOV'E = —(l/er)E'VEr

6-15 (6.9) FIELD OF A SHEET OF ELECTRONS TRAPPED IN LUCITE
7

a) The total free charge is -10~ C, ;
og = _1077/25 %10 x 22 107> 1Qf2
|
= -2.000x 1072 ¢/m3 I
= -(1-1/e Jp,. =1 375% 1072 C/m3 |
°b = e = 1Q/2¢
|
b) From Gauss's law, D on each side, |
in the neutral region, is one half [
the free charge per square meter: I
D = —(1/2)10'7/25x10_4 | t/2 +6Mim
- 2
= -2.00x107° C/m : :
- 2
P = (1-1/e )D_ = -1.375x10 5c/m v \ | ")
n r n
| {
B, = (Dn_Pn)/Eo = Dn/ErEo | |
- -7.062x10° V/m ' E
Since E_ = -dV_/dx, and since | (
n n _3
V =0atx=6x10", |
5 | | D
Vn =7.062x10"x - 4,237 V ) \

> > >
c) At both surfaces, P points inward, like E and D, and

-5 2
Ob = Pn = -1.375x 10 C/m
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d) Inside the charged region,

V-BC = dp_/dx = o = ~2.000x 102 ¢/m>, D = -2.000% 10 *x C/m’

Pt
The constant of integration is zero because D changes sign at x = O.

SoD =0 at x = 0. Also,
V-E =dE /dx = (p_tp, ) /e = —7.062x108 V/m2 E = -7 062x108x V/m
c c - f b o~ > Te T :

The constant of integration is again zero, for the same reason.
From Poisson's equation,

2 2 2 8 2
v Vc =d Vc/dx = —(pf+pb)/€0 = 7.062x10 V/m

dVC/dx = 7.062 x108x V/m2

The constant of integration is zero, since dVC/dx = —EC. Thus
Vc = 3.53lx108x2—3 884 V
The constant of integration is now chosen to make VC = Vn at x = 10_3.
e) See curves.
-3
10 4 4
f) The stored energy is 2x (1/2) prVCZSXIO dx = 1.883x 10 J
0
g) No.
6-16 (6.10) SHEET ELECTRET
T 9y
E=— | E=—— E=0 D=0
2€, 2 €,
+ + + + 4|+ + + + + + + + + + + +
G2 } P D=0
tp | P |E=0y/€:P/e, D=
A
Op Oy
= — = — E =O D =O
2€,Y 2 €,

6-17 (6.7) RELATION BETWEEN R AND C FOR ANY PATIR OF ELECTRODES
Let the area of one plate be S and the spacing s. Then

C = ereOS/s, R = s/aS, RC = ereo/c
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CHAPTER 7

-1 (7.1) CONTINUITY CONDITIONS AT AN INTERFACE
D = A/27mr, both inside and outside the dielectric,
E.= A/2me_e r inside,

i r o

E = A/2me _r outside.
o o)
Thus, at the surface, Eo--Ei = (X/ZneoR)(l—l/er).

V is continuous at the surface, but its slope dV/dr is smaller

inside than outside.

7-2 (7.1) CONTINUITY CONDITIONS AT AN INTERFACE
D = Q/éﬂrz, both inside and outside the dielectric,
E; = Q/4Wereor2 inside,
ﬁ = Q/4ﬂe§r2 ou;side. ( )
Thus, at the surface, EO-—Ei = Q/AWEOR )(l—l/er).
V is continuous at the surface, but its slope is smaller inside

the dielectric.

7-3 (7.2) ENERGY STORAGE IN CAPACITORS
W =QV/2 = cvz/z = 10'6x106/2 =0.5J

mgh = 0.5 J, h = 0.5/1x9.8 = 5]l mmn

7-4 (7.2) ENERGY STORAGE IN CAPACITORS

For Mylar,
W =z.Zx8.85x10-12(1.5x108)2/2 Y004
: 8510 77707
=3.2x10" J/m /)
One would use the geometry shown {:;/)/:/:/<// yi
in the figure. We need an absolute /(//;/:/C//
minimum of one kilowatt-hour. Then L/:/C////Z/:/C/
we meed 3,600x 1 000, or3.6x10°J3. () J_)

Assuming 100 7 efficiency, which is
unrealistic (the actual overall ef-
ficiency might be, say 25 %), the capacitor would have a volume of
11 m3. The density of Mylar being approximately equal to that of

water, the capacitor would have a mass of 11 tons, which is absurd !
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7-6 (7.1) BOUND SURFACE CHARGE DENSITY

D, =€

5 oEg+Pg» Op =Py =D -c E

B B 5 = ereOV/s—EOV/s = (sr—l) eOV/s

B

7-7 (7.3) EXAMPLE OF A LARGE ELECTRIC FORCE
The force per square meter is ereoEz/Z = 35}{8.85}{10_12(41<107)2/2
= 2.5x105 Pa.

The force is 2.5 atmospheres.

7-8 (7.3) PERPETUAL-MOTION MACHINE
We have four sheets of charge as —+4+ + 4+ + 4+ + +a

in the figure. Sheets a and b are b

coincident and are situated in the b

fields of ¢ and d. Choosing the
o— + + + + + + C

right-hand direction as positive,

the field at the position of a and

O — e o e e d
b is
Ea,b = 0/250- ob/ZeO= (1/260)

[0— (l—l/er)o] = O/ZEreo

Then the forces per unit area on a and b are

2 2
Fa =0 /Zereo, Fb = —GOb/2€r€0 = -(1 l/er)o /Zereo
Similarly,

Ec = o/zeo-cb/zeoJro/zso = (1/250)[20— (l—l/er)cJ] = (l+1/er)0/250

(1+1/e Yoo, /2¢ = (l+l/€r)(l—l/€r)02/260 - (1-1/5r2)02/zeo

F =

c

B, = o/2 , F, = —0°/2
a=0lecy Fq =70 €o
Finally,

"
o

F F
Fa+ b+ C+Fd

7-9 (7.3) SELF-CLAMPING CAPACITOR

F

(eoEz/Z)S - (02/2so)s= (s/2€o)(vc/s)2= (s/zeo)(vz/sz)(ereos/tf

erzeosv2 /2t2 - 3%%8.85x10 2 x4.38x10 2 x 36 x 108/

ox (7.62x107H% = 1.1x 10"
This is a very large force. It is approximately the weight of a mass

of one ton.
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7-10 (7.3) ELECTROSTATIC CLAMPS
a) (1/2)er250(wd)2 - 2x10°Pa, d = 15 1m

b) The E in the Mylar is 3000/1.5x 10° V/m. Then the E in the air is
3.2% 3000 x 10°/1.5 = 6.4x 10° v/

c) (l/Z)ErEO(V/d)Z = 2x105Pa, d = 8.4 um
Reference: Static Electrification 1975, p. 215.

7-11 (7.3) CALCULATING AN ELECTRIC FORCE BY THE METHOD OF VIRTUAL
WORK

Let the force be F. Assume a virtual displacement dx. Then the

work done by the battery is equal to the mechanical work done,

plus the increase in the stored energy, these two quantities being

equal. Thus
d(Qv/2) = d(Vzc/Z) = V2dC/2 = (V2/2)EreoJde/s

Fdx =
F = erOSLVZ/Zs = 3x8.85x10_12x0.1x106/2xlO_3 = 1.33x10_3N
7-12 (7.4) ELECTRIC FORCE

VEZ = (8/0x)E2T+ (3/8y)E%T + (3/52)E°R - 2EOE/dxi+ ... = 2EVE

7-13 (7.4) ELECTRIC FORCE
See Prob. 7-10.
The mechanical work done is equal to the increase in electric

energy. Both energies are supplied by the battery.

Fdx = d(v2C/2) = vidc/2 = (V2/2)(€r—l)eo£dx/s
F = (V2/2)(er—l)502/s = (10%/2) (3-1)8.85x 102 x 0.1/107>
- 8.85x10 "N

7-15 (7.4) ELECTRIC FORCE ON A DIELECTRIC
From Gauss's law, E = (A/Znereo)/r

From Prob. 4-6, \ (A/Znereo) JLn(Rz/Rl)

Thus E = V/rin(Ry/R,), dE?/dr = [v/zn(Rz/Rl)]z(—z/r3)

The force is directed inwards. Disregarding the sign,

12

F' xl.Sx625){106/111125xr3

2 2 3 -
(er—l)eov /4n (RZ/Rl)r = 8.85x10

3.2x 10-3/r3N/m3
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9

b) Near the inner conductor, F' = 3.2x10_3/10_ = 3.2x106N/m3

The gravitational force per cubic meter is 9.8x103N/m3. So
3

(Electric force)/(Gravitational force) = 3.2x106/9.8x10 = 330

7-16 (7.6) DISPLACEMENT AND POLARIZATION CURRENTS

From Sec. 5.14 the voltage on the capacitor is

V., = V[l-exp(-t/RC)], E = Vc/s

D = ereoE = Ereo(V/s)[l—exp(—t/RC)]

dp/dt = ereo(V/s)(1/RC)exp(—t/RC)

P = (er—l)eoE = (er—l)eo(V/s)[1—exp(—t/RC)]

dp/dt = [ (er—l)eov/RCs]exp(—t/RC)

7-17 (7.7) DIRECT ENERGY CONVERSION

a
1]

c e Als = 8000x8.5x 10’12/2 x107% = 340 UF

-6
ClVB = 340x10 x700 C

= Q,V,/2-QV /2 = 0.248 (3500-700)/2 = 347 J

W.o=2.9x10°%x2x10"%x30 = 1.74x10% 3

4
we/wth = 347/1.74x10 = 0.02

o
[
"

=
I

The efficiency is only 2 percent.

References: S.L. Soo, Direct Energy Conversion, p 184; Proc. IEEE,
51, 838 (1963).
CHAPTER 8
8-1 (8.1) MAGNETIC INDUCTION ON THE AXIS OF A CIRCULAR LOOP
2 2 2.3/2

B = uoNIa /2(a” +2z%) '7XIO_‘/

= 4ﬂx10-7x100xlx0.12/2(0.01x22)3/2

= 27x1077/(0.0142%) /2 B

-0.3 0 z +0.3
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8-2 (8.1) SQUARE CURRENT LOOP

a 2 .2
B = 8(1101/411) J dfcosf/(a"+4%) —

0 df
a T

= 8(uOI/41T) [ a d!L/(aZHLz)B/2 24 (AN
0

1
= 22uOI/Wa
2a

8-3 (8.1) FIELD OF A CHARGED ROTATING DISK

a) E = o/eo, b) o = vo = wro

c) A ring of radius r and width dr acts as a current loop.

So, from Sec. 8.1.2,

R
B = f uo(wrodr)/Zr = quRc/Z

0
d E = 10_6/8.85x10_12 - 1.13x10°V/m

6 11

B - 0.5x4rx10 ' x10°%x0.1 x 1070 = 6.28x10 ™% T
8-4 (8.1) SUNSPOTS
a) The current loop between r and r+ dr carries a current

2nrdro(w/2m) = wrodr. At the center,
R

B = (uo/Z)I wrodr/r = quRo/Z
0
-7 -2 7
o = 2B/u0wR =2x0.4/41x10 "x3x10 “x10 = 20/37

The electron density is (20/3ﬂ)/l.6x10_19m1019 n 2

b) The current is the total charge divided by the period:

I = [rx10™ % (20/3m)1/(21/w) » 3x 10724
c) The negative charge of the electrons is neutralized by quasi-

stationary positive iomns.

8-5 (8.1) HELMHOLTZ COILS

3/2 /2

B = 2u0N1a2/2(32+a2/4) - (0.8)°> W NI/a = 8.992 x 10" /NI/a

References: Durand, Magnétostatique, pp 44,270; 0'Dell, The Electro-

dynamics of Magneto-Electric Phenomena, Appendix 4; Rubens, Rev. Sci
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Instr. 16, 243 (1945)

8-6 (8.1) HELMHOLTZ COILS \
a) In the northern hemisphere the \
magnetic field points downward.

In a N-S plane, looking W, the

coils are oriented as in the

figure.
\
b) a=1m \ — N
-7 -5
c) 8.992x10 " NI/a = 5x10 7,
-5 -7
NI = 5x10 7/8.992x10

55.6 At.

d) Try a current of 2 amperes so as to make the number of turns as
small as possible. Then we need at least 28 turns in each coil. Then

R=28x2rx1x21.7x10 > = 3.820

\ 7.64V, P = 4x3.82 = 15.3 W for each coil.

No cooling is required for this size of coil.

8-7 (8.1) LINEAR DISPLACEMENT TRANSDUCER

(uOIaz/Z) 1/[az+(z—a)2]3/2

=
1]

— 1/[az+(z+a)2]3/2}
2)3/2

(uoIaZ/Z) [l/(22—2a2+2a

- 1 |
- 1/(Z242az+2a5)3/% ! Z

/2

(UOI/Za)[l/(z'2—22'+2)3

- 1722224221 (0 2 a/a)

8-8 (8.2) THE SPACE DERIVATIVES OF B IN A STATIC FIELD

=
B - + =
v-B = 8B_/ox aBy/ay+aBZ/az 0
BBy/By is positive. By symmetry, BBX/BX is also positive. Then

aBz/Bz is necessarily negative.

8-9 (8.3) MAGNETIC MONOPOLES
8

Q*p = 8.27x 1012 x (10/47x 107 /) x0.16 = 1.05x 10" ° J

1.05%10 /1.6 x 10717 = 66 Gev
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8-10 (8.4) MAGNETIC FIELD OF A CHARGED ROTATING SPHERE

Q/Zmrz, vV = Q/lnTeoR, o = eOV/R

»
-3
a
[}

b) o = ov = (eoV/R)wR sin 6 = € uv sin 6

m
c) B = J uo(eomV sin # Rd6) (R sin 6)2/2R3 = (2/3)Eouou)V

0
d B = (2/3)8.85x 102 x4mrx10 x 27 x (104/60) x10% = 7.75x 107 1
The field is parallel to the axis of rotation.
™
e) m= (1/2) j[ (eOV/R) (27R sin 6)RAO](wR sin 6)R sin 6
™
= TI'R3€OU)V J sin38d6 = (4/3)WR3€Ou)V
B m= (4/3)71 10 > x8.85%10 2 x 27(10%/60)10% = 3.882x 10"/ Am’
g) (n/4)1o'21 = 3.882x10_7, T = 4.943x 10 A
CHAPTER 9
9-1 (9.1) DEFINITION OF u_

o]
I

- ' =
uoN B Yo

9-2 (9.1) MAGNETIC FIELD OF A CURRENT-CARRYING TUBE
a) B = uOI/Zﬂr

>y

b) is parallel to the tube and in the same direction as the current

N
c) B inside is zero

>
d) X is as above. It is not zero. For any curve C, QA-df gives the
flux linkage. If the curve is entirely situated inside the tube

-> -
where B = 0, the integral is zero and A must be uniform. Its value

>
is of no interest, since B = 0.

9-3 (9.1) MAGNETIC FIELD CLOSE TO A CURRENT SHEET B
— -~

Consider the dashed curve

2B = u ok, B = uou/z i Oio O O O OEO ;
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9-4 (9.1) VAN DE GRAAFF HIGH-VOLTAGE GENERATOR

&) o= 2¢F = 2%8.85%x10 2 x2%x10°/107° = 3.54%107° C/m®
I=3.5%x10°%0.5xTx0.1x60 = 3.336 x 10" A,
b) B = 4Tx10" x (3.336 x10°4/0.5)/2 = 47x3.336x 1011 = 4.192x10 T
' y
9-5 (9.1) SHORT SOLENOID
a
+L
2 2.3/2
B = (pOIa /2)[ (N/L)dz/[a +(z-2)"] / o2 4
L T 7 Ly
+L
- (uONIaz/ZL)f d(2-2) [[a%+(z-2) 213/?
L
+L
2 z—2
= (u NIa /2L)[ ]
o az{a2+(z 2) 3/2 B
L-2Z L+Z
= (u NI/2L) S + é
° 2[a2+(L Z) 3/2 [a +(L+2) 3/2
= (uONI/ZL)(cosuli—cosaz)
9-6 (9.1) FIELD AT THE CENTER OF A COIL
Ry +L/2
x
a) B = (uOnI/Z)I 2dxdz/(x+z )3/2
R, -L/2 77,
1 //
Ry 2 +L/2 / R,
= (1 nI/2) R dx 1
o NN R,
Rl X X tz —L/2 .
. LL )
2 Ldx 2 2
= (u,n1/2) 5 T
R @ hExD?
1
1
) , 1 ]R2 R, +(L /4+R )2
= (u nIL/Z)[%n{x+(L /b+x )2]] (u nIL/2)n _—_—-Tf———————r
° 131 R +(L7/4+R) )2
1
a+(a2+82)2

(¢ nIL/2)%n 5T
° 1+(1+87)2

Note: Integrating first with respect to x would be much more dif-

ficult.
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b) The number of turns is L(Rz—Rl)n, and the average length of one

turn is 2w(R1+R2)/2. Thus the length of the wire is
2 2
L = L(Rz—Rl)nﬂ(Rl+R2) =1T[R2 —Rl ]Ln = Vn,

where V is the volume of the winding. Also

4 = 21T(oc2—1)(L/2R1)Rl3n - 21Tn(ot2—l)BR13

9-7 (9.1) CURRENT DISTRIBUTION GIVING A UNIFORM B

The field inside the hole is the same as if one had two superposed
current distributions: a uniform current density throughout the
cross-section, plus a current in the opposite direction in the hole.

The current in the full cylinder is I, = IRZ/(Rz—az).

' - 2 - 2
From Ampere's law, Bax = uolay/ZﬁR s Bay = uoIax/ZwR
. . . 2, 2
The current in the small cylinder is Ib = Ia(a /R7)
B =qul y/21ra2 =qu I y/ZTTR2 B = -uI (x—b)/21TR2
bx o'b o a > by T "o a
BX =Bax+Bbx=0,
2 2 2
By = Bay.-‘rBby = uOIab/ZwR = uOIb/Zﬂ(R -a”)

The field is therefore uniform inside the hole.
Note that B is proportional to b. Thus B = 0 when b = 0, and B
changes sign with b. Also, when a+ R, b~>0 and B = 0.

— —
9-8 (9.1) SADDLE COTLS B B2
This current distribution is y
obtained by superposing two full (:) (:)
cylinders of current flowing in

opposite directionms.

Let T be the current flowing R
through the coil. Then the cur-

rent I' that would flow through

one complete circle is related

- 0 >t Q >
to I as follows:
%I'

-1 2,23
I = {1-(2/m)|cos “(a/R) - (a/R) (1-a" /R")
Inside the left-hand circle, at the radius r, the B due to that side
is

B = uo(I'/an)(rz/Rz) = (uoI'/Zn)r/Rz. So
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2 1.2 2 23,2
By = (n I'/2m (a0’ + v212 /%%, B, = (uI'/2m[(ax)" +y"1°/k
B = -B.sin®, + B_sin0, = -B y/[(a+x)2+y2]%+B y/[(a—x)2+y2]% =0
x 1 1772 2 1 2 =
: } 2
— — - _ Al
13y = B,cosb, +B,cosb, = Bl(a+x)/[] +B2(a x)/[1% = oI a/mR

So B is uniform and parallel to the y-axis.

-9 (9.1) TOROIDAL COIL

LN A

10

@/ ) 3772

=10

(r 2m uoNI
a) ¢ = J JB-da: m pdpdb

1
~
=
=4
H
S~
N

3
<

0

T (2w as .
R+pcosb pap

0

The integration with respect to @ must be done with care, taking

into account the two branches of the curve. We integrate from

-m/2 to +m/2, where cos 8 is positive, and then from /2 to 3m/2,

where cos 6 is negative. Then

2T 4 ™2 4 3/2 44 ™2 4o ™2 4
J R+pcos® = f R+pcosB [ R+pcosb = R+pcosB R-pcos®
0 -m/2 m/2 -m/2 -m/2
/2 m/2
j R+p(clce>se =[ 22 5 are tan —1;12-—%— tan(e/2)§]
(R -p™) (R7-p) -m/2

w/2
4 -0

=" 5§ arc tan 55T

(R7-p") (R-p™)
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fn/z de 4 R+p

= R arc tanw

R-pcosb = 2 _ 2
v/ (®"-0") G
2m
doe R-p R+p
= R 3arc tan —2—2——l+arc tan —E——Z——Ig
([ Rt+pcos6 (®R*=p )2 R -p )2 R -p )2

Since arc tan a+arc tan b = arc tan [(a+b)/(l—ab)] s

1
fz“ de 4 %arc can 2R/(R2—pz)2 _ 4(n/2)r 27
= 2 21 2 2 2 2.(F 2 21 2 3
Repcosd (g2 %2 -2 /@D @D @%-pH?
3 1
Thus & = (u NI/2m) J —22—”2—1- pdp = n NI[R—(Rz—rz)zj
° ®7-p* °
0 P

The integration is more difficult with Cartesian coordinates.
= 2 2.3 2
b) B = HONI[R‘(R -r )2]/1Tr at the radiusa .

Set Q

1 1
R = 2 /20R-(R%-r2) %] = £2)2R[1-(1-r2/R%) 2]

1
R+p cosfB. Then uONI/ZnQ = ]JONI[R—(RZ—I‘Z)ZJ/TII‘Z

For r° <<R%, R ~ 2 /2R(x2/2R%) = R

CHAPTER 10

There is an interesting article on the crossed-field mass spec-—
trometer in The Journal of Physics E, Scientific Instruments,

Volume 10 (1977) page 458.

10-1 (10.1) THE CYCLOTRON FREQUENCY

a) The centripetal force being BQv, BQv = mvz/R.

b) Then w = v/R = BQ/m.

c) BQ/2m™m = 1x1.6x 10_19/27rx 2x1.7x lO_27 = 7.5 megahertz.

10-2 (10.1) MOTION OF A CHARGED PARTICLE UN A UNIFORM B

N
The velocity component parallel to B is unaffected . The component

>
normal to B gives a circular motion as in the preceding problem.
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10-3 (10.1) MAGNETIC MIRRORS

The figure shows part of a helical

orbit for a positive particle.

The particle drifts to the right.

The magnetic force points to the
left. After a while, the drift
velocity will also point to the
left.

Reference. There is a good
article on the magnetosphere in
‘Contemporary Physics, 18, 165
(1977).

10-4 (10.1) HIGH ENERGY ELECTRONS IN THE CRAB NEBULA

W =2x10"%x1.6x107° - 3.2x107° 7.
b) m = 3.2x107°/9x10%° = 3.6 x 10722 kg,
m/mo = mcz/moc2 = 3.6){10_22/9.lx10_31 = 4x108
¢) R = mc/Be = 3.6X10_22x3x108/2x10_8x1.6x10_19 - 3.4x10"n

d) (2mx3.4% 1013/3x108)/(24x3

10-5 (10.1) MAGNETIC FOCUSING
a) An electron goes through one

During that time it travels a di

3/

L = ev/m)22r(a/Be) = 23/ %n(av/

23/ 31

b) B 21T(9.lx10_ x104/1.6

IN'

B/u, = 3373 A

,600) = 8.2 days

full circle in a time T = 27/w.
stance L = vxT. So

28, B = 232 v/e) L

- 1 -
x10712/0.5 = 4.24x107> T

10-6 (10.1) DEMPSTER MASS SPECTROMETER

a) sz/R = BQv, mv = BQR, (2m(1/

(2mQV)% BQR, m . = QR2B2/2V

b) B = (ZmV/Q)%/R

(2Xl.7XlO_27XlO

=
"

+
For Hl > By
For H2+, B 0.11 T.

0.094 T.

For H3+, B

1
2)mv2)2 = BQR

1 -
00/1.6x10 %)2/0.06 = 7.7 x 107 °T.
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Note that Am/m = 2AB/B. Thus, for large m's, where Am/m becomes

small from one isotope to the next, AB/B becomes even smaller.

c)

B (2mV/Q)%/R

(2x1. 7x]_0-27

-19. 3
Ax1000/1.6x10° )2/0.06
1
2

11 -
(3.4x10" °/1.6)2A%/0.06 = 7.68x10 %A

where A is the atomic weight. This

value of m is approximate.

10-7 (10.1) MASS SPECTROMETER

mvz/R = BQv, R = mv/BQ
x = 2R = (2/B) (m/Q)v
The time of flight from A to the target is 7R/v = 7/B(m/Q).

100 200

During that time the ion drifts through a distance

y = (1/2) @QE/m) (m/BQ)” = (r°£/28°) (m/Q) .
Reference: Rev. Sci. Instr. 45, 819 (1974).

10-8 (10.1) HIGH-TEMPERATURE PLASMAS
1
a) mv2/R = BQv, R = mv/BQ = (2mmv2/2)2/BQ-= 0.225 m

b) A Dt ion has the same velocity, but half the mass, so R = 113 mm.
Reference: Glasstone and Loveberg, Controlled Thermonuclear Reactions

pages 156 and 395.

10-9 (10.1) HIGH TEMPERATURE PLASMAS

a) By symmetry, B can only be 84:_0

azimuthal. But the line integral giz @ @ O @ G)
of Ecﬁ over a circle perpendicu- i
lar to the paper and with its @ @ <®_ @ @ @
center on the axis of symmetry B.:_O

must be zero, since the net cur- @ @ @ @ @ @
rent is zero. Then B = 0. W
Similarly, B = O inside the inner B":—O

cylinder.

b) See figure.

c) It bends downwards.
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d) It bends upwards
e) They also return to the discharge.

Reference: Glasstone and Loveberg, Controlled Thermonuclear Reactions,

p 278.

10-10 (10.1) 1ION BEAM DIVERGENCE
a) I =vA, A=1I/v

b) QE

Q()\/ZTTEOR) = QI/2‘|T€ORV

c) QvB Qv(uOI/ZﬂR) = QI]JOV/Z‘ITR

d) QE-QvB = (QI/27R) (l/eov— pov) = (QI/ZJTEORV) (l—eouovz)

10-11 (10.1) ION THRUSTER
See the solution to Prob. 2-14. Here, the force exerted on the
ejected fuel, in the reference frame of the vehicle, is BIs, or m'v.

P IZR = Iz(s/oA), where A is the area of one of the electrodes,

D

C or D.
123 9 2
— Fool = 1/(1 + 2BIs/oB 1v)

=3
n

l/(1+PD/PG) = l/(l +

1/(1+2m' /oB21)

Also, 2I/0ABv = 2J/oBv = 20E/0oBv = 2E/Bv,

n =1/(1+2E/Bv).

As v increases, n—+1, and n~1 for v >>2E/B.

10-12 (10.3) GAMMA
(1-82)% = 1/101, g2 = 1-1/101, B =, 0:99504.

10-13 (10.5) REFERENCE FRAMES
1
1/(1-1/4)% = 1.155

=
"

1.155(1—1.5x108X1) = —1.732}{108 m

el
"

y2=yl=lm, 22=zl=lm

1.155(1-1/2k3x108) = 1.155 s.

(a3
I
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10-14 (10.5) REFERENCE FRAMES
Y = 1.1.55 as above

X = 1.155 (l+l.5x108x1) = l.732x108m, ¥y =2, = 1m, tl = 1.155s

10-15 (10.8) HALL EFFECT

-> > > >
a) v = -M(E+vxB) , where
> > >
i j k
> >
vxB = v v v N
x y z
0 0 B
T, Tom Too il pd
vi+v j+v k =-ME_i+E_j+v _Bi-v_Bj|,
X y z x Tyl 'y X

= - = -M(E -v B = 0.
v, M(Ex+vyB) s Vy ( v v ), v,

-ME_+M’BE M(-E_+MBE_)
x y Xyl

b) v. = -M[E -M(E_-v B)B] = =
X * ¥y x 14m°B° 1482
MB(-E_ MBE )
v. = -M|E - ————-)z(z—y—
y y 1+M°B
2.2 MBE
=—M[1—L§—2E+ 2X2 = - M22(E+MBE)
1+MB°) Y 1+M°B mwMB- ¥ X
2.2
J = neM(E_-ME_B)/(1+M“B“)
X x y
I = neM(E_+ME_B)/(1+M°B)
y - y X
-3 -3 -4 -4
c) Vy = (b/a)MVXB = (10 7/5x10 7)7x1x10 " = 1.4x10 V.

2 2 2 2
Jx = neMEX/(l+M B7), Ix = bcneM(VX/a)/(hM B7),
R =V /I = a(l+MZB2)/bcneM,
x'Tx
AR/RO = M2B2.

Let us calculate the mobility in copper. J = pv = 0E, v = (0/p)E.

Thus the mobility is o/p = o/ne = 5.8x 107/8.5)(1028xl.6x10_19

- 4.3x10°.

References: H.H. Wieder, Hall Generators and Magnetoresistors;
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H. Weiss, Structure and Applications of Galvanomagnetic Devices.

10-17 (10.8) ELECTROMAGNETIC FLOWMETERS
V = vBa ’

CHAPTER 11

11-1 (11.1) BOAT TESTING TANK

a) Bvy = 2%x10°x20%3 = 1.2 mV
b) Zero.

11-2 (11.1) EXPANDING LOOP

a) I = Bvs/R

b) (BIs)v = (Bvs)?/R

c) IZR = (Bvs)z/R. The power expended to move the bar appears as

heat in the resistance R.

11-3 (11.2) INDUCED CURRENTS

IR

Reference: Rev. Sci. Instrum., 48, 1581 (1977).
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11-4 (11.1) INDUCED CURRENTS

I
a) Counterclockwise —
. vxB
b) Counterclockwise
c) Since the flux linkage is con-
> >
stant, and since vxB = 0, the
induced electromotance is zero. .

11-5 (11.2) INDUCED ELECTROMOTANCE

QU= dA/dt = NA(dB/dt) = 100x 1072 x 1072 x 27 x 60 sin (27 x 60 t)

I

= 3.77 sin(2m x 60 t)V

We have disregarded the sign.

11-6 (11.2) ELECTROMAGNETIC PROSPECTION

B J

ANVA
t \/ \/ t

a) The induced electromotance is azimuthal. Over a circle of
radius r,

2mrE = nrzBowsinwt, E = (rBow/Z)sinwt.

The induced current density is OE and is also azimuthal

J = (GrBow/Z)sinwt.

b) With our sign convention, a positive J gives a positive B.
At t = 0, dB/dt = 0 and J = 0. Then, as B decreases, J increases

as per Lenz's law, etc.

11-7 (11.2) INDUCTION HEATING
a) -do/dt = —wrz(d/dt)(uoN'Iocoswt) = uoﬂrsz'Iosinwt

b) The length of the conductor is 2mr and its cross-section is Ldr.
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Hence R = 27mr/oLdr
2 .2
(uonr wN IO)

2
= [uowosz ' ZIOZ/ZJ Lr3dr s

J

©) dPav = 2x2nr/oldr

2 .
The average value of sin wt being equal to 0.5.

R
O P, = OL f r3dr = ( )LR/4 = (41x 107" x 27 x 60 x 5000 x 2) >
0
(r1x10°/16)(6x10 )% x1 = 5.71 W

Note The power dissipated in the winding is IZR, where R is its
resistance. The conductivity of copper being 5.8x107 siemens per
meter, if there are n layers, the cross-section of the wire is
W(n/5000)2/4 and R = 2mx 6% 10_2 x 5000/[5.8 x 107Tr(n/5000)2/4],

IZR ~ 10312/n2.

If n = 10, IZR ~ 40 W.

Reference: Standard Handbook for Electrical Engineers, p 22-28 and

following.
Y4
A
11-8 (11.2) INDUCED ELECTROMOTANCE T"
= vt = (wA/2m)t, wt = 2my/A = N
y y B — )\/4
A /b v Yy
o = Bosin(2ny/>\)sinwt(>\/4)dy x
y
y+A/4
= Bosinwt(k/4)(>\/2n) [—cos(Zny/A):l
y
= (AZ/STr)BOsinwt[—cos(27ry/>\+'n/2) + cos(2my/A) ]
2 . 2 .
= (A /81T)BO(51n wt + sinwtcoswt)
2 . .2 2
(U'= |d<i>/dtl = (A /81r)Bow(281nmtcoswt - sin’ wt + cos” wt)

= (BOVA/A) (sin2wt + cos2wt)

11-10 (11.4) THE TOLMAN AND BARNETT EFFECTS
In the reference frame of the conductor, the force on a particle

of charge -e and mass m is

> -+ > >
F = —eE—mg = -eg', VXE' = VxE+ (m/e)Vxa = —B§/3t+ (m/e)VxZ.

Reference: Landau and Lifshitz, Electrodynamics of Continuous Media,
P
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ll:ll (11.5) ELECTRIC CONDUITS

From the definition of K (Eq. 8-18), X is parallel to the wire.
Then BK/Bt is also parallel to the wire and, if there is a single
wire, there is a longitudinal induced electromotance in the wire.

Reference: Standard Handbook for Electrical Engineers, Sec. 17-11.

11-12 (11.5) THE POTENTIALS V and A

- > >
Since Vx (A- VG) = VxA, B is not affected. Also
- -
—V(V+ 3G/3t) - (3/9t) (A-VG) = -VV - 9A/3t and E is not affected

either.

CHAPTER 12

12-1 (12.1)

(H] = [uol[L], [uO] = [H]/CL]

12-2 (12.1) MUTUAL INDUCTANCE
Assume a current I in the wire. The flux linkage through the
toroidal coil is
a+b UOI
N J —— bdr = (uOIbN/ZW)Kn(1+b/a), M= (uObN/Zﬂ)ln(l+b/a).

2mr
a

12-3 (12.1) MUTUAL INDUCTANCE
a) From Sec. 8.1.2, coil a produces at b a magnetic induction

2 2 2.3/2
B = uONaIa a“/2(a" +z") .

2 2 2.3/2 2 2.2 2 2.3/2
So M = ®ab/Ia = {uoNaa_/Z(a +z7) }Nbﬂb = nuONaNba b7/2(a" + 2%)
b) M varies as the cosine of the angular displacement.

c) No.

12-4 (12.2) A OUTSIDE A SOLENOID

2
The magnetic flux inside the solenoid is 7R UON'I- Then the electro-
motance induced in a loop of radius r> R coaxial with the solenoid is

ﬁRzuoN'dI/dt = 2rrdA/dt, A = (uo/Zr)N'RZI.
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12-5 (12.2) A INSIDE A SOLENOID
The magnetic flux inside a.loop of radius r<R, coaxial with the

solenoid, is

(4/de) (ne’y N'T) = 2medA/dt, A = (u /2N'Tr.

12-6 (12.3) MAGNETIC MONOPOLES
The flux due to the current must exactly cancel that due to the

monopoles. Then

LI = noNe*, I = nNe*/L = 100x1,200x8.26x10_15/75x10_3

- 1.322x10 %

12-7 (12.3) ROGOWSKI COIL
Reference: Glasstone and Loveberg, Controlled Thermonuclear

Reactions, p 164; Rev. Sci. Instr. 42, 667 (1971).

12-8 (12.3) INDUCED CURRENTS
2
a) In the azimuthal direction, R = 2ma/ob&,B = uoI/Z, ® = ma uOI/l,
L

2
o/T = L /9.

4rx10 x 7T x 25xlO_6/l -9.87x10 1w

7 3

b) L

7

2mx5%10 °/5.8x10° x10 °x1 = 5.42x 10’0

L/R = 1.82x10°% .

R

12-9 (12.3) COAXIAL LINES
In the annular region, B is due only to the current in the inner

conductor, from Ampere's circuital law. Thus

Ro
B = uOI/Zﬂr, o' = (UOI/ZW) j dr/r = (uoI/Zﬂ)Qn(Rz/Rl),

R

L'= (uo/Zﬂ)Zn(Rz/Rl).

12-10 (12.3) COAXIAL LINES

From Ampere's circuital law, the B in the annular region between

the conductors is the same at all frequencies. Inside the conductors
there is more field at lower frequencies. Hence Wm is larger at low

>L, ..

frequencies and sz hE
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12-11 (12.5) LONG SOLENOID WITH CENTER TAP

2 2 2 2
Lyc = (uON /)R, Lyg = LBc = (uON /22)7R", M = 0.

Our formula for a long solenoid is based on the assumption that B
is uO(N/l)I inside, and zero outside. With this assumption, the

coupling coefficient k is zero, and M is zero.

12-13 (12.7) VOLTAGE SURGES ON INDUCTORS

hd

|
20
i1

|
I

4

a) v (R1—RS)I-+LdI/dt ] RSI-+LdI/dt, 100 = RSI - 10

4
The voltages across RS and L are both about 10 V.

b) Connect the diode as in figure b. Upon opening the switch, the

current is I = (V/R)e_Rt/L = lOe_t.

12-14 (12.7) TRANSIENT IN RLC CIRCUIT

In circuit a, V/VS = l-exp(-t/RC)

In circuit b, L = 104%107%/4 = 2.5x107> H,

Lsz/dtz + RdQ/dt + Q/C = VS.

As in Prob. 12-15, the particular solution is Q = VsC = 10_40,
Ln2+Rn+l/C =0, n = -(R/2L) + (RZ/ALZ—I/LC)%,

R/2L = 100/5x 107> = 2x10 * = 1/LC.

Thus the two values of n are equal and

Q = (Ai—Bt)exp(—Rt/ZL)«rVSC.
At t =0, Q =0 and A = —VSC. Also,

I = dQ/dt = exp(-Rt/2L)[B - (R/2L)(A+Bt) 1.
At t =0, I =0 and B = —(R/ZL)VSC.
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Finally, Q = -V_C(L+Rt/2L)exp(-Rt/2L) +V_C

Since R/2L = 2/RC, Q = Vsc[l-(1+2t/Rc)exp(-2t/Rc)],
vV = Q/cC, V/VS = 1-(1+2t/RC)exp(-2t/RC) .

Summarizing,

V/VS l-exp(-t/RC), for circuit a.

V/VS

1-(1+2t/RC)exp(-2t/RC), for circuit b.

Setting t/RC = t', 1.0

V/VS = 1-exp(-t'), for a,

V/VS = 1-(1+2t")exp(-2t"'), for b.
051 @

The figure shows Q/VSC as a function b

of t for the two circuits. The

charges are the same at t = 1.26 RC. 0 { 4 2 3
The circuit with the inductor is slower
at first, and then faster. The

inductor is not useful.

12-15 (12.7) TRANSIENT IN RLC CIRCUIT
a) LAI/dt +RI = V, I = Aexp(-Rt/L) +V/R
Since I = 0 at t = 0, I = (V/R)[1-exp(-Rt/L)] = 10[(l-exp(-10t)]J.

[t}

b) LAI/dt +RI +Q/C = V, Ld2Q/dt’ + RAQ/dt + Q/C
-4

\
The particular solution is Q = VC = 10

The complementary function is

1
Q = 2™, n = [-Re®%-41/0)27/2L = -5 +1073,
Q = exp(—St)(BcoleBt-+Dsin103t) + 10_4.
Since Q = 0 at t = 0, B = —10_4,
-4 3 . .3 -4
Q = exp(-5t)(-10 'coslO™t +DsinlO"t) +10 °,
I = dQ/dt = exp(-5t) (5% 10 %c0s103 640 Lsin103t -5psin10t +103Dcole3t)v

Also, I =0 at t = 0. Then D = —5)(10-7

Q = exp(—St)(—lO_4c03103t —5)(10-7sin103t)+-10_4:: —lO-Aexp(—St)cole3t
-4
+10 .
I = —lO_aexp(—St)(—lOBSin103t) +5}{10_46XP(—5t)C08103t

= O.lexp(—St)sinlO3t-+5}{10_4exp(—5t)coslo3t:xO.lexp(—St)sinlOat.
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CHAPTER 13

13-1 (13.1) MAGNETIC FORCE

BIL = 5% 10 2x400x5%x 10 2 = 102N

13-2 (13.1) MAGNETIC FORCE

a) Let the wire have a cross-section a, and let the current density
be J. For a length of one meter,

BJa = pag, J = pg/B = 8.9x10°x9.8x 10
I =28.7x 108aA

4 = 8.7x 108A/m2

b) R' l/5.8x107a. Q/m

P' = (8.7x10%a)2/5.8x107a = 1.3x 10%

If a = 10_8, then P' = 130 W/m. The wire will become very hot.

Oa W/m

Convection will spoil the measurement.

c¢) In the Northern hemisphere there is a South magnetic pole. The

lines of B point South. The current must point West.

d) At the poles the lines of B are vertical and the magnetic force

on a horizontal wire is horizontal and perpendicular to the wire.

13-3 (13.1) MAGNETIC FORCE
F = 50x100x0.5x10_4xsin 70° = 0.235 N

13-4 (13.1) MAGNETIC FORCE

> > > >
F-1¢d _xB =-T Bx$dr = o0.
a a a a

13-5 (13.1) ELECTROMAGNETIC PUMPS —
B

Consider an element of volume

dxdydz, as in the figure, with the

— .
<
2

current flowing along the z-axis. dz

The current is Jdxdy. Both 3 and

>
B are uniform inside the infini-

tesimal element of volume. The dy

force per unit volume is

(jdxdy) dz x g/dxdydz = 07(]_:“,}+3x]—3>)x]—3* .
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13-6 (13.1) HOMOPOLAR GENERATOR AND HOMOPOLAR MOTOR

R
V= J Burdr = BwRZ/Z = 1x (3000x27/60)0.25/2 = 39.27 V.
0

13-7 (13.1) HOMOPOLAR MOTOR
The current has a radial component pointing towards the axis. The
azimuthal component of the current gives a B pointing to the right.

The wheel turns counterclockwise.

13-8 (13.2) MAGNETIC PRESSURE —)
— AV~
- ———r
an\ o
— o
(Fy— < —
A . ---
-

a) We have precisely the situation described in Sec. 13.2.
b) Inside the inner solenoid, there is zero magnetic field. Between
the two solenoids the field is B. The magnetic pressure B2/2u0pushes

inward on the inner solenoid.

13-9 (13.2) MAGNETIC PRESSURE
a)Bz/zu = B2/2 x 4m x 10_7 Pa =~ (B2/2 x 4T x 10_7)10_5 atmospheres
o

2
~ 4 B  atmospheres.

R .  E. =,

] m !
0 16 0% 10
§_£z
1076} 2
0"
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c¢) (i) The pressure is always equal to the energy density

(ii) The electric "pressure" we have considered is associated with
the fact that lines of force are under tension. This '"pressure' is
always attractive. (We have not considered the repulsion betweeen
electric lines of force, which gives a positive pressure of eOE2/2.
For example, if we have two electric charges of the same sign, one
can find the correct force of repulsion by integrating EOE2/2 over

the plane half-way between the charges, where the lines of force clash).

(iii) The magnetic pressure we are concerned with here is associated
with the lateral repulsion between lines of force. This pressure is
repulsive. In Prob. 15-6 we are concerned with the tension in the

. . . . 2
lines of force, which gives an attractive 'pressure" of B /Zuo.

(iv) In pratice, the electric 'pressure" is nearly alwaysnegligible
while magnetic pressure is often large. For example, a Iarge E of
106V/m gives an electric ''pressure" of 5P, while a large B of 1 T

gives a magnetic pressure of 41(105P.

13-10 (13.2) MAGNETIC PRESSURE

a) B =y I/21R outside, B = 0 inside, from Ampere's circuital law.
2 2 2

Thus p_ = (1/2u0)(u01/2ﬂR) = (u /87)(I/R)".

b) p, = (4nx 107 /81%) (9% 105/25x 107%) =_§.73x1079az5.73 atmo-

spheres.

Reference: J. Phys. D. Appld Phys. 6, 2187 (1973).

13-11 (13.2) MAGNETIC PRESSURE
a) P = l/8n:<10—7 ] 4)(105 Pa = 4 atmospheres.
b) The pressure would be unchanged, since B is uniform inside a long

solenoid.

13-12 (13.3) ENERGY STORAGE
EOEZ/Z - 8.85x10 2 x10%%/2 = 4.43 J/m°

B2/2uo - 1/87x107/ = 3.98x10° J/m>

13-13 (13.4) MAGNETIC PRESSURE
a) The magnetic force is ZﬂRlpm. It acts through a distance dR.

Then the work done by the magnetic force is ZWRzpde.
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b) The mechanical work done is
2nR2(B2/2u0)dR = ZnRJ,RuONI/m)Z/zuo]dR = wuoIZNZRdR/Q.

c) I(Nd®) = INd(szuoNI/l) = ZﬂuOIZNZRdR/R

13-14 (13.4) TFLUX COMPRESSION

a) As the tube shrinks in diameter,
an azimuthal current is induced Explosive
that maintains the enclosed mag-

netic flux approximately constant.

Hence B~ B (R /R)z.
o o

b) B = uoa, as= 103/(4w:<10'7)

leg A/m @

c) B~ 10(10/1)2 = 103 T. (2)

d) The solenoid maintains a constant Bo in its interior. The current
in the tube increases the induction inside the tube to B. Thus the
increase in magnetic energy is

AW = WRZL[BZ—B 2]/2}1 = 1TR2L (R 4/Rl&--]_JB 2/ 2y, (3)
m o o o) o o

X (10_4/4) X 0.2(104—1) 102/87rx lO_7 & 6x lO6 J. (4)

The source supplies an extra energy

© 2
W = NJ I_(de/dt)de = NI 80 = NI_mR*(B-B ), (5)
0
2(_ 2] 2 2 2" 2
= NI TR [Ro i.R -1]30 = TR (BOL/uO)[Ro ‘ R —1}30, (6)
= (n/u)1B PR 28" = (n/41x1077)0.2x10°(1072-107%) /4
5
~ 1.3x10" J. (@)

The explosive supplies an energy

[}

R R
_J 27rL [(BZ—BOZ) /ZpO:l dr = -(WL/UO)I [ROA/rq-l] Bozrdr, (8)

R R
o o

wexp 1

2( 4, 2 2 2] 6
(ﬂL/uo)Bo [RO /2R” + R /2--R0 ~ 6x10° J. 9)

J

Note that AW = AW +W .
m s expl

Note also that, although the magnetic field just inside the solenoid

59



is unaffected by the current I in the tube, the current I produces a
9A/3t in the solenoid that makes WS # 0. The explosive supplies most
of the energy. We have neglected the mechanical energy required to

crush the tube, acoustic energy, etc.

13-15 (13.4) PULSED MAGNETIC FIELDS

a) Wm (BZ/ZuO)V = 4x106 J. Cost ~ § 8xlO6

b) Wm = 4x106 J = 4x106/3.6x106 ~ 1 kwh. Cost = 2 to 10 cents,
depending on prevailing rates.

c) p = B2/2u0 ~ 4x109 Pa ~ 4x104 atmospheres.

13-16 (13.5) MAGNETIC ENERGY

a) wm = IaAa/Z + IbAb/Z = Ia(l\aa+ A'ba) /2 + Ib(Aab + Abb)/z

2 2 2 2
I =
LaIa /2+M1a b/2+L I /2-+Mlalb/2 LaIa /2+L I /2i‘MIaI

R b'b b'b

m b.

13-17 (13.5) ENERGY STORAGE

a) W = L1%/22 1LT) /2 = TA/2

I(N®)/2 = INnRZuONI/zm = uOﬂR2N212/2£

b) Wm

13-18 (13.5) ENERGY STORAGE

a) i) LdI/dt = V, I (v/L)t

ii) (1/2) (Vt/L)Vt = (v2/2L)t2

111) L12/2 = L(ve/L) /2 = (vP/2n) e

b) 1) V= Q/Cc = (I/C)t
11) (1/2)[(It/C)ITt = (I2/20) 2

iii) ov2/2 = c(1t/c)%/2 = (1%/20) 2

13-19 (13.4) ENERGY STORAGE

a) ereoEz/Z - 3.2%8.85x10 2 x10%%/2 = 1.4x10° J/m>

7

64/2x bmx10" = 2.5%x10° J/m>

2
B /21‘1O

b) (WD2/4)Lx2.5x lO7 = (WD2/4)20Dx2.5x107= 1010x3,600 =3.6x1013,
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o]
]

45 m, L = 900 m.

2.5x107P = 250 atmospheres

A = 1DL = Tx45%x900 = l.27xlO5 m2

Reference: Foner and Schwartz, Superconducting Machines and Devices,

p 41.

13-20 (13.6) SUPERCONDUCTING POWER TRANSMISSION LINE

2 - -
a) F= (uI/2m)T = u I°/21D = 4rx 10 7% 10t /2x10°) % /21 x 5x 1072
= 106 N/m
-7 5 -2
b) B = ZuOI/Zn(D/Z) = ZUOI/WD =8x10 "x5x107/5%x10 = 8 T.
2 -
B°/2u_ = 64/4mx 10 7 sx10” g/m’
&) W= (1/2)LI% = (1/2)(6.6x107 x10%) (5x 10°)? = 8.25x10%0 5
Cost = 5x10 2(8.25x10°9/3.6x10% = § 115.
Reference: Proc. I.E.E.E., April 1967 page 57.
13-21 (13.8) ELECTRIC MOTORS AND MOVING-COIL METERS
a) Fl = NIBb, perpendicular to
both 1 and B
F2 = NIBa, in the vertical
—
direction B
F3 = NIBb, perpendicular to -
both 3 and B

F4 = NIBa, in the vertical

direction

b) T = 2NIBb(asin 6/2) = NIBab sin 6

13-22 (13.8) MAGNETIC TORQUE
a) T = 100/36 = I3(BS cos 6)/36
= ISB sin 6

> >
mxB

b) T
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13-23 (13.8) ATTITUDE CONTROL FOR SATELLITES
a) ® = NBAcos 9, T = I(5/90)(NBA cos 6) = NIBAsin 8
See figure for Prob. 13-22.

b) IN = T/BAsin 0 = 10_3/4x10_5x (n/4)1.142x0.0873 = 280 At

13-24 (13.9) MECHANICAL FORCES ON AN ISOLATED CIRCUIT

AW
s

[I(d@/dt)dt = IA®

ALIZ/2) = (1/2)T2AL = (1/2)120(8/T) = (1/2)Ta0 = @/2)m_

AW
m

Thus the mechanical work, AWS—- Awm, is equal to Awm.

CHAPTER 14

14-1 (14.2) MAGNETIC FIELD OF THE EARTH

o = Msin 6
e

If the sphere carried a surface +

charge density o and rotated at

an angular velocity w, we would +
have
0 = ov = cwRsin 6, owR = M +

14-2 (14.3) EQUIVALENT CURRENTS
The surface current density is the same as if a toroidal coil were

wound on the torus, and a, = M.

14-3 (14.4) EQUIVALENT CURRENTS
The equivalent currents are equal
and in opposite directions. Thus

E = 0 inside the tube.

62



14-4 (14.4) DIELECTRICS AND MAGNETIC MATERIALS COMPARED

++ 4+ ++++++ +++++++++
(a) (b)
a) b) Dis unaffected, E is reduced by € - See Figs. a and b.
c) The energy is minimum.
ONONONONONONG! ONONONONONONG!
H:NL BspoNI Hswn'L 3;}44/4'/\/'[

OCNONONONONO) ONONONONONG)
(c) " (d)

d) e) His unaffected, B is increased by M- See Figs. c,d
£) The energy is minimum. See Fig. e.

The loop is in stable equilibrium.

(e)

14-5 (14.4) MAGNETIC TORQUE
The magnet acts like a solenoid. See Probs 13-22 and 13-23.

14-6 (14.4) MEASUREMENT OF M

Bx sinfcos 6 « sin 26

The field is largest at 6 = 45 degrees.
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14-7 (14.4) MICROMETEORITE bETECTOR

7
a) V= (a/dv) (1) 3x0
m™ N a2b2 z
= (d/dt) ~%a 1
2(a% 2232 P -sv =25 2y 4T
2 2 —3xm7
= (W N a/2) (vb"I ) (d/dt)
2
2 2.3/ a
[1/(a"+2z") 2]=(3/2)UONa 5 3573 Zmv
(a"+z")
b) See the figure
Reference: Rev. Sci. Instr. 42 663 (1971)
14-8 (14.4) MECHANICAL DISPLACEMENT TRANSDUCER
S .
a) See curve 300
b)xz/(x2+22)5/2 = O.95:{1042,
2.5/2 3
0.1 . =-9.5x107,
/(0.01+z") X % =0

z = 14.4 mm
Reference: H. Wieder, Hall Genera-

tors and Magnetoresistors, p 95.

14-9 (14.5) MAGNETIZED DISK

Outside, we can use the field of a current loop:
2.3/2 2.3/2
)32, 312,

B = qutaz/Z(az-fz HeX = Mta2/2(a2ﬁ>z

ex

2 2
Inside, we have the same value of B, with z <<a:

Bin = poMt/Za, Hin = Bin/uo—M = M(t/2a-1) = -M(1-t/2a) = -M

}é:lg_(14.6) TOROIDAL COIL WITH MAGNETIC CORE

Let N' be the number of turns per meter in both cases. From Eq.
14-15, H = N'I in both cases. With the air core, B = uoN'I. With
the magnetic core, B is larger by a factor Mo

The equivalent currents flow in the same direction as I.

14-11 (14.6) EQUIVALENT CURRENTS

c
a) H=1/2mr, B = uruOI/Zwr, b = Jb (uourl/an)ldrz (uruoll/Zﬂ)Qn(c/m
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b) On the inner surface, o, = M= B/uo-H = (ur-l)H = XmHz me/Zﬂb,

in the same direction as the current

On the outer surface, o, = XmI/ch, in the opposite direction.

c) B = pOI/Zwr, as if the iron were absent.

14-12 (14.7) THE DIVERGENCE OF H
> > . >
V.B = 7. ") = . H -
B v (uruo ) povur H~+uruov H 0

> >
VeH # 0 if Vvp #0 and if Vy is not perpendicular to H.
r r

14-13 (14.8) THE MAGNETIZATION CURVE

Interpolating logarithmically between the points marked leO3 and
4

2x 10,

Moo= 6.lx2x103 = l.22x104.

14-14 (14.8) ROWLAND RING
a) H = 500x2.4/27x0.2 ~ 1000 A/m, B = 0.5 T
b) ¥ = Ndé/dt = NSdB/dt = 10nx10‘4xo.5(10/2.4) = 6.6 mV

14-15 (14.9) THE WEBER AMPERE-TURN
A weber is a unit of magnetic flux, and dé/dt is a voltage.
Thus a weber is a volt second. The number of turns is a pure number.

So [weber][ampere] = [volt second][ampere] = [watt][second] = [joule]

14-17 (14.9) TRANSFORMER HUM
The hum is due to magnetostriction
Reference: Standard Handbook for Electrical Engineers, Sec 11-96

and following.

14-18 (14.9) POWER LOSS DUE TO HYSTERESIS
The area of the loop is approximately 2.8x 16, or 45 W/m3 cycle.
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14-19 (14.9) THE FLUXGATE MAGNETOMETER AND THE PEAKING STRIP

Reference: H. Zijlstra, Experimental Methods in Magnetism, Vol 2,
p 37, Brandt, Introduction to the Solar Wind p 145; M. Stanley

Livingston and John P. Blewett, Particle Accelerators, p 276.

CHAPTER 15

15-1 (15.2) RELUCTANCE

W= (1/2)LI% = (1/2) DT = (1/2) N6)T = (1/2)0°/NT = (1/2)o°R
15-2 (15.2) RELUCTANCE
L = No/T = N2o/NT = N/ R

15-3 (15.3) CLIP-ON AMMETER

I
g (2nR-Lg)/urquﬁ-Lg/qu

a) ¢ = BgA ~ uOIA/Lg, B = uOI/Lg

Without the iron core, B is uol/ZﬂR and is much smaller.

b) The position of the wire is unimportant.

15-4 (15.3) MAGNETIC CIRCUIT

For u_ = 500,
r

NI PN 4mx107'%500x2.4  _1.508x10°

3

B = = = =
2R/ ug o fug T 2TRALEL T 0.2/500+1070  1.257/500+10

0.43 T.
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This B is too large; for ur = 500, B = 0.32 T. Try ur = 525

-3
B = 1.508x 10 - 0.44 T.

1.257/525+107°
This B is again too large; for ur = 525, B.= 0.38 T. Try no= 550

B = 0.459 T, instead of 0.5 on the graph. This is satisfactory.

15-5 (15.3) MAGNETORESISTANCE MULTIPLIER

4M213aBb
V = [(R—R)/(R’(‘R)]V:— \Y
2 1 271 2+2M2 B 2+B 2 0
a by
ZMZBaBb 2
= - V,~-24MB B V
1+M2 Ba2+Bb2 0 ab0

15-7 (15.4) RELAY

F

% /20 ) = (4/20) NIV = (ua/2) (/)

3,2

7x10_4/2)(104x10_2/2x10_ )“ = 0.16 N.

(4mx 10

15-8 (15.3) MAGNETIC FLUIDS
a) The magnetic flux is concentrated in the fluid, where B is large

enough to give an appreciable magnetic pressure.

b) See the literature published by Ferrofluidics Corp.

- CHAPTER 16

16-1 (16.1) RECTIFIER CIRCUITS COMPARED

AASL IV
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16-2 (16.2) RMS VALUE OF A SINE WAVE

T 2m
Vims = (1/T)J Vozcoszwtdt = [VOZ/wT]I coszada = [Voz/Zn]ﬂ,VrmS
0 0
16-4 (16.2) RMS VA%UE X
2 L L
a) Vy, b) |4V, /2]2 = 22vO
T 2 1 1 (T 2 i
) i(l/T)[ [%O(l—Zt/T)] dt 22 = (VO/TZ)[I (1-2t/T) d%]z
0 0

1

0 0

1
d) For the complete sine wave, Vrms = VO/22, so that the mean square

1 T T 2 2 1
(VO/TZ)[%ﬁ-J (—4t/T)dtﬂ~J(4t /T )d%} = (VO/TZ)[T-ZT-+(4/3)T]

NiR

2
value is V.7 /2. TFor the half sine wave, the mean square value is

2 0
VO /4, and Voo = VO/2_

16-5 (16.3) THREE-WIRE SINGLE-PHASE CURRENT
-I
22(240) = 339 V

16-6 (16.4) THREE-PHASE CURRENT

coswt + coswtcos(2m/3) — sinwtsin(2m/3) + coswtcos(4m/3) - sinwtsin(41/3)

= coswt[1l+cos(27m/3)+cos(4m/3)] - sinwt[sin(2w/3)+sin(4m/3)]
= coswt[1+cos 120%+cos 240°] - sinuwt[sin 120%+sin 240°]
= coswt[1l+cos 1200+cos(—1200)]— sinwt[sin 1200+sin(—120°)]

= coswt(1-0.5-0.5) - sinwt(sin 120°-sin 120°) = 0

16-7 (16.4) ROTATING MAGNETIC FIELD
a) Using trigonometric functioms,

BX = Bo[coswt-O.Scos(wt+2ﬂ/3)-—0.5cos(wt-f4ﬂ/3)]

= Bo[coswt-0.5(cosmtc052ﬂ/3—-sinmtsinZn/3)

-0.5(coswtcos4n/3 - sinwtsin4w/3) ]

1.5 B coswt
o
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o]
n

Bo[0.5/§cos(wt+2ﬂ/3) - 0.5/3cos(wt+4m/3) ]

= 0.5/§Bo(coswtc052ﬂ/3-sinwtsinZn/3-—coswtcosAn/3+sinwtsin4ﬂ/3)

O.SVEBO(-O.Scoswt—-0.5/§sinwt-fO.5¢oswt—-0.5/§sinwt)

-2(0.5/5)2Bosinmt = —1.5Bosinwt

So ﬁ = 1.5Bocoswt? - 1.5Bosinmt§, B =1.5 Bo.

++ 4+

wt=0 wt=Tj wb= T wt=37]2

b) Using exponential functions,

B = Bo[expjwt-0.5expj(wt+2w/3)-0.5expj(wt+4ﬂ/3)],

Boexpjwt(l-o.5expj2n/3-0.5expj4n/3),

Boexpjwttl-o.5(-o.5+o.5/§j)-o.5(-o.5-o.5/§j)],

l.SBOexpjwt,

[o5]
]

Bo[0.5/§expj(wt+2ﬂ/3)-0.5/§expj(mt+4ﬂ/3)],

O.5/§Boexpjwt(expj2W/3—expj4ﬂ/3),

o.5¢§Boexpjmt(-0.5+0.5/§j+0.5+0.5/§j),

2(0.5/5)230jexpjwt,

l.SBOexpj(wt+ﬁ/2).

> - >
Thus B = 1.5B0(cosmti—-sinmt3) as previously.

16-8 (16.4) DIRECT-CURRENT HIGH VOLTAGE TRANSMISSION LINES

1
2
o DC* "SP 2 IDc

1 1
2 _ - 2 _
b) 3(V /29)T, = 2V I o, I = (2/3)2°1 = 0.941

1
[\S)
<
—
—
[

1
a) 2(v0/22)1SP
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16-9 (16.5) ELECTROMAGNET OPERATING ON ALTERNATING CURRENT
- - /
(Drms - NIrms/Q_ (erms ! wL) /Q

v [ Nw, from Prob 15-2.
rms
16-10 (16.6) COMPLEX NUMBERS
a) 1+2j = 2.2364£1.107; -1+2j = 2.236£2.034;

-1-2j = 2.23644.249; 1-2j = 2.236£-1.107

b) (l+2j)(l-2j) = 1+4= 5;

(1+2j)2 =1-4+4]) = -3+4]

1/(1+29)% = 1/(=3+43) = (=3-43)/(=3+43) (=3-43)=(~3-43) / (9+16)
= -0.12 - 0.16j

(1+23) /(1-23) = (1+23)(1+23)/(1+4) = -0.6+0.8]

16-11(16.6) COMPLEX NUMBERS
2.236/1.107

16-12 (16.6) COMPLEX NUMBERS
expix = 1+jx—x2/2!—jx3/3!+x4/43+jx5/53
cosx =1 —x2/2! +x4]4!

jsinx +3x -jx3/3.' +jx5/5!

16-13 (16.6) COMPLEX NUMBERS

expjm = cosm+ jsinm = -1

16-14 (16.6) COMPLEX NUMBERS
a) Multiplication by j increases the argument 6 by m/2 radians.
b) 6 increases by m.

c) 6 decreases by /2.

16-15 (16.7) THREE-PHASE ALTERNATING CURRENT

coswt - cos(mt+1200) = coswt - coswtcoleOo + Sinu)tsianO0

= coswt(l+cos_600) + sinwtsin60°® = (3/2)coswt + (3%/2)sinwt

= 3% [(3% /2) coswt + (_1./2) sinwt| = (3%) (cos30ocosmt + sinBOosinwt)

= 3§cos(wt—300) = 3§cos(mt—7r/6)
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16-16 (16.7) CALCULATING AN AVERAGE POWER WITH PHASORS

T
a) P = (l/T)j V coswtI cos(wt+e)dt
0

T _ ‘
= (VOIO/T)I coswt(coswtcos¢ — sinwtsing)dt

0
(T 2 T
= (VOIO/T) cos@J cos wtdt—-sinQJ coswtsinwtdt| = (VOIO/T)cosw(T/Z)
0 0
= (VI /2)cose¢
o o

The integral of sinwt coswt over one period is zero.

b) Po= (l/Z)RC[yoexp(jwt)loexp—j(mt+p)] - (1/2)Volo°°s¢

CHAPTER 17
17-1 (17.1) IMPEDANCE
a) Z = R+ jwL +iR+—/‘1L}%E = R+ij+R(12—1§ wC)
J RwcC +1
2
RwC +1 RwC +1
Z =2R at f =0 and Z -+ jwL at £ > =
b) R+R/ (R2w202+l) =10+ lO/(100x47r2x106x25x10—18+1) = 209

wL—szC/(R2w202+l) - 2mx107%5x107 - lOOxZﬂxlO3x5xlO_9/l = 31.4Q

1
|z| = (20%431.4%)2 = 37.20 , ¢ = arc tan(31.4/20) = 57.5°

o Y] = 1/|z] = 2.69x107%s, = -57.5°
d P =201 =0.20W
e) No

222
f) X is inductive (positive) for L > RZC/(R w C+1), which is always

true

g) X is zero at f = 0.

71



17-2 (17.1)

(R+juwL) /jwC

R+jwL

REAL INDUCTORS

(R+JwL)[(l -0 LC) - RjwC]

2 2
R(l—m LC) + Rw LC+Jm[L(l w LC) -R c]

= RtjwL+1l/juwC =

2 2272

2
RjwC-w LC+L (1-w210) % + R2uw?c

R+Jw[L(l—u)2LC) -R c]

2 222

(1-w LC) +R w

17-3 (17.3) COMPENSATED

Vo/vi =

222

(1-w LC) +R w

VOLTAGE DIVIDER

Rz/chz R2
R2+1/Jw02 ) RZJwC2+1
R,/juC, R, /JuCy Ry Ry

- + -
R2+l/JwC2 R1+1/ch

1

This ratio is equal to R, /(R +R ) if R.C. = R.C

17-4 (17.3) RC FILTER

oM

171" 2727

o.

a) Call
v /V' =
(0]

v'/v

vV /v,
o 1

b) A =

Vo/vi =

1

- + :
RZJ wC2+l le wC1+1

V' the potential at the connection between A and C :

W V)7V, =

, B=1/juC, C =

R/jwC

D/(C+D) )
B(C+D)
_ B+C+D B B(C+D)
~ B(C+D) + A B(C+D) + A(B+C+D) °’
B+C+D

BD BD

B(C+D) + A(B+C+D) ~ AB+(A+B) (C+D)

1/jwC, D =

R

1

R/jwC + (R+1/jwC) 2

2
R+ R jwuC+1/jwC+ 2R

72
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IV /V,| is maximum at RwC = 1. Then V /V, = 1/3.
o i o' i

1
When |V0/Vi| = (1/3)/2%, RwC = 0.303 or 3.30. The pass-band is very
broad.

17-5 (17.3) MEASURING AN IMPEDANCE WITH A PHASE-SENSITIVE VOLTMETER

-
|

= Vz/vl = Z/(R'+Z)a
Z = R'r/(1-r) = R'(atbj)/(1l-a-bj)

_ (atbj) (1-a+bj) _ a(l-a) —b2+jb)

Z
R = 2 2
R (1-a)?+p? (1-a)* +b
Setting Z = R+ jX,
R _ a—az—b2 _ ’1—[1:[2 X b
T = 2 2 ) [ 2 .
R 1+a2+b -2a 1+ |r|"-2a R 1+ |r|"-2a

If r = roexp(je) = ro(cose+jsin6), a = rocose, b = rosine,

2 .
r cosb-r r sinb
o o o

1+r2—2r cosf l+r2—2r cosb
o o o o

Reference : Electronics, July 25, 1974, p 117.

17-6 (17.3) IMPEDANCE BRIDGES. THE WIEN BRIDGE

R3/ij3
ﬁ ) R3+1/ch3 ) Ry
R2 R+ — 1 (RBJwC3+1) (R4+l/JwC4)
4 ;|mC4
Ry

=[R4 + R3(C3/C4)] + ;‘;(1131140303 - 1/w04)
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R Ry 2
=————————, R,RwCLC, =1
R, R4+R3(CB/C4) 374 U374

[y

For R, = R2/2, R, =R C the first equation is satisfied

1 3= Ry C3=Cp
and the second one yields R3w03 = 1.

17-7 (17.3) LOW-PASS RC FILTER

0 150z ¢ 150Hz
4 Ot
.3
10 -60ldb
1/juC 1 - .
a) V /v, = K3 1/34C = Rjucs 1’ Ivo/vil ~ 1/RwC if RwC >> 1.

8

1 _ 1 1
) v v, | = /@2 = 1/0%xen k%107 1) 2 1/ (4R

¢) db = 20 log|Vo/Vi|.

17-8 (17.3) PHASE SHIFTER

0

-150°L
0.l .0 0
Rw(

v L[ R 1/3ec ), | R-l/iuC . _ R+j/uc

o \RFL/3aC ~ Brl/juc) i = Rel/juc Vi = R-3/uC
V V. = exp2d arc te(1/RuC)

o] 1

17-9 (17.3) MEASURING SURFACE POTENTIALS ...
a) V= daEa = ddEd,

0= ecu]E:.:-szErEoEd = EoEaJr €reo(daEa/dd) = Eo(]'Jrerc'la/dd)Ea
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Ea = (0/60)/(l+erda/dd)
b) o, = eoEa = 0/(1+erda/dd)
)V =dE_ = (cda/eo)/(l+erda/dd)

d) IR = (dQ/dt)R = V(dC/dt)R

(10_13/2) (l+exp jwt), dc/dt = (10_13/2)jw exp juwt

C =
13, .
IR = (10 /2) jw(exp jwt)RV
1 -
I R= 1071372y (1/22)erv = (107137237220 x 100 % 107 % 10° = 0.2247

References: Static Electrification 1975, pages 173, 182; Catalog of

Monroe Electronics.

17-10 (17.3) REFERENCE TEMPERATURES NEAR ABSOLUTE ZERO
Let Ip and IS be the currents in the primaries and in the secondaries,

respectively. At balance, V = 0.

Then Jlelp = Rlls, Jwlep = RZIS, Ml/M2 = Rl/R2

Reference: Rev. Sci. Imstr. 44, 1537 (1973).

17-11 (17.3) REMOTE-READING MERCURY THERMOMETER

a) Since Cl >> C2,

equal to C2 and

the capacitance of Cl and C2 in series may be set

v'/V = ijCz/(ijC2+l),

- R
s ~ R+l/jw02

where C2 varies linearly with the temperature.

b) Since V' is to vary linearly with C2, we must have that RwC2 <<1,

and then V' << VS

c) C2 is a cylindrical capacitor with an outside radius of, say, 2 mm.
The mercury column has a radius of, say, 0.05 mm. Then

02 ~ 21TeoerL/JZ,n(2/0.05) = ZﬂeoerL/JLn 40,

~ (27x8.85x10 “2x3/0n 40)L ~ 45 L pF.
We have set €. ™ 3. Here L is the length of the mercury column inside

the electrode C. Setting L ~ 100 mm, if Rl >> ijls, R2 >> ijzs,
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d) C, » 5 pF, R<< l/wC2 = 1/21TX107X5X10—12 = 3000Q.

Setting R = 309,
RwC2 ~ 1/100, V'/Vsm 1/100, V' = 0.1 volt.
Reference: Review of Scientific Instruments 47, 195 (1976).

17-12 (17.3) WATTMETER
Since wL << Z, we may set the voltage across the load equal to that

at the source. Also, since R, >>Z, we may set the current through

the load equal to the currentlsupplied by the source.

The coil produces a B that is proportional to, and in phase with,
the current through Z.

The voltage across R2 is RZ/(Rl+R2) times the voltage across the
source. Then

V' = KIOcos(wt+¢)Vocoswt = KVOIO(coswtcos¢—sinwtsin¢)coswt

A - -
\ av = KVOIO(cos¢/2) = KVrmSIrmScos¢

17-13 (17.3) TRANSIENT SUPPRESSOR FOR AN INDUCTOR

We can calculate the voltage across the inductor, after the switch
is opened, in another way. We consider a clockwise mesh current in
L and C.

a) First, we find Q and I as functions of t, with the switch open.

From Kirchoff's voltage law,

LdI/dt + 2RI +Q/C = C, Lsz/dtz +2RdQ/dt +Q/C = O.

Try a solution of the form Q = Qoexpnt. Then Ln2-+2Rn-+l/C =0

n = -R/L:t(Rz/Lz-l/LC) = -R/L, since R2 = L/C. The two roots are

equal.
Then Q = (A+Bt)exp(-Rt/L).
Set Q = Qo at t = 0. Then A = QO.
Now I = dQ/dt = exp(-Rt/L)[-(R/L)(A+Bt)+B]
Set I =1 att =0. Then B =1 +RQ /L,
o ) o o
Q = exp(-Rt/L) (Q_+I t+RQ_t/L),
I = exp(-Rt/L)[-(R/L)(Q_+I t+RQ t/L) + I +RQ /L],

= exp(-Rt/L)[ I -(R/L) (I +RQ /L)t].

b) Now let us find a relation between Qo and Io. Set IL and IC the

currents through the inductor and capacitor before t = 0 in the
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directions shown, so as to give a
clockwise current in the right- IL Ic
hand mesh when the switch is open.
+
Then V _\
IL = - —2——-2———1—cos[ wt-tan (mL/R)], Q
(R +0 L )2
v I

IC = —————;—2——1—cos[w t+tan_1(l/RmC)]
(R +1/w"Cc™)?
= dqQ/dt,
V
Q = ————-2?—51n[w t+tan (l/RwC_)],

w(R +1/w°Cc%)?

—V
I = ——1—2 5 cos[-tan (wL/R)] = -V R/(R2+w2L2),
o (o]
(R +w 1)
A 222
Q = ———f2 > sin[tan (l/RwC)] = CVO/(R w CT+1)
° 7 uRE1/wich?
I 222 .
2 _ - %(—R—z“’% = -R/L = -1/(10)2.
Qo R 7+w L7)

If the source supplied DC, instead of AC, IO would be -V/R, QO would
1

be VC, and IO/Q0 would again be -1/RC, or -1/(LC)?

Since I = —RQO/L, Q = Qoexp(—Rt/L), I = Ioexp(—Rt/L)

c) The voltage across the inductor, after the switch has been opened,
is

RI +LdI/dt = RIoexp( ) +L(-R/L)exp( ) = O,

despite the fact that I decreases exponentially with time.

Reference: Reference Data for Radio Engineers, p 6-12.

17-14 (17.3) SERIES RESONANCE
= R+ j(wL-1/wC)
Z »-= j for w>0, Z = RforszC=1,

iy

Z » »j for w >

77



17-15 (17.

100

3) PARALLEL RESONANCE

jwL) /jwC R+jwL

(R+
a) Z = -
) R+

. = 2
wlt1/3uC RjwC-w LC+1

SEAYeEN 21 C-RjuC) _ RedullQ- szc) -r%c)

_ (R+
(1-

Real part

Imaginary

Magnitude

Phase of Z
b) X = 0 w
L(1-w’LC)

[a-r

c) 1 —u)zLC =

10 + j(

2 22
ch) +RwC (lmLC) 2, R2w2c?

R _ 10

10RHz

of Z = =
(1-0210) 2 R%wicY)  (1-4n?ef107 %% 4 10
201073 (1-4m2£21077) - 10747
part of Z = 5 10 2 2 9]
( )Y"+10 4 £

{100 + 472 f[ 122

¢ )2+ 10710%q2¢?

of Z = Q

= arc tanw[ J/R

hen [ ] = 0, or when

- ®%c, 1-w21c = RC/L, o’ = (1-R°C/L)/LC

27rx8x103) [10’3(-1.527) 10> x10°%] 10- 81.78]

Z =
2.

332+ 10% x 472 x 64 x 10° x 10712 2.584

d) Z = R'"+1/jwC', R'" = 3.869, C' = 0.629 uF

Reference:

Philips Technical Review 31 No 4 (1971).
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1-4m’x66x10°%10 %100 = 1-4n’ x64x10

Q
4 £

2¢/L) /Lc]%/zn = [(1—10'4/10'3)/10'9]%/% = 4.77 KHz
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17-16 (17.4) STAR-DELTA TRANSFORMATION

-0.1592J

¥\
5.066x 104 @ 5066 X 10" 4

-8.063x10°7)

—2.533x 10”4

17-17 (17.4) STAR-DELTA TRANSFORMATION
A

90.04 10.0
-317.7J ~312.00

C 196,05 69.12j B
17-19 (17.4) BRIDGED-T
R+Z =0, R = -2,
1/R = -Y = —[2jwc—w2c2(r+ij)]
= -2jwC + wzczr + juo3LC2

22
Then w C rR = 1, wZLC = 2.
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' —(d
17-20 (17.5) MUTUAL INDUCTANCE N2

Transform the circuit into the omne

VWA~

shown in the figure.of the preceding page.

10
10+21Tx103xl.9j
* 2

- - (%
Il- IZ- (3

60l

- 21rx103x0 .93

> ©
1
3 X
=5/|5+5+100m3 | = 5/|10+3143 | = 5/(10%4314%)2
-1.592x10 %A =15.92 mA
|
o =
© “Io —
X @) NH
<
CHAPTER 18

18-1 (18.1) DIRECT-CURRENT MOTORS

a) Replace V' by a resistance R' = V'/I. Then the power supplied
by the source is

IV = I(IR+IR') = IZR+IV' = IZR+ IzR'.

The first term represents the various losses and IV' is the useful

power.

b) €= IZR'/(I2R+IZR') = R'"/(R+R")

c¢) At no load, V'-V, I = (V-V')/R~0, B~0.
Since VaV'«wB, w->w,

d) IV' increases. The motor slows down and V' decreases, so I

increases faster, R' = V'/I decreases and the efficiency decreases.

18-2 (18.2) POWER-FACTOR CORRECTION
a) |z| = 600/100 = 6.00 &

R = 6x0.65 = 3.90 9,

X = 6xsin(arc cos 0.65) =4.55 Q

1Z21=6.00

b) I

v/zZ = V(R—jx)/lzl2
(600/36) (3.90-j 4.55)
The in-phase component is
(600/36)3.90 = 65.0 A.

The quadrature component is 76.0 A,

lagging. Check: 65.02 + 76.02 = 1002.
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c) VuC = 76, C = 76/(600x2mx60) = 366 uF.
This capacitor would cost about $ 400.00.
Reference: Standard Handbook for Electrical Engineers, 5-98 and

16-185.

18-3 (18.2) POWER-FACTOR CORRECTION WITH FLUORESCENT LAMPS

The in-phase component of the current is 80/120 = 0.667 A.

Since cos¢ = 0.5, ¢ = 60 degrees. The current is 2x0.667 = 1.33 A
The reactive current is 1.33 sin 60° = 1.16 A. '

Then VuC = 1.16, C = 1.16/(2mx60x120) ~ 20 uF.

References: Henderson and Marsden, Lamps and Lighting, p 325

Standard Handbook for Electrical Engineers, 19-33.

18-4 (18.3) ENERGY TRANSFER TO A LOAD

1N
e N

a) rI = RI'+(Q'/C), rijwQ = RjwQ' +Q'/C ~ RjuQ"
Q' =~ (r/R)Q, x=(r/RC)Q

T . .
b) W= j VIidt = J vVdQ « Jydx

one cycle one cycle
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c) i) For a resistor, V = Vocoswt, I = (VO/R)cosmt = dQ/dt,
Q = (VO/wR)sinwt.
See Fig. R

ii) For a capacitor, V = Vocoswt, Q = CVocoswt.

See Fig. C.
iii) For an inductor, V = Vocosmt, LdI/dt = Vocoswt,

LdZQ/dt2 = Vocoswt, Q = —(Vo/sz)coswt.
See Fig. L.

iv) For a resistor in series with an inductor, with R = juwL,
jwQ=I= Voexp Jot/(R+jwL) = (VO/R) exp jwt/(1+3)
1
:(VO/ZZR)expj(wt—W/4),

1
Q= (VO/ZZMR)expj(wt—n/é-n/Z)
See the fourth figure.
Reference: Rev. Sci. Imstr. 42, 109 (1971).

18-5 (18.3) ENERGY TRANSFER TO A LOAD
Let the voltage across G, at a

given instant, be V. The voltage \Y
at y is then approximately equal

to V. Let the current through Z,

at a given instant, be I, and the

pulse duration be . Then the energy

dissipated in Z during a pulse is

Q/c
W:JVIdt:[VdQ

0 one cycle

The voltage at x is Q/C. Then the spot on the oscilloscope screen
describes a curve as in the figure.
The area under this curve is proportional to the above integral.

Reference: Rev. Sci. Imnstr. 45, 1004 (1974).

18-6 (18.4) REFLECTED IMPEDANCE

A 2.2 . .
Zin R1+JX1+L0M/R2 + 3%, =Rl+3Xl

[Rl + w2M2R2/ [R22+ x22H+ i [xl - m2M2X2/ [Rzz + xzz]]

2
2

2 2 . 2
+o M (RZ—JXZ)/(R2 + X
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A positive X, is equivalent to a negative X in the primary.

2
18-7 (18.4) MEASUREMENT OF THE COEFFICIENT OF COUPLING k

With the secondary open, ZO° = Zl = ijl.

With the secondary short-circuited,
2M2/. L = juL. - juL.jal k2/. L . 2
Z0 tw juL, = JuL; = JuLjjulok /jul, = Jle(l—k ),
2

Zg/2, = 1-K".

= juwLl

18-8 (18.4) REFLECTED IMPEDANCE

8) z, = Ry +July+w M/ (Ryrfuly) = 3+ 1/(Ry4d) = (Rz-j)/(Rzzﬂ]
- (1+jR2)R2/[R22+1]
b)
4
[zl ”
R
X ! 10

18-9 (18.4) MEASURING THE AREA UNDER A CURVE
Draw a line around the periphery

of the figure with conducting ink.

Then measure the voltage induced

when the Helmholtz coils are fed,

say at 1 kilohertz.

The system can be calibrated with

a circle or with a rectangle of
known area.

Reference: Rev. Sci. Instr. 41, 1663 (1970).

18-10 (18.4) SOLDERING GUNS

a) R= 2/Ac = 105 /4x10 0% 5.8x107 = 4.3x10°% @
1 -
T = (100/4.3x10°9% 2 480 A, V= 480x4.3x10 % 0.2 volt
sec secC
b) I__. = 100/120 = 0.8 A.
pri
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18-11 (18.4) CURRENT TRANSFORMER

Disregarding the sign, the induced electromotance is d%/dt, with

b+a

® = (uoI/Zﬂr)Zadr = (uoa/n)Iln[(b+a)/(b—a)],
b-a

V= (uoa/rr)sln[(b+a)/(b-a)]dI/dt.

Reference: Rev. Sci. Imstr. 46, 324 (1975).

18-12(18.4) INDUCED CURRENTS
Rt = :Q//UA = ZTTa/’LbO'

The tube is a single-turn solenoid. Hence L = poﬂazll.

18-13 (18.5) EDDY-CURRENT LOSSES

See the standard Handbook for Electrical Engineers, Sec. 2-74.

18-14 (18.5) EDDY-CURRENT LOSSES

For a solid core, the power loss is

P, = V2 /R~ (d0/dt) 2/ (4ajobl) = (obL/4a) (do/dt)>.

If the core is split into n laminations, insulated one from the other

P - n(d(e/n) /at1?/(4an/obL) = P /n’.

Reference: Standard Handbook for Electrical Engineers, Sec. 2-74,

91, 92, 93 and following.

18-15 (18.5) HYSTERESIS LOSSES
Place the laminations inside a sole-
(R-A)/F
noid and measure the resistive part
R of the impedance of the solenoid
as a function of the frequency. c
Then B

R = A +Bf +CE2,

where A is the DC resistance. f
Then

(R-A)/f = B +Cf.

A plot of (R-A)/f as a function of f gives both B and C.
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18-16 (18.5) CLIP-ON AMMETER
a) V = NAdB/dt = NAwB = NAwuruoI/ZTrr

103(0.64x10_4)(21rx60)(41rx10_7x104)/21rx1.5x10_2 = 3.12 V

b) Loop the wire carrying the unknown current several times around

the core.

CHAPTER 19

19-2 (19.3) MAXWELL'S EQUATIONS

> > >
EOV-E = rg -v.P, V-(eoer_ﬁ) = Pes VD = P> from Sec 6.5
VxB oE/ (F_+09P/ot + Vx M)

X —eouo ot = uo f+ +Vx .

uOVx (ﬁ-rﬁ) - eouan/at = uo(jf-raf’)/at +Vx§) , from Eq. 14-20.

Dividing by My and canceling V x I_JI on both sides,

VxM = j’f+ (a/at)(eoﬁ+ﬁ) = J,+93D/st, from Eq. 6-5

f

19-3 (19.3) MAXWELL'S EQUATIONS
Use the equations of the previous problems, setting D= ereoﬁ,

1_3> ﬁ /ot j
—l-lr]-lo,aa—JU)

19-4 (19.3) MAXWELL'S EQUATIONS
> > ES
VxB-€¢ u 3E/0t = u J
oo o'm
Taking the divergence of both sides and remembering that V-vxB =0

>
for any vector B,

—e u (3/3) (V-E) = uov'(3f+ 3B /3t) .
Since V-E = (pf+pb)/so,
-(3/3t)(pf+pb) = \7-3>f +(5/3t) (V-B) .

EY -+
But p, = -V-P and apf/at = —V-Jf
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19-5 (19.3)

MAGNETIC MONOPOLES AND MAXWELL'S EQUATIONS

a) Taking the divergence of the equation forV}:ﬁ.and remembering

that the divergence of a curl is always equal to zero,

*
(3/9t) (V-B) = -V.3, v-J* = —3p*/5t.

>
b) From the equation for the curl of E,

s

C

19-6 (19.3)

1J =WNm=1 kg(m/sz)m =1 kg m2/s2

W = 1J/s =1 kg mz/s3

1C = 1lAs

1V = 1J/C = 1(kg mz/sz)/As =1 kg mz/As3
19 = 1V/A = 1 kg n2/a%s>

1s =107t - lAzs3/kg m?

1F = 1C/V = 1lAs/(kg mz/As3) = 1Azs4/kg n?
Wb = 1Vs* = 1 kg n’ /As?

1T = 1Wb/m2 =1 kg/A52

1H = IWb/A*= 1 kg m>/a’s?

*
From the fact

that, in a changing magnetic field, the induced voltage

is equal to the rate of change of the magnetic flux

*%
From L = &/I

Let us check

kg m2 A kg m2

. . 1
a) jwLl = V gives s 2 2 3 > Correct

A s A s

b) The energy stored in a capacitor is CV2/2. Then

2

kg m

A2 4 [kg a2]2

Correct

2
s

kg m2

Las

3
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c) The energy sﬂtored in an iInductor fs LI2/2. Then

kgm _kgm .2 ooirect
2 2 2
s A s

d) The power loss in a resistor is IzR. Then

kg m2 _ AZ kg m2
—5— =

. Correct
s A2 s3
2 .
e) w LC is a pure number. Then
2 2 4
lkgm A s _
53 2 7 = 1. Correct

s"A" s kgm

etc.

CHAPTER 20

20-1 (20.4) PLANE WAVE IN FREE SPACE
E = Eoexpj(wt-z/?(), H = Hoexpj(wt-z/k),
where Eo and HO are independent of x, y, z, t and have no z-component

a) Then, from V-E = O,
(3/9x) Eioxexpj( ):l = 0, (3/3y) [Eoyexpj( )] =0

These equatiors are identities
b) We have siimilar equations for H.

> >
c) From V x E = —uOBH/Bt,

> > > - > >
i 3 k i j k

> R >
0 0 9/0z| = —uoaH/at, 0 0 -j/x| = -quoH
E E 0 E E 0
X y X y

Thus, (—j/%)KxE = —jwuﬁ, LxE = uouﬂ(ﬁ = u.ocﬁ
>

> - > >
d) From V x H = ean/Bt, kxH-= —€,CE

20-2 (20.4) LOOP ANTENNA
o o
‘U;nax = 1O(dtI>/dt)max = 10 cos 30 (dB/dt)maX = 10 cos 30 (dE/dt)maX/c

= 10 cos 30°(2rx 3x10%0.1/3x10% = 54.4 mv.
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20-3 (20.6) POYNTING VECTOR

16

a) of= 3.8x10°%/4rx 4910 — 2.65x107E2_ , E__=1.53x10° v/m

E

rms rm
2 2 2
g = (W/Rg_)7/(L/R)™, E/Eq = Rg/Rg o

Ep = (7}{108/1.5x1011)1.53x105 = 700 V/m

C)JE= 2.65%x10 2% (700)% = 1.3x10° W/m®

- 6Ox1.3x103(cal/4.l9)/(104 cmz) = 1.86 calorie/minute centi-
meter
This quantity is called the solar constant
We have neglected absorption in the atmosphere.
The average daily flux at the ground, in the United States, is about
0.4 calorie/minute centimeterz.

Reference: American Institute of Physics Handbook, 3rd ed, p 2-143.

20-4 (20.6) SOLAR ENERGY
At the surface of the earth,gj{: 1.31(103 W/mz, from Prob. 20-3.

3 4

p —edr/50, A = 50 Pled = 5x107/1.3x10° ~ 4%10% m?,

or a square 200 meters on the side.

20-5 (20.6) POYNTING VECTOR

12

o = ceOE2 - 3x10°%8.85%x10 2 % 20% = 1.06 W/m?

In one second, the energy absorbed by one square meter of the copper
sheet is 1.06 J.

This energy will increase the temperature of one kilogram of copper
by 1.06/400 kelvin.

In one second the temperature of the sheet rises by 100x 1.06/400

= 1.06/4 = 0.265 kelvin.

20-6 (20.6) POYNTING VECTOR

a)
e & & & & o6 o

@F @ &/t OF
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b) Energy flows into the field.

20-7 (20.6) POYNTING VECTOR

> > > +
El = Eloexp(mt—kz)l, E2 = Ezoexp(mt—kz—w/Z)J
> + > -
H = Hloexp(wt—kz)_‘), H2 = Hzoexp(mt—kz—ﬂ/Z) (-1)
% > > > > x > o
Sy = A/DRAE +E,) x () +H,)*} = (1/2)Re B xH;*+ (1/2)Re E
-
E »
20-8 (20.6) POYNTING VECTOR
Near the surface of the wire, B
E=IR', H=1/2ma, |ExH| ExH
= IZR'/ZTra
Thus the power loss per meter is
IZR'
) I
20-10 (20.6) COAXIAL LINE
Ry
E = )\/ZWeor, J (A/Zﬂeor)dr =V, ()\/Zweo)!@n(Rz/Rl) =V,
Ry
A= ZWEOV/JLn(Rz/Rl), E = V/rln(Rz/Rl)
H=1/27r
Ry

[V/rsLn(Rz/Rl)](I/zwr)zwrdr = VI = 220x 10 = 2200 W

20-11 (20.7) REFLECTION AND REFRACTION, FRESNEL'S EQUATIONS

See Electromagnetic Fields and Waves, Sec 12.2.2.
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