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PREFACE

Physics by Haliday and ’Resnick “fas been in use for numerous
undergraduate and engineering courses all over the world for over @
quarter of a century. The book is so ambitious that for want of
space a sizable amount of material, which, in the traditiona
approach, is normally worked out in the text, appears at the end o
each chapter as questions and problems and it is cxpected that the
teachers and students would work them out as supplementary
material for the text. .Of the numerous merits which the textbook
enjoys, probably the selection of problems is the most cutstanding
The problems have been selected with the purposc of illustrating
the underiying physical principles and have a variety which range:
from the ‘“‘plugin’ type to the sophisticated bordering on “brain

teasers.”’
Furthermore, the textbook is a rich source of problems and i

ideally suited for setting examination papers at various levels
Students must, therefore, get acamnainted  with the techniques fo.
gnlvine tue problems. To this end these solutions to all the prob
jems, (about 1450 in number) from the Physics, of Resnick an:
Halliday and Halliday and Resnick, Parts I and il, respectively
have been prepared. While detailed solutions have been providec
for most of the problems, for a few alternative solutions have al:.
been given.
An attempt has beep made to retain the terminology of the tex
}k as the solutions are- likely to be used by readers who ar
"dy in its p ssissum Solutlons are given in the same units a'
.in the pfbb ems. As the textbook does demand a prerequisit:
‘e in calculus, problems have been' freely using calculu:
kowods. A few problems have warranted the use of non-calculu:
ard the alternative solutions have been given. Solutions to additic
nal supplementary problems given at the end of Part I have beer
presented at end of the corresponding chapters.
We hOI\: that the Solutions will meet the requirements of,  bot:

the teache
eac and the students. AHMED ANWAR KaMaAL

“of both

/AR KAx -






26.
27.
28.
29.
30.

31

34,
35.
36.
37.
38,
39.
40.
41,

42.

43,
. DIFFRACTION
45,
46.
47.
48,

CONTENTS

CHARGE AND MATTER

THe ELECTRIC FIELD

Gauss’s Law: -

ELECTRIC POTENTIAL

CAPACITORS AND DIELECTRICS
CURRENT AND RESISTANCE
ELECTROMOTIVE FORCE AND CIRCUITS
Tue MAGNETIC FIELD

AMPERE’S LAw

FARADAY’S LAwW

INDUCTANCE :

MAGNETIC PROPERTIES OF MATTER
ELECTROMAGNET]C OSCILLATIONS
ELECTROMAGNETIC WAVES

NATURE AND PROPAGATION OF LIGHT

REFLECTION AND REFRACTION—PLANE WAVES AND

1. ANE SURFACES

REFLECTION AND REFRACTION—SPHERICAL WAVES

AND SPHERICAL SURFACES
INTERFERENCE

GRATINGS AND SPECTRA
POLARIZATION

LiGHT AND QUANTUM PHYSICS
WAVEY‘_AND PARTICLES

15
41
37
83
105
120
145

166

192
206
222
234
254
4

284

302
324
339
348
367
375
391






26 CHARGE AND MATTER

25.1. Number of protons/meter®-sec falling over earth’s surface,
n=0.15 X 10¢=1500
Number of protons/sec received by the entire earth’s surface
N=4=R% n
Where R is earth’s radius.
N=(4r) (6.4 x 10® meter)? (1500) per sec
=17.717 X 10¥ per sec

Since ecach proton carries charge g=1.6X 107" coulomb, total

current reccived by earth
i=Ng=(1.717x10") (1.6 X1072®) amp

=0.123 amp.
26.2. The mangitude of the force on each charge is
— _019s
F 4me,r?

_ -6
(3% 1078 coul)(1.5X107¢ coul) (9 X 10¥ nt-m3/coul?)

= (0.12 meter)?
=2.8nt

The force is attractive.

26.3. Consider onc of the balls which is
in equilibrium under the joint action of
three forces, the weight of the ball mg,
the coulom®’s repulsive force F, and the
tension in the string T. (Fig. 26.3)

Balancing the vertical component of
forces

T cos d=mg (1)
Balancmg the horizontal component
of forces
Tsin 0=F --(2)
Dividing (2) by (1) "ys

tan 8=F/mg Fig. 2%.3



2 Solutions te H and R Physics—(1

F=mg tan 0xmg sine

/i(Mr\B ] ‘Sinﬁ - £ ig va B R X |
9 mex
Fe-
B e Y PRX
ut = Ameond e
gl
3.
or x 2% eomg
3y 1/8
whence x=( | ZR:{omg‘—)
- 2megmgx®
That is, g=+ \/ ._..33.‘0_;!’,-8.,.,
— (2%)(8.9 X 1072 coul*/nt-m?){0.01 kg)(9.8m/s*)(V.0 Sm)* '
—k - 1.2 meter

== +4-2.39 % 1078 coulomb.

Initial relative specd ‘._dAx _dx dq
nitial relative speed, =0~ dg Tt

-2 (._'___L,___\ )"' dq
T 343\ 2mepmg dt

_ 2_( __L‘l'___)"' dg _2x dq

" 3q \ 2nmeomg dt ~3q " dt

(50 mm) (1.0 X107® coul/sec)
(2.4%1078 coul)

2
3
= 1.4 mm/sec.

26 5. The repulsive force Faa on A due to churge Bacts in the
dircction B4 and is represented bv AD. Similarly, the repulsive
force Fea on A4 due to charge C acts in the direction CA and is
reprosented by 4£L Resolve the forces Fsqa and Fca along two
matilly perpendicular directions BC and ML. It is seen that along
BC. the components of Fea and Fca being equal in magaitude but
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! \ A
-Q \
mett?rll A Yy
)
T4 \
\

mg (b)

Fig. 26.5

opposite in direction get cancelled out. On the other hand, the
compenents along M/. get added up. Thus the nct force on 4 is
given by

F=Fp4 cos 3094 Fca cos 300 ..()
qﬂ
but Fpa=Fca= TAmedxE . (2)
where x==0.1 meter.

Consider the ball A which is in equilibrium under the joint action
of threce forces, repulsive force F due to B and C, tension of the
thread T and the weight of the ball mg. These three forces are in
‘the same plane.

Balancing thic vertical components
T cos 6=mg ...(3)
where 0 is the angle made by the thread with the vertical.

Balancing the horizontal components
T sin 6=F - (4)



4 Solutions to H and R Physics—II

Divide (4) by (3)
tan 0=F/mg
F=mg tan 6 ..(5)

0.1
From the geometry of the figure we find O4= 4-- meter,

sin 0= (0.1/4/3)/1.0= 43;-- | .-+(6)

Since 0 is small,
tan 6=sin 0 (D)

Combining (1), (2), (5) (6) and (7)
F=mg tan 0=mg sin 8=2 Fp4 cos 30°=+v/3 Fg4

¥Yigqg?
= 4me X?
. A4mex® mgsin 8 (0.1 meter)® (0.01 kg) (9.8 m/s?) _ 0.1
or g*= = 3 iy
V3 (9 % 10° nt-m?/coul?) 3

=36.3 X 107¢ coul?
g=6X%x107® coul.

i

26.6. Choose the origin at the charge 1 2 a 3
in the lower left corner of the square. The ¢ 4 9
force F;; due to charge 2 on 1 has com-
ponents / i
Fa(12)==0
Fs}(lZ):Flg a V4 a
! __ (99 /
- 4re,a? .
Ve 7 <4
ql
T me,al
The force F,y due to charge 3 on 1 has V¥
components Fig. 26.6
Fa(13) = F 45°== (q) (2q) cos 45°  _ o
= (13) = By cos 45°= O (V2 ap are, V2 at
Fy (13) = Fyy sin 45°
— (q) (2q) sin 45° q*

4nc, (Y2 a)' = d4ne, V24
The force Fy, due to charge 4 on 1 has components

) (2 t |
Fa (14)=F“ = (ﬁl'a'q) = ni -




Charge and Matter $

Net x-component of force is given by

Fa=Fz (12)+Fs (13)4F. (14) =0+

_¢*(1+4 ¥v2)
dne, ¥2 a?

T
4ne, ¥ 2 a’+ ne, o

q!

_(1.0x1077 coul)® (9x 10° nt-m?/coul?) (1+442)

¥/ 2 (0.05 meter)?

=(.17 nt

Net y-component of force is given by

F,=F,(12)+F,(13)+F,(14)

qz 2
T 2me,a?
F2v2—1)

4me, ¥ 2 a®

9
+ 4we, ¥ 2a® +0

__ (Lox107" coul)?(9 X 10° nt-m/coul?)(2¥ 2—1)
v 2 (0.05 meter)?

= —0.046 nt

26.7. (a) The force due to Q, on Q,
is repulsive and will be directed
along the diagonal Q20; of the
square of side a.

2

Foo™ Greiv2ay

The forces due to —¢q, and —qa on
Q, are attractive and are directed
alopg the sides of the square as
shown in Fig 26.7. Resolve the
forces due to the changes —¢, and

-9, 9
\
F--- ,Zngcosl.S
71
7
4 !
Q] 7/ ol
// -%
»
Faa
Fig 267

‘—4qy along the diagonal @,Q2 and perpendicular to it. Along the
perpendicular direction the components get canceclled. On the other
hand along the diagonal QQ the components get added up.

Due to two charges of magnitude g,

2FQq cos 45° = — 209

4xe,

2 a?

If the resultant electric force on Q is zero, then we must have
Fog=2 Fgq cos 45°

Qo __ 22:1
8". a. - 4"(, 2 a.‘
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whence ==242¢g (D

(b) If the resultant force on gis to be zero, then the condition
would be

qg=—2v2¢Q (2)

Obviously both (1) and (2) cannot be satisfied s1multaneously

Therefore, no matter how ¢ is chosen the resultant force on every
charge cannot be zero.

26.8. Let the protons each of charge g coul, be at distance d apart.
Then the electrical repulsive force on elther one is

¢ _
4ue QT M
by Problem,
4/4 — =(1.6 X107 ¢coul)
ne,mg
That is V 9X < 10° nt- m ;uul’ N
' (} 66/ 10 L k}__) 9, 8 mete l/\LL )

==0.119 meter=11.9 cm

26.9. (a) f.et a charge +Q be placed on earth and an cqual amount

on moon. By Problem, electrical repulsive force - gravitational
attractive force.

_ Q2 GMm
dre,d® ~  d¥

where M and m are the masses of earth and moon respectively
and d is the distance of separation,

0= {4xe, GMm

£6.7x 107" nt- m’/kg.’)(()x 103 kg)(7.37 < 1082 Lg‘
(9 X 10* nt-m?/coul?)

=574 % lOl}oul.

(b) No, since the distance d gets cancelled.
(¢) Number of protons N each of ciiarge ¢ requircd to produce
the charge Q is

Q 5.74x10' coul
N =Texi0™ cou ~ 6% 1%%
Neglecting the mass of electron, mass of hydrogen required
N 3.6xI10¥
= —ﬂ—’a ’6—;-1-6".' =6x108 gm

=(6x10% gm)(1.1 X 107* ton/gm)
=660 ton
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26.10. Coulomb force between two paris g and @—¢q placed at a
distance d apart is
9(0—q)
F= 4re, d*

Holding @ and d as constant differeriiatc F with respect to g
to get

oF Q=2
8q 415, . dt
For maximum force, set
oF _
9 ~°
0—2q=
That is, q= g

Thus, the charge Q must be divided cqually 1 order to get maxi-
mum repulsion. We can test whether it is actusily a4 maximum by
Y A AT I N '

- . ot F oY F ! ) .
finding the sign of ) ~-. We get, 7 - = — - " Since the sign
. & _ g oq* g 9’ 2re, 00 8
is negative it 1S & maximum,

26.11. Let the charges be ¢ and (§x1078--¢) coul.

po. e q(5x 1078 —~¢)(9 X 10® nt-m*/coul* 10t
T odmed® T (2.0 meter)? '

Simplifying,
9 .<10% g*- 45 10%g+4=0

Solution of the quadratic equation yields
¢g=1.2Xx1078 coul and 3.8 x107% coul.

26.12. Lct the test charge +¢q be placed at C a distance r on the
bisector of the line AB joining (0, and Q2. The force Fyyo of O, on
g is directed along AC and is represented by CF. Similarly, the
force Fog due to Q4 on g is directed along BC :nd s represented by
CD. Since Q,=Q,=Q and the sides AC—BC, these forces are equal
and consequently CD=CF. Complete the parallelogram CDEF
which is actually a rhombus. The resultant is given by the diagonal
CE which lies on the bisector of 4B.

Fou=---29 . Q9
Y7 Ure (AC)* T Ane (r+ oY)
Qq A Qq

Fose= 4ne,(BC)? ™ dme,(ri4 aY)
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+a,

Fig. 26,12

Resultant force on g is given by

F=Fg,q cos 0+ Fgq, cos 6= __Qgcos b

2re,(r2+a?)
r
But cos 0= \/m |
. Fe Qgr
.. 2xe,(r2+q%)3’2 /
For F to be maximum, set ~g~'F=0
| Qql(r*+a*pPn—3 r¥ri+add] _

2re, (r2+a?)®
whence (r3+a2)3/2—3r3(r3+4q?) 112=0
or r*+ag*—3rt=0

_ 4
=42 ‘
(b) The direction of force is along the bisector of the line joining
the two original charges and away from the line.

26.13. (a) Let us first calculate the x-com- 6 7
ponent on charge 1 due to charges 2, 3, 4, :
5,6,7 and 8. Choose origin at charge ; !
l¢ 1 8
F"2=0 '
F¢1.=Fl' COS 45° :
¢ 1 ) ,)‘2"'"—" 3
= ame,(¥2a)P V2 A
3 [} x:

= 8¥ 2xs, o Fig. 26.13
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qt
Fzyy=Fy, 4ne. b
Fays=0
Fayg=
F ____1_71.7__ q - 1
1T W37 dne,(V3aP V3
g
= 124 3re, a

wbere we have used the fact that the direction cosine of the body
. . S |
diagonal with x-axis is 73

2

_ oo 94 1
Fayg=Fyg c0s 45°= o525 - 2

qﬂ
<8V Zne, a@
The x-component of net force is then

I i 1 S
Fo= e @ 1T ova tavs +3~'3]

H
=0.1512 -4,
€, a

By symmetry F, and £s also have the same magnitude.
F=AFAYF2YFi=+3 Fa
q' q
=(1.732)(0.1512) =0.262
€, Gt €, a2

) The force is directed along the body diagonal.

26.14. Assuming 500 cm?® of water, (m=>500 gm), number of watei
molecules.

_..NOm
N="v

where N, is the Avogadro’s number and M is the molecular
weight.

o (6:03 X 103)(500 gm)
(18 gm)
=1.67 X 108 molecules.

Since each water molecule has 10 protons, number of protons in
the sample=1.67x 10% X 10=1.67 x 10%.
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Now each proton carries + 1.6 X 107** coul charge.
Hence, positive charge in the glass of water
=(1.6 X107 coul} (1.67 % 1038)
=2.7X107 coul.

26.15. (a) Since the penny is originallv neutral, the charge @ asso-
ciated with n, the number of <slectrons, that are to be removed is
equal to —1077 coul.

If q is the chargs carried by each eleciron, then

-2 . —107? coui B
T T S6XI0 com =§.25 X101
(b) The number N of vopper atoms in a peeny is found from
) N==N, __’}

where N, is the Avogadro's number, m thic nass o the cein and 4
the atomic wcight of copper. Assuming tha® =«-=3 1 gm,

(603 X109 awoy.

JYI. wole) (3.1 gus

64 g ! T
== 2,9 X 108 giomne.

As there arc 29 electrons in each atom oi conpci, totai nuinber of
clectrons in the penny is give:: by

n,=2WN=1{29) (2.9 10%8)2" & ¥ {038 electrcs

The fraction f-:_.’i _ 6.25x o™

m, | 8ALxqgw T4

26.16 Mass ot copper giom Jd = A’

P

where A is the atomic weight of copper -=nd N, is Avog:iro’s
pumber

M= (64 gm/mole)/(6.03 £ 10 atoms/m-1c)
=1.06 X 1073 g
=1.06x107% kg

Volume of copper nucleus,

v_u-,-—;— KRS == -—}3(1,9 % 1G7* meter)?

=287 X 0% mcter®
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As mass of the nucleus is approximately that of the atom,
Nuclear density, -%——=(l.06x 10738 kg)/(2.87 X 107% meter®

=3.7x 10%* kg/meter3.

The answer is reasonable since ordinary density of matet.als is of
the order of 104 kg/meter®, and because nuclei have radii which are
smaller by a factor of 10® compared to atomic radii, the nuclear
volume is smaller by a factor of (105)3 or 108, and nuclear densitics
are cxpected to be larger by a similar factor i.e., would be of the
order of (10%) (10* kg/meter®) or 10" kg/meter® which is of the
right order of magnitude.

26.17. (a) The coulomb force is given by
[122 (:’3
" 4me, r?
where Z; and Z; are the atomic numbers of «-particle and
Thorium nucleus and 7 is the distance of separation.
(2) (90) (1.6 X107 coul)*(9 X 10¥ nt- m?/coul?)

= 9X 10715 meter)*
=512 nt
(b) Mass of a-particle M-=6.69x 10 *7 kg
Acceleration, g= L ._-,,,,.5._1.2_91. .+ =T.7% 10% meter/sec?

M 6.69 X 1077 kg

SUPPLEMENTARY PROBLEMS

S.26.1. For cquilibrium, it is neccssary that the third charge Q be
placed on the line joining the other two charges. Let Q be located

Crar ge 0 3 ?
+q (] P
L g . an e —
.- - { -
Fig. 26.14

at distance x from +-g. The electric force F,; on Q due to 44
has magnitude.
! qQ

41!:, 2
The electric force Fgy On Q due to charge 444 has magnitude
—_1 490
Fu= 4n:. (J—x)*
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Condition for equilibrium of Q is
Fyy=Fy

1 90 _ 1 490
4re, x? 4re, (I—x)*?

After cancelling the obvious common terms,

| 4
A (I=x¢

which yields the solution x=1/3

Next, consider the equilibrfium of +g. The force F, due to
charge +4q on -+q has magnitude.

i.e.

_ 1 (499
Fn= 4me, I
The force Fy, due to Q on+g¢ has magnitude
_ 1 Q |
Fa= 4re, x?

As the force due to +4q on +q is repulsivg, that due to Q on -+q
should be attractive so that 4g may be in equilibrium.

We must then have

Fgy=—F),
Qe 14
4re, x3  dme, |1
Putting x==1I/3 and solving for Q, we find
4
Q=- “9“]"
S.26.2 By Problem 26.3 the distance of separation between the

charged balls is given by

oy
[ g% ] )
X [ 2%e, g ()

For /=120 cm, x=5 cm, m=10 gm, we find g= 2.4 X 1078 coul.

When one of the balls gets discharged they come into contact,
share the charge of the other ball equally so that each of them will
now carry charge 4g=+1.2 X 1078 coul and will mutually repel each
other. For the new charge 3¢, formula (1) gives the new distance x*,

[ (g 1
X = [ 2;; ’E ...(2)
Dividing (2) by (1),
x’ 1

x'=0.63x=(0.63) (5 cm)=3.15 cm.
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S.26.3. Let initial charges on the spheres be Q and ¢g. When they
are separated by distance r they attract each other with a force
_ 9
F= 4we, r?
(0.5 meter)? (0.108 nt)
9 x 10° nt-m*/coul?

= — 3 X107 (coul)? (1)

When the spheres are connected by a wire then the net charge

(Q—q) is shared equally by the two spheres since they are identical.
Thus, each of them now carries charge $(Q—¢).

They now repel by a force given by
F'=[}(0—q))*/4rne, r? |
.03 . 1
Co(Q—q)*=16ne, Flr? = (4) (0.036 nt) (0.5 meter)

9% 10° nt-m?¥/coul?
=4 X107¥(coul)?
Q—q=+2%107" -+(2)
Solving (1) and (2), Q=43 X107° coul.
g=F1%x107® coul.
S.26.4. (@) The coulomb force is

Qg= — 4xe, r*F= —

- 1 Qg (1)
Fe= 4ne, r! (n
The centripetal force is
2
F = n:v = mwir --(2)

\
Equating the coulomb force to the centripetal force,

2
1 Qg a:mw2r=m( —%,—11 ) r

2
4re, r

1673 ¢,m
(b) The gravitational force between two particles of mass m and
M is
G mM
For=——;;— (3)

The centripetal force is as given by (2).
Equating the gravitational force to the centripetal force,

GmM R 2 \%
) =mw'r =m '-T—' r

_ GMT*

3 — -
4t
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S.26.5. Let the electron be projected with initial speed v, at infinite
distance from proton. Let it acquire a speed v at distance r from
the proton. The gain in kinetic energy
O K== 4my?-- §my,2 (D)
Initially, the electron being at infinite distane has potential
energy U,=0. At distance r the magnitude of poteuatial energy is

et .
= s ()
Loss in potential energy is
o2
AU=U—U,= dre,r (3)

By work-energy priniciple, gain in Kinetic cnergy is equal to loss
in potential energy,

AK=AU . (4)
Using (1) and (3) in (4),
2 -
smvi—gmv?, = dmer ~..(5)
By Problem, v==2v, ..-(6)

Using (6) in (5) and solving for r,

~(8) s

3 dne, mv?

=("2 (1.6 10719 coul)? (9 x 10°nt-m?/coul?)
3 ) (9.1 X 10781 kg) (3.24 X 105 meter/sec)?

=1.61 X 107 meter.
S.26.6. (a) Force exerted on the left dipole

_e o, 1 1 ___1___‘)
F= e [ 7 T R=2ap ~ @ T Ry2a¢

_ ¢ [ 2R48a _ 2 ]

dne, | (RP—4d¥ R*
_ g Ri+da? 1 ]

T 2ne, (R? -44%)? R?
" (b) The above result can be rewritten as
_q° _12R%q*—16a*
- '2};&,’[ (RY—44?)1RY
Now, R » a Neglecting the second term in the numerator in
comparison with the first one, and approximating R?*—4a? by R? in
the denominator,

Fo 40 2R (3) (g% _ 3p
T 2me, (R)IR? 2ne, RY 2re, RS

with p=24a.



27 THE ELECTRIC FIELD

Fig. 27.1

272. (a) Liner of force due to equal charges placed at 4, B and C,
the vertices of equilateral triangle are shown in Fig. 27.2.

(b) The test charge is kept at D, the center of the triangle. Let
AD=a. Take the origin at D and let the plane ABC be the xy plane.
It camr be shown that near D the potential is

3 3

V= — taa (x4t —22%)

where ali the charges are assumed to be equal to unity. it is easily
deduced from the above formuta that the potential at Dis nota
minimum for all directions in space. As we move away from D in
cirections lying in the plane ABC, the potential increases. on the
other hand, the potential decreases as we move away in a direction
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perpendjcular to this plane. Thus, the test charge at D, although in
stable equilibrium in the plane 4BC, is in unstable equilibrium off
this plane.

Fig. 27.2

27.3. From the upper charge, initially the lines of force tend to be
projected radially outward with an angular seperation determined
by the electric field strength. In the absence of the lower charge the
same angular separation should have been maintained at a large
distance. However, actually in the presence of the second charge
which is equal in magnitude, the relative field strength at any distant
point must be doubled as now the lines of force are arising from two
charges rather than a_ single charge, thereby reducing the angular
separation to half of its previous value. Hence, if the angle between
the tangents to any two lines of force leaving the upper charge is
8, it becomes 18 at great distance.

27.4. Let the electrical field intensity at a distance r from a point
charge g be given by

I q
41'50 re

E=

where n72; the field direction will be radially outward from the
charge and for any point of a spherical surface of radius r concen-
tric with the isolated point charge, the direction of the field will be
perpendicular to the spherical surface. If 4 is the surface area thep



The Electric Field 17

the total number of lines threading through the sphere is therefore,

(9 (4nr’) q
41:eor" gor™ 2

N= EA=

This shows that the humber of lines is dependent on the radius of
the sphere, from which it follows that the same number of lines do
not cross every sphere concentric with the charge. This then means
that some of the lines of force may originate or terminate in the
space surrounding the sphere so that the assumed continuity of lines
of force will be violated. Lt is only in the case of n=2 that N is
_independent of r.) )

27.5. Let the magnitude of the point charge chosen be ¢, The
electric field

F__ 9% _ __ 9 _
E= q dmeglq ~ Ameyr?
(0.5 meter)?(2.0 nt/coul)

=5 =11
O 10ntm¥jcoutsy > 1077 coul.

qo =4“ Ear’E=

27.6. (a) Consider a positive test charge placed midway between
the given charges. The test charge will be attracted by the negative
charge and repelled by the positive one so that the electric field E
will be directed towards the negative charge.

2q (2)(2X1077 coul)(9 X 10°at- m?*/coul?)

E= -4m-:or 7(0.075 meter)? t e PR
=6.4 X 10 nt/coul towards the negativeé charge.

(b) Force on electron, F=Ee=(6.4%10% nt/coul)(1.6 X 107 coul)
| =1.02 X 10718 nt toward the+ve charge.

27.7. E is calculated from

NN | WU, | S
E=— dreoxt + 4reo(x—d)?

Fig. 27.7 shows the plot of E versus x.
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E (nt/cout)

o
()

-o-sxto6

=30 -20 -10
4

A 4

P
>

T

-5x10

-'07

T

1 i A
10 20 30
x (cm)

Fig. 21.7

27.8. The force F* due to +Q on +q and F~ due to —Q on +q are
equal in magnitude, and are indicated in Fig. 27.8. The angle sub-

Fig. 2.8
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tended between F+ and F~ is 120°. The resultant force, F will make
an angle 60° with F~. Hence, the direction of force on +¢ is parallel
to the line joining +Q and —Q.

27.9. (b) Let ¢,=+2.0x1077 coul and gy=+8.5x%107* coul. Force
on cach charge is given by

= 99

F 4rcort
__ (9x10° nt-m*/coul®)(2 X 1077 coul)(8.5 X 107* coul)
- (0.12 meter)*

=1.06X107* nt

(@) Electric field produced by ¢, at the site of q, is

F  1.06X107%nt _
1= =§5%10°8 o= 125 %108 nt/coul

Blectric field produced by g, at at the site of g, is

g F_106x107 nt
*“ ¢ 2X1077 coul

27.10. (a) Electric field at P is given by
E=E* + E~

Where Et is the field due to charge g and E™ is the
field due to —q,

=5.3 %104 nt/coul.

E= q - q
4ne (r—at)*  4xe, (r+a)
. qar

= e, (F—a) g. |
Q

If r > a, then «® can be neglected in comparison
with r? in the denominator. %
-9

S,
E= L Fig. 21.10

By definition, the dipole moment p= 2agq.

E .
. 2xe, r?
(b) Direction of E is parallel to P

27.11. (a) E=E,+E,

== == - -———q-—-———-
E=E= 4 T | (1)
The vector sum of E, and E, points along the perpendicular
bisector joining the charges. \

E=2E, cos § l(2)
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Fig. 27.11

From the geometry of tlre figure we have
r

cos 037:_07’-:.*__“;;—.._ ...(3)
Use (1) and (3) in (2) to find
E= 2q r — qu

T dme, @Y Ja | Dneg@ e

If r>»a, then a® can be neglected in comparison with r? in the
denominator.
_1 2
4ne, rdp

(8) E points radially away from the charge axis and lies in the
median plane.

=

e

(c) At great distances the two cﬁarges of the same sign behave
like a monopole (single charge) for which the electric field is
expected to vary as r~% On the other hand for the dipole with
charges g-'and —gq the field is expected to vary as r™3.

27.12. (a) Let the point at which the electric field is zero be located
at distance x on the charge axis on the right side of +2q. The
-intensity is then given by

E=2__ % _o

T X (x+ar
2(x+a)t—5x3=0

whence x=7‘—5,—_2__-%-2—=l.72 a

=(1.72)(50 cm)=86 cm.
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@

Fig. 27.12

27.13. The electric field at the centre P due 't i
B e ue to the dipole +¢,

E"‘ZE; cos 0 0--(1)
I S q q
where, B e (;‘: +9 )s 2xe, a* ~(2)
’ 4 4
cos 8= _ta 1

Faviii} «(3)
'\/T"T
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Use (2) and (3) in (1) to get I

2 V2 - 2,
= 2 Y24 ..(4 11
E Ameya® @ :
E’ points downward.
The clectric field E” due to the
dipole +2¢, —2¢ is given by | N |
simply replacing g by 2g in (4) .627_ ; _g_ A
,_ 24229 '
E'= 4rne, ot -+ (5) o !’ 8
It points up. Y |
The resultant field due to the & p 5
. A - 2
two dipoles is given by
Fig. 27.13
w2 ¥2(2g) 24249 _ 2424
A e @ dne, @ dwe, a?

=(2 ¥/2) (9x10° nt-m?/coul?) (1.0 X 107® coul)/(0.05m)
=1.02 X 10® nt,coul.

It points up.

27.14. (a) Let the charges q, and g2 be placed at a distance d apart.
Let the poiat P be located at a distance x from g, and away from
q, on the charge axis, where E=0. Assume that ¢, and ¢, are of
opposite sign. ‘

% 9, P
o --- °
D S d--—mmem e X -~
Fig. 27.14
— L] ——9q _
E 4re,(d+x)?  4dme,x? 0
or ¢1x*—q; (d+x)8=0
d+x Vfﬂ __d g, '
T l=AL0 o x=—TA (D)
X ' Vg —Vaq,

Thus, charges must be of opposite sign. The nearer chargé qs
must be less in magnitude than the farther charge ¢, since x must
be positive. The distance from ¢, is given by (1).
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(b) As x has to be positive, the second solution for the quadratic
equation is unacceptable. Further, at any point away from the
charge axis and other than infinity E is always finite. Therefore, no
other solution is possible.

-27.15. Consider a length dx of the rod at distance x from the
center. Then the charge associated with the length dx is ¢ ‘—1{5 . The

distance of P from dx is ¥ vi+x!. At P the eleciric field due to dx
is ‘

____qdx/§-

T 4ms,(y+-x?)

The y-component of the field along the perpendicular bisector of
the rod is given by

dE

dE,=dE, cos 8= __4@xiD) y

4re, ()3 + )32
Total perpendicular component of the field is given by
112
= o aydx__
E,=[dE | -—2(! P T
fe]
(°]
y
Ix . J
— N —y
- { >
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Set ‘ x=ytan 0
dx=y sec? 0 db
12 8

()
dx _y__J‘_ssE’.U.L
Then 0‘ G aRyiis = y30(1+tanl g)s/s

_ o p 1
»2 J i+ ,a’_' y J 4ytxl

Since the x-component of the field would vanish upon integration,
we have

4me,l y’ﬁ/f{v’*l’ 2re,p¥ 1+(8)Y1%)

Since —-3- =A, the linear charge density (charge per unit length) in

he limit /> 00, we get
A
E= 2%,y
27.16. Let the coordinate system be located at the center of the
circle. Choose the y-axis so that it divides the bent rod into two

equal parts. Consider a segment ds of the rod subtended between 6
and 0+d8. The charge in ds is given by,

d
dq=q;§

where s is half the length of theirod.
db db
d=ap =% B,
The field at O, the center of the circle due to dg is given by

_ dq 2qd0
dE ane,a®  \ne0,a°
The y-component of the field due to dg is given by
g cos 6 46

dE, =dPF cos O=W
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Since the x-component of the field would vanish upon integration,
have

LI 16,

E={dE, e, ot | ° 6 40 e, 3 sin 0
0

q sin (*00)
=" 2we,0, o

Consider an element of area ds in the form of a circular strip
symmetrically placed over the inner surface of the hemisphere. The
radius of the strip is a sin 9 and its width is (a d6) where 8 is the
polar angle.

ds=2n(a sin 0) (ad0)=2na® sin 0 40
asine
A [/j 4 Ll 000 \ade

“ A K (0]
8 $40

Fig. 21.17
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As tlie area of the hemisphere is, 4=2xa?, the charge spread over
this strip is
ds  q(2na? sin 6 d0)

dqfqz- = gt =gq sin 6 d0
The electric field acting at O, the center of the hemisphere is
__4dg  gsin 8df
dE= 4ne,ad = 4ne, a*
The y-component of the field is
' dE,=dE cos 0
As the x-component of the field vanishes upon integration the
total field E is given by |
= = —9 |
E SdE, ame, a,i[sm 6 cos 6 46

1
_4__ Isin 8 d(sin 0)=—17

" 4xe, 0* 8xe, at

It points along the axis of symmetry and away from the hemi-
spere.

27.18. The combined electric field due to the charge +¢, —2¢q, +¢
at distance (r—a), r and (r-a) respectively, is given by

= 1[ 4q9 20,  q ]
E= . [(r-a)’—r’ Trtar
_ 2qa* (3r*—a?)
" 4ne, ri(r3—a*)?
Since 7 3 a, 3r'—a'243r? and ri—at=trt,
Also, 0=2a?
3Q
4rne,ré
27.19. The electric ficld on the axis of the charged ring is given by
1 gx ‘
E=
4xe, (a%4-x3)3

where a is the radius of the ring and x is the distance of the electron
from the center of the ring along the axis.

For x <€ a, we can neglect x* in comparison with ¢* in the deno-
minator.

E -——Lx_-
4xns, @°
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The force F acting on the electron is

eqx
e —eE—— 8%
4ne,a
. F eqx
. Acceleration, a=-——=-— ——q—5 =—wix
m 4ne, ma® |

As the acceleration is directly proportional to the displacement
but oppositely directed, the motion is simple harmonic, with angular
frequency

w= L -
4ne,mad
27.20. The electric field is given by
' —_ % _
4me, (a2 +x2)302 )

Differentiating (1) with respect to x and setting Z—E =0, to find the

maximum value of E,
. 3 3
2 2)3/2 i 2. y2
dE d|(a+x) x.2x2(a4x) I .

ax 4me,(a*+x2)8
(@4 x2)3/2 (a2 +x2)4—3x2=0

Factoring
(@*+x*)'72 (a*+ x*—3x%)4=0
Since (a®+x%)§ #0,
we have a*—2x*=0
a
or x= 7“2.

Thus, the maximum value of E occurs at x=a/¥ 2.

27.21. Consider an eclement of the ring of length ds located at the
top of the ring shown in the textbook Fig.27.10. The element of
charge associated with it is

ds
dq,=q, ra

where g, is the charge in the upper half of the circumference.
The differential electric ficld at P is given by

__V dgy 1 (q,ds 1
dE,= 4ne, r*" iz, \ wma )a"-r,f2
where xis the distance of P, from the center of the ring whilst
ris the radial distance of P from the circumference of the ring.
Note that for'a fixed point P, x has the same valuc for all charge
clements and is not a variable.
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(a) The x-component (along the axis) of the field is given by
E, (x)=[dE, cosb

[ 1 q, ds x
T dne, na (a3 +x%) A58
= 91X

dwe, (wa) (@08 1%

But [ds=nra, half of the circumference of the ring, so that

X
El (x)= 4“ <, (Z: + xg). I}

Similarly, due to charge g, in the lower half of the ring,

By (9= 4y

Field along the axis due to the entire ring containing charge
q=¢,+q, is

E (x)=E; (x)+Ez (x)= 4,“:‘(‘(1;:(_1;)1):/:’ 4ne, (an:'+ POUL

since E, (x) and E, (x) point in the same direction.

z-axis

y-axis

X-Qxis

Fg27.m

() The transverse component (perpendicular to the axis) of the
field due to q, is given by
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E, (T)=/dE, sin 8

(.1 q, ds 8__
") dne, ma(a¥+x3) P48
= ‘q,a _
dme, (wa) (@ TP 19
Since - fds=ma

_ 748
E (D= 4xne, (a®+x,)31

Let ds be defined by the azimuthal angles ¢ and ¢-+d¢é. The
angle ¢ being measured with respect to the z-axis. The transverse

component will lie in the direction O4. Hence, its projection on
the z-axis averaged over the azimuth angle gives the z-component. J

n/2 w/2
E](Z)=El (T) ICCS é :—?2’ =—’2:~E1 (T) sin ¢ l
0 0
= ~2E (T)-- ._____9._1_9._4 -
n U7 2nte, (af+ 0N

For the other half of the circumference, ¢, will contribute to the
field in the opposite direction.

By (== g (i wn

Net component of electric field perpendicular to the axis in a
fixed direction is

E (2)=E\(2)+Ey(2)= 2,(3:::(:1:3):‘,‘1):/:

27.22. Consider a ring of radius x and width dx, concentric with the
disk. The charge in the ring is
dq=(2rxdx)c

The electric field at P at distance r along the axis from the cénter
of the Qisk, due to element of charge dq is given by
dE= dg __ (2rxdx)e _  oxdx
4ne, R* 4re, R* 2¢, (r*+x%)

The component of field along the axis due to dg is

ax dx r arxdx
2¢, (P faga 2, (FP+2)3R

The component of the field in the direction perpendicular to the
axis vanishes upon integration.

dEr=dE cos 0=
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ax

Fig. 27.22
The electric field on the axis of the disk at distance 7 is given by

a

_ __or _xdx
E»jdEr— %e, _!; (r*Fx7) 8/2

Set x==r tan 0
dx=r sec? 6 do

. [ (rtan 0) (rsec®640) _ 1 (.
The integral I= I i+ 72 tan? 6)V = TIsnn 6 gt
r!V“’+”
E=-—- —co8 0 = ——[ r ]
© B LT
Therefore, E= 280 [ 1~ a’+r’]
27.23. The field due to charge+-q at P is
c__l_____
E 4"50 rl
The x-component of the field is E, (x)=E, cos 6,=E, (x/r,)
— qx qx

4xe, ry® 4-:»:,, [+ (y—em)l* /2
Similarly, dye to —q,

. gx
B ()=~ 4 ¥ O Farphn

Neglecting the term a? in the denominators,
E(x)=Ey(x)+E, (x)

S o 1 }
" 4ne, | (x*+y;—2ya)* (x2+y3+2yq)3/t

"‘_.3_ 3.
~ e (1= F) 70 25)77 ]
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6q xya
" re, () R

where we have retained terms linear in a and ignored hxgher
order terms. Setting p=2aq
Eo= 1 3pxy
dne, (F+yyn
The y-component of field due to chargel+gq is
E()=Ein =500 4. 00

Tane, [¥*+(y—a)P?
Similarly, due to charge—g, the y-component is

—_ _ q(y+a)
Ey(») dme 3+ (y+a))ph

AS

+
-
P
\
\
\
\
\
\
\
\
\
\
\
\
(O]
\W\ V!
\\ |
\\\.
...‘_-.._«F“—‘-s!h

Fig. 27.23
Neglecting a® in the denominators,

E()‘)=E1(J’)+Es()’) . .
o0 (1-5) “—ora (14 2) ]
— e (5 + PR
_[_(y—a) 14225 )~ o+a (1-22.)]

4ne,(x*+ )R o
_42a)2y'—x)
e (5 TP

Where we have neglected terms involving g® and higher order terms
Setting p=2aq

- p(2y' x%)
EQ)= 4ne (x’+y')"*
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27.24. Weight of electron, F=mg=(9.1Xx107%'g) (9.8 meter/sec?)

=8.92x107%nt
Electron charge, =1.6 X 1071 coul
F_ 892x10%nt _ .
Electron field E e = 16x10-% coul =5.6 X107 nt/coul

in the downward direction
(b) weight of a-particle F=mg=(6.68 X 10" kg) (9 8 meter/sec?)
=6.55X107% nt - SN
Charge of a-particle, =2 e=3.2X10"1 coul
F 6.55x107* nt

Electric field, E= 7= 32x10 =2X 107" nt/coul
in the, upward direction
F 3x107* nt
27.25. (a) E—-——*m 1.5 % 103 nt/coul

®) F=Ee=(1.5X%10® nt/coul) (1.6 X 10™° coul)
=2.4%10718 nt (up)
(¢) Gravitational force, '
F=mg=(1.67X107%" kg) (9.8 meter/sec?)
=1.6%X10728 nt
(d) Ratio of the electric to the gravitational force,
Ee 2.4X107¥nt

=TT aa s = 10
=1.6x10% gt — X10
27.26. (a) Acceleration, oL _Ee
m m

_ (108 nt/coul) (1.6 X 107" coul)
= 9.1X 16 * kg)
(b) Initial velocity v,=0

Final velocity v=0.lc= (110)(3 X 108 meter/sec ) =3 x 107 m/sec

v—v, _ 3X10? meter/sec _ -

a  1.8x10V meter/sec'_l‘7x 107 scc

(c) High speeds attained by the particles owing to intense electric
fields limit the applicability of Newtonian mechanics.

27.27. (a) Force, F=Ee=(1'0 X 1073 nt/coul) (1.6 X 107* coul)
=]1.6X1072¢nt

_F _1.6x107%nt _ ) .
Acceleration, a= =51x 10" kg =1.76 X 10'¢ meter/sec
W=y —2as
v.’-»v’ (5 X 10* meter/sec)*—0

= T27a ~(2)(1.76) X 10" meter/sec?)
=17,1x%107* meter=:7.1 cm.

=1.8 X 10'? meter/sec

1=
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(b) v=v,—at
»o—v_(5X10% meter/sec)—
a " 1.76 X104 meter/sec’
(c) vi=y2—-2 as :
=(5x% 10® meter/sec)?—2 (1.76 X 10'* meter/sec?)
(0.8 X107% meter)==22.18 x 10'? (meter /sec)?
3 v=4.7x10¢ meter/sec
Fraction of kinetic energy lost

t=

=2.8X1078 sec.

=1—[(4.7 X 10® meter/sec){5.0 X 10* meter/sec))?
=0.116 or 11.6%.

(2 0 X 108 nt/coul)(1.6 X 1071? coul)
(9.1 X10~% kg)
=3.5 X 1014 meter/sec®
=3.5% 10'® cm/sec?
Equation of the trajectory is

ax?
2(v,, , cos 0, BE
(3.5 x 10 cm/sec®) x*

2 cm==(tan 45°) x ~ 2 (6.0 X 108 cm/sec)? (cos 45°)

y==(tan §,) x —

Simplifying,
3.5x2—36x+472=0 (D)
As the discriminant (b*—4ac) of the above quadratic equation is
positive, the roots will be real. Hence, the electron will sirike the
upper plate.

(») Eq. (1) yiclds the roots x=2.7 cm and 7.6 cm. The clectron
will strike the upper plate at a distance 2.7 cm from the left cdge
Here the second solution (x=7.6 cm) is not realized.

27.29. The field at 4 is
g 71 | .
~i4 [ -
where [ is the distance between the two charges (Fig. 77.29

Differentiating E with respect to z. < -1 >
gé'_ 2q l 17
dz ~  Ane, U=2) 0
! () z A
Set z=

2 Fig. 27.29
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dE_ _ 84
dz ne,l3

Now, the magnitude of the force on an electric dipole moment
placed in a non-uniform electric field E is given by the relation

Then,

=pg—€ where p is the dipole moment. But, gf at z=—f,—z-is nop-

zero. Hence, force would be exerted on a dipole placed at z=?a

notwithstanding the fact that E=0 at this point.

27.30. (a) Balancing the electric force by the weight of the oil drop,
Eq=mg

m=—‘—;—uR’p== -;'-n (l.6¢1><10“"me:ter)a (851 kg/meter’)

=1.57X 10714 kg
mg (1.57x107" kg) (9.8 meter/sec?)

E— 1.92 % 10% nt/coul
=8.0 X 10°¥ coul.
But q=ne

where e is the charge of the electron and n is the number of

electrons. Therefore,
g 8x107¥® coul

n=

e 1.6x1071 coul

(b) First, electrons cannot be seen. Secondly, in order to balance,
the fields to be employed would be too small.

27.31. Taking the differences between various measured charges
arranged in the ascending order, we have in units of 107® coul,

1.6374 ; 3.296 ; 1.63 ; 3.35
1.600 ~; 1.63 ; 3.18 ; 3.24
The above figures are seen to be in multiples of the elementary
charge of about 1.6x 107 coul. We therefore find the mean
elementary charge from
<e> =}[1.6374+1(3.296)+1.630+4(3.350)+1.600
+1.630+ 4(3.180) +4(3.240)] X 107*® coul
=1.63 % 107! coul.

27.32. (a) Gravitational force on the sphere must be balanced by
electric force.

qE=mg
_ mg (0.453 kg) (9.8 meter/sec?)
1= E~ 150 nt/coul

=0.03 coul
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The charge must be positive.
(b) , =(3_M)i _[__(3)(0.453 kg) ]"’

° \4rp _(4=)(2000 kg/met2i®)
=0.0378 meter
The clectric field on the surface of the spherc is

F— @  (9%10° nt-m*/coul?) (0.03 coul)

4ne,r,2 (0.0378 meter)*
=1,9% 10" volt/m

a value which is much in excess of 3 X 108 volt/metcr for the clectri-
cal breakdown in air. The sphere itself may get blown off owing
to intense electric field.

SUPPLEMENTARY PROBLEMS

8.27.1. The electric f .rce acting on the sphere of charge ¢ is

Fe=qE

l

i 2]

1)

[}

] m

[} AN

) x AN
N
| N

+
Fiz. S.27.1

Let the sphere be displaced through a small angle 8 from. the
equilibrium position, the linear displacement being x along the arc.
Whilc the sphere is attracted down due to gravitetional foree Fo,
itis repelled by the positive charge on the lower plate.  The not
component of force along x is ,

F= < (Fo-+Fe) sin 8=--(mg—q/’) sin ¢
_ The negative sign has been introduced as the restoring force acts
in the direction opposite to the displacement. As 8 is small

sin 0=0= —’i‘-

R F=ma=— (mg_qE ) '7.



36 Solutions to H and R Physics—II
Acceleration is given by

. 1 qE
8.~ -2
with wl= ] (g )

_Equation (1) is that of simple harmonic motion as the accelera-
tion is proportional to displacement and is oppositely directed.

In [
rm———ﬂz D —— rea
w " ’\/ §—(qEm) @)

If the lower plate i3 negatively charged the net force due to gravi-
tation and clectric field would be enhanced as the forces] act in the
same direction, the time period would then be

T=2 \[ —_— | e (3)
=T Al g+(gE/m)

Note that by setting either g=0 or E=0 in (2) or (3), we would
get the familiar formula for simple pendulum viz. 7=2n4/j/g.

S$.27.2. (a) Owing to symmetry the magnitude of forces F* and F~
acting on the charge ¢ will be equal
(Fig. S.27.2). The resultant will be F
obtained by completing the parallclo- :
gram and drawing the diagonal. From A
the geometry of the figure, it is obvious !
that the resultant F points in the 7 &8F
direction antiparallel to that of the \ |
dipolec moment. (Recall that the dipole- W\
~ment is directed from negative charee ;\
towards positive charge). b
\
\

[

(b) The direction of force on the dipole
will be opposite to that of F i.c.
parallel to the dipole moment. ' \

\

(¢) Magnitude of force on the dipole is
F=5x10"% nt. P
(6) und (¢) follow from Newton’s third SRS B

law of motion viz., action and reaction :
are equal and opposite. Fig. 8.27.2



S.27.3. Consider the differential
element of charge dg in the ele-
ment of arc ds for the upper half
of the semi-circle. The electric field
at' P due to this elementary charge
points along the the radius vector
and is indicated by dE* in Fig.
S.27.3. Resolve dE* into dE:* and
4E,* along the x and y-axes respec-
tively

ds=R d8 ()
_Qds 2046
“IsR T = ~(2)
~ where use has been made of (1)
' dq
= e, B () Fig. S.27.3
dq sin 0 @ sin b db

o (4)

+— i _K
dE,*=dET sin 0= dne ~ e R

where use has been made of (3) and (2).
Integrating (4),
r/2

Q J' _0
= .
E, T R sin 840= Teie Y

ja the downward direction.
It is found that due to charge —(Q spread over the lower half of
the semi-circle,
S
E, " 2ad¢, R}
again in the downward direction.

Electric field due to both +Q and—Q,

- (2)

However, the x-components Ee* and Es~ due to the two charges
cancel each other. Hence electric ficld at P is

—F =3
E=E, ey |
8.99.4. Consider a differential element of leagth dx at distancs x
from 4. The clement of charge associated with dx is
dg=2dx (1)
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The magnitude of the field contribution due to charge element
dq at P is

dE-_—' - L dq l Adx 00(2)
where use has been made of (1).
The vector dE has the components
dE:=—dE sin 8 -+(3)
 dE,=—dE cos 8 - (4)

A dx

|
'

9,
Fig. S.274;

The minus signs indicate that dEz and dE, point respectively in
the negative x and y-directions.
The resultant x-component of the field is obtained by integrat-
ing (3).
Ez=[dE:=—[dE sin 0

00
A x dx
Ea= " 4ne, j(R”—i-x’)'/z ()
0

where use has been made of (2) and the relation
sin 9=x/4/'R’+x’. '
With the change of variable x=R tan 0, and dx=R sec? 6 d0,
we find

) =/ )
K= Idtl-: "4 “ok ISiD ed0= — ;,T ...(6)
0
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Similarly, we have for the y-component,
AR dx
4 e, (Rifxd)r D)

o \chVith the change of variable x=R tan 8 and dx=R sec? 0 40, we
n

dE,=—dE cos 0=—

n/2

A A
Ey=dE,=— -~ — [ cos 0 db=—, 2— (8)

b The angle which the vector E makes with the y-direction is-given
y .

tan 8,= 22 = (9)
E,
where use has been made of (6) and (8). From (9) we find 0,=45°.
S.27.5. The torque acting on the dipole is given by

v=P X E=pE sin 0=pE 0 (1)
where small angles have been considered so that sin §=0.
d2
Also, rt=la=] ar .+(2)

There is a restoring torque acting on the dipole which enables it
to return to the equilibrium position. Comparing (1) and (2)

d®0
Idt’z ’_'pEo "'(3)

Where we have inserted the minus sign in the right side since the
restoring torque acts in the direction opposite to the angular dis-
placement.

a_ PEy Ky @
7 I |

Where k is the torsional constant with, k=pE. The period of
oscillation forcthe torsional pendulum is given by

T=2 u\[_‘_»

and the frequency of oscnllatnons is ngen by

l pE
N 2: [ 2:

S.27.6. Ywo forces +7, and—7F, act in the oppposite directions as
shown in Fig. $.27,6.
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. F=Fl _F’
Net force

Fy=qE +F
where E is the field at the negative '
charge. As the field is varying in the +q
vertical direction, the field at the p
positive charge will be -q "

2
E+dE—E+ %E;-dy
F,=q (E+dE) . Fig. 8.27.6

oE
=q (E+ Sy )
Set dy=2a, the charge separation distance.

Then Fy=qE+(2 ag) %ij
9E
-—-qE+p5y-
— kB _ p_, °E
F=¢E+p oy qE=p 2y
pointing upward.
S.27.7. The field E due to dipole at a point a distance r, along the

perpendicular bisector of the line joining the charges is given by

2aq
=3 RS, ” (1)

where 2a is the distance betwecnequal and opposite charges ¢
of the dipole and r » a. The magnitude of field at P duec to the
dipole closer to P is

2aq
E= e (R=ap (2)
pointing down; that due to the dipole which is farther is
Ey= — 2089
1= Tre, (RT0) ~@)
pointing up.

Therefore, the net field is
_ _2aq 1 1
. E(!“)“El—E’-ﬁ"; [(R_a)g ~(R+a$. ]
2aq 2a (3R'+a%)
“4we, (R1—a%)
Neglect a* in comparison with R3. Then
3ga?

Eew= xs, RS




28 GAUSS’S LAW

28.1 The flux is given by
é.=§E. dS

The field E makes an angle 8 with the element of area dS which
is equal to 2= R? sin 8 d8 (Fig 28.1).

de=F(E) 2rR? sin 8 db) cos 8

/2
==n:R2EI (2 sin 9 cos 0) d6
0
/2
=nR2E ] sin 26 d6
0
/2
nR*E |
= s 9
5 cos 2 |
0
=aR*E
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28.2. The flux ¢c can be written as the sum of three terms, an
integral over (a) the lower cap, (b) the

cylindrical surface and (¢) the upper cap >££
(Fig. 28. 2).
ée= $E.dS \
—[E.dS J'E.dS IE.ds
j(a)+ o —d s e,

Now, for the caps,
EdS _ IE.dS =0

(a) (c)
because 6=90°, E.dS=0 for all points a
on the caps. —DE
For part (), the curved surface may be s

divided about a plane perpendicular to E Fig. 28.2

and dividing the cylinder into two halves, right and left. For right
half 8 < 90° whilst for the left half 90 < 6 <180° 'so that for
reasons of symmetry the contribution to the intergral for the entire
curved surface vanishes. Consequently ¢£=0.

28.3. ¢z= FE.dS

= §E cos 6dS

=E cos 6 [dS -

=FA cos 8 :
where we have taken cos 0 outside the integral. as 0 is constant.
28.4. Flux ¢& and the net charge g enclosed by the Gaussian
surface are given by the relation

€ $L=4g

4q 1.0 1078 coul

¢E:Ea T goxi0® coul?*/nt-m? =1.1x10° nt-m?/coul

28.5. As the net charge enclosed by S,, S;, Sy is positive, ¢£ is also
positive.

As the net charge enclosed by S, is negative, & is negative.

As the net charge enclosed by S, is zero, ¢z is zero.

28.6. Describe a sphere to represent the Gaussian surface enclosing
the mass m. The angle between the field direction and the element
of area on the sphere is 180°. Thus

1 _ 1 __ 1
¢c-—3;&f g.dS=—— IgdS

4xG
= — & _._84xr?
I ds= 4G
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or g=——

A mass M‘»placed in the gravitational field g due to m would
experience a force given by

eGmM

r2

The negative sign signifies that the force is attractive.

12)8.7. Electric field at point a at distance r from the charge is given
y

__q _ (1.0X1077 coul) (9 X10° nt-m*/coul?)
dre,r? (1.5% 1072 meter)?
._5)( l&]t/coul\/ ( e alD A ‘e \(t‘c?'h\,!l_;lﬂo
“And

At the point b, the electric field E==0 since the point 1s wnhm
the conductor. _~ ,

28.8. (a) Consider a point charge g located at . the center of an
uncharged thin metallic surface
(shell) of radius R. Let the point
P lic on an element of surface ds
within the shell, Fig. 28. 8 (a), on
the surface of a sphere of radius
r concentric with the shell. Since
the net -charge enclosed within
this Gaussian surface is ¢, accor-
dingly to the Gauss’ theorem, the
flux at P is given by

¢b_.: = fE.(fS Fig 28.8 (a)
=JEds cos 0

But here the" entire field is normal to the surface and points out
from it, i.e. 8=0.

Lk ] ds= (E) (4xr?)

__4
E 4we, r*
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(b) As the shell is conductor, negative charge —g¢ will be induced
on the inside and +¢q will be
induced on the outside of the
shell. Choose a point P outside
the shell at distance r from the
center of the shell and draw a
spherical Gaussian surface of
radius r and concentric with the
conducting shell. The surface
is indicated in Fig. 28.8 (b) by
the dotted lines.

The field vector emerges every-
where normal to the Gaussian
surface. Further, the field has
constant value over the surface. By Gauss’ theorem

¢, FEdS=q
¢.E [ ds=q
e E l4nr?)=gq

Fig 28.8 (b)

=4
whence E dme, r?

«€) It is seen from the results of (a) and () that the shell has ro
effect on the field.

(d) Yes, negative charge is induced on the inside surface and
positive charge on the outside surface of the shell.

(e) Yes

(f) No
() No

28.9. The small rectangle in Fig. 28.9 (a) is a side view of a closed
surface, shaped like a pillbox. Its ends, of area
dA, are perpendicular to the figure, one of them
lying within the sheet the other in the field. {4
Lines of force crossing the surface of the pilibox
is EdA where E is the electric intensity. The
charge within the pillbox is od4. Then from |+
Gauss’ law

».*.
1 >
EdA= *;‘o odA >
: >
or E==.~°‘— —
° ™A

(a) On the left of the sheets, Fig 28.9 (b) clectric | 4
intensity E, due to sheet 1 of charge on the
left bhand is directed toward the left and its +
magnitude i8 o/2¢,. Then intensity Xy due to
sheet 2 of charge on the right hand side is also
toward the left and its magnitude is also of2s,. Fig28.9 (a)
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The resultant intensity is therefore,

G
] 2¢, 2¢, &

(d) Between the sheets E, and E; are in opposite directions and
their resultant is zero.

(¢) On the right hand side of the shects, E, and E, again add up
and the magnitude of the resultant is o/e,, dirccted toward s right.

| 2

M B
- +
2
= -t
- + i
£, & £ £, £
g |+ H B o |- o
:_E—::D 4—6_-—0—5—» 0;:: (a) 4 (c)
2 + 2 + 2 :
- +
+ +
(a) (b) (c) (b)
Fig.28.9 (b) Fig.28.10

28.10. (a) and {¢). On the left side as well as on the right side of
the §heets the intensity components E, and F, arc each of
magnitude a/2e, but are oppositely directed so that their resultant
is zero (Fig 28.10).

(b) At any point between the plates the field components are in
the same direction and their resultant is ofe, and is directed
towards left. .

28.11. By Problem 28.10, the electric ficld intensity E between the
plates is given by

E=ale,
~ But, the charge density o=¢/4
q=Ee,A
=(55 nt/coul)(8.9 X 10712 coul?/nt-m?) (1.0 meter?)
=4.9X 1072 coul,
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28.12. (a) As no charge is enclosed within the charged metal sphere,
E for a point inside the sphere is zero. '

(b) 1In calculating the field external to the spherical charge distri-
bution, the charge may be considered as concentrated at the center.

E=- q _ (9% 10° nt-m2/cou12) (2 X ]0_——75-0_‘1_‘} / L
\

Ame,r? (0.25 meter)?
=2.9X 104 nt/coul.
g __ (9x10° nt-m?/coul®) (21077 coul)

() E= Ame,r? (3 meter)?
=200 nt/coul.
28.13. =12

P}
ge
Force on the electron, F=FEe=—-

. g¢
Where e is the clectron charge, ]
Let the electron be fired from a distance x meters so as to just
miss striking the plate. Then work done
W=Fx=G:x
° .
Setting, W=K, the initial electron kinetic energy
cex_ .,
===K
ed

Ke,
X=——

ae
(100 ev) (1.6 X 107" joule/ev) (8.9 X 1072 coul*/nt-m?)
(—2X107% coul/meter®) (—1.6 X107 coul) ‘

=0.44 X 1073 meter=0.44 mm, o
28.14. Describe a Gaussian surface in the |
form of a right cylinder of radius r coaxial !
with the given cylinder and of length b |
Fig 28.14 (b). Let r < R. The charge within !
this Gaussian surface is :
q=rnr3bp [
As the caps of the cylinder are perpendicular :
to E, they do not contribute to the ficld inten- 1
sity. The only surface which is of conscquence
1s that of the cylinder’s curved surface of area o
A=2rrb, ! :"—,—"
According to Gauss' law 1
N — \\ |
. e. SE.dS=¢q S
As E is normal to the clementary surface ct F
dS and is constant, we have @
E [ds=:q

¢, EA=¢q Fig. 28.14 (a)
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. _q nrbp
L E= ™ et ( <R)
For r > R, again construct the closed
Qaussian surface in the form of a right !
cylinder of radius r and length & coaxial <”‘*“>
with the given cylinder. k—-l 1
No lines of force cross the ends of the | R b
cvlinder. The lines of force cross outward T 1 {
normal, to the curved surface as before. —4—]
We have =7
qg=nR%p
A—-anb Fig. 28.14 (b)
=9 _ nR*%p _R%
T e,A e(2mrb) 2e,r

28.15. Forr < a; E=0

Lo 4 4 wlrd—a%p (rP—a%e
Fora<r<b; E~4K€o’2— 3 Ame,r? | 3ert
i n(b3—a?)p (b3—a’)pe

Fig. 28.15 shows the plot of E versus r.

(nt/coul)~—»

m

6000

4000

T

2000
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28.16. Case (i) r > R.

Construct a Gaussian surface in the form of a right cylinder of
radius r and of length b, coaxial with the metal tube. As the lines
of force do not cross the ends of the cylinder, the only surface that
matters is the curved surface of the P e
cylinder through which lines of force ros 7\ /K
cross in an outward direction normal ‘ l R
to the surface. The quantity of charge ——t—f-—-A-r--
within cylinder is Ab. According to \\[ V

Guass’ theorem.
(s,B)(2mrd)=2b -« b —

A
Imer (r > R) Fig. 28.16 (a)

Case (ii) 7 < R. .
Since no charge resides within the tube, the field
E=0(r < R)

Fig. 28.16 (b) shows the plot of E versus r.

or E==

E)
@]
L

et
E

10“ -

9 XC:‘ =

] L i [ S 3
0 ! 2 3 4 5 r{cm)
Fig. 28.16 (b)

28.17. (a) For r > b the point is outside both the cylinders and
the Gaussian surface drawn at radial distance r would c¢nclose a net
charge equal to zero since the two cylinders carry equal and oppo-
site charge. ifence, E=0

Again, for r << a, the Gaussian surface does not enclose uny
charge. Hence E=0. .

(b) Between the cylinders, we have a < r < b. Desciibe a Gaussian

surface in the form of a right cylinder of radius  and length L
coaxial with the given cylinders, Then the charge enclosed by the
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Gaussian surface is AL and the curved surface through which Eis
projected outward and is normal to the surface has area A=2rnrL.
The ends of the cylinder do not contribute to the field intensity. By
Gauss’ theorem

(e,E) (2rrL)=AL

A
or E—Zue,r
Ae
28018- E= T
2re,r :
Electric force acting on the positron
Ae
_Ee—Zne,r
Equating the electric force to the centripetal force
e _mt
2e,r
Whence, the kinetic energy of positron
K=tmvt= e
= 4ne,

=(9 X 10° nt-m*/coul?) (3 X 1078 coul/meter)
(1.6 X 107 coul)

=432% 1071 joules

=(432X 1071 joules)/(1.6 X 1071? joules/ev)=270 ev.
28.19. (a) Describz a Gaussian surface in the form of a right
cylinder of radius r and length b. The arca of the curved surface
which alon: contributes to the field intensity is given by A=2rrh.
The net charge enclosed by the Gaussian surface is —2q9+q or —g.

By Gauss's law
(e, E) 2nrb)= —q
wheince

-9
E= 2re, br
The ncgative sign shows that E is directed inward.
(b) A charge —q will be distributed on the inside surface of the
shell and a charge —¢ will ruside on the outside surface.
(c) Between the cylinders, the Gaussian surface (again cylindrical
i shape) will enclose a net charge +g so that
-9
N dxce, br
The ficld being radially outward
Assumptions made are ,
(i) The cvlinder is sufficiently long so that only radial component
Of the tield exists.
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(ii) Fringing field near the ends of the cylinder is not present.
(iii) The charge is uniformly distributed.

28.20. (a) Construct a Gaussian surface in the form of a sphere of

radius r, concentric with the spherical shells. Since no charge
is enclosed by the Gaussian surface with r < a, E=0.

(b) Here the net charge enclosed by the Gaussian sutface is qa,
As E is normal to the spherical surface by Gauss's law

a
(¢.E) (4nr2) =qu or E=_T
o£) ( )=q 4re,r?
. Saussian
Gaussian surface
saurtace

\\\-//

Fig 28.20 (a) Fig 28.20 (b)
(¢) Here the net charge cnclosed by the Gaussian surface is
g+ g, and Lis normal to the spherical surface. By Gauss's law

“ . - q(,a‘- qb
(e, £) (4=r®)- qai qo. or E= ane, rt
=TT T =< ,Goussian

surface

/

/ \
\

1’ !
X \
|
{ '
\ ]
\ /

\ /

Fiy 28.20 (¢
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28.21. For the conducting sheet the ficld @ given &y

E=-~ IT
€

o
The electric force acting on the sphere is

F=Eq= %9 AN :\
2o o

The spherc is held in cquilibrium unaes the joime «
action of three force: ti; weight mg acting J-wn, *
(i) electric force F o oacting  honzontally, and |
(iir) tension in the thread acting atanangle v with 3]
the vertical. '

We have from Fig. 2§ 21 I

-’i tan ¢ . (3) Fig. 28.21
mg

Using (2) and (3)
- TR LN 0
q
(8.9 1072 coul* nt-m*u 1 O - [0 *ky 0. 8m/s) tan 30°
(2.0 10 % coul)
< 2.8 107" conl/meter,

28.22. E=-na'e.
For a sphere 6 #'drr’, sine. he surface erea of 0 cphiere s 4nrs,
q
E dre,r?

28.23. The =z-particles s at o decmeer YR frem the center of
the gold nucleus of radws RO €910 7 e Conoul ning
a-particle to be a4 point charge. tre b rie foree s
F'== Z|Z’ ('!
drs, r°
where Z,e and Z, are the charges o the sop atcic cre 0 oold
nucleas respectively.
F (216> 107 aubi (79 216 <1 0 cglow . oy v
= _ A et l . AL
(2 6.9>10718 gicrer
=191 nt.

F_ 19int | 2.85 ¥ 10 micter,sedc-

Acceleration, a= " 67% 107 ke

28.24. ‘a) Consider 1 cm? of face arca. Thon the vilune of the
gold fuil, 3> 1078 cm thick, is

1= 3IXI0* ecmxtemzlem- 3. iu b’
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Number of gold nuclei per cm?® is ,
=Nep | -
N="3

where N, is the Avogadro’s number, p the density and 4 the
atomic weight of the material.

N=(6X 1022 atoms/gm atom) (19.3 gm/cm?)/197
=5.88 X 1022 atoms/cm? ‘
Number of gold atoms in volume v is
n=Nv=(5.88 X 102* adems/cm?®) (3 X 1078 cm?)
=1.76 x 1018
If o is the area of each gold nucleus, then the total area arising
from n nuclei is
S=na
If R is the radius of gold nucleus, then
a=nR*=n(6.9%X 10713 cm)*=:1.5X 10724 cm*
S-(1.76~1018) (1.5 X 107* cm?)=2.6 X 1078 cm?
*. Fraction of surface area “blocked out’ by gold nuclci
..2.6x107¢ cm?

-6
1.0 em? =2.6X10
(6) Volume occupied by each gold nucleus
V='—‘;— ~R3=- g-n(6.9 X 10713 ¢cm)®=1.38 X 1073¢ cm?

Volume occupied by N nuclei per cm? of foil is
Nv=(5.88 X 10** atoms/cm?®) (1.38 X 1072 c¢m?3)
=8.1 X 107H cm3

Fraction of volume of the foil occupied by the nuclei is
8.1 X 107H cm3
1.0 ¢m?

(c) Rest of the space is tilled with electrons. But. a major part of
the space remains enipty.

-1 g (Ul

28.25. (@) The flux is completely determined by the  x-component
of the ficld as E;: Fe= 0.
In-flux. S aFreu'b ¥a-: Iuﬁ'"
Out-flux. G- d*h 2a Y 2a®
Net outward flux. & $ur—6 o 40
\ 2 hadit- hgsl:
W 2—1) bt



Gauss’s Law 53

=(¥/2—1) (800 nt/coul-m*) (0.1 meter)s”?
_ =1.05 nt-meter?/coul
(b) q= 50¢
=(8:9 X 10712 coul?/nt-m?) (1.05 nt-m?/coul)
=9.3x 1072 coul

SUPPLEMENTARY PROBLEMS

S.28.1. Consider a cube of side a=100 meter which encloses a
charge ¢, the upper and lower
surfaces of the cube being at Tds _ ,
300 meter and 200 meter T £ =0V ineter
altitude. (v

By Gauss theorem the flux "
is given by )‘_,,J___.____

4
¢1~.’"—=;g"=j‘ E.dS < lay E.='00V/meter
o

The flux can be written as l“
the sum of six terms; (a)
integral over the bottom sur- Fig S.28.1
face (b) integral over the top surface and (c) integral over the four

vertical faces.
= j El.ds+[ E, dS+4 ]' E.dS
(a) » - (0
In (@), E and dS point in the same direction so that the angle 6
between these to vectors is zero.
; E,.dS= ,{El cos 0° dS==E,I ds=E.S

(@)
where S=a? is the area of the face.
In (), E, and dS point in the opposite direction so that §=180°.

] E, dS= j E, cos 180° dS—=—E? I dS=—EsS
»)
In (c), E and dS point at right angles so that 6=90°. For each
vertical facc,‘
j E.dS— f E cos 90° dS=0.
(a) '
$c=E,S—ES=(E,—E,)S=(E,—E,) a*= ‘l’-
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q= Eo (EI—EZ) a:

;@85¥mﬂ‘cmMMbm%(lmfﬂL-—éoVMtinGnmmﬂ’

meter m etcr
=3,54x107% coul.

S.28.2. Elcctric ficld extends from higher potential to a lower one.
In order that the clectric field may have constant direction the
charge in the region must be uniformly distributed in planes
perpendicular to E. The fact that field is decreasing in sirength in
the direction of £ implies that the charge is negative.

S.28.3. Potential difference between the concentric spherical shells
of radii ¢ and b is

_:Q<l_1)
V= 41:5,,\( a b .
. 2
= —(—6X1078¢ ‘»( o Nt-m )( 1 ___-__,J._,_)
(—6 couli{ 910 coul® /\0.145 meter 0.207 meter
=1115 volt

Kinetic energy gained by electron of charge e in falling through a
potential difference of V volts is eV

imvi=eV .
o /_2;e_v= /(2) (1.6 10712 coul) (1115 volt)
UV (9.1 X 10" 31kg)
=1.98 X107 meter/sec.

S.28.4. (a) The electric force between the two spheres would be as
if the charge is concentrated at their centers.

By Coulmb’s law
1 ¢
F—#4nso R?
where R is the distance betw.en the centers of the spheres.

() If the charges are like, then force will be less than in (a) and
for unlike charges the force will be greater than in (a).

the two cases must be distinguished.
(i) The two spheres have like charges.

In this case owing to coulumb’s repulsion, the charges or eac¢h
sphere instead of remaining uniformly distributed with the center of
charges coinciding with the centers of the spheres are now displaced
towards the rear surfaces of the spheres, resulting in a greater value
for R, the distance of separation of the centers of charges. This
has the consequence of reducing the force.

@) The two spheres have unlike charges.
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In this case the coulomb’s attraction causes the charges to be
pulled towards the front surface of the spheres, leading to a reduc-
tion in the effective value of R. This has the consequence of
increasing the force.

S.28.5. The field due to the point charge Q at the center at a
distance r is

-2
E1~41ceo re
The charge beiween the spheres of radii r and a is
. r r r
g== j pldnr?) dr= I 1;4*(410'2)'(1"——-4!5:4 j rdr
a a a

=2 A(r*—a?)
By Gauss theorem
e JE.dS=4nr? ¢, Ey=q=2nA (r*—a*)

(r*—a?)

E2=2€. r?

(r3—a?)

Total field, E=Ey+Ey— 2 + 52

+
rE,r? 2¢e,r?
:_1_4_ +Q"’2n/‘a’
2¢, dme, r?
If E is to remain constant in the region, a < r < b, for any value

of r, then the numerator of the second term of the right side in the
above expression must vanish.

Q—2nrAa*=0

Hence, A==

S.28.6. (a) Consider a Gaussian surface of radius r. .
By Gauss’ Theorem, R.10. No-
¢, §E.dS=q,

E=a 3—"-:1:’, (1)

where a, is the unit vector pointing toward P from the center of
the sphere, and g, is the total amount of charge within the Gaussian

surface.
For uniform charge density, p is constant and

4
q.—-gv‘p
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Using (2) in (1)

(b) The electric field at the center of the cavity due to the remain-
ing portion of the sphere is

€

where R is the radius of the cavity. The electric field due to a
sphere of radius R corresponding to the volume of the cavity is

E=,"R

3¢,

Using superposition principle the electric field at any point with-
in the cavity for uniform field is

E=E1+E’
P oa_R) 4+ P
='..3 . (a R) +3 G‘R

=
T3¢,




29 ELECTRIC POTENTIAL

. . a (1.0 X 1077 coul/m?)
29.1. The field intensity, E Ze, —(2) (89X 10" coul/nt-m?)

=156 % 10® nt/coul
Let the cquipotentials be As meters apart. As E is constant,
EAs=pV
AV 5.0 volt
""E” T 5.6X10% nt/coul
=0.89 mm.

or As= =0.89 X107 meter

29.2. (a) The potential ¥ at the point B is given by
rs

V3=V4-—I Edr
ra4
Setting r ,=o0; ¥V ,=0;ry=a
Ve=Va

a
Va= -I Edr
[e o]
a R

=-—j£dr-—jsdr"#
R a0

For the first integral, we find E using Gauss’ theorem
4 %r*ec E=q
where ¢’ is the charge enclosed within a radius r. Since ¢’ is
propostional to the volume we have
o
q9= 19
E= r’q -
4nric, RS 4w, R
The first integral is then evaluated as follows:
R
I grdr _q(R'—a®)
4 "e,R* 8 xe R
a

.o

a
-IEdr=
R
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For the second integral, Gauss’ theorem gives
4 nric,E=q

=9
4 ne, r?
and the integral becomes
y d
qar_ q
I Edr=— I 4 wE s 2 4uc, R
o e}

B P T ( o)
Va 8 ne, R’(R a4 )+4ne‘,R*8m, R? 3 Ri—a

(b) Yes. Actually, V=0 at oo.

29.3. The potential is given- by
q (1078 coul) (9 X 10° nt-m?/coul?)

T 4me, R (0.1 meter) =900 volt.
. éRZO.V (1.5x1078 cong)o(ggtl)O' nt-m’/coul’)
=4.5 meter.
®  V=imer
AV=—, 9 QE’;
or AR= _4me vj_\l’k’

Clearly, AR depends on R. Hence surfaces whose potentials
differ by a constant amount are not evenly spaced.

29.5. (a) (i) Let V=0 at distance x from +g, between the charges,
then,

q 3q —0
4ue,x ~ 4re,(d—x)
d—x—3x=0
_4 100 cm

\/ x=4 =2 =25 cm

(ii) Let&;o at distance x from +q outside the charges. Then

9 _ .39 ___,
4xe,x 4ne, (d+x)

d+x—3x=0
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_d 100cm _
or x—~2._~—2 “ =50 cm
(b) Let E=0 at distance x from +q outside the charges. Then
' q 3qg

dre, xt 4 e, (d+x)2=0

. (d+x)1—3 x3==0
or 2x2—2dx—d*=0

Set d=1.0 meter. Then
2x3—2x—1=0
v
x= s 3=l.37 meter=137 cm.

2

Between the charges E cannot be zero since the forces due to +g¢
and —3q would act in the same direction.

29.6.
\\

((-}] (b}
R q _ qd
297 Va= g me,a  4me, (atd) 4 re, alatd)
— _ 9 q o qd
Va 4 neo a+4 re, (a+d) — 4 ne, ala+d)

. ' —qd qd
4 we, a(a+I) 4 ne, ala+d) ~ 2 ne, ala+d)
When d=0, 4 and B coincide and therefore, Va—~Vs—>V4—V4=0
which is the expected result. Also, when ¢=0, V4=Vp=0.

Hence, V4—V8=0 is again an expected result.

=9
29.8. (a) V4 S wera

‘ Va—Va=

-9
V’-4 ®e,7B
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where r4 and,rs are respectively distances of 4 and B from g.

—pp= 91 l)
Va—Vs 4ue,(r,4 “rs

1 \
— -mé 2 - e —
=(9 % 10°* nt-m?/coul®)(1.0 X 10~%coul) (2.0 meter — 1.0 meter
=—4500 volts "
— == - q ..l. _1__.)- —
(b) Va—Vb= 4 — (m - 4500 volts

29.9. The center of negative charge lies at O, the oxygen nucleus.
On the other hand the center of
positive charge of the hydrogen
atoms lies at P, midway between
the two protons. The distance of
separation of the center of posi-
tive charge and center of negative
charge denoted by a can be calcu-
lated from the triangle OPH

a=(0H) cos 52° Fig. 29.9
=(0.96 X 107 meter) (0.616)=0.59 X 107® meter

Dipole moment arises due to the separation of +2e and —2e
charges of hydrogen atoms by distance a.

Dipole moment p=(2 e) (a)
=2 (1.6 X 10™%oul) (0.59 X 10~'® meter)=1.9 X 107 coul-meter.
This value is to be compared with the figure of 0.6 X 107 coul-

meter quoted in the text which is lower but correct. The discrepency
is to be attributed to the oversimplified model.

29.10. Potential at P is given by the sum of potentials due to the
charges +g, +¢g and —g at distance (r—a), r and (r+a) respec-
tively.
. q 9 __4
Vet =) Tane,r ~ Imerta)

1 q , 2qa
Ve= 41!:,'( r +r’-—a’ )
Since r > a, ri—a*=r?

_ 1 (a 24«)
4 (r+7f*

" 4 me,

Right hand side is nothing but the potential arising due to an
isolated charge plus a dipole at distance r.
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29.11. Energy released is
K=qV=(30 coul) (10° volts)
=3 X 1019 joules
=(3 X 1019 joules)/(4.18 joules/cal)
=7.2X10° cal

Heat required to melt m gms of ice at 0° C is mL, where L is the
latent heat of ice.

mL=7.2%10° cal

_ 72xlO' cal

7
80 cal/gm =9X107 gm

=9X10¢kg= g,xklg(;tol;g 90 tons.

29.12. (a) The electric potential is
q (9 X 10* nt-m3/coul?) (1.6 X lO'f‘_"tvcp_u_l)

= dmer (5.3X 107 mcter)
- =27.1 volts
(b) The clectric potential energy of the atom, is
=—¢V==27.1eV
(¢) Equating centripetal force to the clectrostatic force
mid__€
dre,r?
3
or myl=- =27.1 ev
Rer

Kinetic energv=1} m?, } (27.1 ev)—=13.6 ev
(d) Total energy=Kkinetic energy -+ potential energy
=13.6 ev—27.1 ev
=—13.5 ev
Hence, chcrgy required to ionize the hydrogen atom is 13.5 cv.

29.13. The clectric potential energy of the charge configuration of
the textbook Fig. 29.7 is

. l[‘h‘h,ql‘h 199 s 929s | 9294
Y2ai u Ta "v2' a

By Problem, ¢,=+1.0X 1078 coul ; g*=—2.0x 107 coul;
=+4+3.0x107% coul; g¢—-+2.0x 1078 coul ;

and --1.0 meter
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(9 X 10° nt-m?/coul?) (l ) (3)

(10 meter)

+() () +(=2) 3)+
=—6.4X1077 joules.

U=

[(l)( —+ D¢

(—%‘i’ﬂs) (2)]>< 1071

_q
29.14. (@) V= ey . ves(1)
re 4 (9 x10° nt-m?/coul?) (3 X107 coul)

T dwe,V (500 volt)

=54 meters

(b) Assuming that the drops are incompressible, the volume of
new drop will be twice that of the small drop.

—%- nR3=2(—g~m’3)
Radius of new drop, R=2'/3r, ..(2)
The charge of the new drop,
0=2q +(3)
The potential at the surface of new drop is
Q 2q 22 18
°*“4me, R 4me, 2V 41:c¢r
=23y NEY

where we have used (1), (2) and (3).
V,=22/% (500 volts)=794 volts.

29.15. (a) Total charge on earth’s surface
g=(—e) (4nr?)

where —e is electron charge and r is earth’s radius. The poten-

tial is '

q 4nrie er

4nc,r T Ane,r €,

(l 6 X107 coul) (6.4 X 10* meter)
(8.9 X107™ coul?/nt-m?)

(b) The electric ficld due to the earth just outside its surface is

V=

=—0.115 volt.

B q 4nrle e
W T I aem A B e
4dre,r? 4xe,r? €,

==—(1.6X 107" coul (8.9 X 10712 coul?/nt-m?)
=—1.8X 1078 nt-m*/coul.

The negative sign shows that the electric field points radially
inward.
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29.16. Under the assumption of constant density the volume of
each fragment is half of the U2 nucleus.

-;- nrd :i(—;-nRs)

_R 8>§ 10718 meter
s

". Radius of each fragment, r =" ans

The distance between the centers of the fragments
d=2r=2(8x 10718 meter)(2}'3=1.27 X 107¢ meter
Ze

The charge on each fragment is q;=q,= )

(a) Force acting on each fragment is

__ N2 (Ze)?
41':6 dz 4t:e:gd2

(9 10° nt-m?/coul?) (46 X 1.6 x 1071% coul)?

= (1.27 X107 meter)?
=3020 nt.

(b) Mutual electric potential energy of the two fragments is

U__(_Ze)2 (9% 10° nt-m?/coul®) (46X 1.6 1071? coul)?
dre,d (1.27 X 107 meter)

=3.8 X 107 joules.

29.17. Pciential difference between the plates
(V= EL=-(1.92x 105 at/coul)(0.015 meter)
=2¥80 volts.

29.18. (u) The potential at the point P on the ring of charge radius
a can be computed from

Fig. 29.18
1 dg 1 9
V_4xt. .‘ r dne,r qumhu,r
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whete r is the distance of P from the differential element of
charge. Since ri=aqd+4?,

V: _.._‘_.____.___‘_;_
4ne, o x34 g3 :
Where x is the distance of P from the center of the ring along the

axis.
(b) The field is given by

- 9____'7‘1_._.'
== = ix s, it

=9 (—

= —Zme,l D(2x)(x*+a*)

-
’-4ﬂco(x. +az)' s

an expression which is in agreement with that obtained by dircc:
calculation of E in Example 5, Chapter 27.

29.19. V-E(Jm —r)

2¢,
oV 0 —_—

E:::—-a—"_*—---ér— c.('\fa’+r' '—'f)
o 0 —

=% o (Ja’-{-r’ -~r)
-i[(zr)<t)(a'+r')’* -1]
2¢
[
B o=- ( 4/0’+r') A

(@) If r > a, expression (1) may be re-written as

1
E=(1-—2—)
2¢, V l+£

"
G at
==i—c-‘.[ 1—(1 —-2—;'-}- ...... ) ]
_oa
" 4g r? \

where we have expanded the radical by binomial theorem. Now,
the total charge q is given by
q=a(xa®)
q9

o.o E_ 4_;_‘_._’
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This is the expected result for the field of a point chékge. This
is reasonable since at longer distances the disk appears as a point.

(b) If r=0, expression (1) reduces to
o]
E___ze_‘.’. .
This expression is identical with the ficld of a charged shcet

of infinite extension. Very near the disk, the conditions of an
extensive sheet are fulfilled. )

29.20. (a) For a dipole
_ L pcost
T4ne, 13
where p is the dipole moment.
E = oV _ 9 ( I pcos 0)

Y or 4xe, rd

N ) 9 1
*“‘ns,,pcos or ( :)
_ 1 2
T 4ne,? cos 6 (—:f)
_pcosb
2ne,rd
(b) E- is zero for 6=90° or 270°

29.21. Field on the surface of the sphere is
__q  _ (4x107% coul)(9 X 10°nt-m?/coul?)
" Ame,rt (0.1 meter)? '
=3.6 % 10%nt/coul

This value exceeds the dielectric strength of 3 X 108 volts/meter or
3x10¢ nt/coul.

29.22. The field £ at a distance y from an infinite line of charge
density A is given by
A

2xne,y

(1)

R

'0"""-—{;‘!——'_—1:"' _______ F—'
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The potential difference between points 1 and 2 is given by

| ‘ o M
= — TR eme TS — y
AV=V,—V, IEdy Izmy
R, Ry
2 P A AR
__ A A R AR
Ine,) 7 = ime, "R, "2me, VR,
R,
where R, is the radius of the wire and R, the radius of the cylinder.
_2n, AV
Thus, '\"—ln(R,/R,) -(2)
Use (2) in (1) to get

-4V __
~ y In(Ry/R,)

Set V=850 volts

R;=0.0025 in =0.00635 cm
Ry=1.0 cm
Then, E=: v*V__SQQ__Y.(.).!LS J— =Mt§ :::l‘_i.x. volt/me(cr
, !n( 1.0 y In157.5 y
y I\ 550635 )

(a) Electric field strength at the surface of the wire is

_ 168 168 volts \
E(R)= R, = 6.35x 10° meter =2.6 % 10? volts/meter

(b) Electric field strength at the surface of the cylinder is

_ 168 168 volts .
| E(R,)= R, = T0X 1077 meter 1.7 X 104 volts/meter

29.23. (a) The charge is assumed to be located at the respective
centers of the sphere. The point midway between the centers of the

sphere is 1.0 meter from either center. The potental at the mid
point is

4 4
V“4m:or1 4ne,ry
But ry=rs=ro
1
“dnere (‘IH‘QQ)
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_ (9% 10°nt-m#/coul?)(1 X 10~8coul—3 X 107%coul)
(1.0 meter)

=—180 volts.

(b) The potential at the surface of sphere 1 is due to its own
charge q; plus that of g, of sphere 2 acting at distance r.

—_ G qs

" 4xne,R +4m,r
=(9x 10° nt-m?/coul?) (

=2865 volts

The potential at the surface of sphere 2 is due to its own charge ¢,
plus that of ¢, of sphere 1 acting at distance r.

— . 93 91
4 4re,R + dre,r

= (9 X 10°nt-m?*/coul?) (

1.0 X 10 8coul I_!_X_lO"co_yl)
0.03 meter 2.0 meters

—3X1078coul 1 X107%coul )

0.03 meter 2.0 meter
= —8655 volts.
29.24. Let the total charge g=q,+q, ()

After the spheres are connected the potentials of the two spheres
are equal.

,J__. 4 _L.__.. ds_
4re, R, ~ 4we, R, +(2)
¢ R
Also, B A R ...(3)
%0 9 Re (

where ¢, is the charge on the sphere of radius R, and g, is the
charge on the sphere of radius R,.

The surface charge densities for the spheres are given by

q q. )
=i ;?1' and oy=;—p3 R’a’ - (4)
By Problem, Ry,=1.0 cm ; R;=2.0 cm and ¢==2.0X1077 coul.

(a) Eliminate g; between (1) and (3),

0y

4 _R
9—¢ R,
0 1.0 cm

1
(2X10—q," 20cm ~ 2

whence  ¢,=6.7X107® coul (small sphere).
Also, qy=1.3 X107 coul (large sphere).
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() Using (4),
g, 872107 coul
17" 47(0.01 meter)?
5. 13X 1077 coul
7 4%(0.02 meter)?

(C) Using (2)’ -
6.7X 1078 coul
_ *nt-m?/coul?) | 2 —o
V=9 x 10°0t-m¥/coul?) ( 0.01 meter )

=5.3 X 1078 coul/m? (small sphere)

=2.6 X 1078 coul/m? (large spheie)

=6X 104 volts
=60 kv.

29.25. There will be a greater density of-charge in regions of large
curvature and a lower charge density on surfaces of small curvature.
Since the ciectric field intensity near a point charge is proportional
to the charge, clectric field will be largest near points where the
charge density is greatest. Accordingly, lines of force may be drawn
by spacing them more closely in places the charge density is larger.
As the surface of the conductor is an equipotential surface, the lines
of force are normal‘to the surface. These are shown ’solid lines
pointing inward in Fig. 29.25. The intersection of the equipotential
surfaces, with the plane of figure shown as dashed lines are every
where normal to the lines of force.

Fig. 29.25

29.26. Let the charges +g,—q and -+q be at the vertices of an
isosceles triangle of sides 2a, 2a and a (Fig. 29.26). The potential
energy of this configuration is

=L.El£_¢}
v 4ue,.[ g 2 2a]70
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Fig. 29.26
29.27. The potential energy of the configuration taking charges in

pairs, is
1 ( q2+ Q@ ~___qz + q* 2)

4ne,

Y22 a a ¥2a a
0.214%

€ d / ‘
where potential energy at o is taken as zero. This is the work re-
quired to put the four charges together.

29.28. When the «-particle just touches the surface of gold
nucleus, the original kinetic energy is completely trapsformed into
clectric potential energy. 1‘
9192
4ne, r
Set q;=2€; .
gy=19¢, where e is the proton charge, and

r=5x1071% meter

(2x 1.6 X 107%coul)(79 x 1.6 x 10~ **coul (9 % 10*nt- m?*/coul?)
(5x10™ 1 meter)

U=
=7.3% 10712 joules
N 2 Joule
=(7.3x 107 Joules)/(l.6>\ 10- M=S )
=45.6 Mev
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The a-particles used in the experiments of Rutherford stayec
well outside the radius of gold nucleus. Rutherford could only put
an upper limit for the estimation of nuclear radius of gold nucleus
since ‘“‘anamolous scattering” did not show up with «-particles of
5 Mev energy.

29.29. The potential gradient at distance r is given by

g _ (79 x1.6X107* coul)(9 X 10° nt-ni?/coul?)
4re, r? (10712 meter)?

=1.14 X 10'7 volts/meter

The potential grdaient at the surface of gold nucleus of radius
R=5X10718 meter is

q _(79%x1.6X107* coul)(9 x19° nt-m?*/coul®)
4xe, R? (5% 10718 meter)?

=4,55 X 103 volts/meter

29.30. E,=-——1 __

4re, R
- s
¥ 4ne, Ry?
E, _q1 R}
E, gqy R
G _R
But ==—
92 R,
E, _Ry
E, R,

29.31. (a) En\crgy acquired by an electron in falling through a
potential difference of ¥ volts is

eV=4{mv®
Set y==¢
_ 1Im , 1 (9.1 x107kg)(3 X 10® meter/sec)?
Then, V= 5 C &= 5 —1.6X10-9 coul)
=2.6 X 108 volts
1
® e lr=]
. 1 3

=14+ 4 L3
m I+ =1+ 5=
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=V5_
2 =0.745

ale

whence

=0.745 ¢=(0.745)(3 X 10° meter/sec)
=2.236 X 108 meter/sec.

29.32. (i) r<R,

As no charge is enclosed inside the sphere of radius R,, we
conclude that E=0.

—_ 4
Due to smaller sphere,V,= e, Rp .
’ 2
and due to larger sphere,Vz=Z;-€-Q31—%} A
- = _L( i1+_‘b)
V=VitVe=\ R, R,
(ﬁ) R1<"<R’
Due to smaller sphere,V,=-— 11—
4re,r Fig. 29.32 ()
.
and due to larger sphere, V, ane, Ry
— _ 1l (a4 )
¥ __a
E= or 4me,r?
'l (a) " (o)
ic : j
ki 2st
‘e op .
W)} Ik
2} it
1} 4 \
[ > C rimeter O l ? B “ (meter)
Fig 29.32 (b)

Due to smaller sphere, V,= —2
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and due to larger sphere, V,=«—-—q—’——

e, r
1 +
V=V +V=p (_‘IL;_‘I-)

E=_Y ._1_..( 51_1:_‘1213)
or 4ne,

Figure 29.32(b) shows that plots of E (r) and V (r) from r=0 to
r=4.0 meters for R;=0.5 meters, Rg=1.0 meter, ¢,=+2.0X107¢
coul and ¢4=+1.0 X107 coul.

29.33. Power delivered to the belt,
P=rate of energy transfer
=(g/unit time)(V)
=(3X 1072 coul/sec)(3 x 108 volts)
=9000 watts
=9.0 kilowatts.

29.34. (@) V=1

4xe, r

Set, q=4xe, r V
r=1.0 meter and ¥=1.0X107% volts,
1. r)(1. LY
O 04
For r= );b cm=1.8X107? meter,
(1.0 X 1072 meter)(1.0 X 10¢ volts)
9= 9x10° nt—m?/coul?)

(b) Owing to a larger value of E on the surface of a smaller
sphere, charge would leak out rapidly.

=1,1X107¢ coul

29.35. (a) Kinetic energy acquired by the a-particle is
Ka=qV=2eV=(2)(1.6 X 107® coul)(1.0 X 10¢ volts)
=3.2X10™ joules
(8) Kinetic energy acquired by the proton is
Ka=qV=eV=(1.6 X 1071 coul)(1.0 X 10* volt)
=1.6X 10" joules
(c) From (a) and (b) we find
K> *M.Vp’ eV 1
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DR 3 =\[LM:'=\/£§£=¢2
. Va 2 My 2 1

That is, wp > va
The proton has greater speed than «a-particle.

SUPPLEMENTARY PROBLEMS

S.29.1. The charge on the surface of the conducting sphere of radius
ris

qg=4we, rV
where V is the potential.
{ = _.i.. -“‘-'--"V~e.°
Surface charge density, o e

_ (200 volt) (8.9%x 1072 coul?/nt-m?)
- (0.15 meter)
=1.2X 1078 coul/meter?

S.29.2. As the conducting sphercs are far apart (10 meters), we can
ignore the influence of one sphere on the other in altering the
potential. The potential on individual spheres would be caused by
the charge residing on a particular sphere. On the sphere with
V=-41500 volt,
g=4we, Vr
(1500 volit) (0.15 meter) -
=T 9%10° nt-m#jcou) 20> 107" coul.
On the sphere with V= —1500 volt,
g=—2.5x1078 coul.

S.29.3. (a) If thc spheres are connccted by a conducting wire,
charge will flow from the smaller sphere (higher potential) to the
larger sphere (lower potential) until the spheres acquirc the same
common potential. Let charge ¢ be transfered from the smaller to
‘the larger sphere. The smaller sphere will now have final charge
6:=¢,—q and the large sphere will have final charge ¢,=g,+gq,
where g, is the initial charge on either sphere.

Let the common potential be V.

9 9s
y= 4 x:,r; =4 wE, Iy
4 _rn_60cm 1
Gy ry 120cm™ 2
2 g,=4q,
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-8
whence g¢= %,_____}35_1(3)__9 oul _ 1.0 X 107* coul.

(b) The final charge on the smaller sphere is
@1=qo—q,=(3%X1078—1 X 10"8) coul=2x 1078 coul.
The final charge on the larger sphere is
93=¢,+9=(3%107841x107%) coul=4 X 107® coul
The common potential finally reached is
_ 4
V.—4 RELI,
__ (9X10® nt-m¥/coul?) (21078 coul) '
== (0.06 moter) =3000 volts.

S.29.4. Let the sides of the rectangle be a=5 ¢cm and b=15 cm.
(a) The electric potential at corner 8 is

T 9 1 (ay 13)
Ve " t4ne,a + 4re,b  4ne, ( a +3

Sx 107 coul 2% 1078 coul
— -m3 2y __

(9% 10*nt-m?/coul )( 5%1078 meter+15x 1072 meter)
=—"7.8 X 108 volt

The electric potential at corner A4 is

__Q g 1 (_:_1_1_ _q_:)
Va 4=ne, b+4m-° a 4ne, \ b *‘a

5% 107 coul 2X 107¢ coul
3 - o ~Y__cour
=(9 % 10° nt-m*/coul?) ( 15X 107 meter ' 5X 107 metcr)

=6 X 108 volts.

(b)  AV=V4—Va=6X10* volt—(—7.8 X 108 volt)
=8.4 X 10% volt

Work done, W=g; AV=(3X107¢ coul) (8.4 X 10°® volt)
=2.52 joules

(c) External work is converted into electrostatic potential ’energy
since positive charge is moving from lower to higher potential.

S.29.5. Let the charges be ¢, 9,. ¢, and g, each being equal to q.
The distance between any pair of charges is the same being equal to
a,. The potential energy for the given configuration is
=L [0 99 0% 99, 9 ‘Ms]
U”h:,[ s T atataTata
Set h=H=h=49.=4 "
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§.29.6. The potential at A due to the charges at B and C is

-1 (9 _q_) A
V"~4m,(a T

__ X

"4 xme,a

where a=1 meter. Let the
charges at Band C be fixed and
the remaining one be moving
from A to D.

At the mid-point D of BC,

_ 1 (9 4
Vo=, ne, (%a Tia )

_4q
"4 me,a
Potential difference,
Vr—V.= M 29 2
AV=Vp—V4 drne,a  4dme,a 4dre, a
_ , nt-m? )(2) (0.1 coul) _ 0
_((9x 0%~ (1.0 meter) 1.8 X 10° volt.

Work done in taking the charge from A to D is
W=q A V=(0.1 coul) (1.8 x 10° volt)
=1.8 X108 joules
Energy supplied is 1 kW =1000 watts=1000 joules/sec.
. Time taken to move the charge from 4 to D is
_ ‘'work done
rate of supply of energy
1.8 X 108 Joules 5
~ 1000 joules/sec =1.8x10%sec
=50 hours.

t

S.29.7. Suppose the density of lines of force increases in the trans-
verse direction i.e. upward (along y-axis) in Fig. S$.29.7. Consider a
closed path in the form of the rectangle ABCD. Let the density of
lines along BC be o, and that along AD be ay. The electric intensity

along BC will then be E,=S-‘- and that along AD will be £;= ?1-.
° 3

The potential difference betweén B and C is Vac=E,d= 0_1‘_{ ,» where
d is the distance BC. Similarly, the potential difference be'twcen D

and A is Vpa=—Ed=— 3—:‘1 . Let us take a test charge ¢ along
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the indicated path. Along 4B $1d CD no work is done as the paths
lie on equipotential surfaces. Work done in moving the charge from

BtoCis

Wnc=anc=q—?—4— .

8 > Cc
a
]
A - D
Fig. S.29.7

Similarly, work done in taking the charge from D to A4 is

WDA=qVDA= — g.;.’.!.é_

Therefore, the work done in the round trip ABCDA, is
w=Ind _aed _4d, _

€o € €
But g, > o,, by our postulate. Hence, W+#0. However, because
of the conservative character of the field W should be zero. We,
therefore, conclude that our assumption is wrong. Thus, the density
of lines at right angles to the lines of force cannot change foy” an
electric field in which all the lines of force are striaght parallel lines.

'S.29.8. Electric field near a long line of positive charge is
A

“Zre,t ()
The potential at a point P at distance r, is given by
g A fdr A
V= S Edr——g&: I r =7 e, Inr,+C «..(2)
where C is a constant of integration. -
The potential with the origin O is given by
V,= L Ina+C .(3)

2xe,

The absolute potential V5 at any field point Pis given by the
potential difference between P due to positive charge and the
origin O at zero potential. Subtracting (2) from (3),

Vyt=V,—V= <—3—/|n a . (4)
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The superscript refers to the positive line of charge. Similarly, for
the line of negative charge

Vo =,—— ln— .(5)

where r, is the distance of P from the negative line of charge.
The net potential at the field point P is given by the algebraic sum
of the two potentials, V5% and V»~. Hence,
- A r

Vo=V*s+V p=r——1In 2 ...(6)
TE, rl

Since A and ¢, are constants, we obtain the cquation of an
equipotential surfacc by assigning some value to V», cither positive
or negative.

Re-writing (6), we get,
2 me, V
s _ A

=C «(7)

where C is a constant for any fixed value of V5. Now, the locus of
points with a constant ratio of the distances to two linesis an
equation to a cylinder. We, thercfore, conclude that the equipoten-
tial surfaces in this ficld are a scrics of cylinders along each line of
charge. However, the cylinders are not concentric. Further, an
equal negative potential Vp gives rise to a cylinder of the same
size but surrounding the negative rather than positive line of charge.
Fig. S.29.8 shows some of the equipotential surfaces in the xy
plane.

v=0
P
R
2y

Fig. S.29.8
S.29.9. In the circular orbit of radius r,, the kinetic energy is
K,=4% mv3, and the potential energy U,= — 3 Q9 . Hence, the

LA

total energy is

E=KytUy= mt,— 2L 1)
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" As the centripetal force is provided by the coulomb force, we
ave

mhy__ 94
ry  4me, ry
Qq
2 = I,
MY1= 4 me, r ~(2)
Using (2) in (1), and simplifying,
91 9 __ 1 Q
E= 8re, r, 4me,r,  8me,r; - 3)
Similarly, for the circular orbit of radius r,;, we have
1 Q
E’_ 8 NE, Iy

The work W that must be done by an external agent on the second
particle in order to increase the radius of the circular orbit from

rytor, is

1

8ne, re

8.29.10. Loss of potential energy in moving from r; to ry is
_o(1_ % (’s:fx)
AU*%::,( ry rj“) 4me, \ r, rg

Gain in kinetic energy is

AK={m*
Gain in kinetic energy=Loss in potential energy
AK=AU
~ 2 (h=n)
é:7"’2-—‘47350 rlrg
y= [202  (ry—ry)
4xne, rire

_ J (2)(S X 10° nt-m*/coul®)(3.1 X 107® coul)(25x 10 m—9 X 1074m)
(2 X 1078k g)(9 X 107¢ meter) (25 X 10™¢ meter)

=2.48 X 10® meter/sec

S.29.11. (a) As both, the projected particle and the nucleus, are
positively charged. the electrical forces are repulsive. If the aim is
perfect then thc particle will proceed head-on towards the nucleus.
As it does so it loses kinetic energy and gains potential energy.
Distance of closest approach corresponds to the situation where
the particle momentarily comes to stop. In that case the initial
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kinetic cnergy is completely transformed into coulomb potential
energy. When the particle has initial kinetic energy, its potential
energy is zero as the particle is at infinity. Conservation of energy
demands that

_ .99
K= 4;;;—.- (1)
where r, is the distance of closest approach.
[
* 4re,K
(b) This is the case of glancing collision. Nowhere does the kinetic

energy vanish. Let v be the speed of the particle at P, the distance
of closest approach at P from the center

of the nucleus being R. Conservation of R
energy implies that
Q e
K=%my?+ q

Ine R ...(2)
But by Problem, R=2r, -.(3) Fig S.29.11
Combining (1), (2) and (3), we get
K=3imv*+1K
whence v= K_
m

$.29.12. Field strength= Porcntial difference
R ) distance moved

£ (voli meter)

+15p =

+10

+5k

A 1 e L
-4 =2 0 +2 +4 +6 x —+(meters)

e

Fig. 8.29.1%
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E-_—_»él/ (1)

As
The minus sign is used in thé above definition so that E is
positive when AV/As is negative.

Formula (1) is used to find E cenetered around various intervals
of distance. The calculated fields are plotted in Fig S.29.12 as
a histogram.

S.29.13. (a) Consider a differential element ds of the segment at

distance s from the end closer to P. The charge associated with the

element ds is dg=A ds ..(D) ———ep
The differential potential at P due to )

the charge element dy is
__dg _ Ms__
dV_41ce, (y+s5) 4nre, (y+s) @) ) 4
where use has been made of (1). !
The potential at P is obtained
by integrating (2). ‘
L
v=[ar= ,[Tlgl&) y
07 ds
L
= el In (y+s) !
5=0
=~~’~‘-»[ In (y+L)—I ]
e, y ny v
=2 0 [ ytL ] Fig $.29.13
4ne, y
(14 L)
4xe, y
Y™ 9y d4me, 14+Lly dme, y(y+L)
oV
== — =0
(C) Ea 3)’

S.29.14. (a) Consider an element of length dx at distance x from O,
along the length of rod. The charge in dx is

dg=>Adx=kxdx (1)

dx
_ (2
W e @
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The potential at P is given by

L
dne, fyrpxt 4ne, Jyrpxt
0

Set 23=y?+x? and zdz=xdx in (3)

S
. " 4ge, ) z
———— L -
_kz __k Axrtpp_ | K[V Ly —y] 4,
=i e, A (4
0
__W__k[__»y _
®) E==% ™ Tane, [4/1}+y2 : ]
Aliter
dE,=dFE cos 0 ..-(5)
N
P‘\
\
LA
0\
TN
\
\
\ dx
M“«)
0] ~ X L
) Fig S.29.14
But dE=3—39 +(6)
Ine, (P +x?)
and  cosb=—=7_ -7
2t
Using (1), (6) and (7) in (5)
kyxdx

dE,= dme, (y:,{?xz)m
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Integrating,
L

= e

4xnc,

Set y3+x¥=22
xdx=zdz
kyj’zdz _ ky

Y= dre, Z, 4xe,

(c) V involves y alone.

ky xdx
(y’ +x2)3/2




30 CAPACITORS AND DIELECTRICS

30.1. (a) The equivalent capacitance of two capacitors in series is
given b,

GGy __(2X1070/)(8X 107 f) . .
= FC, axi0 frex10 ) 1-6%107f

The magnitude ¢ of the charge on Ci=2pt  Cp=8put

each plate must be the same. ' i

g=CV=(1.6x107¢ f }(300V) 11 11

=4.8 X 1074coul.
The potential difference across 2 uf L
capacitor is I
Vy==q/Cy=(4.8 x 10 fcoul)/(2 X 1078 ) 100V
==240 volt Fig. 301

The potential difference across 8 uf capacitor is
Ve=¢/Cy==(4.8 X 1074 coul/(8 X 1078 f) =60 volt

(b) Total charge, Q=:g+q=2¢==2x4.8 X10™% coul
=9.6X107* coul

The equivalent capacitance of the capacitors in parallel is giv. n
by
C=C+Cy=2uf+80Wf =10 uf= 1075
.. The potential difference for each is
V=0/C=9.6 X107¢ coul/107® f-- 96 volts.

The charge on 2 uf capacitor is
§;=CV=(2%1078£)(96 V)==1.9 %10 ¢ vHul

The charge on 8 uf capacitor is
g;=CyV=(8% 1076 £)(96 ¥)==T7.7x 10 * . !
‘c) The charge is neutralized.
q1=19,=0
Also, V,=V,=0
30.2. The poiential is given by

Q

4 4ne, R
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Capacity of earth is

6.4 X 10® meter

C= —g— =4R€,R=
=T11X 1078 ="711 uf

9 % 10® nt-m?/coul?

30.3. C, is charged and then connected to C; by closing switch S
The measured potential difference drops from V, to V.

_ V.G
V=C+6,

whence,

=43 puf
30.4. Textbook Eq. 307 is c=\—,‘1~=i«af‘

L C
fe.]= [C]J[L’i EL]I

MKS units of ¢, are farad/meter.

Farad coul __coul
Meter (volt)(meter) (Joule/coul)(metcr)

But,

coul? coul?

~ joul-meter  nt-meter?

30.5. The capacity of upper capacitor
is given by
£, A

C,=- i NGY)
and that of lower onc is given by
€,A
C’= ’d’ . (2)

For the series combi nation of
capacitors,the equivalent capacitance
is given by

C,C.
— b3
C—C,+C, --(3)
Using (1) and (2) in (3) we find,
€,A
“=d+d,
But, dl'*‘d’:a—b

35 volt

CI(VV V) —(100 4 (50 volt—35 volt)

e

> q
&&\\\S

DN

R, .

.

Fig. 30.5

o

a
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J— eaA
= "5

C

30.6. Since the effective area of the capacitor is that of interleaved
portion of the plates oanly, the maximum cﬂ't;ctivc area of each
plate will be 4. The neighbouring plates constitute a parallel-plate

capacitor of capacitance, C..=%A; and as (n—1) plates in parallel

make up the variable capacitor the capacitor has the maximum

-1
capacitance, C==(—"--—}—€ﬁ—

30.7. The outer spherical plate is invariably grounded and contact
is made with the inner plate through a small hole in the outer one

(Fig. 30.7).
The field at point P is caused entirely

by the charge Q on the inner sphere and
has the value

Q

E=pner

The potential difference between the
two spheres is given by

Fig. 30.7

_Q-a
T 4reab
_ Q_Aneab
whence, C= iy S
30.8. Imuginc that the capaciior iy divided 1nto differcntial strips
wh;ch are practically paralicl. Consider a strip at distance x
(Fig. 30.8) of length a perpendiculur to the plane of paper and of
width dx in the plane of paper, the area of the strip being dA=adx.
At the distance x, the scparation of the plates is scen to be

D=d+x8

The capacitance due to the differential strin facing each plate is

tA_coady
dC= D T d+x8
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——— X —
" Fig. 308

The capacitance is given by

a d a
g [ coqdx _ _dx
C“I 4= | (@xx0) —°° I (d+x6)
0 0
a xe \
€, A
*‘a“f(“” d )d"
0
¢ 6
_ca [ _ x8
=4 Kl + )dx
0
a
aa( _in‘.’)l
= d 2d ] |
0

30.9. (a) For the two concentric spherical shells of radn a and b,
the capacitance is

C=4n‘ob%
If b = a, than ab =a? and b—a=d

. o ..q:——-& ‘——kf—o_é
. C=4re, d =7 4rnad= y

where we have set A=4xnal, the surface area of the sphere.



Capacitors and Dielectrics 81

30.10. Capacitance of the parallel-plate capacitor is
€, A4 _% (W" 1)

C=—g =73
2
Charge, @=CV= =287 ("; ¥

(8 9 % 10712 coul?/nt-m?) (0.08 meter)? (100 volt)x
(1.0%107% meter)

=1.8X 1078 coul

30.11. As C, and C, are in parallel, their equivalent is C;-+C,. Now
C, is in series with C,+C;. Hence, the cquivalent capacitance of

the combination is given by
1 1 1
c =G T
c __C3 (C;+Cy)
TG +Cy+-Cy
~(4 pf) (10 pf+5 pf)
C=(10urt5attdpn 104
30.12. (b) The charge on C, is equal to that across the combination

of .C, and G, in parallel.
-.a C3 I,3= (Cx + Ca) Vl
where ¥, and V, arc the corresponding potential difference
Vo= e, T T au T h D
-(2)

Also, V,+V,=100.
Solving (1) and (2),
V=21 volts.
When the capacitor C; breaks down, the voltage across C, be-

comes 100 volts> Hence, change in potential difference is
AV=(100-21)=179 volts.

(a) Change in charge is
AQ=CiAV
=(10 X 107¢ f) (79 volts)
=7.9%107¢ coul

30.13. Let the effective capacitance between points x and y be C:
Apply a potential difference V between x and y and let the effective
capacitance be charged to g. Let the charge across C, and C; be ¢,
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and g, respectively. The charges across various capacitors are
shown in Fig. 30.13.

3 _(¢-
x I Il I

=95, -9-9
{1
Cq

Fig. 30.13

The potential drop across C, plus that across C,i, must be equal to
the potential drop across C; plus that across Cy.

VitVs=V+Vy=V
. g_;___t_‘ix:‘Ia:‘_l:_‘ll +‘1:.‘L1_’J_’flt____y

i
|

Lette C) X (1)
But, by Problem, C,=Cy=C,=Cj
Multiply (1) through by C, to get
2q,~#g,=C\V e (2)
29—2q,+9;=Cy\V
Add (2) and (3) to find «.(3)
29=2C,V or C =& =C,=4.0 uf

vV

30.14. (¢) Five 2.5 pf capacitors in :
series would provide an equivalent (o) rAF—F—

capacitance of 0.4 uf. At the same 1000V -
timé each will be able to withstand 200 ‘
volts without breakdown, Fig 304 (a). e

. (b) Three arrays, each consisting of HHEHMH

five 2.0 uf capacitors in series give the i T
equivalent capacitance of 1.2 uf. At

the same time cach will be able to with- Fig 30.14

,stand 200 volts without breadown, Fig 30.14 (3).

30.15. The equivalent capacitance of C, and C, in series is

C,C
C,==21
i Cl’C.
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The equivalent capacitance of C, and C; in parallel is
- = GG
C=Cy+Cy= C,+C,+C’
(10 uf) (5 pf )
30.16. (@) The equwalent capacitance of Cl and C, in series is

G G52, 0007
Similarly, the equivalent capacitance of Cz and C, in series is
Cum 5 1
The combination of C,5 and C,, in parallel is
C=C13+Cy=0.75 pf+1.33 uf=2.08 uf
Charge on the equivalent capacitor is
g=CV=(2.08x 1078 f) (12 volts)=25x 1078 coul.
The charge on C, and C, will be ¢cqual and is
41 =93=C,3¥ =(0.75x 107 f) (12 volt)==9 X 107¢ coul
The charge on C,; and C, will be equal and is
@s=qy=CaV=(1.33x107¢ f) (12 volt)=216 X 107¢ coul.
() The equivalent of C, and C, in parallel is
Cra=C+Cy=1 uf+2 uf=3 uf
The equivalent of Cy and C, in parallel is
Cy=Cyt+C¢=3 uf+4 uf =7 uf.
As Cy, and Cy, are in series, the equivalent capacitor is given by
CiC 3 uf) (7
C= e e~ e T
The charge on the equivalent capacitor is :
Q=CV=(2.1%x107%f) (12 volt)=25.2x 810" ¢ coul.
The potential difference across C, or C, is
25.2x107¢ (oul
Vi=Va= CQ;,’__ 32x 110“- P
The potential difference across G5 or C, is
Ve=V,= &,Q;‘_.ZS 2),(101(;.:(:.‘”-“3.6 volt.
‘. The charges are

Q,=C\V,=(1x107% ) (8.4 volt)=8.4 X 10" coul.

=8.4 volt.
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0,=CyV,=(2% 1078 f) (8.4 volt) =16.8 X 10~¢ coul
Q3=Cy¥/,=(3% 1078 f) (3.6 volt)=10.8 X 1078 coul
0.=CJV=(4x107% f) (3.6 volt)==14.4 X 107 coul

30.17. The given parallel plate capacitor is equivalent to a combina-
tion of two parallel plate capacitors each of area } 4 and dielectrics
K, and K,. The capacitance is then given by

Kl €, (% A) Kz €g (% A)
d

C=C+C,= ety

€4 (.1_{,1_‘.':52)
— d 2

Limiting cases:
i) K,=K,=K

_ €t 4K
— C= d
() K,=K,=1 (for air)
e, A
C= T

These are the expected results.

30.18. The parallel-plate capacitor may be thought of as two capaci-
tors with dielectrics K and K, in series, their capacitance beirfg
given by

_ €, AKI
Cl— % d ”(l)
— S 4K,
C,= i d (2)
The combined capacitance is then given by
_ GG
TG+G 3
Using (1) and (2) in (3)
C= .2C, A K_1K. )
T d \K+K,

Limiting cases:
(i) K,=Ky=K
t, AK

C=d
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(ii) K;=K,=1 (for air)
& 4

These are the expccted results.

30.19. The parallel-plate capacitor may be thought of as an arrange-
ment of two capacitators, onc consisting of a dielectric K with

thickness b and area A, and another with air gap (d—b) and area 4.
The combined capacitance is then given by

_ GG
C= 12 (1)
With
Cy= e"# (for the dielectric) -(2)
Cy= ;"_% (for air) -+(3)
Using (2) and (3) in (1)
. Ke 4
C= Kd=B(K=1)

Setting A==100X 107* meter? ; d=1.0 X 1072 meter
5=0.5x 1072 meter, and K=7.0

C.- (7) (8.9 X 10712 coul?/nt-m?) (100X 107% meter?)

(7) (1.0 X 1072 meter) —(0.5X 1072 meter)(7—1)
=15.6Xx10712 f

=15.6 puf

This is in agreement with the rounded off value 16 upf obtained
Example 5 of the textbook.

When b=0, C="f

When 1<——-1,c=e—"—dﬁ
Ke, A

When | b=d, C= T

These are the expected results.

30.20. Before the slab is introduced the capacitance of the parallel-
plate capacitor is given by the usual formula

¢4
C="5
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After the slab of copper is introduced, the original capacitor is
reduced to two in series each having a gap of 4 (d—b5). Each has
capacitance _

Coe 52 A 2¢ 4

P id—b) d—b

The combination of these two capacitors in series has the capaci-
tance

Cl=

~G6G _G e =
C= it =3 With C;=C,,
€ A4

M =
30.21. For a parallel-plate capacitor of dielectric K,
_cAK
T d
Since ¢ and A are constant it is sufficient to find the ratio K/d in
order to estimate the relative magnitudes of C.
For mica, K/d=6/0.1 mm=60/mm
For glass, K/d=7/2.0 mm=3.5/mm
For paraffin, K/d=2/10 mm=0.2/mm.

Clearly, to obtain the largest capacitance, we must place the mica
sheet.

C

30.22. (d) Before the dielectric slab is introduced, the capacitance

€,A

Co—-“‘g‘

_ (8.9 X107 coul?/nt-m?)(1072 meter?) -1
(10 meter) =8.9x 10718f
=¥.9 upf
Thee capacitance with the slab in place is given by
C= Ke A

~ Kd—b(K—1)

— {N(8.9X 10712 coul*/nt-m?)(10~* meter?)
(7)(107? meter)—(0.5 X 1072 meter)(7—1)

=15.6 X 10713 =15.6 ppf.
(a) Charge on the capacitor before the slab is introduced
0,=C.V=(8.9 X 10715 (100 volt) |
=8.9x% 107 coul
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Charge on the capacitor after the slab is introduced is
@=CV=(15.6 X102 )(100V)=1.6 X 10™® coul.

(b) The electric field in the gap before the slab is introduced is

Q, _ 8.9 X 1072° coul
e, A (8.9%x1072 coul?/nt-m2)(1.0 X 1072 meter?)

=1.0X 10* volts/meter

E,=

The electric field in the gap after the slab is introduced is

16X107® coul

E “=£:th (8.9% 1071 coul?/nt-m?)(1.0 X 1072 meter?)

=1.8 X 104 volts/meter.

(¢) The electric field in the slab is given by

E/ _18x10¢ volts/metqr
5 I

30.23. Assume K=5.4 for mica
(b) The free charge on the plates is
q=CV=(100x 10722 f )(50 volts)=5% 107® coul

(a) The electric field in the mica is

E=

=2.6 X 10® volts/meter.

—_4
E-K g, A
- 5X107° coul
(5.4)(8.9X 1072 coul?/nt-m?*)(1.0 X 1072 meter?)

=1.04 X 104 volts/meter.

(¢) The induced surface charge is

o 1= L
q~41 K)

1
— _. — ——
(5% 1079 coul) (1 5.4)
=4.1%107* coul

The induced charge of —4.1x10™ coul appears next to the
positive plate.

: - 9 .
30.24. (q) Electric field E KeA
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Dielectric constant,

= ~-—'l—
K ¢, EA

— (8.9%1077 coul)
(8.9 X 10712 coul?/nt-m?)(1.4 X 108 volts/meter)(1.0 X 10™* meter?)

=714

(b) Magnitude of the charge induced on each dielectric surtace is

o 1L )= -7 ( _ ,._L)
q -—q( 1 X ) (8.9X1077 coul) { 1 i1a
=7.7%X1077 coul.

30.25. The capacitance of a parallel-plate capacitor is

e, AK
C—-~—-{2- ...(1)

Dielectric strength = 18 x 108 volts/meter.
Electric ficld strength=4000 volts/mcter.

Setting dielectric strength cqual to the electric field strength,
we have
4000 volt

= ~4 t
18 %108 volts/meter 2.22%107% meter

strength we have, a =

From (1) we have

_Cd _(7X1072X107° {)(2.22 X107 meter)
T, K (8.9 % 1072 ¢oul?/nt-m?)(2.8)
=0.62 meter?.

A

30.26. The clectric field for a cylinder capacitor is

q D)

2n g5 i

The energy density (encrgy/unit volume),

u=14e, EP g 2)

- 81:5:;'—1" r2

where usc has been made of (1).

The energy stored between the coaxial cylinders of length and
radius R and a is

R
U=fudv § u (2nrl) dr ~12)
]
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where dv=(2nr dr) I, is the volume element.

Using (1) in (2)
R

q° [ér__..__fl’ in-X
r dme, ! a

a

Similarly, the cnergy stored between the coaxial cylinders ol
radii b and a is

_.a b
U"”47t e, In a
U _lnR/a
U. Inbla
U
Set ﬁ::‘}
Therefore,? In Rja_ |
" Inbla 2
2
or In b =21In - =In Ii
a a
2
and ’1 -.-R,,
a &
or R=Va

30.27. Radius of the metal sphere r =5¢cm=0.05 meter
Electric field at the surface of the sphere is

q

4n g, r?

The energy density at the surface is

sy Ee e
But, q--CV
C=4n ¢, 7
g==4r ¢, Vr
e 1€ VT HB.9X1071 coul/nt-m?)18000 volts)?
2 (0.05 meter)®

=0.114 joﬁlc/ meter?
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30.28. (a) Capacity, C= 8-9‘74
- . . _9._494d
Initial pofentral difference, V,= C 4
New potential difference,
_q(2d) _ 2qd _
Vi= €, A €, A =
(b) Initial stored energy
l 1 € AV‘Z
= (VA== o2V
U! 2 CV; 2 d
Final stored energy
R SR/ 5 @r)? _
Ur=yeed r=gtd 5 =2U
(c) Work required to separate the plates
.
W=Ur—Ui= 20~ U=Us=" 7

30.29. The energy un the parallel-plate capacitor with plate separa-
tion x is
L] 2 : ]
v=l a_1 ¢ _1 ¢x

T2 C 2(,Alx) 2 e, A

If the plate separation is increased to x-+dx, then the energy
becomes
14%
= 1
Ur %, A (x+dx)!

Therefore, work to be done to increase the separation of plates
through dx is

=[] y— ,____l_‘lf.di‘_.-
W=Us—U:= %e. 4 =F dx
. — _‘I_'__
S Forc:el"—-2 e A

30.30. In textbook Example 5, A=1X10"* meter?, d=1.0x107*
meter, b=0.5X%107* meter, K=7.0 and V,=100 volts

. 1 V\?
For the air-gap energy density, uo= ';““0 Ed= 5 (.d. )

Energy in the air gap, Uo=ue (¥dA)
where §dA is the volume corresponding to the air gap.
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Uo= AK’

1 (8.9 X107 coul?/nt-m?)(1 X 10~ meter*)(100 volts)?
4 (1.0x 1072 meter)

2.2x107% joule

I

For the dielectric, energy density, u=-—lk- Uo.

Since volume is the same as that of air gap,

Energy, U= }5 Uo=( 71,~ ) (2.2x 1078 joules)=3 x 107* joules
(a) Percentage energy stored in the air gap is
100 U, (100)(2.2 X 107 joules) —88Y
U+U, (03X%107% joule + 2.2x107® joule)
(6) Percentage energy stored in the slab is )
100U _ (100)(0.3 X 107 joule) lZA,

"U+U, (0.3x107® joule + 2.2X107® joule)

30.31. (a) Energy stored is
U=3CV?*=}(100 X 10~ f)(50 volts)*
=1.25 X 1077 joule.
. ef V \?
(b) Energy density, uy= —29( -‘7)
Since the gap d is not known, u, cannot be found out.

30.32 (a) U,;=4 CiV,2=34(2x107¢ ) (240 volt)*=5.8 X 10™? joule.
U,==§ C,V2=34(8x107¢f) (60 volt)?=1.4 X 107* joule.

(b) =} CV 3=}(2x 1078 f) (96 volts)*=9.2 X 107? joule.
=3 GV d=4(8 X 1078 f ) (96 volt)2=:37X107% joule.

(C) As V1=V’=0, U1=U’=0

In (@) the capacitors are in series and the energy stored is
maximum. [n (b) the cdpacitors are in parallel and the energy
stored is less. 1n (c) the charges are neutralized and no energy is
stored in thc capacitors. The energy is used up in heating up the
connecting wires, )

30.33. The electric energy stored in the soap buble is

v-le¢_ & ¢
0T 2 C T2(4xeR) T 8weyR,
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where we have used the formula C=4 ne R, for the capacitance of
a spherica) capacitor.

Due to mutual repulsion of the charged surface, the radius
increases to R leading to a decrease in energy. The new energy is

qz

/

U=gre R
*. Decrease in ener A U=U,—-U= _4° ( ) —_ -1\1
- &Y. ’ 8meg \R, R/
_g(R=R)
or  AU=g2R.R

Now, the work done in expanding the soap bubble at constant
pressure p is

A W=pdV
where dV is the change in volume.
4 4 4
dV= 3 ©R® — 3 RRO”::—?.n(R“—-Rns)
Equating,
AU=[\W

GCR-R)_ 4 ps_ps
Sre, RR =3 " KR p

Simplifying, we find
13
q= [%%R’Co PR,R (Rz‘*‘RoR"}‘RO’);‘.

z[3§ %3 (8.9X 107 coul?/nt-m?) (1.013 % 108 nt/m?}{0.02 m) X

(0.021 m) {(o.oz m)?+(0.02 m)(0.021 m)+(0.021 m)"}_}’
=7.1 X107¢ coul.
30.34. The equivalent capacity of two capacitors in parailel is
C=C;4-C2=2.0 pf+p.0 uf=6.0 pf
Total energy in the system is

U=1% V= 3(6X107¢ {) (300 volt)*=0.27 joule

30.35. The equivalent capacity of # capacitors each of capacitance
C, in parallel is

C=nC,=(2000)(5.0 X 107¢ f)==0,01 f
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Eoergy U=% CV*=1(0.01 ) {50,000 volt)*==12.5 X 108 joule
cost of charging is 2c/kW-hr, or 2¢/3.6 X 108 joule

. Cost for charging to the cxtent of 12.5x 108 joule is
(2c) (12.5x 108 joule/3.6 X 10% joule) = 7 c.

30.36. C,=10 uf
CQ::S [Jf
Cs=4 [J'f
V=100 volts
The equivalent capaci-
tance of the arrangement
in which Cy is in series V l
with the combination of l ' CjT

—f

€2

1
1

C, and Gy in parallel is
Go(Ci+Cy)
C;+Ca+C,y
(4 (10 pf ~5 uf) ~3.16 uf Fig. 30.36
T(10 uf +5 wfF4 uf)
The total charge, g=CV=(3.16xi07%f) (100 volt)=3.16 X 107*
coul. Charge across Cy is g,==3.2 X 1074 coul,
“(b) The potentlal difference across Cj is
3.16X1074 coul
V, qc’s TXT0 T ==79 volt.
it follows that V,=¥,=(100—79) voit=21 volt.
(@) g, =C,¥1=(10x 1078 £)}(21 volt)=2.1 X 107* coul
qa~CzV =(5%x107¢ f) (21 volt)=1.05x% 10" coul
‘73 =3.2x107¢ coul
{c) =3 CVE=%(10x 1078 f )(21)3=2.2 X 107® joule
U,—:-?z CoVd=34(5%x107% f )(21)2=1.1 X 1072 joule
Ug=1% CoV?=4(4x 1078 f }(79)2=1.25x10"% joule

30.37. C,=10 uf
C.=5 uf
C3=’4 I-‘f
V=100 volt
The capacitor Cjy is in parallel to C, and
C, in series. The equivalent capacitance is

c= O1C2_ _(10uf (S Hf)+4 uf v
[ ‘ B

C..

C]-—J

i

RR

C+Ca T (10 af+5 af)
=7.3 uf. j—

The total charge is
q=CV=(17.3x1078 £ )(100 voit)

=7,3%107¢ coul.
Fig. 30.37
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(a) a=Cy¥V=(4x107¢ f ){100 volt)=4 X 107¢ coul
0=9:=9— qs=(7.3%X10"¢—4x107¢) coul
=3.3%107¢ coul
3.3X 1074 coul
‘gl ~Tox10°¢ f =133 volt
y.— 0 _3.3x107¢ coul
2T C, 5x107¢f
V,=100 volt
(o) U,=3 C\V,*=% (10X 107¢ f ) (33 volt)*=5.4 X 107® joule
U,=1% CV2=3% (5x107¢ f ) (67 volt)¥=1.1 X 107% joule
U,=31 CV*=14 (4x807¢f ) (100 volt)*=2 X 107? joule.

(®) Vi=

=67 volt

SUPPLEMENTARY PROBLEMS

S.30.1. Capacitance is given by

== —q~
Vv
Fer an isolated sphere of radius r,
’.._"‘-—"‘q""*
d 4 weyr
C=4 neyr
let the spheres be oppositely charged.
: 9
= 1
v 4 ®meyr
-— 9
v 4 ~e,r

Potential difference for the system of two spheres
S Yt Y D
v=vr-v 2 weyr
The corresponding capacitance is then
, 1
C == Vi =2R€0l‘= ‘Z_C.
S$.30.2. (a) Let Q=Qa+ Qs (1)
where the subscripts a and b refer to spheres of radii a and b,

respectively. The charge will be shared in such a way that the
spheres acquire common potential,



Q. (0,3

= e o -

dxe,d 4 wey b
whence, 5Q,=aQ».
Solving (1) and (3),

aQ
Q=13

= 2
Qb a+b

(b) From (2) we have
Qa=4xne, Vb
Qo=4ne, Va
Adding (5) and (6)
Qo+ Qv=0=4dxne, V (a+b)

C= "g—=4“‘o (a-Fb)
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(2)
(3

(3

(4

.. (5)
.(6)

S.30.3. Let ¢ be the charge on each small drop of radius r. Then

the potential of each small drop is

’ q

dre,r

..(1)

The charge on the large drop of radius R is, Q=Ng.

The potential of the large drop is

- M
Vo= 4relR

+-(2)

Since the large as well as the small drop will have the same den-
sity, the volume of the former must be N times as large as the

volume of the latter.

-;— xR‘=N-;— xr®

r 1
or —E='N—r/;

Dividing (2) by (1)
V, r N
v =Ng =jm=N"
where use has been nigdc of (3).

5 VymVNIR

(3)

- (4)



102 Solutions to H and R Physics—11

8.30.4. The charges on the two capacitors before and after the switch
is closed are shown in Figures S.30.4 (a) and (b) respectively. As no
charge flows through the capacitors, the charge on the plates must
be the same before and after the switch is closed.

Cl R . Q‘ C| ..___q‘
T T
| 9 [ 1 4q5
'qz ‘qz
;N =1
-q3 "‘q3
(a) (b)
Fig. S-30.4
95— 91=49s —q,’ (D)
95— 91=4q3 —q2’ -+(2)

Further, in the absence of an emf, the voltage across the combi-
nation of the capacitors must be zero.

L O (3

ate te @
Solving (1), (2) and (3 for ¢,". ¢," and g,’, we have

" (ngp-i-Csz) U8 “ngg(l_z"CxC:‘]a

N C,Cy+CyCo+CoGy
gy = (GG GG 01 —CyCogy —CoCoas
b C,Cy+C,Cy+CyC,
gy = (CsC1+C4Cy) g5—CCig2—C3Coqy
: C\Cy+C,C+ GG,y
S.30.5. Let g, be the charge on C,
when the switch is thrown to the %o
left. _Lq
_ Gy 2
9.=C,V, (1) q
When the switch is thrown to VYo —— h=q %
the right as in Fig. S.30.5 the ini- i -4
tial charge g, is shared among the c3 =%
capacitors such that T4
90=q1+q, e (2)
¢r=4q, ...(3) Fig. $.30.5
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Further, the potential difference across C, is equal to that across
the combination of C, and C,.

D _9: B
¢, G +c3 e (4)
Solving (2), (3) and (4) for q,, ¢, and g3 and using (1),
_ (Ca+Cy) €y
B T CCHCCat CoCy
D= D= CCF GG+ CoC,

CiV,

GV,

S.30.6. If the dielectric is present, Gauss’ law gives

&S E. dS=q—q'=~% (D

where —q’ is the induced surface charge, ¢ the free charge, and X
is the dielectric constant. Construct a Gaussian surface in the form
of a coaxial cylinder of radius r and length I, closed by plane caps.

Applying (1),

e E 2xr) ()= (2)

9
K

The surface contributing to the integral being only the curved
surface. and not the end caps. From (2) we find,

- 9
- 2 ﬂEo’lK (3)

The potential difference between the central rod and the surroun-
ding tube is given by

b
- __9 dr
- IEdr .[Ed’ IcholK r
a
b
a

9 _

=2 we, 1K Va

The capacitance is given by
c=4 _ 224K
V ~ In(bla)

S.30.7. (a) If A is the area of the rjlatcs and d the distance of scpas
ration, then the capacitance before the slab is inserted is found from

€ A_ 6 (0.12 meter?)
d ~ 1.2%x107" meter 10 ¢, farad

Co
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_ Vo ___ 120 volt
) ™ d T 1.2%10™® meter =10* volt/meter

Ey 104 volt/meter
@  E=p=""7%

o ven [ (1-3)]

=(104 volt'meter)[0.012 meter —0.004 metér( l—-~1—~)]

=2083 volt/meter

4.8
=88.3 volt.
q CoVo (120 volt)
(b) C= V (10 o)(88 Jv ‘t) 13-630 farad

(c) Before the slab is msertcd,
G=CoV,=(10 ¢, farad) (120 volt)=1200 ¢, coul.

After the slab is inserted,
q’' =CV=(13.6 ¢, farad) (88.3 volt)=1200 ¢, coul.
® W=} CV3—¢ CV?,
=4} (10¢, farad) (120 volt)*—4(13.6 ¢, farad)(88.3 volt)?
=1.9 X 104, joules.
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31.1. (a) Charge flowing=/(current) (time)
q=it
=(5 amp) (240 sec)=1200 coul

(b) Set g=ne, where e=1.6 X1071® coul/electron.
where n is the number of electrons flowing, each of charge e.

n= q . 1200 coul
e 1.6X107% coul/electron

31.2. Since positive ions and electrons {negative) flow in opposite
directions, the effective current in the direction of the flow of
positive ions is given by the addition of both the components.

=17.5%10% electrons.

i=lp+ie
=(Q’+ql)= (Np+ng)e
t t

=(1.1x10843,1 X 1010)(1‘6x 107! coul)

1.0 sec
=0.67 amp
31.3. (a) The resistivity p may be written as
_yi
ilA

For iron and copper wires, ¥, i and / are the same.
Aap

But A=xnr?

where r is the radius of cross-section.

_riron)  [pGron) _ [1.0X1077 ohm-m 54
r (copper)= '\ o (copper) 1.7x10¢" ohm-m
Vi vi
® A= 7

Since V and [ are the same, but p being different for iron and
copper wires, the current densitics cannot be made the same with
any choice of radii.
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31.4.

Fig. 31.4

31.5. Let the charge density be o (coul/meter?). Charge conveyed
by the belt to the sphere per second is

i=-€-— = ti(arca of belt)=( ¢ ) (width)(length)/time

=( g ) (width)(speed of belt)

_ i - 107™¢ amp
%= (width) (speed) (0.5 meter)(30 meter/sec)

=6.7 %X 107¢ coul/m?.

31.6. (a) Resistance of aluminium rod,

_fl _ (2.8X1078 ohm-m)(1.0 meter) _ _
R==4 (5.0 X 1073 meter)? =1.1X107% ohm

(b) For the circular copper rod, 4= —:—:—D’, where D is the diameter.

el _ ol
R=—=
A ]
TD’

Set R=1.1X107% ohm, then

D=‘\/ 4pl _ [ (4 (1.7x107* ohm-meter)(1.0 meter)
=R (x)(1.1x107? ohm)

=4.4 X107 meter=4.4 mm.
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31.7. The resistance of the original wire is

_eh L _ L7 (1
Rl— Al A1 11 \4 ( )

where v is the volume of wire. Since density of the material of
wire is constant, it follows that v is also constant.

The resistance of new wire is

-y o
"
Dividing (2) by (1)
&- gl” o0
R, I 3)
But =3l
Ry= ;Qz R,= (3:xl R,=9R,=(9)(6 ohm)==54 ohm

31.8. Resistance of copper wire is

_ ol _(1.7X107® ohm-m)(10 meter) _
R="4 w (10X 1078 meter 4% 107" ohm.

Resistance of iron wire is

R.=P2 I _(1.0x 1077 ohm-m)(10 meter)
==

4 7 (LOX 10 meterys o8 107 ohm.
(c) The potential difference across copper wire is
V= VR, __ (100 volt)(5.4x 1072 ohm)
R,+Ry (5.4x107 ohm+31.8X 1077 ohm)
=14.5 volt

The potentiar difference across iron wire is

y.— _VRi_ (100 volt)(31.8x 10 ohm)
"“R,+R, (54X10*ohm+31.8x10* ohm)

=85.5 volt,
(a) Electric field for copper is
_Vi_145volt _
E,= I = Tometer— =1.45 volt/meter.
Electric field for iron is
E=Ya =0 volt g oo olt/meter.

Iy lO meter
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(b) Current flowing through the composite wire is
vV 100 volt

j=—=

R (5.4x107? ohm+31.8X10™* ohm)

i __ 2.67 amp
J= A= a10x103 meter)?

=8.5%X10? amp/m?.

_AR_ nD'R _ 7(0.55%107® meter)*(2.87 X 10~® ohm)
9. b)) =TT 4 (1.0 meter)
=6.8 X 1078 ohm-meter

The materials is nickel (Textbook Table 31.1).

(6.8 X 107% ohm-meter)(1.0 X 10~* meter)
(1.0 X 107? meter)?

=2.67 amp

*. Current density,

(a) Resistance, R= —‘3!,=
wr
=2.17X1077 ohm

31.10. Cross-sectional area 4=7.1 in3=4.58 X 107® meter?
Length of the track, 1=10 miles=1.61 X 10* meter

(6 X 1077 ohm-meter)(1.61 X 104 meter)
4.58 X 102 meter?

Resistance, R= —%
=2.1 ohm.

31.11. (a) The resistance R, at any temperature T is found from
the relation

where R, is the resistance at 0°C and a is the temperature
cocfficient of resistivity. From textbook Table 31.1 we find for
copper, a=3.9x1073,

By Problem, R=2R,

2R,=R, (14a AT)
""'-L:-" .-.--....! e — 0,
AT=2""39% 107 =256°C

At temperature 256°C, the resistance is doubled.

() As a is independent of shape and size, the result of (a) is
valid for all copper conductors.

31.12. (a) For.iron 20°C is
p=1.0X10"? ohm-m and a=5 x 10~
we have, p=p, (1+aAT)
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The resistivity of iron at 0°C is
_ p__1.0x107" ohm-m
T I T AT 1+20x5%10°8
For carbon at 20°C
- p’=3.5%10"% ohm-m and «'=—5X1074,
The resistivity of carbon at 0°C is
. e’ _ 3.5x107% ohm-m
P I AT T 1—20x5x 1074
If the resistance of iron is R and that of carbon R’ then the resis-
tance of the composite conductor is

. el el
Ry=R+R'= "4

=0.91 X 1077 ohm-m

=3.54 x107% ohm-m

where / and /I’ are the total thickness of iron and carbon disks,
respectively. Change in resistance

L he , I'Af" =0

AR==""+—4~
_!: _— __A.._p_ —_ - Po * AT —_ pﬂ
I Apl pof al A T po’ ""I

(0.91 X 10°7 ohm-m)(5X 107 _ _ .
(3.54 % 1075 ohm-m)(— 5 x 10-4 — 2610

This is also the ratio of thickness of individual disks as the
number of disks of either material is the same.

(b) As the current is the same in carbon and iron disks, the
ratio of the rate of joule-heating in a carbon disk to that in an iron
disk is

i'R" o'lI'|[A o'l (3.5%x107% ohm-m)(2.6 X107?)

e e T AT =91

PR~ plfA T ol (1.0 X107 ohm-m)

31.13. The temperature coefficient of resistivity for copper is
3.9x107%/°C.
". Percentage change in R is (3.9 % 1072) (100)=0.39%.
Coefficient of linear expansion of copper is 1.7 X107%/°C.,
. Percentage change in length [ is
(1.7%x 107%) (100)=0.0017%
Percentage change in area A is (2) (1.7 X 1075)(100) =0.0034%,.

From the above it is seen that percentage changes in/and 4 are
by far less than that in resistance with the variation in temperature.
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We, therefore, conclude that for the calculatxons of variation of

resistance with temperature the changes in dimensions can be safely
ignored.

31.14. If Ry, Ro and Rr are resistance at 26°C, 0°C and T°C res-
pectively, then

Rea=R, (120 &) (D)
=R0(1+Ta) ..(2)
Dividing (2) by (1)
Rr 14T«
Rgo “1+20a

For copper, the temperature coefficient of resistivity is
3=3.9Xx 1072 per °C
Rr 58ohm 14(3.9x1073)T
Rp S0 0ohm ~ IT+20x3.9x10°3
Solving, we find the temperature, 7=64°C.

31.15. The resistance is found from the relation, R=

AP

The plot of R against i’ for the vacuum tube is shown in Fig.
31.15 (a) and for the termister in Fig 31.15 (b).

(a) (b)
“s 10k 20} A
= \
£ Yo '
£l 2
x 5 f
5 \
« \
A i i Iy . "'”‘:_“ —d
100 200 300 v-(voits) 0 10 20 30 20
Fig. 31.15

31.16. The drift velocity is given by
J

va= -=-
ne

Where j is the current density, n is the number of electrons/cm?
and e the electron charge.

._ i 107 ___Q___: - ¢
J= =5 0.427 em)? 1.97 X107 amp/cm
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If N, is Avogadro’s number, d the density and M the atomic
weight, then number of free electrons/cm?,

Nyd (6 X 10% atoms/mole)(9.0 gm/cm?)(1 electron/atom)

M 64 gm/mole
=8.4 X 10% electrons/cm3.
Va j 1.97 X 107" amp/cm?

“he (8.4 10% electrons/cm?) (1.7 X 10~ coul)
=1.5x107' cm/sec.
31.17. Rate of energy transfer is,

P=i*R

-7 _ (100 watts)
R—— =(3.0 amp)® 11 ohms.

31.18.-Length, /=100 ft=30.48 meter
Radius, r=0.02 in=5.1 X 107* meter

Cross-section area, A=wnri=x (5.1 X 107¢ meter)?
=8.17X1077 meter?

Resistivity for copper, p=1.7%107% ohm-m.
°f  (17x1078 ohm-m)(30.48 meter)

(@) Resistance, R=

A (8.17 X 1077 meter?)
=0.63 ohm.
. ¥V __10volt
Current, i= 2063 ohm--l.ﬁ amp.
i 1.6 amp

(b) The current denpsity, j= 4= 817X 10 meters

=1.96 X 108 amp/meter?

|4 1.0 volt

(¢) Electric field strength, E =T =30.48 meter

_ =3.3 X107 volt/meter
P2 (J.0 volt)?
R ~— 0.63 ohm
31.19. Radius of wire r=0.05 in=1.27 X 10 meter.
Cross-section area of wire, A=xnr2=x (1.27X107* meter)?
=5.06X 107 meter3.
Length of the wire, /=1000 ft=304,8 meter

(d) The rate of joule-heating, #= =1,6 watts.
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N 25 amp
(a) Current density, j= 4 506X 10-8 meter?

=4,94 X108 amp/meter?

() Electric field strength, E=pj

=(1.7% 1078 ohm-m) (4.94 x 108 amp/meter’)
=8.4x 1072 volt/meter

(c) Potential difference, V=El

=(8.4 X 1073 volt/meter)(304.8 meter)=25.6 volt
(d) Rate of joule heating, P=Vi

=(25.6 volt) (25 amp) =640 watts

.31.20. (@) Heat absorbed per second=(500 joules)(80%)
=400 joules
__ 400 joules
74,186 joules/cal

Heat required to raise the temperature of water from 20°C to
100°C is

=95.6 cal

=mc AT
=(2000 gm) (1.0 cal/gm) (100°C—20°C)=16x 104 cal.
Time required to bring the water to boiling temperature

Heat absorbed by water
= Rate of absorption of heat
_16x10¢ cal
7 95.6 cal’sec
) Heat réquired to boil half the water i.e., 1 liter or 1000 gm,
H=mL=(1000 gm) (540 cal/gm)
=154 X 104 cal.
Time taken to boil half the water away

=1670 secs=28 minutes.

__Heat required for vapourization
Rate of absorption of heat

_ 54X 104 cal
" 95.6 cal/sec

=5648 sec=94 minutes.

31.21. Power, P=Z‘-

R
. _
Resistance at 800° C, Rm——V— ——(“0——"-0—“—).—24.2 ohm
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Resistance at 0°C

Ragg 24.2 ohm _
142 AT~ 1+(4X 10-4/°C)(800°C) 18.33 ohm

Resistance at 200°C, Ryo=Ro (142 A T)
==(18.33 ohm) [1 +(4 X 1074/°C)(200°C)]=19.8 ohm
Power dissipated at 200°C,

,_V* (110 volt)? _
P ~R2w 19.8 ohm =611 watts

31.22. (a) Current, i=ne,
Where n is the number of deutrons of charge e striking the block.

i 15x107% amp __ "
e 1.6X10" coul =9.4 X 10! deutrons per sec.

R,=

If the deutrons are completely absorbed in the block then the
energy dissipated per sec=nK, where K is the kinetic energy of each

deutron.
Total energy available per sec
=nK
=(9.4 X 108/sec) (16 Mev)
=1.5X10" Mev/sec
=1.5%X 103 Mev/sec

. Heat evolved/sec=(1.5X10% eV/sec)(1.6 x 10™1* _)oule/eV)
=240 joule/sec
=240 watts.

31.23. (@) Power, P= V;

<(115 volt)?
P = 500 watt _ 20-45 ohm

(V* (110 voit)*
R =(26.45 ohm)_ 457 watts
Percentage drop in power,
AP (500—457) watts
7 X 10="550 waits

(b) With the drop in power, temperature as well as resistance
would decrease. Therefore, the actual heat output P’ will be larger

‘. Resistance, R—-

Power is altered to P'=

=8.6%.

P
and so é—l;- will be smaller than that calculated in (a).
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31.24. Power P.,=i“‘R=—_i8p_£.
Power per unit volume,
_Py_ iAo,

= —

V"I T A
where V=IA is the volume.
Also p=*§~ ie. j=E%

P
p=E3p

SUPPLEMENTARY PROBLEMS

S.31.1. (a) Let N «-particles strike the plane surface in time r secs.
Then the current,

._Ng__N(2¢)
===
t t
N1 _(0.25X107¢ amp)(3 s2cs) __, 3 (o

2¢ (2) (1.6X107™ coul)
(b) Speed of x-particles,

y— '\/ 2K_ J (2) (20X 10° eV)(1.6 X 10~ joule/cV)
m 6.68x 10 ¥ kg

=3.1 X 10" meter/sec.

Number of a-particles crossing a given plane area per second,
i _ 0.25x107% amp

¢ (2) (1.6x 1071 coul)
=T7.8 X 10" a-particls/sec.

Number of «-particles per meter length of the beam

7.8 X 10%/see

3.1X 107 meter/sec

Hence number of «-particles per 0.2 meter length of the beam
=(2.5X 10* per meter)(0.2 meter)=5000 a-particles.

R By definition a particle of charge ze in falling through a poten-
tial dl_ﬂ‘erence of 1 volt gains energy equal to z electron volt. For
a-particle z=2, hence, the potential required to accelerate ‘u-parti-
cles to 20 Mev is

[
V=20le’0 eV

I

n

I
Il

—% ==2.5 X 104/per meter

=107 volts,
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S.31.3. As the conduction electrons get accelerated, sooner or later,
they suffer loss of energy following collisions with the ions in the
lattice of the metal. The kinetic energy of the electrons is dissipated
into heat by way of imparting energy to the lattice vibrations. The
conduction electrons being part of the conductor can only exert
internal force on the conductor and therefore this can not give rise
to a resultant force on the conductor.

S.31.4. .(a) Consider an elementary disk of radius r and of thickness
dx at distance x from the truncated end and symmetrical about the
axis. Then,

r=a+(bl———a—)x : (D)
The resistance for this volume-element is
_edx_ ol
dR= nr:  wlla4-(b—a)x]? ~=(2)

where use has been made of (1).
l .

(o ol3dx
R“I 4R J % (lat(b—a)xT?

Set, y=lo+(b—a)x
dy=(b—a)dx
So that,
bl
R=_P"_ I dy . _el* (L _ ’_.)
n(b—a) ’yz =(b—a)\ al bl
a

Simplifying,

_ el
R=15 . (3)
(b) For a=b, (3) becomes
ol _ el
T ma® A
with A=ra?

S.31.5. (a) The resistivities of the two wires are given by
_RaA _(40 ohm)O.1 meter?)
P4 | (40 meter)

____RsA _(20 ohm){0.1 meter?)
w8 l (40 meter)

=0 | ohm-mectcr.

=0.05 ohm-mcter.
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(b) and (d) : The resistance of the two wires in series is
R= R4+ Rp=40 ohm+20 ohm=60 ohm,

V __ 60 volt
Current, i———i = 60 obm

The potential difference across wire 4 is
V4=iR4=(1.0 amp)(40 ohm)=40 volt.

Va 40volt
I~ 40 meter

The potential difference across wire B is
Ve=iRs=(1.0 amp)(ZO ohm)=20 volt
20 volt

=1.0 amp

Therefore, the field is Ea=— =1.0 volt/meter

Therefore, the field is EB-— 7—-— m—o .5 volt/meter.
(c) The current density in each wire is
Jo=j» = 10amp 10 amp/meter?.

0.1 meter?

S.3i.6. (a) Power, P=Vi

. ._ P _ 1250 watt__
.. Current, =3 =1Ts volt =10.87 amp.

, =Y _ USvolt
(6) Resistance, R=—= |5 g7 amp

(c) Power, P=1250 watt=1.25 kilo watt.
In 1 hour 1.25 kw-hr energy produced is

-hr= -hr) (860 keal)
1.25 kw-hr=(1.25 kw-hr (1 kw-hr) 1075 kcal

=10.6 ohm

S.31.7. At equilibrium temperature,

Rate of heat radiated=1Joule heating
. T*—T(2nrl)=i%R (D)

Where T isthe temperature of iron wire, T,=(273+27)=300 °K
that of surroundings, 2nr/=surface area of wire (neglecting the
arca of cross-section of wire at the ends), i=10 amp is the current,
R the resistance, 6=5.67 X 10™® watt/(meter?)(°K¢), and r=0.5% 1073
meter is the radius of wire.

prl
=5 (2

or= ?‘,[l-{-a(T— T -.(3)
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At 20°C, oz, 4 20y=ro(1+20 ®) ..(8)
Divinding (3) by (4),

p(To+20) 1+20a

pr="F
o T e (T—T)) - (5)

Combining (1), (2) and (5), and using
o(T,+20)=10"? ohm-m and a=5X 1073/°C

and solving for T, we find T=670°K
=(670—273)°C
=400°C.
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32.1. Resistance r=Y. 6.0 volt

- ::5.0 amp =—"1.2 Ohm

Chemical energy is reduced due to. joule-heating and is given by
Pt=i%Rt=(5 amp)? (1.2 ohm) (360 secs)
=1.08 X 104 joules
32.2. Let the resistance of the original circuit be R and a potential
difference V be applied. Then
%=i=5 amp

With the additional resistance of 2 ohm the current drops to 4
amp

Ra—4amp

Dividing the two equations,
R+2

R ==-2 , whence R=8 ohm.

32.3. Potential difference,
V=i,R=(5 amp) (8 ohm)=40 volt,

The new resistance of circuit is Ry=(8+0.05) ohm or 8.05 ohm.
The current drops to

; _V 40 volt

*" R, 8.050hm

. Change in current Ai=i,—i;=(4.969—5 0)=—0.031 amp

=4.969 amp.

. Percent change in current, —A——'— X 100=( :QM)X 100
iy 5.0 amp
=--0,62%.
32.4. (0) Current, i= £
! R+r
Set E=2.0 volt and r=100 ohms, Fig. 32.4 (a). Then

i= ““‘2‘—“ ‘ no(l)
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Q
s
rs 2
:f F ET il %R
- %
b

Fig. 32.4 (a)
Curve (a) in Fig. 32.4 (b) shows the plot of current i as a function
of R over the range 0 to 500 ohms.
(b) The potential difference across the resistor R is

2R
R+100
where use has been made of (1).

Curve (b) in Fig. 32.4 (b) shows the plot of potential ¥ across
the resistor R as a function of R.

(¢) Curve (c) in Fig 32.4 (b) shows the plot of the product P=Vi as
a function of R. This plot shows the variation of power P with the
external resistance R. .

V=iR=

) ) A
-2 -2
2X10 " 420  1X10 °F (c)
(b)
(a)
1X1072} 410 ) |
3 CEE
~ >
1 L 1 1 1 > | i 1 b b
0 100 200 300 400 500 0 100 2CO 30C 400 500
R (ohms) R (ohms)
Fig. 32.4 (b)

Curve (¢) in Fig. 32.4 (b) corresponds to the plot of power
P delivered to the resistor R as a function of R. It is seen that P
has maximum value at R=100 ohms, a value which is idcntical with .
r, the internal resistance of the battery.

32.8. (a} Current, i= E:—E;— | (1)

Power delivered, P=i'R= (kg_:—_’-;-)-, (D)



For maximum power set %%=0.

aP _ EYdPldR d e
(R+r)‘ 4+ E'R a—R—(R'*'I') =0
1 2R

=0

© ®REOF T (REP
whence, R=r
(b) Maximum power is obtained by putting R=r in (2).
Pmaz=¢3/4 r

32.6. (a) Current, i= (_I—Q—%)
E* R
(R+r)
r=4 E* RIP—R
=[(1.5 volt)* (0.1 ohm)/(10 watts)}*/*—0.1 ohm
=0.05 ohm.
(b) Potential difference across the resistor,
—iR=RY P/R=4 PR=4/(10 watt) (0.1 ohm)=1 volt.
32.7. (@) E, and E, are in opposition. Effective emf is given by
E=E;—E,

E —El — E.""El

Current, i= R¥r¥r Ri2r
(3=2) volt
0.001 amp= (R+6) obm

whence, R=994 ohm.

Power P=:j'R=

(#) Rate of joule heating in R is
P=i*R=(0.001 amp)? (994 ohms)
=9.94 X 1074 watts,

E_
R+r
Power developed in the resistance (R+r) is

—i __E* _(Q0volt)* 2

32.8. (@) Current, i=
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Energy transferred from chemical to electrical form is

Pol=(-§- watt )(120 sec) =80 joules.

(b) Joule heating in the wire is

E*R (2.0 volt)*(5 ohm) 5
(R+r)* ~ (5 ohm+1 ohm)* ~— 9
Total energy that appears in the wire as joule heat is

Pt= (%— watt )(120 sec)=66.7 joule.

(¢) The differencein energy (80—66.7) or 13.3 joules is to be
attributed to the joule heating of the battery owing to its internal
resistance.

32.9. E,=4 volt
Egzl VO".
R1=R’= 10 Ohm
Ry=5 ohm
Traversing the right loop in the clockwise direction,
Ey+iyRy+iyRy=0 --(1)
Traversing the left loop in the counter clockwise direction,
] El"‘ilR1+i‘Rg?0 ""(2)
Traversing the path b a d ¢ b in the counter clockwise sense,
Ex“‘ilRl_ing‘-E’:O "~(3)
The junction theorem yields
i1+i3—i.=0 ..-(4)
It is obvious that (3) is not an independent equation as it can be

obtained by substracting (1) from (2). Substituting the numerical
values in (1), (2) and (4) we have

P=i"R=

watt.

10 ig+5 ig=—1 ay
10 i,—5 ig=4 Q)
iy—iy+is =0 4y
Solving (1), (2)’ and (4)’ '
i1,=0.025 amp

Vea=iyRy=(0.025 amp) (10 ohm)=0.25 volt.

Traversing various loops in opposite sense would nct yield any
new information.
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32.10. E,=2 volt
E,=4 volt
r,=1 ohm
r,=2 ohm
R=35 ohm

Start from ¢ and traverse in the counter clockwise direction along
b and thence to a.

Vae=—1i (R+rs)+E2
=—i(54+2)+4
=(—7i+4) volt (1)

Applying loop theorem to the entire circuit starting from ¢ and
going in the counter clockwise direction

—i (R+ry+ry) +E,—E; =0

_ E,—E,  (4=2)volt
“Rtr+r, ~(5+1F+2) obm~ 02 3P
Using this value of i in (1),

Vae=—(7 ohm) (0.25 amp)+4 volt
=225 volt

32.11. (a) The resistors R,, Ry and R, are in parallel. The equiva-
lent resistance Ry for these three resistors is given by

i

1 1 .1,1
R=R,TRTR
1 1 1 4
=50 *50 95 =75
75

R.=-Z-=18.75 ohm

The equivalent resistance R of the network is obtained by com-
bining R; and R, in series

R=R4+R,=18.75+100=118.75 ohm.

(d) Let current iy, iy, i3 and iy flow through resistors R;, R,, R,
and R,, respectivcly. Applying junction theorem at the junction of
all the four resistances

i1=i3+i’+i‘ ...(l)
PApplying the loop theorem for the path comprising R, and R,,
E—iyRy—isR3=0 «-(2)

Applying the loop theorem for the path comprising Ry and R,,
—i'R‘+"R.=0 -"(3)
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Applying the loop theorem for the path comprising R, and R,,

—igR¢+i3Ry3=0 ...(4)

Put R;=100 ohms, R,=R3=50 ohms, R,=75 ohms and E

=6 volts, and solve the simultancous equations (1),

(2), (3) and (4) to obtain

i;=0.0505 amps
ig=i3=0.0189 amps
i¢=0.0126 amps.

We can get the result for (@) by an alternative method. Since
current #, gets distributed through various resistors of the circuit the
equivalent resistance of the entire circuit is

E 6 volts

R= ";;' =0~6m= 118.8 ohms

32.12. (a) Let the current iy, iy and iy flow through R,, R, and R,
respectively.

Applying the junction theorem at the junction of R,, R, and R,,

iy=iyg+iy (1)
Applying the loop theorem to the left loop,
E—i,Ry—iyR,=0 -(2)
Applying the loop theorem to the right loop,
isRy—igR3=0 .(3)

Put R,=2 ohm, R,=4 ohm, Rg=6 ohm and E=S5 volts, and
solve the simultaneous equations (1), (2) and (3) to get the current
in the ammeter i,=0.45 amps.

AANAANANNN
SAAAA AL AL
N

(=
8

AANNAANANNN
e A A AL A A DAY

Fig. 32.12(a)

(b) Junction theorem for the circuit in Fig. 32.12 (a) yields
i.=il+ig v"(4)
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Applying loop theorem to the left loop

(5)

Applying the loop theorem to the right

E““ i’R"—'iaRa=0

.« (6)

Using the numerical values of (a) we find,

i;==0.45 amp.

This represents the current indicated by the ammeter. Thus, the

ammeter reading remains unchanged.

32.13. Applying the junction theorem to the junction of the three

resistors,
iy +iy=i (D)
Applying the loop theorem to the
lower loop,
E—iyr—iR=0 -(2)
Applying the loop theorem to the
big loop
E—iyr—iR=0
Eliminating i, and i;, we have

(3)

i= R—%z (4

(a) Power delivered to the resistor

’

E*R

P=iPR= =
r
(R+'§')

Maximum value of P is obtained by setting

! dR

; T
d{,___;(nz- (R+% ) ok

d r'\*
dR “E'sze(”“f)

Fig. 32.13

@ _
dr=°

=0

dR

or

,
R=—

(b) Use (6) in (5) to tind

whence

. P(no-)-"= 2‘;

(R+—'5-)‘

(R+—;—)’-—2R( R+ )=0

--+(6)
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32.14. Let the resistances be R; and R,

In series, R,+Ry=R, _ -.-(1)

In parallel, R‘=RR;.R;? =£I)—QB’
2 2 ]

where use has been made of (1).

RIR’ RsR‘ ...(2)

Of the resistances 3, 4, 12 and 16 ohms the choice " R;=4 ohms,

Ry=12 obm when used in series or parallel would satisfy both (1)

and (2) and therefore provide the equivalent resistance 16 ohm and

3 ohm respectively. When used singly they provide the resistances
of 4 ohms and 12 ohms.

32.15. Suppose that a and b are at the same potential.

If i) is the current flowing through R, and i, through R., then
the potential drop over R; must be identical with that over R..

11R1=ilR( -"(1)

Similarly, the potential drop over R, must be the same as that
over Ra.

i,R,=i:Rz ".(2)
Dividing (1) by (2),

R, _Ri _p R

R: _,_R. or Re=R;, R1

32.16. Applying the junction theorem at b, (Fig 32.16).

il+i=il u-(])
Applying the junction theorem at a,
iy+i=i, (2)

Applying the loop theorem to the
path efcbde,

E—isRi—izRe=0 --(3)
Applying the loop theorem to the
path cabe,
iy+R+ir—isRs=0 - (4)
Applying the loop theorem to the
path abda,

ir+isRe —isR=0 ...(5) I
Solving (1), (2), (4) and (5), f 1! e
. ¢
i.= l—w .“(6) F“. 32-16

Re+Rs
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Eluminating is between (1) and (3)

E=(Rs+R:) is+ Rii (D)
Eliminating is between (6) and (7), and re-arranging
E(Rs—R2)

(R+2 r) (Ra+R.)+2RcR¢

The current i=0 if R,==». Already, R,=R,. This result is there-
fore consistent with the result of Problem 32.15 viz.,

32.17. Let the resistances be R, and R,.
For the series arrangement the equivalent resistance is
R=R1 “l"‘R’
Joule heating is
E? E?
£ (1
R " R,+R, D

For the parallel arrangement, the equivalent resistance is

RlRl

R-—.__
Ri+R,

Joule heating is

E* E(Ri+Ry) -
Py=%= R,R, &

By Problem, Py=5P,

ENR,+R)_s _E*
RI‘RI Rl + Rl

(Ry+Ry*—5 Ry Ry =0
Ry*—3RaR,+R*=0
Put R,=100 oﬂm. We then have
R2—300 Ry+10¢=0
The solutions are Ry=38 ohm or 262 ohm.

32.18. P=VYR,
Therefore, R,=V3/P=(100 volt)?/(100 watt)

P,=

=100 ohm. 2%
~Arrangement Equivalent Pe E,
(R,=R,=R;=R=100 ohm) resistance R R

(E=100 volt)
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N
(i) —{:’j’tw‘;"‘ — 250hm 400 watt
SN
(i) e > 750hm 133 watt
NN,
(a)
Qﬁ V;> —

(iii) 1000hm 100 watt

(6) < i < >
(iv) ———%—-MMA—— 133 ohm 75 watt

(v) S — 167 0hm 60 watt
(i) —— > 250 ohm 20 wats

(Vi) —AM——AM—M—AWW——— 400 ohm 25 watt

32.19. (a) Leta current/ be scnt at x. As the resistances in the
arms xa and vh are equal, the current will divide equally, i2 in each
arm. Also the potential difference between xa and xb will also be
equal so that no current flows through ab. A current equal to /2
flows through ay and i/2 through hy. The outgoing current at y is
therefore again . The potential difference betweer x and y is

V.r, '-:iR
where R is the equivalent resistance of the network. But

Viey==Vea+Va,==(il2) X 10+4(i/2) X 10==10i

iR=-1014, or R==10 ohm.

\\
o)

Fig. 32.19 (a)
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(b) Let a potential difference Va, exist, across the points x and y.
Let a currenti enter at x and a current i leave at y. If R is the
equivalent resistance of the net work, then A

iR=V,, (1)
Vay,=Va4+Va, Also,

or Vay=30 i—30i,—20i, | (2)
The potential difference between points x and B is
Ves=Vza+Vas=10 (i—i})+10i, L4
Combining (3) and (4),
31.1'_”.2:1‘ "‘(5)
D W LV el
Y
iy~ /'2 i+ ;2
A rr—p3
2 A v\
Jr
- I-]
>
Oo—>- NN
x / I C

Fig. 3219 (h)

The potential difference between 4 and y is
Vay=Vap+Vs,
or Va,=10i,+ 10, +i,) ...(6)
Also, Va,=Vap+Vp,
=10(i — i, — i)+ 10(i—i,—1i,)
or Va,=20 (i—i,—i,) (7
Combining (6) and (7),
3i,+41,=2i -+ (8)
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Solving (5) and (8),

. 2i
h=7s
. i

Using (9) and (10) in (2) and combining with (1),

Vz,= 14i=iR
whence, R=14 ohms.

r(9)

-..(10)

(c) Let the potential difference between the points x and y be
Vz,. Let a current j enter at x and the same current i flow out

from y.
Ve,=iR
where R is the equivalent resistance of the network.
Vzy=Vza+Va
=10i,+10(iy— iy)
or Ve, =20i,—10i,

Also, Ves=Vzea+V,0
10(i — ;)= 10i,4- 10i,
or 2i+i,=i
Also, Va,=Vu+Vs,
10, —ip) = 10i,+ 10(i— iy +iy)

or 211 —3i2=i

Fig 32.19 (c)

Solving (13) and (14,
, i
iy= )
iy=0

<O

...(11)

(12)

...(13)

...(14)

«-(15)
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- Using (15) in (12) and combining with (11),
Va,=iR=20i,=10i

R=10 ohms.
32.20. Applying the loop theorem to the lowe: «vop
E-_r—'ilR‘—'—-:o
or (B Svolt
1" R,~ 100 ohms T
=0.05 amp 1t
Applying the loop theorem to ; EERZ
the upper branch. s
Eg',l_EL;_El —"iRg:":O a {% . ‘{lr b
- (445-6) volt b | et
50 ohm Y
=0,06 amps : AR
Vub:_:E;_:'*_Es':*':(S“:"“) volt F‘)l
= ;9 VOl[. . Fig. 32.20
32.21. For the series connection
E-~iR—ir+E-ijr 0
. 2E
4'"»'-2"_’_](“‘ ...(I)‘

For the parallel connection, the internal resistances of the two
batteries are in parallel, their equivalent resistance being r/2.  For
the current i through R the effective emf is E

= E = .;_é'_.
" R+r[2 2R+r

The ratio of current through R for the series connection to the
current for the purallel connection is obtained by diving (1) by (2),

s 2R+r R+(R+r) G
iv  R+2r r+(R+r) o )

(@ R > r,For . (3)showsi» > i,
(b) R < r, For Eq. (3) gives is < is.

-(2)

- 32.22. Applying Kirchoffs’s rules to the circuit of Fig. 32.22,
i il .?i2+i3 "'(l)
El—i,R.—i1R1=0 "'(2)

Eg"‘ igRg_iIRI =0 -"(3)
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¢

Using the numerical values in (2) and (3) and solving the above
three equations we find

'

i2=-§-amp. -k
19 T

i =—8-amp.

‘19

Fig 32.22

(a) The Joule heat produced in R, is

) ,
P,=i? R1=(—1—5§amp ) (5 ohm)--0.34626 watts;

that produced in R, is

]
Py=i} R2=(—l3?amp ) (2 ohm)==0.04986 watts
that produced in R, is

2
Py=igp R3=(1—89—amp ) (4 ohm)=0.70914 watts

(b) Power supplied by, E, is

Ei,=(3 volt)( i%amp )'—':1.25316 watts

Power supplied by E, is E,iy=(1.0 von)( - 1%‘ ) —0.15789 watts

(¢) Power supplied by E, and E, is E,iy+ E,i,
=(1.26316—0.15789) watts=1.10527 watts.
Youle heating in the three resistances 1is,
P=P,+Py+Py=(9.34626+0.04986+0.70914) watts
= 1.10526 watts,

Thus, the Joule heating is equal to the power supplied by
E, and E;. The battery E, is charged and negligible Joulec heat
appears in the battery.
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32.23. (a) The resistance R, is put in the middle of the range.
Rough adjustment of current is made with R, (lower resistance)
and fine adjustment is made with R, (higher resistance).

(b) The equivalent resistances of R, and R, in parallel is

_ _RiR,
R=Rr TR, ®

'Holding R, constant, differentiate (1). Change in R is

AR:R22 AR, ___( R, )( RR, \ AR,
(R,+R;)* \R+R,/\R,+R,) R,
_ARIR _ R, _
AR,JR, R,+R,
o ARIR _ 1
Setting R,=20R,, we get ARJR, 2

Thus, a small change in the resistance gf the parallel combination
is crossed by a large fractional change in R,, thereby permitting
fine adjustment.

32.24. The resistance Ry of the voltmeter is in parallel to the
resistance R Fig. 32.23 (a) so that the effective resistance R’ is
given by

Il

1t
R YRy

|

x|
xl.—
<

or 1
R

32.28. The resistance R4 of the ammeter is in series with R, so
that the effective resistance R’ is given by

R'=R+ R4
or R=R'—Ru4

32.26. Without ammeter resistance the current

- £
R+ Ry+r

= 5 volt
(5+4+2) ohm

i

=0.4545 amp
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With the inclusion of ammeter resistance the current is

i’= . E_ S volt
R4 R.4+r+Ra (5+442+0.1) ohm
=0.4504 amp.

Error in current measurement is, Ai=i—i’

Eractional error in current measurement, is
Ai_(0.4545—0.4504) amp
i 0.4545 amp =0.009.
*. Percentage error is 100(Ai/i)=0.009 x 100=0.9%

32.27. if no current goes through the voltmeter (Rv=00), the
current

E = 5 volt
R,+R,4+r (504-40—20" ohm
=45.45% 1073 amp.

Potential difference accros R, is
V=iR,=(45.45%107% amp)(50 ohm)=2.27 volt

With a finite resistance Ry for the voltmeter, the resistance of
parallel combination of R, and Ry is

R,Ry (50 ohim}(1000 ohm)
R,+ Ry " (50 ohm+ 1000 ohm) ™~
E - Swvolt e
R.4r+R (40420+47.6) ohm
Potential differcnce across R, is

V'=i'R=(46.46 X 1073 amp)(47.6 ohm)==2.21 volt.

Fractional crror in potenual difference across R, is
AV_V—V'_(2.27-2.21) volt
VT v T 227ivenn 002
Pcrccntage error in reading the potential difference is
0.026 X 100=2.6,

j=

R= ==47.6 ohm.

\1

Current, "= 4 =46.46%X 1073 amp

32 28. (a) The currents are shown
Applying junction theorem at a,

igtis=i (1)
Applying the loop theorem to the left loop,
E’-'_isz—ilRl—El_ilRl=0 o.o(z)

Applying the loop theorem to the right loop,
E.—'i.Rt’*‘i’Rg—’Eg_i‘Rl::O -..(3)
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Putting the numerical values, (2) and (3) become
iy+i=1 _ - (2)
iy—i3=0 - (3)'
Solving (1), (2)’ and (3)’, we get
‘ i,=0.67 amp, counter-clockwise in the lcft loop
i,=0.33 amp, up in tbe center branch
i,=0.33 amp, counteroclockwisé in the right loop.

(b)) The potential difference between a and b is
Vav==E,—i,R,=(4 volt)—(0.33 amp)(2 ohm)=13.3 volts.

TN NN e AN Y :
g K i K /}
‘ ¢ ] A
|
3

11
M
__("

—_—
‘—"—V\N
——AMAA—]

pe}

— o

Fig 32.28

32.29. For the RC circuit the charge g after time ¢ is
g=CE (1—¢—"IRC)

where CE is the equilibrium charge on the capacxtor and the product
RC is the time constant.

g _00-1_ 1 __ . —fRC
CE o0 1o~ ! Te

€ 100

et/RC=]00

t/RC=I1n 100=4.6

Thus, time 1=4.6 times time constant must elapse before a capacx-
tor in an RC circuit is charged to within 1.0 per cent of its

equilibrium charge.
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(G)

ERZ ------ - s am—
Ri+R, - -;_2_[,4"/
CRTRL R
- with R-‘-‘QJ#-E’-‘J;—‘%}
0]

Fig. 32.30
32.31. Units of RC=(ohm)(farad)
_volt  coulomb _ coulomb

- ampere volt amperc

_ coulomb .
= —————— ={ime.
coulomb/time

32.32. Encrgy of the capacitor is
U 1 o

2cC
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Rate of energy transfer is

aU_Q dQo_ Q. ..
d C dt C'"V"
av_,
ar =R

The right hand side is nothing but Joule heating.

Thus, at any instant the rate of energy transfer is completel
accounted for by Joule heating. pletely

32.33. RC=(3%10% ohm)(1.0X 107 f)=3 sec.
(@  Q=0, (1—eRC)

dt RC

— __(4volt)

(3 x10° ohm)

=9.6 X107" coul/sec,

_1 @
(b) Energy U= > C

=iE (1—e1RC)=(9.6 X 1077 amp)(4 volt)(1 —e—0-33)
=1.08 X 107 watts.
(¢) Joule heating in the resistor is
i2R=(9.6 X 1077 amp)*(3 X 10® ohm)=2.76 X 107® watt
(d) Energy delivered by the seat of cmf is
Ei=(4 volt)(9.6 X 107" amp)=3.84 X 107¢ watts.

e-lIRC = _ﬁ_e—I/RC

e—(1.0 sec/3 sec)

SUPPLEMENTARY PROBLEMS

S.32.1. The current in the circuit is

2E
'S R¥r,Fr, ()
Fos---- bl F-————- 1
E +6- i ! E+6‘- "2 E
Lomee oo J Commm e J
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The potential difference across the first-battery is

V1=ir1=§qz_-f-l-$;2 (2)
where use has been made of (1).
By Problem, V,=F --(3)"
Using (3) in (2),
2Er,
Rrtr, ©
whence, R=r,—r,

S$.32.2. (a) P=iV
where V is the potential difference between A and &
v P __50 watts
i 1.0 amp
(b) The potential drop across R is
Vigy=iR=(1.0 amp)(2.0 ohm)=2 volt

In the absence of the internal resistance, the emf of C is
50-2 volt=48 volt.

(c). As the element C is opposing the current i, B is its negative
terminal.

=50 volt.

vi_ s
S.32.3. Power, Pm——? ; P(m~——1—e

As for parallel connection V is the same for bulbs of resistance
r and R; the power P will be larger forr (r << R). Hence the
bulb with resistance, r will be brighter.

(b) Power, Pin=i% ; PiRy=i®R"

As for series connection i is the same for bulbs r and R; P(r) will
be larger than P(-,. Therefore, the bulb with R will be brigliter than
that with r.

S.32.4. For series connection, total resistance of the circuit is
R+ Nr. Total emf will be NE.

__NE 0
R+Nr e
For parallel connection, the total internal resistance will be /N,

which isin series with R. Total resistance of the circuit will then
be R+(r/N). The net emf will be simply E. The current will then be

Current, i=

i= = e @)
R%r/N NR+r
By Problem, in both (1) and (2), i is identical.
NE NE

Hence.  RTNr—NR+r
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whence (N—1) (R—r)=0
Since N1, we have R=r.

S.32.5. (a) Let a current 12/ enter at the corner 4 and emerge at
B. Because of the arrangement with identical resistors the current

Fig. S.32.5 (a)

is divided symmetrically as shown in Fig. S.32.5 (a).
Vas Vao+Vor+Vrs

Rav=p5r = 12
_ 4iR+2iR+iR_T o
o 12§ T 12

Fig.$.32.5(b)
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(b) Leta current 12 i enter the corner Band 12/ emerge at C.
Because of the arrangement with identical, resistors, the current is
divided symmetrically in various branches as shown in Fig. S.32.5
(b)o

_Vsc_Vep+Vpc 4iR+SiR 3

Rec=tor =12 = 1 =&k

(©)

Fig. S.32.5 (c)

Let a current 6/ enter at 4 and 6! leave at . Because of cquality
of resistors, the current in various branches is divided symmetri-
cally as shown i Fig. S.32.5 (¢).

Vac Vas+Vep+Vbc

Rac= 6 = o

_2iR+HiRH2AUR_S
- 6i 6

S.32.6. Join one end of each of 1 ohm resistors together and convert
the other cnds separately to N terminals as shown in Fig. S.32.6.

4 3

1 ohm

Fig. $.32.6
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S.32.7. (a) The resistance of ammeter and R, are in serics.

(Ry+3.62) (0.317 amp)=28.1 volt
R,=85 ohm

(b) The resistance of voltmeter and R, are in paraliel.

valent resistance of this combination is
307 R,

3074R,

The voltage drop across Rz is

307 Ryi
3074+Ra

(307 R,)(0.356 amp)
307+R,

R=

iR= =V

=23.7 volt

R,=85 ohm.

The equi-

S.32.8. (b) For an RC circuit, the potential difference across the

capacitor after time r is
V::E (:—t/RC

..(1)

where £ is the initial potential difference and ©=RC, is the time

-constant. Substituting the given values,
1.0 volt=(100 volt) e—10/RC
.~ el0/RC=100/1.0=100
Taking logarithms on both sides,

10
RC =In 100=4.6
_ 10 sec
t=RC= 46 =2.]7 sec.

(a) After 20 secs, the potential difference would be,

:20 sec/2.17 sec

V=(100 volt) e =0,01 volt.

S.32.9. (a) U,= 2C

go="¥ 2U,C= ¥ (2)(0.5 joule)(107* farad)
=107% coulombs.
® g=qee —!IRC
.49 __ 49 —tIRC

o dt R

oe(2)
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. 1072 coul o
At =0, i= (708 ohm) (1078 farad) — 10 ® amPp
—t[RC 102
(@ ve=L_4f — el =" =1000 e~ volt

Since RC=(10% ohms)(107¢ f)=1 sec

Vr=Ri=R (—I—g%) e~ 1RC=100e~" volt
(d) Rate of Joule heating, Us=i?R= (}ZZ,) Re—2IRC

(1072 coul) s o
=[(10° ohm) (107¢ farad)] (10% ohm) e

=e—2 watt

S.32.10. (a) At t=0. C is to be considered closed.
Applying junction theorem at the junction of R, and R,,

=iy iy (1)
Applying Kirchoff’s law to the lower loop,

E—iyRy—i,R,=0 C(2)
Applying Kirchoff’s law to the upper loop,

i;Ry—i;R;=0 .(3)

Since Ry=R,,

i3=1, ...(4)
Using {4) in (1),

ip=1%i, -(5)
Using (5) in (2) and the fact that 'R,=R,,

-;—R,i1=E

;2 _E_ 2 (1200 volt)
3 R, 3 (7.3X10%0hm)
ig=i=%i;=4(1.1% 1072 amp)=0.55%10"% amp.

At t=00, the capacitor C is fully charged and C must be consi-
dered as open. In that case iy=0 and i;=1,.

From (2) i1R1+i2R2=E
Since Ryg=R,,

or

=1.1X10"* amp

E 1200 volt

; ]
;’ 2R,” 2x7.3X 105 ohm 082x10 Rmp
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()]

————— - e
t—>

Fig. S.32.10

(c) At =0, iy,=0.55%107% amp
. V,==i,R,=(0.55x 107 amp)(7.3 X 10% ohms)==401 volt
At t=o00, {,==0.82X107% amp

V,=i3R,=(0.82X 107 amp)(7.3 X 105 ohm)==599 volt.

(d) The voltage drop across R, is seen to approach its final value
asymtotically, and hence an infinite time is required for the voltage
drop to develop to its maximum value, However, the time for the
voltage to increase to any stated fraction of its final value is quite
definite, and for the usual values of R and C encountered in common
practice the voltage grows essentially to its final value within a
reasonably short time. Let time be measured in terms of time cons-
tant =RC.

Vy=V,, (1—e—1t/RC) .--(6)
v=R,C=(7.3x10% ohm)(6.5 X 107® farad) =4.75 secs

Set t=xin (6) to find
V‘/Vw = —e~ 1 =0.63

Next set t=21 in (6) to find

Kn —l—p—2__
V,,_I e~ “=0.87

Thus, for the fraction V,/V, =0.63, we have t=t=R,C=4.75
secs, and for the fraction V,/V, =0.87 we have #=21=2R,C=9.5
sec.



33 THE MAGNETIC FIELD

33.1. (a) The beam will deflect to the east. The direction of deflec-
tion is found from the rule for the vector product in the relation

F=¢qvXxB.

(b) The velocity of electron whose kinetic energy is K can be
found from

v=\/fK= 2X (12X 10° eV)(1.6 X 10~ joule/cV
9.1x 1075 kg
=6.5X% 107 meter/sec
Force on electron,
F=qvXB=qvB sin 0=qvB
since, 0=90°,

= (1.6 X 107 coul)(6.5 X 107 meter/sec)
(5.5 X 1075 weber/meter?).

=5.7%X 10718 nt
F _57x10™nt _ {14 2
. Acceleration, a= m o 0.1x 107" ke =6.3 X 1014 meter/sec?.

(c) Time taken to traverse 0.2 meter of horizontal distance -along
south-north direction,

_ 8 0.2 meter _ .
=y T ésx107 me:ter/sec'—3’1 X107 sec

Deflection in the eastern direction is given by
y=hat®
=13(6.3 X 10* meter/sec?)(3.1 X 107 sec)’
=3X1072 meter
=3.0 mm.

33.2. The kinetic energy of a particle of mass m and charge g,
moving in_a circular orbit of radius R under the mﬂuence of

magnetic field B, is
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(a) For a-particle, g=2¢ and ma=4my,
-(5)(2)
K, q» Mo
=(2)(1/4)=1
Koe=Kp=1 Mev

(b) For duetron, g=e and ma=2my,

(6 ) ()00 (3)=2
Ki=31K.=}Mev

33.3. The magnitude of force on wire of length I/, carrying current i
in a uniform magnetic field B at 30° to the wire, is
F=ilB sin 8
=(10 amp)(1.0 mecter)(1.5 webers/meter®)(sin 30°)
=7.5nt.

The force acts perpendicular to the wire and the magnetic field.

33.4. Magnetic force on the wire is
F=ilxB=ilB

since B is at right angles to the displacement vector 1.

Setting, F=mg, the weight of the wire, the magnitude of the
current required to remove the tension in the supporting leads is

_mg__(1.0X107% kg)(9.8 meter/sec?)
IB (0.6 meter)(0.4 weber/meter?)

=0.41 ampere
in the direction from left to right.

-33.5. Magnetic force. F=Bqv.

The dimensional formula for magnetic induction is
(F] _ [MLT™) 1
"Bl= —=- i =(MT71Q™?
=TT MTe
The flux ¢s8 for a magnetic ficld is defined by

é8=[ B.dS

‘Thus. the dimensions of ¢z are equal to that of B multiplied by
that of area. That is,

(¢6]=([B] [S*.=[MTT1IQ"[1*1=|ML*T'Q™"]
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33.6. The force on the wire is

F=ilB
- Acceleration, a=!~——=i!£
: m m
Velocity, v=vo+at=0+at=ﬂ£’-

directed away from the generator.
33.7. The force acting on the wire is

F=Bil (1)
mv={ Fdt={ Bil dt=BI | idt=Blg -(2)
where use has been made of (1).
Also, =42gh
o g=" \'/2§—h — (1.0x 1072 kg) «/ (2)(9.8 meter/sec?)(3.0 meter)
Bl (0.1 weber/meter?)(0.2 meter) -
=3.8 coul.

33.8. Resolve B into two mutually perpendicular components
(i) horizontal component, B sin 0, radially outward in the plane of
paper, (ii) vertical component, B cos 0, perpendicular to the ring
out of the paper. Consider a pair of points, diametrically opposite .
on the ring. While the vertical component is the same in direction
as well as magnitude, the current has reversed its direction, resul-
ting in the cancellation of force. Adding up the contributions ot
symmetrically situated pairs of points on the ring, the force on the
ring due to vertical component vanishes altogether. On the other
hand, the direction of the radially outward component having fixed
orientation of 90° to the direction of current at *each point on the
ring aloae makes the contribution to the force.

F=/(current)(circumference)(radial component of B)
=(i)(2ra)(B sin 8)=2=aiB sin 0.

33.9. Magnetic force on the wire is

F=iBI
Setting the magnetic force equal to the frictional force,
F=iBl=pumg
. B=g’pg=(91§)g(}:§  X0.4536 kg)(9.8 meter/sec?)
" il (50 amp)(0.3048 meter)

=0,0524 weber/meter®

=(0.0524 "’2’,9-’ ) (104 gauss)=524 gauss.

The direction of the field is normal 10 the planc of tracks.
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33.10. Replace the wire by a series of steps parallel and perpendi-
cular to the straight line joining a and b. Traversing along the
steps we notice that in going from a to b the current flows as much
in the upward direction as in the downward direction so that the
net component of force due to the segments of wire in the direction
perpendicular to ab is zero. On the other hand the current in the
segments of wire parallel to ab is only in one direction and the
total length effectively traversed is equal to ab along a straight line.
Hence, the force on the wire is the same as that on the straight

wire carrying a current i directly from a to b.

33.11. The torque on the coil is

v=NiAB sin 0
where N is the number of turns, / the current, A4 the area of
the coil, B the magnetic induction, and 0 the angle which the
normal to the plane of the loop makes with the direction of B.

As the angle between the plane of the loop and the magnetic
field is 30°, it follows that 6=90°—30°=60°.

+=(20)(0.1 amp)(0.1 X 0.05 meter?)(0.5 weber/meter?) sin 60°
=4,3 X1073 nt-meter
The torque vector is parallel to the 10 cm side of the coil and
points down.

33.1& The torque is given by

t=NiAB sin 8 (1)
Maximum torque is obtained when 6=90°.

L=2nrN . (2)

where r is radius of the circular coil and N is the number of turns.

Area of coil, A=nr? «.(3)
Eliminating r between (2) and (3),

4= ()
‘Using (4) in (1}, with 6=90°,

e=rIP ()

© is maximum when N=1. This gives
T(nu)=L‘: iB
]
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33.8 Imagine the flat surface enclosed by the given loop to be
divided by a fine grid into a large number of rectangles. If the same
current i flows around the perimeters of the small rectangles
clockwise then the currents in each rectangle is cancelled by the
currents around the perimeters of the surrounding rectangles,
except at the edges of the grid. The net result is a current i flowing
clockwise in the large closed loop (Fig. 33.13). Let the magnetic
induction B make an angle 6 with the normal to the surface
of the loop. Now the area of the large loop is equivalent to
the areas of all the rectangles into which it is divided, and since
the same current / flows through the small rectangles, it follows
that the relation, t=NAi B sin 0, is valid for a loop of arbitrary
shape where N is the number of turns.

B
4

IO

SO0F

/N
(]

"tg
e

i

Fig. 33.13

33.14. The torque which tends to make the cylinder roll down the
incline is
t=mgR sin O
The torque acting on the wire loop by the current is
v'=Niji AB sin 0=2Ni/LRB sin 0
where we have written 2LR for A.
Condition that the cylinder may not slip for minimum current is
1".—_1'
2NiLRB sin 8=mgR sin 6
. . mg __ (0.25 kg)(9.8 meter/sec?)
o F=INLB (2)(10)(0.1 meter)(0.5 weber/meter?)
=2.45 amps. '

S A 50 amp
33.15. (a) Current dcnsnty.j=—;4- = {002 meter (1.0 X 107 metcr)

=25x10® amp/meter?
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If nis the number of conduction electrons/unit volume, then drift
speed of the electrons,
yam = (25 X 10® amp/meter?)
ne (1.1 X10%*/meter®)(1.6 X 1072 coul)

=1.4X 1074 meter/sec
(b) Magnetic force is

F=qvaB=(1.6 X 1071 coul)(1.4X 1074 meter/sec)(2 we_l_ag'.z )
meter
=4.5%X107% nt,
in the downward direction.
(c) Set the electric field equal to magnetic field,
Ee=F

-23
F_ 45x107% nt _ =2.8 X 1074 volt/meter,

E= 1.6 X107 coul

in the downward direction.

(d) Necessary voltage to produce this field is
V=Eh=(2.8 X 1074 volt/meter)(0.02 meter)

=5.6Xx107° volt.
Top voltage should be +ve and bottom —ve.

(e) En=—vaXB

The magnitude of Ex is given by
vaB=(1.4 X 1074 meter/sec)(2 weber/meter?)

=2.8X 107¢ volt/meter,

in the downward direction.
jB
33.16. (a) Eu= 2>
ne

where j is the current density, B the magnetic induction and n the
number of charge carriers per unit volume.

Ea_jB _ B
E Ene nep
where we have used the expression for resistivity p=EJ/j.
() 90°

(c) Textbook Example 5 gives,
B=1.5 webers/meter?

For copper, n==8.4 X 1038/meter®
p=1.7X10"® ohm-meter
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B

Ex_
E nee

Therefore,
— L5 webers/meter®)
(8.4 10%/meter3)(1.6 X 107 coul)(1.7 X 10™8 ohm-meter)
=0.0066.

33.17. (a) Kinetic energy of proton, Kp=eV
Kinetic energy of deutron, Ka=eV
Kinetic energy of a-particle, Ka=2eV
Ky : Ka : Ka=1 : 1 :2
(6) Radius of curvature is

But — =
ra=+¥2rp=42(10 cm)=14.1 cm

ro _p [/ m tze.z\/_ix_l_=,,2
rs my (o 1 2
ra=42r;=+2(10 cm)=14.1 cm

33.18. R’:*/, 2mK
qB

Ra _ | ma gn
Ry my qa
But, ma/ma=2 and qp/qa=1
Ra/Ry=¥2
or Ri=¥2 Ry
=) 7 (2 e
or Ra=Ry

33.19. (a) Speed, v=1 ;?,R

_(2(1.6Xx 107" coul)(1.2 weber/meter?)(0.45 meter)
(6.68 X 10727 kg
=2.6 X 107 meter/scc.




152 ‘Soluu‘ons to H and R Physics—l1!

®) Ti iod T__Z_u__m____ (27)(6.69 X 10727 kg) .
tme period, 1= gB  (2X1.6X1071° coul)(1.2 weber/meter?)

=1.09%X 1077 sec.
(¢) Kinetic energy, .
K=3}mv2=4(6.68 X 107%" kg)(2.6 X 107 meter/sec)?
=22.5%X 1071 joules

. 1 Mev
(22.5% 1073 joules) ( 1.6x 10733 oule \)

==14,1 Mev.
(d) Set K=qV=2cV

eV =14.1 X108 ey

. (]
or y=141 XZ:,O & 7% 108 volt.

33.20.| Kinetic energy of electron, K=15000 eV
==(15000 eV) ( 1.6X 1071 132—5’ ).—_2.4 % 10-15 joule
Magnetic induction, B=250 gauss=0.025 w=ber/meter?

Radivs, R Y 2mK_[(2)(9.1x 1078 kg)(2.4 % 10715 joule)/2_
’ gB " (1.6 X 1071 ¢coul)(0.025 weber/meter?)
=0.0165 meter=1.65 cm.

33.21. First we shall investigate the path of an electron starting at
rest from the positive plate. Choose the origin at O. The electric
field E acts along the y-direction perpendicular to the plates. The
positive plate is along the x-axis and magnetic field is applied
along the z-axis perpendicular to the plane of paper. The electric
force on the electron is directed along the y-axis and since the
magnetic field B is along tne z-axis, and further if the component
of initial velocity parallel to B is zero, then the path of electron
will be contained entirely in the xy plane.

e T
v )N

0 N

+
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Writing down the force equations,

dVv
H= mys =eE—eBv (1)
— e .
Sfe= my =eBy, -+(2)
Writing for convenience,
eB _E
w="— and U= 5 -+(3)

a;-=wU—'ch «.(4)

Z—:f*-wv, . ...(5)
Differentiating (4) and using (5),

or gti:!+w’vy=0 ++-(6)

The solution of (6) with the initial conditions, v==v, =0, is seen
to be

v,=U sin wt )
Substituting (7) in (5) and solving,
ve=U—U cos wt ...(8)

The coordinates x and y can be found out by integrating separa-
tely (7) and (8) with the initial conditions z=y=0.

y=—g (1—cos wt) ..(9)
x=Ut—Y sin wr -(10)
w

Setting 6=wt and R=—uUT, -(11)

Equations (9) and (10) respectively, become
y=R (1 —cos 6) --(12)
x=R{(6—sin 0) ...(13)

Equations (12) and (13) are the parametric equations of cycloid,
defined as the path generated by a point on the circumference of a
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circle of radius R which rolls along the x-axis. The maximum
displacement of electron along the y-axis is equal to the diameter
of the rolling circle i.e., 2R.

Identifying
2R=d ...(14)
d ., _U__E/B_Em
7 R TBm— m ~(15)
V
Also, E= ; ---(16)
Using (16) in (15), gives
B= \[ 2Vm
ed?

Thus, the condition that no electron should strike the positive
plate is

2Vm
B> edd

t3’3.22. The megnitude of the magnetic deflecting force F is given
Y
F=qvB sin 6 (1)
where 0 is the angle between v and B.
Equating the magnetic force to the centripetal force, and
setting 6=90° in (1),

mv?
qvB=——
=M _ P
or r--qB qB

where p=my, is the momentum and r is the radius of curvature.
Thus, 7« p.

33.23. Equating the magnetic force to the centripetal force,
o
qvB sin 6= ¥

my
or B=/Rsm 0

Required magnetic field will have maximum value when 0 is
maximum i.e., 90°. Putting 8=90° in the above equation,
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o (L67X 104" ke)1LOX 107 meterfsec)
" (1.6 X107 coul)(6.4 X 108 meter) sin 90°

=1.63 X 1078 webers/meter?.

The magnetic field must act horizontally in the direction per-
pendicular to the equator.

33.24. Momentum of deutron is
p=qBr=(1.6x 1071 coul)(1.5 webers/meter?)(2.0 meter)
=4.8X 1071 kg. meter/sec.
Kinetic energy of duetron at the time of break-up is

_ p* _(4.8X107" kg-m/sec)® _ s
Ka e 2)(3.34 % 10" kg) =3.45X 107" joule

Half of this energy is carried by neutron which moves tangen-
dally to the original path, as it is unaffected by the magnetic field.
The remaining half of the energy is carried by proton. So

Ko=34Ks=1.73 %1071 joule.
Momentum of proton is

p'=4 2Komy=4 (2)(1.73 X 1071 joule)(1.67 X 107 kg)
=2.40 X 107 kg-meter/sec

Radius of the new orbit is

e ) 2.4 X 1079 kg-meter/sec
T gB  (1.6X107 coul)(1.5 weber/meter3)
=1.0 meter.

Thus, proton moves in a circular path of radius 1.0 meter.

33.25. Resolving ¢ along B and perpendicular to it, we have

=V cOS 9=\/2-K— cos 6
m

Y, =vsin 0=,\/.g§_ sin 0
m

where 0 is the angle between B and v.

The non-zero componént of velocity along B viz. vi makes the
plane of the circular orbit of the pasitron path advance along the
B-axis. In other words, the actual path of the positron is helical.

K=2keV=(2x10® eV)(1.6 ¥ 10! joul/eV)=38,2 X 10~ joule

_ A / @B.2x107 joule) .
y= (9.1 X 10"% kg) 2.7 X 107 meterssec
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v, =vsin 89°=2.7x 107 2T

vj==v cos 89°=4.7 X 108 meter

. g lmm_ (27)(9.1 X 107% kg) ‘
* °7 Bg (0.1 weber/meter?)(1.6 X 1071° coul)

=3,6X 10710 gec.

mv, _ (9.1x107 kg)(2.7 X 107 meter/sec)
Bg (0.1 weber/meter?)(1.6 X 107 coul)

=1.5x 1072 meter

Radius of the helix, r=

=1.5 mm.
Pitch, P=w T=(4.7%10° meter/sec)(3.6 X1072° sec)
=0.17 X 107% meter .
=0.17 mm.

. my
33.26. (a) Path radius, r= Bg

_(9.1 X107 kg)(0.1X 3x 108 meter/sec)
(0.5 weber/meter2)(1.6 X 107 coul)

=3,4X107¢ meter=0.34 mm.
(b) Kinetic energy, T=4mv*=4%(9.1 X 1073 kg)(0.1 X 108 meter/sec)?
=4.1 X 1072 joule

(4.1 X 10718 joule)

=(l.6>< 10710 j()\xle/ev)::z'SG)< 10° eV
=2.56 kev.
33.27, Period,
1 _2xm
T=>=%
TgB _ 1 — -
"‘“‘“‘2“’;"% (1.29 X 10 sec/7)(1.6 X 107 coul)
(4.5 X 107* weber/meter?)
=2.11X 107 kg,

33.28. Kinetic energy of the ion as it is accelerated through
potential difference V is

K=qV ...(l)
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As the magnetic force is equal to the centripetal force,

v2
qBv—— ;—
2 R2%,2
or ya= qﬁ:
But from (1), K=3iMv*=qV
or v2=2§}/
Comparing (2) and (3),
4B _ 2V
M2 M
_ qBr? _ Bqx*
or M= ="3v

where we have set r=x/2.
33.29. (a) F=—qvB, Fig. 33.29.

For clockwise motion the magnetic
force will be directed towards the
proton. As the electrical force will
also be directed towards the proton,
the net centripetal force will increase.
Set g=e.

e? _m?
F—F6+FB——W+B6V—“ P (n

In the presence of magnetic field,
Eq. (1) shows that v would increase,
leading to an increase of the angular
frequency, o=w (for a constant
radius r).

() For counter-clockwise motion,
the centripetal force would decrease

e(2)

...(3)

qv
Fig. 33.29.

requlting in a decrease of angular frequency.

33.30. Taking into account both the possibilities of increase and
decrease of w, Eq. (1) may be re-written as

el mv?
4ne, rt & Bev T

Writing v==w r, (2) upon re-organization becomes

et

Be

«(2)

)
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Without magnetic field, (1) is simplified to

1 e mvd
4ne, 12 r

2—"0 — __ ¢ .
Whence, o, P ey ---(4)

Using (4) in (3) we have|
w? 4 %E w—-wo‘=

Solution of the above quadratic equation yields,

2,2
< gt o o

__, Be «-_'_—B’_‘e’

4 Be v B

=+ 2m e [ l+8m’ w ]
B

~ 2e_+w0

where we have neglected the second term in the paranthesis, as

compared to unity.
Be
Aw=a—w, = 2m

But Aw=2n Av

Be
V=t fm
33.31. University of Pittsburgh cyclotron has an oscillator fre-

quency of 12X108 cycles/sec und a Dee radius of 21 in or 0.533
meter.

The magnetic inducfion required to accelerate deutrons is
B 2rvom =(2u)( 12 x 10%/sec)(3.3 X 10727 kg)
q 1.6 X 1071 coul
=1.6 webers/m?.
P*B*R?
2m

(l 6 X107 coul)*(1.6 webers/meter®? (0. 533 meter)s
(DG 3IX107 k)

Deutron energy. Ks=

=2.8% 10" joule.
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_ 13 1 eV _
=(2.8x 10712 Joule)(1 X 10- joule )—17 Mev

! ] : ] .
(@) x=‘%'m§ — 25t 3 R'm

or Kvy=% Ka=1% (17 Mev)=8.5 Mev
®) BT vom

Br=} Ba=4% (1.6 weber/meter?)=0.8 weber/meter?
K ¢*B%R? (1.6 X 1071 coul)*(1.6 weber/m?)? (0.533 meter)?

c = =
(©) 2m @)(1.67X 10~ kg)
—1q - 1 Mev
— 13 :
(5.57x10 Joule)(l.6><10“" Joule )
=34.8 Mev
() . ___B_q_ _ (1.6 weber/m?) (1.6 X 107 coul)
LIl (2%)(1.67 X 1077 kg)
=24.4 X108 cycle/sec==24.4 Mc/sec
Ma
(e) For (a) — —’-’a =

Ka=2Ka=(2) (17 Mev)=34 Mev

Na /qc

B«

Ba=B;=1.6 weber/meter?.

(2x1.6x1071 coul)*(1.6 weber/m?)%(0.533 meter)?
F Ka=
or () (2)(6.68 X 107 kg)

=(5.57x 1072 joule)(1 Mev/1.6 X 107" joule)

=34.8 Mev.
Bq (1.6 weber/meter?) (2% 1.6 X 1071 coul)

For (d) vo= dam= (2%)(6.68 X 10737 kg)

=12.2 X108 cycle/sec
=12.2 Mc¢/scc.




160 Solutions to H and R Physics—I1
33.32. Total path length traversed by a deutron is

N
L= Z 2!!Rn=2ﬂ]Rndn *--v(l)

nesl

where Ra is the radius of the n* orbit and N=number of revolu-
tions that the deutron makes during the acceleration process. If ¥
is the potential between the Dees, then in each turn energy picked
up by the deutron is 2 eV; the factor 2 arises due to the fact that
the acceleration occurs twice for a given orbit. The energy gained
after n revolutions is :

2 R2 R2
Kn=2eV n= &5 Rl
2m
Rn=24 mnV/eB? (2)
Using (2) in (1),
- N %
my — &:(m[’) 3/2
L=4xn i I ¥ ndn 3\ o5 N
[
_ __total energy gained =~ K
Now,  N= energy gained in each orbit  2eV
(]
Ux100er _ oo

T8 %108 ev)
where K=17Mev from textbook Example 7.

_8m /T (33x1072" kg)(8 X104 volts)
3 (1.6 X 1071 coul)(1.6 weber/meter?)?

=(106)8/2=232 meters.

L

33.33. The oscillator frequency at the beginning of the acceleration
cycle,

Yo 2 2m,
and at the end of the cycle
—3 ..‘_B;q
2rm
o _m_ 1 1 =14

HERRC Ay VIE
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33.34. (a) Set Bev=Ee
E_E
v

B= S =3Km

104 volts/meter .
= 2)(10% ev)(1.6 X 10~ joule/ev)/(9.1'x 10~ kg)
=1.7X 107¢ weber/meter?,

Field of magnetic induction must be horizontal and to the left as
one observes along v.

(b) yes.

For proton. y= E 10 volts/meter
P ’ B~ 1.7X 1074 weber/meter?

=5.88 X 107 meter/sec
Kinetic energy of proton, K=} Mv?
=} (1.67x 102" kg)(5.88 X 107 meter/sec)?

1Mev
1.6 X107 joule

Thus a proton of 18 Mev eaergy will pass through the given com-
bination of electric and magnetic fields undeflected.

=(2.89 X 107* joule) ( )=18 Mev

33.35. (@) Bev=Ee

- .. o E 1500 volts/meter
The miaimum speed is v== B 0.4 weber/meter?

=3750 meter/sec.

(6)

> m

Fig. 33.35
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SUPPLEMENTARY PROBLEMS

S.33.1. If a positive test charge g, is fired through a point and if a
force F agtsside ways on the moving charge and if the induction B
is presentat that point then the following relation is satisfied.

- PdgvxB

Thus, the direction of F follows the rule for the vector product.
The same result is obtained by the application of left-hand rule.
On this basis particle 1 is positively charged as it is bending upward
while B is acting into the page. Particle 2 is going straight undeviat-
ed. So'it must be a neutral particle. Particle 3 is bending downward
and must be negatively charged.

$.33.2. (a) Speed, y="0

_(0.41 x 1074 weber/meter?)(1.6 x 107'® coul)(6.4 x 10® meters)
- (1.67X 107 % kg)

=2.5X10° meter/sec

a val'uc; that exceeds the velocity of light. The fallacy is due to non-
relativistic calculations.

(b)

Fig. S$.33.2

$.33.3. Kinetic energy of the electron, K=1000 ev
=(1000 eV)( 1.6x 10710 ’%’-‘-‘)= 1.6 X 10718 joule
K=} mv?

- \/'_'2_"5 _ /(i_)?ﬁexxoz’ie joule)
m (9T 1079 kg)

=1.88 < 107 meter/sec.
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. _ ¥V 100 volt
The electric field, E= 7 =002 meter meter—soo volt/meter

If the electron moves undeviated then the force due to magnetic
field and electric field must be equal.

Bev=Ee

" E 5000 volt/meter

v 1.88x 107 meter/sec =2.66 X 1074 weber/meter?

:o B =

S.33.4. (a) The deflection is made zero if the electric force, FE=QE,
on the positive charge is equal and opposite to the magnetic force.
If the velocity vector makes an angle 6 with the induction vector B~
then the magnetic force exerted on charge Q is given by
Fs=QvB sin b, the direction of the force is always perpendicular
to the plane dctermined by v and B.

Setting Fp=F&
OvB sin 6=QF

or B=—~§~~ (1)

The least value of B is given by the condition that sin 6 is maxi-
mum i.e. 8=90°, so that
g E
14
The direction of induction ought to be from east to west so that
the magnetic force may act vertically down in opposition to the
¢lectric field.

(b) From Eq. (1) it is obvious that by varying the angle 0 bet-
ween the velocity vector and the induction vector, the magnitude
of B would accordingly change. Thus, B is not unique for a given
set of values of E and v if 0 is not specified.

{(c) Energy of proton,
=3.1 X108 ev=(3.1 X 105 ev)(1.6 X 107 joule/ev)

=4.96 X 107" joule.

Velocity, vw\/?_—{_.(: (2)(4.96 X107 joule)
m (1.67X10° % kg)

=17.7x% 10% meter/sec.

E  1.9%X10% volt/meter
v

B= 7.7X 10 meter/sec

=2.47X 1072 weber/meter?,
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(d) Equating the magnetic force to the centripetal force,

Bev= rg_v_’_
r

pm (1.67 X 10727 kg)(7.7 X 10® meter/sec)
Be — (2.47 X 10-2 weber/meter)(1.6 X 107 coul)
=3,25 meter.

S.335. (a) Let an auxiliary resistance R, be connected in series

with the galvanomater resistance Ry so that the equivalent resistance
is, R=R,+R;.

or

R
~ o
Fig. $.33.5 (a)

By V=iR

R=Ry+Ro= l:

Ro:"-‘ ‘Z —Ry

]
R, LOvOlt 753 ohm=542 ohm

T .62x10°® amp

(b) Let the auxiliary resistance R, be connected in parallel to Ry,
then

i=ig+io -+(1)
iaRg=ioRo ...(2)
t
4 AN
- R
O/
---—-‘.—-—- SR ——
1 .
AN
1 RO
Fig.S.3350b

Eliminating i,, we get,
_ _Rais__ (753 ohm)(1.62X 1072 amp)
" i—i; (50x107% amp—1.62 % 10-? amp)
=2.52 ohms,




The Magnetic Field 165

5.33.6. (a) Hall electric field,

_l{_ 1.0 X 10-% voit _
d = 0.0l meter =10"? volt/meter

En=
En=—vwiXB

En _ 10-2 volt/meter
B 1.5 weber/meter?

=6.7 X 10~¢ meter/sec=0.067 cm/sec.

or Vo=

(8) Current density, j= -;;—

_ 3 amp
“(10~2 meter)(107% meter)

The number of charge carriers per unit volume,

_ JB _ﬂ(3 X 107 amp/meter?)(1.5 weber/ meter?)
eEn (1.6 X 1072 coul)(107® volt/meter)

=2.8 X 10%%/meter?®
=2.8 X 10%%/cm?.
See textbook Fig. 33.10 (b).

For negative charge carriers, according to Fleming’s left hand
rule, face y will be at a lower potentxal than face x.

_.(1.6 X107 coul)(107¢ weber/meter?)

=3 X 107 amp/meter?

S-33.7- (a) Vo= 2 m (2“)(9 l)( R kg)
=2.8 X108 cycles/sec
=7.8 Mc/sec.

(b) Velocity of electron,
v_:_,/\/zlf_: _(9@00 ev X 1.6X 107 joule/ev)

=5.9%10° meter/sec

f my _ (9.1 X107 kg)(5.9 X 10¢ meter/sec)
Radius of curvature, r= Be (107¢ weber/meter?)(1.6 X 107 coul)

=0.33 meter.
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34.1. Radius of wire is
R=0.05 in
=(0.05 in)( 2.54x 102 meter

)= 1.27 X 1073 meter
in.

Field B at the surface of the wire jig-

i __(4r X $0~7 weber/amp-m)(50 amp)

2nR (2%®)(1.27 x 1078 meter)

=7.9% 1073 seber/meter2.

B=

34.2. Distance from the Power line is

r=20 ft=(20 ft)(0.3048 meter )6 meters

At the site of the compass,
Bt i _(4rmx1077 weber/amp-m)(100 amp)
2nr (2%)(6 meters)
=3.3 X 107¢ weber/meter?
=0.033 gauss/cm2.
This value cannot be neglected compared to the horizontal

componcnt of carth’s magnetic field of 0.2 gauss. Thus, therc will
be a serious interference with the compass reading.

34.3. Near the electron,
g Hoi —(4n X107 weber/amp-m)(50 amp)
2nr (2%)(0.05 meter)
=2X 107* weber/meter2.

(a) Force on the electron is F=qgv XB=gqvB sin 8, where 0 is the
angle between v and B. Set 8=90°.
F=qvB=(1.6 X 107" coul)(10” meter/sec)(2 X 107* weber/meter?)
=3.2Xx 10716 nt, parallel to current.

(b) Assuming that the velocity is parallel to the current, a force
equal to 3.2 X 107!¢ nt would act radially outward.

(c) 0=0. Hence, F=0.

34.4. (a) Consider a rectangular loop abed of length / enclosing
a portion of the conductor, (Fig. 34.4 (a). ‘
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Apply ng Ampere’s law,
IB- d|=]loio
Mow, the contribution to the integral from the path ad and bc is
zro as it is perpendicular to B. Furthermore,
iy=inl

~ Also, B and dl are parallel along the paths ba and dc and as their
contributions are equal,

or B= “"zm .

(b) At every field point the horizontal component of B alone will
be reinforced and the vertical component will get cancelled from
considerations of symmetry and the direction of B will be as
indicated in Fig. 34.4 (b).

e
AN
+«—B8
a [< b
QOOLOOOOOOLO -
d ™ <
—— B ax
Fig. :24.4, ) Fig. 34.4. (b)

Consider an infinitesimal width dx through which a current di
flows. Then

di=ni dx. (1)

The field contributed by di at P is
__todi. | '
dB=gur ceeel2)

which is the differential form for the magnetic induction for a long
straight wire, o
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r=Rsec 6 (3)
x=R tan 0 ;
dx=R sec? 6 db e (d)
Using (1), (3) and (4) in (2)
dB— Bomti sze: 0 dOv' (5
The induction B at point P is given by the integral,
. ﬂ/2 .
B=I dB cos 8= £o. j do=Lott
2n 2
—x/2

where use has been made of (5).

34.5. (a) .A.mmrﬁe’slaw,
$BAl=py iy ) (1)

where i, is the current flowing through the body of the conductor.
Now,

. _dn (r*—a®) _ i(r*—a?
= (B—a) )

Evaluating the integral in (1) and using (2) in the right hand side,

S 2
(B)amr) =0 =)

i!.__.l

This gives, Bz%g;'—, for a=0.

This is the expected result for B at a distance r from the center
of a long cylindrical wire of radius b, where r <b.

_ (b) The general behaviour of B (r) from r=0to r=0o is shown
in Fig 34.5. For r<a, as there is no current flowing, B will be zero.
For a<r<b, B is given by (3) aud for r>b, B is given by
| p=toit
2xr
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£ (arbitrary units)

a 5a 0o
Fig. 34.5

34.6. (a) The net current passing through the conductor bounded
by the closed path corresponds to that flowing through the liner

cylinder above.
Hence, by Ampere’s theorem

2
# Bdl=(B)2rr)=pyi L2
Ta
—3 Mir
or B=3 I

(b) Here current through outer cylinder does not contribute to B.
¥ B.dl=(B)(2xr)=p,i

- Pl
or B= 2nr
(c) Here current through both the cylinders contribute to B,

P . Gt
$ B.dl=(8)(2ur)=ﬂol—'féo',:sz‘((‘:‘f:gs%

, L ol
o p=uENER M (%
200 -
(%) As the net current flowing through the closed path is zero,
B=0,
34.7. By Ampere’s theorem applied to the interior of the wire at a

radial distance »,
I Bodl"'—'ﬂroi'
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Where i’=i(r/a)"’=current inside radius r. Current i is the current in
the entire wire of radius a. )

Kol [ 1 l-‘o"'
B(r)= £~
(r) 2nr ( a ) 2rat
Since the surface S is normal to induction, the flux is given b);,

¢={ B (r) dA=(B (r) ldr

where [ is the lehgth of the wire.
a

=1 [ &ir o il
b 1,‘ 2%q? dr 4x
(]
Hence, the magnetic flux per meter of wire is

¢ po (41: X 1077 weber/amp-meter) (10 amp)
T 4 ™ 4n

=10"* weber/meter.

34.8. (a) By Problem 34.7, in the interior of each wire (r<a), the
flux per meter is

¢ poi  (4nX 1077 weber/amp-m)(10 amp)

— e e o

!  4=n 4
=10"% weber/meter.

For antiparallel currents, the inductions are additive

Hence, the flux/meter in the region r<a, for the two wires is
2X107® weber/meter, where a=0.127 cm is the radius of the wire.
For the space between the two wires the flux is calculated from,

d d
X 1
a a

(4m x 1077 weber/amp-meter)(1V amp, tof 290 )
= . (0.127

=]11X107¢ weber/meter
where d is the distance between the centers of the wires.
Therefore, the flux per meter that exists in the space between the
axes of the wires is

L‘;‘“’ =(2 X 107411 X 107%)=13 X 10~® weber/meter-
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(b) Fraction of flux that lies inside the wires is

2X107® weber/meter

f= 13X 107® weber/meter =0.16

(c) Since the inductions get cancelled for parallel currents, the
flux/meter is equal to zero.

34.9. Field of a long wise is p="tet.
2nr

_ mei  (4n X 1077 weber/amp-meter)(100 amp)

T 2mBT (2%)(50 X 1074 weber/meter?)
=4%X10"% meter=4.0 mm.

B will be zero along a line parallel to the wire and 4.0 mm dis-
tant. Suppose the current is horizontal and in the direction of the
observer, and the external ficld pointing horizontally from left to
right, then the line would be directly above the wire.

34.10. The current at a out of the plane of paper produces magnetic
induction B, at P at distance r, @
in a direction perpendicular to ﬁ\),
r, and is indicated by the arrow 1

in Fig. 34.10 (a). The current at S !
b into the plane or paper pro- _=-<
duces magnetic induction Byag- 9T TR T T T T _ -7
P at distance ry in a direction P 1
perpendicular to r,. Resolve B, - '8,

iL (b« -~ 2
b

Q
1"’

and B, in a direction parallel to
R and perpendicular to it. Be-
cause B, and B. are equal in L
magnitude and arc symmetrically Fig. 34.10 (a)

oricnted about R, the perpendicular components get cancelled and
the parallel components are reinforced.

B=B, cos 8+ B, cos 8=2B, cos b
_2pl d2_ poid

2nry ry 2mr?

where we have used the~ fact that cos 0= 5‘1

ry
2 2 .
Further, r,2=i + R3=d +4R?
4 4
y Be. 2id

"~ n(d*+4R%)
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34.11. Choose the x and y axes parallel to the sides of {ﬁe square.
The magnetic induction B,, B,, By and B, due to currents I, 2, 3,
and 4 respectively, at P, the center of the square, are indicated in
Fig. 34-25 (a).
- As the currents are equal and the point Pis located at equal
distance from the site of the currents,
’ BlzB";Bs:.B‘
Resolve B,, B,, B; and B, along x and y axes; wenote that the

resultant of x-components vanishes. The y-components reinforce
and the net induction is

B=4B, cos 8 )
= Hb
B,= 2nr, «e(2)
where r, is half the diagonal. -
"1=7q§ «+(3)
cos 8=cos 45°=1/¥2 we(4)

4u,i cos 8
B~ 2ra/V 2
_ (4)(4= X 1077 weber-amp/meter(20 amp)(1/ v2)
- (2%)(0.2 meter)/ ¥ 2
=8 % 1078 weber/meter?, along y-axis.
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34.12. We wish to calculate - the force per meter acting on wire 2
due to wires 1, 3 and 4. Since the T
currents in wires 1 and 2 are paral-

lel, the force Fy, per meter on wire
2 due to 1 is attractive and is direc- £

ted up, the magnitude being given 2
by
= Polil2
Fn= 2ra
(4 X 1077 weber-amp/m)(20 amp)* 23
= (27)(0.2 meter) ) 45°\/’ :
=4 X 1074 nt. , '
The current in wire 2 and 3 being //5-'24
anti-parallel, the force of 3 on 2 will s
be repulsive and acts towards left. g
Fig. 34.12

.. Poisls _ (4% X 1077 weber-amp/m)(20 amp)*
B 2ra (2%)(0.2 meter)
=4x107¢ nt.

Similarly, the force between wires 4 and 2 will be repulsive, along
the diagonal joining 4 and 2.

Fo= Holais (4 x 1077 weber-amp/m)(20 amp)?
%7 (4 2a) T (2=)(4/2)(0.2 meter)
=24/2X107 nt.

The x-component of the net force

Fe=Fy3-+F,, cos 45°=4%X107¢ nt+42X107¢ nt=6X107¢ nt.
The y-componeﬁt of the net force

F,=F,; —F,, sin 45°=4X107¢ nt—2 X 1074 nt=2X107¢ nt.

The magnitude of the force is F =4 F3+F,}
=/ (EX 107 ot} +(2x 107 nt)*=24/10 x 10~ nt.
- - F -, 6107 ¢nt
= 1 L= 12270 W
It is directed at an angle 8=tan F, ™ S nt

=tan"! 3=71.6° with the y-axis towards left.

34.13. The longer sides of the loop alone contribute to the force.
In the left vertical branch of the loop the current is parallel to that
in the long wire, Hence, the force is attractive while in the right
branch the current is anti-parallel and hence repulsive. The resul-
tant force acting on the loop is

Ftobiy D ohis] _ s bz 1h
T 2xra 2r(a+b) 2ra(a-+b)
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X 1077 weber-amp/m){30 amp)(20 amp)(0.3 meter)(0.08 meters)
(27)(0.01 meter)(0,01 meter+0.08 meter)
=3 2% 1072 nt, directed towards the long wire.

34.,14. Field on the axis of a circular loop is
B=—10 iR
2 (R34 xE)8/2
Let there be n turns per unit length of the solenoid. Consider an
elementary length of the solenoid. The number of turns in the

length dx is ndx. The flux denstiy at a given point on the axis set
up by a current i in the element of length dx is

o NIR® dx
2 (R*4x3)312
With the change of independent variable 8 defined by
x=Rcot 6
dx=—R cosec® 0 db

dB=

RS T _dax
- 2 i (R’~’+x2)3’2
— 00
0
[ (— R cosec? 8 db)
T2 ) (B REcot? 032

G 0
sin 0 df= -892-’2 cos 8 ; =py N

ki3 T

34.15. Induction set up at P due
to current i flowing through one
of the wires at the sides of the \
square in the elementary length ‘me \
dx (Fig 34.15) is, ~ N
dp= e idx sin 0 xt. ~
4nr?
r3=x’+% / ’

: /

al2 ' /7,

sin 9==7=x;—:_-—-—;;—/—£- //

8 N\

- bl
B 4w

J

[

2 (x*+a¥apn

dx

Fig. 34.15
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Set x=a/2 cot 8
dx=—a/2 cosec? 0 db

45° 45°
We get, B=— £t I sin 8 do= 42! coq 0
2®a 2ra
1350 135°
— Kol
V2 ra

_ Since B due to the four wires at the sides of the square is set up
in the same direction, the value of B at the center is given by,
Apoi _ 22 pgi

B(Resuuq H=4B=
nt) V2 xa na

34.16. (a) We first consider the induction at P due to current i

flowing through the top side of the square, Fig. 34.16. As the point

P is symmetrically situated about the square, the induction due to a
* tght conductor of length (top side) is

G (] ——— e
L \ - .
KN B R .
2 R ~~ \\ ~
i\r :. T :\\\ : g :
——, e, ———— 2 »
0 X P 8,
A
Fig. 34.16
2uyicos 8 pgia
B=—""4R Py (1)
where we have used the relation :
a
08 f=— .(2
¢ 2 )

Resolve B into two mutually perpendicular components, B
along the axis of the loop and B perpendicular to it. jIt is seen
that B, gets cancclled by the cor:ribution of the current flowing
through opposite side of the square. On the other hand, the com-
ponents B, are reinforced.

B,=B,cos a ‘ «(3)

Thus, the induction at the point P due to the entire loop is given
by
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Biocn=4B;=4B cos a= £ cos « .(4)

where use has been made of (1) and (3).

a

cos a=2——R | «.(5)
2
R=xi 4+ --(6)
_ a® \} .__( a )i ,
SNPATA . o
Using (5), (6) and (7) in (4) and simplifying,
. 4[‘0 iaz ..
B('"’)"n(4x’+a‘)(4x2+Za’)"“’ ~(®)
() Set x=0.
2/ 2 p,i
B(’ooﬂ)= T nal’"ol

which is identical with the result of Problem 34.15.

(¢c) For x > a, the terms a? and 2a?® in the denominator of for-
mula (8) can be neglected. Then (8) reduces to

——1 I‘o iaz ves
B= 2nex3 ©)

On comparing (9) with formula (10) for the magnetic field at
distant points along axis

= Mok ‘

B=gnr (10)

We conclude that the square loop behaves like a dipole moment,
with the dipole moment givtn by

p=iat.

34.17. (a) Consider a typical current element dy. The magnitude of
the contribution dB of this element to the magnetic field at P is
found from Biot-Savart law and is given by

__ Mg idy sin 8

dB=——7—5— -+(1)
Since the directions of the contributions dB at point P for all

elements are identical viz., at right angles into the plane of figure,

the resultant field is obtained by simply integrating (1).
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12 0
— —_ Mo sin y
B= ldB 4r I re
-2
But sin e=-’ri
12 12
B= iR dy _ po iR [ _dy
4r P 4x (114 R2)3:2
—I2 —fy2
12
=tiR 1 __ ¥ '
dn R* A pripe
—1[2

#o il
T 2=R (I*+4R2)1/2

1

Fig 34.17

(b) If /-0 then the term 4R? can be neglected and B -5 "/'
\

a result whlc‘g is idedtical with that expected for a current - 1n a
long straight wire.

34.18. The magnetic mductnon at C due to a current clem:nt v,
given by
Ko i sin de
dB= T4nr?

(@) Here 6=0 for the left straight braich and 8=180" for 2
right straight branch.  In either casc B=-0,

(b) Here 8=90° since the radius of the semi-circle is perpei i
to current element. Setting r==R
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=R v
B=#gisin90° I x_____p_o_i\
4nR3 4R
0

(c) Since the straight portions of the wire do not contribute to B,
the value of B due to the entire wire is the same as that for the

#od
4R

34.19. (a) The magnetic induction at the center of the circle due to
current element dx in one side of the polygon is

,__ ki sin 8 dx
5= 4rr? ‘

semi-circle viz.,

Since dB’ points in the same direction viz., into the plane of
figure at right angles for all the current elements the contributions
to the field is obtained by integrating the above expression: and
multiplying the result by the numbe- of sides (Fig 34.19).

[

Fig. 34.19
sin 0=2
’
d B,=,uolbdm __ poibdx
dnrd  4n(x3 - b3)/2
12 12

\_ Holb j dx 2u0ib J dx
(

C T ) G ) Gareen
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17k 112
But I dx  x|o—d2
; W"'bz)’”“b’ﬂfxwo b2l (18/4+bY)
=" sin
. o Hold 1 . ® pi om
" 2n b2 n_ dxb sin
b=a cos—
* B’=’-‘_OI:_ t!ni
2ra " n

) The magnctic induction at the center of the circle due to n sides
18

, in 3
B=nB =" tan-=
2ra n

' ® =xn
(b) As n-»0, tan = 5 —-
n o n

i
B“*P“
2a
a result which is identical for B of a cicculac loop.  This is reason-
able since as n-+00, the polygon—>circle.

34 20. (a) Using the result of Problem 34.17 we find at the center of
the rectangle, the induction
2pail il

B, Lﬂ2ﬁ(d/2)¢ Ii —:f:;!_”;— “wdd [N ‘

where the factor 2 in the numerntor takes care of the - two longer
sides of the rectunglo cach of length /. Similarly, for the shorter
sides each of width d,
_2pyid__
By=clin

2ol ( I, d )‘_2%?(”“1"1’){/_'

B=BABy=_pyp\ dt T nld
b)) IfI>d
— 7:/.‘0?‘,‘[’ ’:*'_‘_1—'- _ poll 2pi

8 wd = wld = nd
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where we have neglected d% under the radical. This is the expected
result for the value of B mid-way between two parallel long condu-
tors separated by distance d.

34.21. The field at any point P on the axis due to the left coil is

_ _PiNRY
177 2(R24-x2)8/2

where x is measured from the center of the coil.

B

As the distance is being measured from P, the middle point of the
separation of coils, replace x by x-+(R/2) in the above expression.
Similarly, for the second coil, replace x by (R/2)—x. Hence, the
resultant,

B= ;j)_l_l_v_& {.._._,._ __.:l__w-, + 1 _ }
2 {[REH(R/24x)B2 T[R4 (R[2—x)2)3/2
Fig. 34.21 shows the plot of B versus x for the given data.

(1)

0 1 Iy
-50 0 +50 Xx(cm)

Fig. 34.21

34.22. The resultant field due to the two coils at' any point a dis-
tance x along the axis from the center of the left ceil is - ’

_ poiNR® 1 1 '
B==3 {(Rﬂ+x2)?7?+[1a=+(z-x)=]s/z} =)

For the purpose of investigating the variation of B with x we can
ignore the constant factors } piNR® We then find upon differen-
tiating B with respect to x,

B _ 3 > 3 2z—xK-—1) (2
0x 2 (R2xx%)8/2 — 2 [R¥+(z—x)25/8
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Set x=R/2 and z=R. Then we find upon substituting these values
in the above expression that 9B/ox=0. Differentiating (2) once

again with respect to x,
PB__,0 x40 (-x)
ox? 0x (R¥+x2)52 "7 0x |R*-(z—x)2)8/2

- 3[ (R2+x2)5/2 — x (5/2)(2x)(R2+x2)3/2 ]

(R2+x2)6
+3 [R2+(z—-x)2(5/2)(—1)-—-(z—x)(5/2(2)(z-—x)(—- D[R 4-(z—x)2J3/2 ]
L(REH-(z—x)*° ;
Set x=RJ/2 and z==R, then
B _
oxt

34.23. The direction of B at both the points a and b is perpendicular
to the plane of paper upwards (Fig 34.23).

The field at a is contributed by there paths, I, II and III and is
calculated as follows:

Bs=Bi4-Bi1+ B
Following the methods of Problem 34.17,
o 0
kol [ _Rdx __ poi = Pol
Br="n I (x**+R)*A " 4xR ° 6 " 4xR
0 (]
(L?\'O i [ , I\II ob
u s
Fig. 34.23
Following the method of Problem 34.18,
=_Foi
B 4R
= Mol
Also, B 4nR
_bei (1 L)__; o i 2r+1)
Be = 4R(n+l+x 4xR
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_ (4= x 1077 weber/amp-m)(10 amp)(2x+1)
(4%)(0.005 meter)
=1.03 X 107® weber/meter®.

The field at b is mainly contributed by the paths I and 111, the
contribution by the path II being zero.

Bo=Bi+ B
j Rd i
=Pl X _
Here, Br=gr~ (x3+R3)3/*  2zR

imi Hol
Similarly, Binr = PR

By o + Boi _ poi_(4xX 1077 weber/amp-m)(10 amp)
2rR  2xR =R (%)(0.005 meter)

=8 X 1074 weber/meter?®.

34.24. The field due to a straight conductor carrying current / at
the point P at distance R is given by,

Xy

p=to iR I _dx_
4n (x*+R?)- /v
X -
Xy
- P x
4R J OFR (1)
31

It is seen that contribution to B at P from the left path (B,) and
top path (Bs) will be identical. Similarly the contribution to B at P
from the right path (B,) and the bottom path (B,) will be identical,
the field in each case pointing in the same direetion viz., into the
paper perpendicular to the figure.

BBI+B.+B.+B‘ ‘ ‘ "‘(2)
3a/4
w(3)

BBt __ X
=B~ VAT

—al4
where we have set, R--E--

By=B,== %( 7—%-{- 7;— ) | ()
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3a/4
Also,  By=B,= 4n(3a/4) \/ ,+9a’ ( -0
16 |

—al4

where we have s¢t R=3a/4.

- poi {1 1
Bi=8:= 300\ V2 ﬁo) ++(6)

Using (4) and (6) in (2),
B=* 2 I‘o

g (Y1042 42)
=(2)(4«:: X 1077 weber/amp-m)(10 amp)(‘ffO—-l— V' 22)
(3%)(0.08 meter)
=2 X 107¢ weber/meter?,
?4.25. (a) Consider a ring of radius r and width dr coneentric with
the disk. Then the charge associated with the ring is
_ _(2mrdr) _ 2qrdr
9=—"7r 97 R: (1)
The current is the rate at which charge passes any point on the

ring and is given by
l‘:-qu ...(2) .

.

w
where, v=_.—
’ 2z

is the rotational frequency of the disk.

ol _ #o vdg
dB=5-="5 | @
where use has been made of (2). Using (1) and (3) in (4).

— _Ho wqdr

dB= 2rR?
R
_bowqg _ Ko wq
B="nm 0] dr=—

o _2_ 2qrdr _ wqrdr
®) i=vdg= 2x RY nR?

Contribution to the magnetic moment is

_iqwgrdr) . wgridr
du=iA -—'—RT(M’)—-—T,
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: R
2] 2
p= j du-=. 24 I r3dr=-2 ZR—
0

R?

34.26. For a square of side a,
4a=I . (1)
By Problem 34.15 the induction at the center of the square is
2 V2 pyi 8 M2 i
Bs = =
na e/

«(2)

where use has been made of (1).
For a circle of radius R, ..(3)
2rR=1
The induction at the center of the circle is
Mol ol -
Be 2R ™ / (4)
where usc has been made of (3).
Dividing (2) by (3),
By _84¥2
“B(— —’—;r =1.15 '(5)

- As the right hand side is greater than unity, we conclude that
B.>Bc, 1.e. the square yields a larger valuec for the magnetic
induction at the center than the circle.

34.27. (a) The magnetic induction set up by the large loop at its
center is

Mol _ (4r X 1077 weber/amp-m)(15 amp)
2R (2)(0.1 meter)
=9.,4X107® weber/meter?
(b) Torque, T=uB sin 6=puB, as 6=90°.
as 6=90°
Here, . p=NiA=(50)(1.0 amp)=x(0.01 meter)?
=1.57 X 10"? amp-meter?

t=(1.57 % 107* amp-meter?)(9.4 X 10~ weber/meter?)
=].48 X 107® nt-meter.

B

34.28. Applying Ampere’s theorem to the rectangular loop abed as
in Fig. 34.28.

‘B.dl=}‘o i==0
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as no current flows. Further, assume that the magnetic field drops
to zero along the side cd.

-
i
.
|
-
Q

<&
<

Fig. 34.28

Now, the contribution of the path bc and da is zero to the
integral as B is perpendicular to ad and bc. Also, the path cd does
not contribute anything as by our assumption B is zero along cd.
The only contribution to the integral then comes from the path ab.
If the length at is L, then

BL=0

or B=0 ‘
along ab, which is absurd. We, therefore, conclude that our assump-
tion that the field along cd is zero is wrong.

SUPPLEMENTARY PROBLEMS

S.34.1. The wires labeled 1, 3, 6, and 8 above are wnthm the closed
path. According to Ampere 8 law,

§ Budl=pqi : (1)

Here, the direction of traverse around the loop is clockwise when
one faces the loop, and the current is considered positive if its
direction is away from the observer.

As in the present case the direction of traverse around the loop
counter-clockwise the integral yiclds a ncgative sign for the ri Jh:
hand side of (1) with the current into the plane of paper as positive

i=kiy; (k=—1, —3, 4+-6 and +8)
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By Problem,
S l-_—io.—3'0+610+810=10'0

S$.34.2. One must consider the effect of the magnetic field due to the
current i, (Fig. S.34.2) on segments like 4 and C on the conductor
carrymg the current 7i;. The net result is that the torque tends to
align the conductors with the currents running parallel. When this
state of affairs is reached the conductors with parallel currents will

begin to attract each other.

iy

Fig. 5.34.2

§.34.3. Consider the force/meter on wire labeled 1 by 2, 3 and 4.

As the currents in the wires are equal,
y=ig=iy=i,=i. The force of 2on1 per
meter is given by
F __Holaiy Fo'
N ra | 2ra
acting along the line joining 1 and 2.

Slmllarly, the force of 4 on 1 per meter
is given by

Fy= b=

acting along the line joining 1 and 4.
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As the magnitude of F,, and F, are equal and as they act at right

angles their resultant, which is given by v F'+F,3=+¥2 F,,, would
lie along the line joining 1 and 3.

Now, the force of 3.on 1 is given by

Poi®
F,,= R,
(W20
along the line joining 1 and 3.
Hence, the resultant is given by
‘/2Foi2+ Foiz_
2ra ' 2xnv/2a
_bol® L )__ ol 34 2pit
_Zna( Q/2-*_«/2 “2¥V2ra T 4na

along the line joining 1 and 3, i.e. towards the center of the square.

F= V2 F’1+F31=

S.34.4. The magnetic field at P, the center of the hole, is obtained
by considering it to arise due to two current densities (Fig. S.34.4),

(i) a current density, j=i/x (R*—a?®) carried by the cylinder of
radius R, and

(ii) a current density —j carried by a cylinder of radius a. The
resultant magnetic induction is the vector sum of the effects under
(i) and (ii). The contribution due to (i) is obtained by applyin
Ampere’s law. .

., , b? b2
s B-dl‘—"'ko' =Hl R —ah) ™ ( R"‘o-f-a')
_Boib?
(B)(2wb)= (R'—-a’)
__ __ Mib
or B= s R—ah

The induction at P due to equi-
valent solid conductor of radius a
carrying an assigned current oppo-
site to the above is zero as no -
current will be contained within ‘é
the path of zero radius.
The resultant magnetic induc-
tion at P, which is given by the
summation of the two foregoing
factors is then

B= ‘&_
2x(R*—a*) Fig. 8344
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S.34.5. The resultant B at the center C of the circular loop may be
considered as the superposition of fields B, and By in the upper and
lower semi-circles respectively. Now, the current ;i divides itself
equally in the two semi-circular paths. By Problem 34.18, the con-
tribution to the induction from the upper semi-circle with the
current running clockwise would be

— M1, )_&i

Bi=4r ( 27 )8R
into the plane of this figure at right angles to the page. An equal
contribution to the induction is made from the lower semi-circle

viz.,
Hol
B,=%==
78R

But since the current is running in the counter-clockwise sense, B,

will be pointing out of the page at right angles to the plane of the
figure. Thus, the resultant induction B=B,+B,=0.

S.34.6. (a) According to the Biot-Savart law, dB is givén in magni-
tude by
_Moi dx sin 0
Bi=4n —7
As the points S and P lie on the axis of the current 0=0 for all

the elements of the wire and consequently, By=B,=0. Let us cal-
culate the induction at Q. From Fig. $.34.6 (a),

. . L
9= —)=L = _
sin 0=sin (x—0) Y PN

Fig.834.6 (a) Fig. 34.6 (b)
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L
_poi [ Ldx
: 30”4,': !(xz_’_La)a/a

Set x=Ltany
dx=L sec** & dy
45° 45°
ol [ L2 sec’y dy _ poi
Then,  Bo= 41:] L3sec® y 4nL L cos ydy
‘ T V2
L —pl__pa
4L MY I =3V 2zl 8rL
0

into the plane of paper.
Finally we calculate Br. From Fig. 34.6 (b),

_ poi dx sin 8
aB= 4w re
L
sin 8= —)-:‘- =
“Jotrr
__ Mol Ldx
Br=tx | vy

Set x=L tan y
“dx=L sec? vy dy

45°

_ Bof [ L?sec? y dy
Then, Br=3 I L® sec® y

45° 45°

::{:i‘l j cos ¥ d'y~ 4»1;2 sin v
0
o Mol _ pei¥2
4¥ 2=l 8xL

into the plane of figure.
(b) Calling the induction at T due to the sides labeled ! 2, ...6
of the closed loop, by B,, B, ...B,, we have
B, =+ B,;=0
Boi¥ 2

B=b="a
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Br=B,+By+By+B,+ By +B,

=2(#oiV2)_2(PoiV3)_#ofV2
8na 16ra =~ 8za

in the plane of figure.

AN

S.34.7. Using the result of Problem 34.18, the induction at C due to
the inner semi-circle of radius R, i3, B,=mi/4R, (current being
clockwise) and that due to outer semi-circle of radius R, is

By= %, (current being counter-clockwlse)

The straight sectors AH and JD which upon extension pass
.thrgugh C giv: :cro induction. Therefore, the resultant induction
at C is,

—B 4+ B Hoi_pol il 1 L)
B=B.+ By~ 4R, 4 (Rl R,
into the page. '

S.34.8. Due to inner arc, the induction at C is
B,= Id31=“i sin x j dx

4R
where «=90°. Also dx=R, db.
__Moi B
=R,
Similarly, due to outer arc,
_ it
Y 4nR,

the negative sign arises due to the fact that the current has reversed
its direction. . As the radial part of the path points towards C, it
does not contribute to the B. Therefore, the resultant induction is

01 1
B==B,+ B,= %‘(“‘ -—~)

8.34.9. (a) The resultant B at the center is given by the superposi-
~ tion of B, due to the straight conductor and B, due to _the circular
path, both of them being directed out of the plane of figure.

_ Mol
B'_ZwR
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_ pol

2R
B=B,+ B,

pol | Mol I‘o'( _1_)
2uR+ 2R 2R I+ n
out of the page.

(b) As before B, points up out of the paper. But, now B. lies in
the plane of paper being in the direction of the currentin the
straight conductor, its maguitude remaining the same as before, At
C, the resultant induction is given by

4

Fig. $.34,9
VBA{B —\/ Eof'_, )’
B 2'::R 2R
W |
o . -1 Bs - 0
B is inclined at an angle 8, given by 6=tan™ B, =tan 1 — -18

out of the page.



35 FARADAY'S LAW

35.1. The induced emf, E=—N dzf

where N is the number of turns, and dg;i is the rate of change of

flux.

Now, ¢s8=BA
where 4 i8 the area of cross-section.
Change in fllux Aéa for each turn of the coil is

A¢a=ANAB=(0.001 meter?)(2 weber/meter?)
=2X107? weber.
since the magnetic induction changes from 1.0 weber/meter®
to — 1.0 weber/meter2.
The current i is given by
_E__N Ads _ANgq
R R At At
. The quantity of charge Ag flowing through the circuit is
2X 1073 weber
Ag= RA¢ (100)((10 i )

(*"=2X 1072 coul.
~35.2. The long solenoid of Example 1 has 200 ‘turns/cm and
carries a current of 1.5 amp; its diameter is 3.0 cm. The current
in the solenoid is reduced to zero'and then raised to 1.5 amp in the
other direction at a steady rate over 0.05 sec.

Cross-section area of the solenoid,

A—~£Z— = —(0 03 meter)?

=T7X107¢ meter?

Field B in the solenoid .
poni=(4x % 1077 weber/amp-m)(200 X 100/meter)(1.5 amp)
=3.8X107* weber/meter?.
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$8=BA=(3.8 X 107 weber/meter?)(7 X 1074 meter?)
==2,66 X107 weber.
Adp=2X%2.66% 1075 weber=5.32 % 10~5 weber

Aéds —E— 5.32 X 1075 weber
N 0.05 sec

=1.,06 X 1073 weber/sec.

Rate change of flux,

The current in the coil is

| _E _Ndgs_ 100 "
=R T RAE T ohm)(1.06>< 1073 weber/sec)
=2.1X 1072 amps.

35.3. As the loop is wou .ed, it normal rotates about the field
direction at a constant angle of 30°. In this process the lines of
force cutting thc loop would not vary. Hence, in accordance with
Faraday’s law no emf will be produced in the loop.

35.4. Area of cross-section of the loop,
=T T 2
A y D 3 (0.1 meter)

=7.85% 1073 meter?
Length of wire, /=xD=x(0.1 meter)=0.314 meter
Area of cross-section of wire,
a= 1‘4- d"-———:—;-(o.l X 2.54 X 1073m)?

=5X107% meter?.
Resistance of the wire, R=pl/a

_(1.7x 1078 ohm-meter)(0.314 meter) -3
(5% 10-% moter) =1.05x% 107%hm.

.__E_A dB
"~ R R dt
or dB_ iR _ (10 amp)(1.05xX107® ohm)
dt A  (7.85%x107? meter?)

=1.3 weber/meter?-sec.

35.5. Mass, m=al d, ‘

=(%r?)(2xR) do (1)

where d, is the density of copper, / the length of the wire and

a=n=ri, the cross-section area of the wire. If Ais the area of the
loop and Ry the resistance then the induced current in the loop is

i-_—.i‘... 4_3; = ’E_R_'_d_g «(?)

"Ry dt Ryt T
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But om ol P2RR) _ 2R

a nr? rr ~+-(3)
Use (3) in (2) to eliminate R,,
.__®Rr? dB
i= 2 @t eee{d)
From (1) we have,
2__M
nRr 2rdo | «(5)
Use (5) in (4) to find
. m _dB
t——4———-npdo dr «.{6)

It is clear from (6) that /is independent of / and r (size of the
wire) and R (size of the loop).

35.6. Radius of the wire, r=0.02 in.=0.02X2.54 X 1072 meter
=5.08 X 1074 meter.
Area of cross-section of wire, a=nr2=mn(5.08 x 10™¢ meter)?
=81 X107 meter3.

. . _ ¢l _(1.7x107® ohm-m)(0.5 meter)
Resistance of the wire, Ro=-- (TX 10~® meter?)

=1.05%1072 ohm.

Radius of the loop, R= [ _ 9.5 meter =17.96 x10™® meter.
. 2% 2z
Area of the loop, A==nR*=n(7.96 X 1072 meter)?
=0.,02 meter?

dB/dt=100 gauss/sec=10"% weber/meter?-sec.
ao _
dar
=2X1074 volt.

E_ (2 X107 volt)?
Ry, 1.05%X1072 ohm

=3.8% 10"}‘ watts.

Induced emf, E=A4 (0.02 meter?)(10~2 weber/meter?-sec)

Joule heating, Pr=i3Ry=

38.7. As the north pole enters the coil the direction of current in
the face S, of the coil is counter-clockwise, Fig. 35.7 (a). The
current rises to maximym when the magnet is half way thronggl,
and as the magnet continyes to move in the same direction the
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current in the coil decreases but continues to flow in the counter-
clockwise sense as viewed along the path of the magnet. Fig. 35.7 (b)
shows qualitatively the plot of / the current as a function of x, the
distance of the outer of magnet from the center of the loop.

_ Joule heating is given by Py=i2R. Fig. 35.7 (¢) shows the qualita-
tive plot of P, as a function of x.

Fig. 357 (2

<o

Fig. 35.7 (b) ‘ Fig. 35.7 (¢)
38.8. (@) The magnitude of the emf induced in the loop may be
computed from the rate of change of flux through the loop.

Let the plane of the loop make an angle « with the normal to the
field. Then the flux through the loop is

¢=AB cos a (1)
where A is the area of the loop. The rate of change of flux is then
dp . da
i AB sin adt ...(2)
The induced emf is
E=—-N—§—=NAB«: sin & ---(3)

where w=da/d! is the angular velocity of the loop and N is the num
Qer of turns in the loop. :
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Put, w=2my
A=ab
a=wt

Eq. (3) becomes
E=2nv Nba B sin 2nvt=EF, sin 2nvt ..(4

where Ey,=2nv Nba"B is the maximum value of the induced emf.
(b) From (4) we have,

Eo ’ 150 volt
2nvB (21:)(60 rev/sec)(0.5 weber/meter)?

=-5/2x% turn-meter®

NA=

35.9. By Problem 35.8 we have-
E==2rvNbaB sin 2nvt—=E, sin 2zvt.

The amplitude of the induced voltage is
Eo=2nsNba B=2nvNAB
where we have sct ba==A, the arca of the loop.

Putting A= nR?/2, the area of semi.circular loop, and N=1,
we have

Fo=n®R*B

Amplitude of induccd current 1s

35.10. The emf developed between the axis of the disk and its
rim is :

BwR?
2

=4(1.0 weber/mcter’j(Zu X 30 rev/sec)(0.05 meter)?
=0.24 volts.

E=

35.11. E=Blv=Bv (b—a)

b b
=__1 _ dr _ __ pol : b
B——(b—a) I B(r) dr= 2n (b —a) [ r 2= (b-a)
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_ Holv, (b
E= o ln(a)

_(4mx 1077 weber/amp-m)(100 amp)(5 meter/sec) In ( 20 cm)

2x 1 cm
=3 X 1074 volt.
35.12. (a) Force acting on the wire is
F=idxXB=idB
F _ idB

.. Acceleration, g= —= ——
m m

At time ¢, velocity is given by

idBt
v—-0+at—~7

The direction is from right to left.
(b) By Faraday’s law

__d¢s
E= dt =Bd
__E

V="Bd

(c) The terminal speed of the wire is vr=E/Bd. The wire is being
resisted by a constant force Fso that it is moving with constant

speed v.

Now, F=Bid (1)
and the rate of working is
P=FVT=BidVT ‘ '(2)

But the induced emf is equal to the rate of change of flux through
the circuit enclosed by the moving wire and the two rails. "
dA '
E=B—-=Bdvr -+(3)
where A is the area of the circuit. In order to provide current
against the induced emf defined by (3), the battery must work at

the rate
. Ei=Bdyri=P e (4)

where use has been made of (2). Thus, (ne entire work is done by
the battery to slow down the wire to constant speed (terminal speed),
the induced emf getting completely cancelled by that provided by
the battery so that the net current in the circuit is zero.
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35.13. () B2= 12147
It
| E| =~%’:—8 l =(12 X2+7) milliweber/sec
t=2

=31 millivolt. ,
(b) Direction of current through R is from left to right.
35.14. (@) The emf induced in the rod is

E=Blv=(1.0 weber/meter?)(0.5 meter)(8 meter/sec)
=4.0 volts. ‘

From Lenz’s law E must be counter-clockwise.
(b) Force required to keep the rod in motion is

p Bl _ (1.0 weber/meter®)*(0.5 meter)® (8 meter/sec)
R (0.4 ohm)

=5.0 nt.

(¢) Rate at which mechanical work is done by the force F is

By B2[2y?
P—Fv——( - ) y=00
Joule heating is
B2y
P:-——}~
P=Py

Thus, mechanical power=electrical power.
P=Fv=(5.0 nt)(8 meter/sec) =40 watts.

35.15. (@) Gravitational force acting on the wire down the rail,
Fy=mg sin 0 (1)
The component of magnetic induction normal to the plane of
rails is B cos 8. The magnetic force on the wire up the rail is
2 2 2
Fa—= B co}sz 0/%y @)
For steady state velocity, the net force must be zero. That is
FM='F0
B? cos® 0 /%

or,. R =mg sin 0 |
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_mgRsin 8
" B2 cos? 8 ()
(b) Gravitation does work at the steady rate of
P=Fyy=mgy sin 0 «.(4)

whence, V

where use has been made of (1).
Joule heating is given by

_ B?cos? 0]2y2
R

where use has been made of (3). Since (4) and (5) are identical we
conclude that Joule heat appears in the resistor at the same rate as
that done by gravitational force—a result which is consistant with
the conservation of energy.

(c) If B were directed down, then the force due to magnetic in-
duction would have a component down the plane of rails and would
reinforce the component of gravitational force and the net force
would be

P; -=mgy sin 0 _ we(5)

B2cos? 6/2y

+mg sin 6

F(u“)=

The wire would therefore, suffer acccleration, acquiring cver
increasing speed, this being the case of non-uniform acceleration.

35.16. The induced emf is

__Nd¢s
E= dt

j=94 _E_ _ N dés

“dt R R dt
dg=—-3 dis

NN
[dg=q=—F | dbo="2 4,40
$s

35.17. Magnitude of emf developed is
_dés _ dB_ 4B
E=gr =4a ="
Electric field Ee at a distance r from the center is
Ee= E x?*dB 1 dB

2xr “2nr dt 2 T dt
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Force on electron is,
F=Ece= —%— r gf
Acceleration is,
_F_1 e dB
m 2 m dt
At the point a, the electron experiences an acceleration,
1 (1.6X107%° coul)
2 (9.1x107% kg)
=4.4 X 10" meter/sec?, to the right.

At the point b, the electron has acceleration, a=0

(0.05 meter)(0.01 weber/meter3-sec)

a=

At the point c, the electron has acceleration,
a=4.4 X 107 meter/sec?, to the left

35.18. The electric field Ex at any point b on the rod at distanee r
from the center is perpendicular to r as in Fig. 35.18. The magni-
tude of Ek is given by

] dB ...(1)

Ee=grar

Fig. 35.18

Resolve Ee along two mutually perpendicular directions, Ex along
the length of the rod and Ee., perpendicular to it.
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Egy=Ec sin 0=(} rdB/dt)(p/r)
=1} p dB/dt
where p=0c= YR =74
According to Faraday’s law
E= [ Ec.dl= [ (Ez,+EEg).dl)

But §Ec..dl=0
l
— - [ p dB
E-—-I EE“.dl I T 0t dt |
0
_dB 1 [o (! )"
ar 2\ R (—2

35.19. Fig 35.19 shows the plot of B (r) against r.

Area under the curve is
A=(3420)(200 X 1) gauss-cm
=6.84 X 10% gauss-cm

A 6.84 X 10% gauss-cm

B= = R4 or =8143 gauss
Now, from the graph we note that at r~=R=84 cm,
Br=4000 gauss.
2Br=8000 gauss

Thus, the relation B=2Br is nearly satisficd.

A
10“-

(gduss) |

‘
!
i
t
1 1 -
sC 84 1" cm
r(cm)

Fig. 35.19
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35.20. Apply Faraday’s law to the rectangular path abcda in
Fig. 35.20. Then .

E= §E.d1=0 (1)

as emf is absent. Now the contribution to the integral from the
horizontal paths bc and da is zero as E is perpendicular to these
paths. If we now suppose that along cd the eléctric field is zero,
then (1) gives,

EL=0

where ab=L. Thus E=0 along ab, which is contrary to the pro-
blem. Hence, our assumption that E drops to zero abruptly outside
the parallel plate is wrong.

N
ﬁL-—_-J

Fig. 35.20

SUPPLEMENTARY PROBLEMS

S.35.1. [emf]==[clectric field)[distance] |
=[force/charge](distance]
=[MLT2Q)[L)=[ML*T™*Q7]

(d¢s/dt)=[¢8)[ T *]=[Bl(area][T )
=([force/(velocity)(charge)[L3)[T™}]
=[MLT3/LTQIL)T™]
=[ML*T3Q™)

Thus, [emf]=[d¢s/dt].

S.35.2. (a) The resistance of the circuit ADCB can be rendered
approximately constant by choosing the resistance of 4B equal to
1.2 X 107 ohm and negligible resistance for the section ADCB.

Induced emf, E= —dés/dt=Bsl
=(6 % 1078 weber/m?)(0.5 meter/sec)(2.0 meter)
=6X107¢ volt.
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; -8
(b) Electric field, E£=_§,=9,Z<_1,9_ vOl!==3 X 1075 volt/meter
1 2 meter

(c) Force on electron, F=Ere
=(3 %1078 volt/meter)(1.6 X 101 ¢coul)
=4.8x 107 nt.

(d) Current, j— £ _ 6X107F volt _

R ~12%X107 ohm > 2MP
(e) The force due to the induced emf must be counter balanced
by an equal and opposite force.
F=ilB=(5 amp)(2 meter)(6 X 10~% weber/m?)
=6X1074 nt.

(f) Rate of work, P=Fv=(6 X 107¢ nt)(0.5 mcter/scc)
=3 X 107* watts.

(g) Rate of joule heating, Pr=i*R=:(5 amp)*1.2 < 1075 ohm)
=3 X 1074 watts.

S.35.3. (a) The induction along the axis of a circular current loop
of radius R carrying current i at large distance x(x > R), is given by
_HoiR?
B= 2x8
The magnetic flux, ¢s=BA=Brnr?
where 4 is the area of the smaller loop.

inR3r?
$5= Ko 753 (1)
__ ¥ _ _dfsdx _ _ dép
W B ST d s dx +(2)

Differentiating (1) with respect to x and setting x-=NRin the
resulting expression,

Fe — Boin Ry f(i)
2 dx\ x3

3 . 1
= 5~ Woin Rrtv — -
2 xd lJc=NR
3uoinry
o -
dés
(c) E=— " -.(4)
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Since v is positive, expression (3) shows that E is positive and (4)
showns that dés/dx is negative i.e. the flux through the smaller loop
is decreasing. The direction of current in the smaller loop will be
such as to opposc the decrease in flux, i.e. the direction of the
currént will be in the same sense as in the larger loop.

S.35.4. (¢) The projected area in a plane normal tqQ B is.
A=mnr? cos 45°

=—;—§(0,037 meter)2=3.04 X 1072 meter?

The induced emf is

-—d¢B==--A dB

E==—"4 dt

“ —
== "'(3.04)( 10-’8 \l’neterz) ("'76 x 10 : WCbcr/mz )

4.5%107% sec
=5.13X 1072 voit.

(b) The emt produced in each of thc two semi-circular loops
would be equal in magnitude but in the opposite sense. The net
emf in the complete loop would be zero.

S.35.5. (a) The induced emf is given by

__d¢s
Tt
The current through the loop of wire is
_E__ 1 dés
=R~ R & (1)
But, i=g~t‘l. (2

Comparing (1) and (2),
dg=—1/R d¢s
Integrating,
t

o [a=- 1 | dbo=—[ $ote)—4s0) ]

h
The result is independent of the manner in which B 1s changing.

(b) Since the above result is independent of B, it is possible that
B was changing in the time interval 1, to 7, causing current to flow
in the circuit leading to joule heating.
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S.35.6. The torque is .
+=uB sin 0=iAB sin 0=iAB=ia*B (1)

where i is the magnetic moment of the dipole, i is the current, the
area A=a?, and 0=90° is the angle between B and the surface area.

Blv  Blwr
el A il I
=g =% )
where [ is the length of the loop and R the resistance.

l

R= ——— ---(3)
(o)(rt)

Using (3) in (2),

i=Botwr? ... (4)

Using (4) in (1)
= B¥%2wrict «.(5)



36 INDUCTANCE

36.1. The induced emf is given by

g a4
E=L dt

Let the current change at the rate of

di _ E __ 100 volt

=T _my =10 amp/sec.

36.2. (a) Let the two coils having self-inductances L, and L, be
connected in series, a great distance apart. The equivalent self-
inductance of the network is defined as the ratio of the total
induced emf between the terminals of the network, to the rate of
change of current responsible for the emf.

emf in coil 1= self-induced emf
~har

emfin coil 2 =L, di

dt

di

Net emf = (L,+L,) r

From its definition, the equivalent self-inductance is
L=L1+L2 "'(l)

(b) Separation should be large so that mutual-inductance M may
not be present, otherwise formula (1) would be modified to

L=L,+L,+2M (2

The signs 4 or — correspond to the sence of the windings being
the same or opposite, respectively.

36.3. If i is the total current,
di
=—L% (1)

Let the inductances L, and L, be in parallel.
Current in one inductance, say L, will be i/2, that is
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—r g 2 iy=—Lo 4L
E=—Ligr=—L,M=—3 F -2
But E=E,
Comparing (1) and (2), we get

36.4. The magnetlc induction between two parallel wires carrying
equal currents / in opposite directions at a distance x from one

wire is
i1 1 )
T 2n ( X + d—x

The flux is given by

d—a
_ il 1,1
¢a_[ Blax=2L (x =

a

d—a

— L‘_OL.[;,, x—In (d—x)]

“011[1 d-x] NI [l (d a) ~ln (d-a)]

— ;ozl ln( d—a ) _ poil In d—a
n a ] a

L;—_z _‘é_‘i = !:9.’. ln ({;a.
] ™ a

36.5. For the toroid,

PR @
L= 2’= In a n.\l‘.

where N is the total number of turns.
Let b=a+A

where A is a small quantity,

ln—b— =In at A =In ( 1+-.A_)z o
a a a

_ BoN*hA
" 2na

e(2)



208 Squtio‘vls to H and R Physics—11

But KA =A, «-(3)
where A is the area of cross-section.
2ra=1/ e 4
where [/ is the length
N=nl ‘s

where # is the number of turns/unit length.

Use (3), (4) and (5) in (2) to find
L=pn?lA

an expression appropriate for the solenoid. Thus, if the solenoid is
long and thin enough the equation for the inductance of a toroid
reduces to that for a solenoid.

36.6. The inductance/unit length, for the solenoid near its center is
‘f; =poh?4

where n is the number of turns/unit length and A is the area of
cross-section. ‘

e 1.0 meter . —1304
(0.1 in)(2.54 X 1072 meter/in)
A=m(0.02 meter)?=1.256 X 1073 meter?

_f. =(4r X 1077 weber/amp-m)(394)2(1.256 X 107° meter?)
=0.245X% 1072 h/meter
=0.245 mh/meter.

Ngs

36.7. Inductance L is given by, L= ;

_Li _(83X107* h)(5X 1073 amp)zl 0% 1077 weber

b=y 400
36.8. (@) Inductance of the toroidal core is
L= PoN'h b
2z a

where N is the number of turns, 4 is the height of the windings, b is
the outer radius, and q is the inner radius.

As the cross-section is square,
h=b—a=12 cm—10 cm=2 cm.
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Diameter of each wire is d-=0.04 in=0.1016 cm.
2ma _ (2m%)(10 - m)

N=="=0106cm 08
{+m X 1077 webcr/amp- -m)(618)%(0.02 meter) 12
L="""700
2n 10
=0.28X 1073 h
=0.28 mh

(6) Perimeter of each turn for the square cross-section is
4h=(4)(2 cm)=8 cm
Therefore, length of the wire
=(number of turns)(perimeter)
=(618)(8 cm)=4944 cm
=(4944 cm)(3.28 x 1072 ft/cm)=162 ft
Resistance of wire is

(1.0 ohm)
160 1) —————(162 ft)=1.0 ohm

Time constant, T= L 0.28%x107*h
o R~ 10ohm

=2.8 X 1074 sec.

R=

36.9. The current i at time ¢ is related to steady state value ip by

i=iy (1—e— 7

where  is the inductive constant (we have dropped off the subscript
L for the time constant for brevity).

-"'t/'= __L=_..l.=_2..
e 1 i 1 3 3
or 'e'/‘=l.5
! SOSec
whence N Y =12.3 sec.

36.10. It is required to have, i/i,=1.0—0.001=0.999
From i=i, (1—e /)

iliy=0.999=1—¢ !/
or e~ =0.001 or ¢!/*=1000

t/==1ln 100069
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36.13. (a, For an L-R circuit

i=(E/RY1—e~17) (1)
Joule heating is
dPy=1R=(EYRY(1—e~!I7 2 (2)

where use has been made of (1).
The total energy transformed to joule heat in time == is

T

Py={dPs= 51; I (=" 4

[ jd: 2j " gt j e”z'/‘d:]

=}Ez—’[t—2'r(l—e"l) +"'é‘ (1—e™®) ]

B [1——2(1-—0.368)-!- %(1-«0.135) ]

E3z
=0.168 R

(b) The energy stored in the magnetic field at time ¢ is,
1. —t/t
= — ”" - e —e 3 XY}
Us(?) 5 Li 2 Rﬂ(l ) 3)
Set t=< and L/R———

Us(r)=— — (1=2e'4e1)=0.2 :g—z
(c) Set t=0 in (3) to find the equilibrium energy stored in the
magnetic field.
E? TE?
3612, i=ig(1—e /%)
Differentiating with respect to time,
di Io e“l/'i‘

dt T«
Initial rate of increase is
_d-i ’ iO e"'t/"' l io
= —_— —
dt < T

=0 t
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Suppose di/dt=i,/v=constant, at all times, an assumption which

is incorrect. Then

or =— ==

36.13. i=io(1—e— /%)

-3
L _30X102h _, g5 1074 sec

"= "R~ 7180 ohm
R 0.001 sec -
T 2.78% 1074 sec
_E _ S0volt
fo=— =120 ohm =(.278 amp
di _io il
dr =< ¢
di ___0.278 amp —g6_ |
ar =378% 10V sece ¢ - 23 ampisec.
t=0.001 sec
L 20h
36.14. = R =m =0.2 sec.
_5_~0.1 sec=0
= 0.2sec
(@) Rate at which energy is stored in the magnetic field is
dUs _,.di
ar U
But, i=i(l—e~ 1)
di i —ils
"< €
Using (4) and (5) in (3),
dUs _ _io? —tlx, —t/t
dr =L 1(1 e )e

E 100 volt

Also,  ip= R= 10obm =10 amp

(1)

()

-+£3)

. (4)
a(5)

...(6)

..(7)
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ggg __=(2.0 h)(10 amp)® —0gy @
at ©.25cc) Umeers
t=0.1 sec
=240 joules/sec

where we have used (6), (7), (1) and (2).
‘h) Joulesheat is produced at the rate
Py=idR=i*R(1—e /")
=(10 amp)*(10 ohm)(1 —e™"5)3
=155 joules/sec
(¢) Rate at which energy is delivered by the battery
=(240+155) joules/sec

=395 joules/sec.

36.15. (a) The equilibrium current is

E =100 voltzm amp.

R 10 ohm

(b) Energy stored in the magnetic field due to current i, is
Us=} Lip*=1(2.0 h)(10 amp)?=100 joules.

fo=

36.16. Joule heat produced in resistor is
-] o0
0= | Pt itk -
0 0

When the switch is thrown to b, the current decays, being govern-
ed by

i=fet* / --(2)
Using (2) in (1),

o0 [ 2 oo
U= I i(,’li’e~?”‘r di=i2R s e ‘2t/‘r«'11=——l:"2,f Rre =2/~
0 0 0
Us=¢}i3Re -(3)
But t=L/R «..(4)

Using (4) in (3)
Us=14Lig*=Us, the energy stored in the inductor.
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36.17. The energy density in magnetic field is given by

u3=-§- 7‘; ..(1)

where B is the magnetic induction. At the center of a loop of
radius R the induction is

— Mol
=5 o (2)
Using (2) in (1)
up— 1 #oi®  (4n X 1077 weber/amp-meter)(100 amp)?
8 R (8)(0.05 meter)?

=0.63 joule/meter?

36.18. According to Example 9 of Chapter 34, in the hydrogen
atom the electron circulates around the  nucleus in a path of
radius R of 5.1 x 107 'm at a frequency v of 6.8 X 10 rev/sec. The
current due to the circulating electron is

i=ev=(1.6 X101 coul)(6.8 X 10*® rev/sec)
=1.1x107% amp.
At the center of the orbit,

_ kol _ (4mXx 1077 weber/amp-m)(1.1 X 1073 amp)
2R @)(5.1 X 101 meter)

=13.5 weber/meter?

B

The magnetic energy density at the center of a circulating electron
in the hydrogen atom is

_ 1 B _ (13.5 weber/meter?)?
“e T2 Fo (2)(4r X 1077 weber/amp-m)

=7.3X% 107 joules/meter®.

36.19. Energy dcnsity storcd at any point is
up= 1B ...(1)
2 po
Now, B at a distance r from the center of a long cylindrical wire
of radius b, where r < b, can be calculated by Ampere’s law (see

Example 1 of Chapter 34).

fBudl’—; [loio

(B)2nr)=rol 5
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B poir

= 2t +(2)
Using (2) in (1)
_ Boi’r?
UB= gmiph

Consider the volume element, dv=(2rrdr)(/), where [/ is the length
of wire. Then the total energy in the volume, v=x=b?%, of the wire
is calculated from

b

b
= R
0
Therefore, magnetic energy per unit length stored in the wire is
I 16w

36.20. By Problem 36.19, magnetic energy per unit length stored in
the wire is

Us_ i
I 16
Therefore, magnetic energy in length / of the wire is
_ Kaial
Up= 16m (1)
But  Us=iLi* -+(2)
Comparing (1) and (2)
— bl
L= 8

an expression which is independent of the wire diameter.

36.21. (a) By Problem 36.19, magnetic energy of the wire is
Us _ poi* _ (4% X 1077 weber/amp-m)(10 amp)?

——

1 16= 16w
=2.5 X107¢ joules/meter.

(b) For the co-axial cable, in the space between the two conduc-
tors the total magnetic energy stored per unit length (See Example 5
of Chapter 36) is
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Ua__ poi* ] b

l 4r a
-7 . ]
U= 47X 1077 weber/amp-m)(10 amp)* , - 4.0
4 1.0
=14x107¢ joules/mete.
1 B
(c) us= 2 ..-(1)

The magnetic induction within the outer conductor is given by
Problem 34.6 (c) and is
’ % (3—rY)
T 2nr (0% (2

Consider the volume element dv within the outer cylinder
symmetrical about the axis of the co-axial cable.

dv=2% rdr) | «.(3)
where [ is the length of the cable.
~ (LB
Us= j' updv—= [( T . )(2nlr)dr ()

where we have used (1) and (3).
Using (2) in (4)

4

It 1
Ur= a5y [ e —ryar
b

c [4

[
Us_ * poi
T [ T [ [ ]
b b

.’ ‘
"‘Z;(‘c?‘-":?;f)i‘[“' In £ —c¥(c*~ b%) + -}; (ct -—b‘)]

_i*[ _lnc/b _ 3—(bc3)
4n | (1—b%c?)? 4 (1—b¥cY)
— (4= X 107" weber/amp-m)(10 amp)?
4r

( In (5/4) __3—(16/25)
(1—16,25) 4(1-—-16/25))

=0.83x107* joules/meter.
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36.22. (a) Magnetic ener~y density,

poi? _(4mX 1077 weber/amp-m)(10 amp)?
16 16w

=2.5X107% joule/meter®

up=

(b) Electrical energy dcnsity,

u5==§ €9 Ez
where E is the electric field.
V __iR
E I = I -'lR

since [=1.0 meter.

1.0 ohm
(1000 ft)(0.3048 meter/ft)
=3.28 X 102 ohm/meter
ue=14¢,i3R?
=3(8.9 X 10712 could/nt-m2)(10 amp)3(3.28 X 10~* ohm/meter)?
=4.8 X 107" joules/meter?.
36.23. The magnetic energy density is
w— L2
2
The electric energy density is

R=1.0 ohm/1000 ft=

ur=ge,E?
Set UE= B
B
e, E2=1} ‘;;‘
or E= B 0.5 weber/me te:?

eopo 4/ (89X 1072 coul®/nt-m2)(4= X 1077 webcr/amp-m)
=1.5x% 108 volt)meter.

SUPPLEMENTARY PROBLEMS

S.36.1. (a) By Problem 36.2, the equivalent self-inductance of two
inductors I, and L, in series is given by

Ly=L,+L,+2M (1)
where M is the mutual inductance.
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The positive sign before the last term in the right side of (1) is
applicable for the arrangement in which the flux linking each coil,
due to the current in the other is in the same.dircction as the flux
due to the current in the coil, and the negative sign for the arrange-
ment in which the flux linking each coil due to the current in the
other is opposite in direction to the coil’s own flux.

If the inductors are far apart then M=0.
Setting L,=Ly=L in (1), we find, Lo=2L.

(b) If two closely wound coils are placed side by side then
almost entire flux set by either coxl would link with all the turns of
the other. By definition,

Lxsﬁ}jl ...(2)
U1

La=']!gl < e(3)

M= — Ny . (4)
1y iy

where N, and N, are the number of turns of coils 1 and 2 respec-
tively: &,, is the flux linking circuit 2 due to current i, in circuit 1,
and ¢,, is the flux linking circuit 1 due to current i, in circuit 2.

Now, ¢,;=¢, -(5)
$=¢, ...(6)
Hence, M= —I!"fi’— we(7)
M= ﬂff—’— o (8)

Multiplying (7) and (8)

o)) )
or M=A i:l; «(9)

where use has been made of (2) and (3).

Setting L,=L,=L in (9) we get

M=L
Using these values in (1),
Ly=0 or 4L

depending on the direction of winding.
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S.36.2. For condition (1), time =0
(a) Applying the loop theorem to the left loop,

E—R)i;=0
= £ 19 volt_ =2 am
R, Sohm P
(b) Applying the loop theorem to the outer loop,
di, _E —Ry/L _E
But 53¢ ] =1 ¢ =T
t=0 t=0
E

‘. E—L—f "‘R.iz=0 or i’=0

(c) Applying the junction theorem to the junction of R, and Ry,
i=i,+iy=2 amp+0=2 amp
(d) V(Rg)=iaR.=0.

dlg
dt

where use has been made of (b).

f) LZ%’=E—R,:’,=10 volt—zero=10 volt

(e) Vi=L =E=10 volt

di? 10 volt
dt ~ 5 henry

=2 amp/sec.

For condition (II), time t=00

10 volt
(@ i= =75 ohm
d

) E_L—df —Ryiy=0

But i =T e

t=00 =00
E_i’R.':G

. ___E 10 volt
or =R, ~10 obm

(¢) i=i;+iy=2 amp+1 amp=3 amp.

———— =2 amp-

=10 amp.
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(d) Vy=isRy=(1 amp)(10 ohm)=10 volt.
diy

(e) V=L a =0
where use has been made of (b).
diy
(f) It =0

where use has been made of (b).

S.36.3. (a) At =0, the current iy through L will be zero. Hence
3 (1)

ll=l’

Applying loop theorem to the left loop,
E'—ilRl"i’Rs::O

Using (1) in (2),

o E_ 100 volt
WThT R TR, —(10+20) obm

(b) At t=o0, iy will have a non-zero value:

=3.3 amp.

From junction theorem,
i"" i3=il
Using loop theorem for the left loop,
E""ilRl'_‘izR.:O
Using loop theorem for the right loop,
. di .
‘"Ralg—L?;“ +I’R’=0

di
s | —
But at | =0
l=°°
Therefore, (5) reduces to
—R'ig+i’R’=0
i = Raly
or iy R,
Solving (3), (4) and (6),
—__ E(Ry+Ry)
RyRy+RyRy+RyR,
(100 volt)(20Q+30Q)
= (1002)(2002) +(2022)(300)+(30Q)(10£2)

h

=4.,5 amp

w(2)

(3)

.(4)

- (5)

...(6)
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fo= ____;_.____g!_z.’_.__.._.
' RRy+RyRy+RyR,
_ (100 volt)(30Q)
_ T (10€2)(20Q) 4+ (20£2)(3022) + (30£2) (10:2)
(c) i,=0
The inductor would retain the same current i3 when the switch is
just opened. From (6),

==2.7 amp.

. 20 Q
ig=(2.7 amp)t-g(—)——‘%———lﬂ amp.

Also, from (3) with #,=0,
ig=-—i3=—1.8 amp.

(d) A long time after the switch is opened the inductor would
have lost all the current and ip==0. Also i;=0 as in (c).

S.36.4. The magnetic energy stored in a coaxial cable is given by

)
UJ“""" 4,: na "0(1)

where i is the current and / is the length of the cable (see Example
36.5 of Chapter 36).

Also, its capacitance is given by

L
By Problem, the electric and magnetic energies are equal.
3
2 4r a

where use has b'cen made of (1).
Using (2) in (3)

1 2ned i b
7 B \atbla) = 4x M3

E_o_ 1 [pe b
or iR 2"\/%1:10

1 J 4% X 10”7 weber/amp-m In b
2x 8.85x 1071 coulnt-m* = a4
3”7, b

= —i;-ln - ohms.
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S.36.5. The dimensions and units of some of the electrical quanti-
ties are tabulated below for ready reference.

Quantity ‘ Dimensions Unit
Coulomb o coulomb
Current T1Q ampere
Voltage MIAT 20! volt
Resistance MLT1Q™3 ohm
Inductance MLQ7? henry
Capacitance ML farad
Magnetic flux MIL*TTIQ™! weber

(a) [coulomb-ohm-meter/weber]
[QUMLTQ™ (L]

= MDpTQ)
(b) [volt-second]=[MLAT*Q~M[T)=[MLT'Q~']=[weber]

=[L]=[meter]

(¢) {cH>ulomb-ampere/farad)] -[M[Q]I[‘_T,_T’%,] =[{MLT " %]=[watt]

[kilogram-volt-meter?]  [MIML*T*Q][L?|
(henry-ampere] T [MLAQTNXTIQO)N
=(Q)=(coulomb)
(ML’Q")! 1]
(M’iL’.pQ']l /2

(d)

(e) (henry/farad)!/2= =(ML*T'Q"%)=(ohm)



37 MAGNETIC PROPERTIES OF MATTER

37.1. (a) Magnetic moment due to the current i through a loop is
p=iA (1)
where A4 is the area of the loop.

Setting, A=nr?, were r is the radius of earth, (1) becomes

p=mnr
._ p#__ 6.4x10% amp-m* _ ’
or "= 7' T m(6.4 X 10° meter)? =3x10%amp.
(b) Yes.
(¢) No.

37.2. Volume element in spherical polar coordinates is given by
dv=2mnr3dr sin 0 df

If the electron carries charge e and its volume is (4/3) =R3, R being
its radius, then the charge associated with the volume element is

= .3_e._‘_1_v = ._.3_6....~ 2 1
dg= AnR®  AnR® (2nr2? dr sin 6 d6)
3er? dr sin 6 d8
or dq= IR (1)

The charge element dq goes
around in a loop of radius r sin o
about the axis of rotation, the area
of the loop being

dA=n(r sin 0)> -(2)

If the rotational frequency of the
electron is v then any charge
clement dgq would also be circula-
ting about the axis of rotation with

the same frequency v=-—. The

p2
contribution to the magnetic
moment due to an infinitesimal Fig 37.2.

current loop is
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du=v dq dA
__@ 3er®drsin 8 d0 nr? sin®
2 2R3

=-4§£§ wr? dr sin® 0 d0

The magnetic momont of the electron is found out by integrating
the above expression

R n
i .__3_99_)_ 4 l in3d
m Idy.- AR S rédr sin3 6 d6
0
—3ew R 4 _ ewR?
4R3 3
]
ewSR“ (3)

The mechanical angular momentum (spin) based on the classical
model is given by

L=Iw
where I=(2/5) mR?, is the rotational inertia of a sphere of mass m,
rotating about an axis nassing through its center. We can then
write
2 2
L==-5-me ..(4)

Dividing (3) by (4),

B _ €

L 2m

e 2u

—_— e 5
or o T (5)

Expression (5) is in disagreement with experiment, the observed
value being e/m=pu/L.

37.3. (a) Electric field strength at a distance r is

- q9
E 4% ¢yr?

— (1-6 X107 coul}(9 x 10* nt-m?/coul?)
(1.0x 107 meter)?

=1.44 X 10! volt/meter,
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(b) Magnetic induction at a distance r is
— _Holt
B= 2rr?
_ (4rx 1077 weber/amp-m)(1.4 X 10726 amp-m?)
(2%)(1.0 X 10710 meter)?
=2.8 X1073 weber/meter?,

37.4. (a) In the Rowland ring, a toroidal coil is wound around thc
iron specimien  in the form of a ring and originally unmagnetizcd
With the iron core absent, a current i set up in the coil causcs
field of induction within the toroid given by

. Ni
BO=“0’"=%O;;’,_ .(l)

where n is the number of turns per unit length of the toroid. N
is the total number of turns and r is the mean radius of the ring.
From (1) we have
j= mrBy _ (2%)(5.5x107* meter)(2X 1074 weber/m?)
uoN (4% x 1077 weber/amp-m)(400)
=0.14 amp.

(b) Because of the iron core the actual value of the induction
will be B, given by

B=B,+Bm «(2)
By Problem, B»=800 B,. «-(3)

Using (3) in (2),
B=801B,=(801)(2 X107¢ weber/meter?)

=0.1602 weber/meter? ...(4)
The charge g flowing through the secondary coil is given by
BN'A

Where N’ is the number of turns of the sccondary coil, R the
resistance of the secondary coil and A4 the cross-section area of
the toroid.

A=nd*4 ..-(6)
With the diameter of the cross-sectional area being
d=6 cm—5 cm=1.0 cm=0.01 meter

A= :—-(0.01 meter)?=7.85 X 1075 meter2. (7
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gsing (4), (7) and the valucs N'=50 and R=8.0 ohms, in (5), we
fin

_ (0.16 weber/meter2)(50)(7.85 X 10™% meter?)
9 (3.0 ohm)

=7,85%X 1075 coul.

37.5. (a) The dipole moment of the bar is
I-LD=N[‘ . ...(l)

Here N, the number of atoms of iron in volume 'v=(5 cm)
(lcm?)=5 cm?, is given by

_ Nopv.
N= M

where N,=6X 102 is the Avagadro’s number, p the density of iron
and M the atomic weight of iron. We have
N= (6x10%8/mole)(7.9 gm/cm3)(5 cm?)
(55.85)

=4,2 X 1018,
po=(4.2 % 1028)(1.8 X 10723 amp-m2)="7.6 amp-m?
(b) The magnitude of the torque is given by

t=uB sin 6=(7.6 amp-m?)(1.5 weber)(sin 90°)
=11.4 nt-meter.

37.6. The atoms of a diamagnetic material do not have permanent
magnetic moments, the individual magnetic moments of orbital
electrons ncutralizing each other. However, in the presence of an
external magnetic field, a magnetic moment is induced in the atom.
The phenemenon of diamagnetism can be cxplained in terms of
electromagnetic induction. '

Consider a typical electron revolving in the xy plane as in Text-
book Fig. 37.7 (a) and (b). Let an external magnetic field be switched
on along the z-direction. In the absence of an external magnetic
field the centripetal force which enables the clectron of mass m and
charge e to move around in a circular orbit of radius r is given by r

2
F,=""" (1)
r

Let the ficld B be increasing at a rate dB/dt. This will induce an
electric field E around the path. In accordance with Faraday’s law
of induction, the induced emf is

_ dés
dt
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The flux through the loop is
$p=B(rnr?)

E=§E.dl= —-ur’@—

dt
dB
({')(2nr)-—-—ur3 I

1 dB
or E=— 274 «(2)

The additional force acting on the electron is

v _ . 1 dB
m— =qE=— er — -+ (3)

where (2) has been used and the sign has been ignored. From (3)
we find a connection between the change in v and the change in B,
dv= 5"

v 2mdB )

Suppose v increases. As the radius of the orbit remains constant,
the increase in centripetal force is provided by the magnetic field.

(The speed of electron v will increase or decrease depending on
the direction of the magnetic induction B).

Call Av the net change in v during the process the field attains the
final value B.

vo+ Av B B
er _ erl
Av= { dV—_i-’:n I dB= ""‘zm" ...(5)
Yo

The magnetic moment arising from the circulating electron is
o ewo
p=iA=(evo)(nr?)= m

or p=} erlw,
Change in magnetic moment, holding » as constant, is given by
Ap=%erlAw --(6)
‘But from (5) we have

pu=Br =y o8 (7

r

Using (7) in (6)
e33B
Bu=+—7 m
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Thus, the effect of applying a magnetic field is to increasc or
decrease the angular velocity of clectron depending on the sense of
circulation. This, in turn, causes an increase or decrease of magne-
tic moment. The change in the magnetic moment is in opposition to
the applied field.

37.7. By Problem 17.6

Ao=t2
2m
. Aey_gﬁ_
Ul wy | 2mawg
Set e=1.6X107" coul ; m=9.1x1073! kg,

w,=4.3 X108 rad/sec; B=2.0 weber/meter®.

We have chosen a typical value for B, and the value for w is
corresponding to Bohr's model for hydrogen atom.

Aw( _ (1.6¥ 107 coul)(2 weber/meterd) .\
w, I T (2)(0.2x 1073 kg)(4.3 X 108 rad/scc)
Thus, Aw K w,

'37.8. The spin angular momentum is a vector which points ('
direction of the axis of rotation (Fig. 37.8). The dircction of w1
magnetic moment and the sense of flow

of positive charge in the loop are related Angub

by the right-hand-screw rule. moo(,}nr::;( momem
The spin magnetic moment is given by )
I P 4 N\
p= - erfo= ﬁ(mvr)

Thus, the magnetic moment is propor-
tional to the angular momentum. Desig-
nating spin angular momentum by the
vector S, we may, rewrite the :above
relation

Poutve cnaige /

e Fiy 37 8
= -— u 3 8®
# ZmS

The positive sign in the right hand side shows that the carr.nt of
the positive charge is in the same direction as the spin motion. Tle
spin and the magnetic moment point in the same direction.

37.9. B=N/'
) £TXg

where N is the number of protons inthe sample and «is the
magnctic moment of the proton.
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Number of water molecules in 1.0 gm of sample

_ Ny _ (6 X10%/mole) _
=M~ (18 gm)
Now, in a molecule of H,0O there aro 10 protons. (2 from hydro-

gen atoms and 8 from oxygen atom). Thzrefore, the number of
protons in the sample is

N=(10)(3.3 x 1022)=3.3x 1023~
(3.3x10%*)(4= X 1077 weber/amp-m)(1.41 X 10726 jOlllC/TLS‘u )

=3.3x 102

B= T T T T ) (5% 1072 meter)®
=7.5 X 107¢ weber/meter2.
37.10. vo= 2% (1)
or -'% :21c;c .. (2)
_mB
VP-—ZﬂLc .(3)
2x Hs '
or —B' =:Vpl_,.1 ‘ ...(4)
Using (4) in (2),
£ _Veks
m i ‘I’)[J

37.11. (a) As the field in the median plane of a dipole is only half
as larye as on the axis,

S pee
B 5 onas (1)

_(4x %1077 weber/amp-m)(1.8 X 1072 amp-n?)
(4n)(1.0X 1071 meter)®

=1.8 weber/meter?.

B -

(5 Energy required to turn a second similar dipole end for end in
this field is

Us=2uB
=(2)(1.8 X 10728 amp-m?)(1.8 weber/meter?)
=6.5X 10728 joules.

At room temperature, the mean kinctic energy of transiation is

3
Ur== —z-kT——-( ; )11.38 X 107238 joule/°K)(300°K)

=6 X 10721 joule,
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oue, Ur=2169 Ug. Coasequently, the energy exchanges in colli-
stotrs o dest.oy e alignment of the dipoles with the external
ticld.

37.12. In Fig. 37,17 the line ab lies in the interface between the two
wedia Dand 20 Let By and B; make angles 6, and 0, respectively,

Fig. 37.12

witit e ornal v the interface. We shall now apply Gauss'
tazoreim, to e hoox shown in the diagram '

I Bds =t
o TEENN - AR SRR : BT of /1
or 0-v--3, ¢os 0,48, cos 8,) 5

wiciice. By cos iy =8, cos b,
showing 1o 'reby tiiat tie nermal component of the induction has
the same value on cach side of the surface.

37.13. Cuonnder ¢ veciangaar path us shown in Fig. 37.13. Since
the closed patic cucloses zere current, it follows that the hine inte-
grai of H «r:und tie puath s zeio.

$ Hdi -0

In the cvaluztion of the above mtegral the contnibution due to thie
paths dc ¢ ¢f can be igno-ed. Thus,

of f
0= [ Hydi+ [ H,:l
c ¢

or 0=(-’Hl Si" 0]‘*“”. )3!1 92) I

or’ H, sin 8,=H, sin &,

Thus the tangential component of A has the sume value on cach
side of the surface.
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By Problem Fe=NFs «.(2)
Now, FB=Bev= Bewr ...(3)
Fc=muw?r ()

Combining (1), (2), (3) and (4).
Bewr (N+1)=mw?r

Be
or w=——’—n— (N:tl)

B o= N+

_ (0.427 weber/meter?)(1.6 X 107** coul)(100+1)
(9.1 x 1073 kg)

=758 X 101® rad/sec.

B

_. (0.427 weber/meter?)(1.6 X 107 coul)(100—1)
(9.1 X103 kg)

—743 X 1010 rad/sec.

S.37.4. The magnet will tend to align its axis antiparallel to the
direction of B but is opposed by the torque due to its own weight,
The torque due to magnetic field is

TB=puB cos 0 ...(1)
Here 0 is the angle between the axis of
the magnet and vertical and p is the
magnetic moment, given by
p=2ml .-(2)
where 2/ is the distance between the
poles of the magnet and m is the pole
strength. In Fig. S.37.4 the torque 7,

acts in the counterclockwise sense.

The torque t, due to the weight acting
at the center of the inagnet is given by

to=Mgl sin b -..(3)

acting in the clockwise sense. Fig S.37.4

For rotational equilibrium we have the condition,
=15 -:(4)
Mgl sin 0=pB cos 0

or tan == % ...(5)
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Thus the magnet is oriented at an angle 8 with the vertical given
by (5) with the north pole moving away from the direction of B,
whilst the string remains in the vertical direction.

S.37.5. The reluctance S is given by
=— = +I
pod L T2
where ur is the relative permecability, /; is the flux path, /; is the
gap length and A4 is the area of cross-section.

— 1 1.0 meter
S (4= X 1077 weber/amp-m) 4 [ 5000 +0.01 meter]
= %g-!-amp/weber (1)
The flux,
¢=BA=(1.8 weber/m?) A=1.84 weber (D
Magnetomotive force (mmf)=Ni ampere-turn «(3)

$=(mmf]|S)=NilS

or = $S_ (184 webcr)( 8121
N 500 A

amp/weber) )=29.2 amp.
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38.1. C,=5 ut ; C,=2 uf ; L=10 mh
(a) LC, combination:
Resonant frequency, v,= ii-;/”fc:f
“2r 4 (10X 1073 h)(5% 1078 f)
=714 cycles/sec.
(b) LC, combination:

Resonant frequency, v,= —
RN Y= e VLG,

1
T 2r 4 (10X102 h)(2x 107¢ f)
=1126 cycles/sec

(¢) LC,C, combination with C, and C, in parallel:

Equivalent capacitance of C, and C, is
C=C,+C,=5 uf+2 uf=7 uf

1

Resonent frequency, vg=——"F=—=

a Yi Vs 2nd ILC

1
~ 2% (10 X107 h)(7X 10¢ 1)
=602 cycles/sec
(d) LC,Cz combination C, and C, in series:
Equivalent capacitance of C, and C; is
C,Cy _(5 pf)(2 pf)
Ci+Cy (5 pf+2 uf)

Resonent frequency, v‘-ﬁ_f_&
x
1

2x 4 (10X 1072 h)(1.43 % 107¢ f)
=1333 cycles/sec.

C= =1.43 uf
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1
38.2. Frequency of oscillation is v= —— ==,
4 y e 4 IC
_ 1
C= 4r2v2L
1

T (@r)(1.0X10° sec )A(1.0X 10-% )

=2.,5% 1071 farad.

Thus, by combining a capacitor of C=2.5X 107" farad with the

given inductance L=1.0 mh, we can get oscillations at 1.0x10¢
cycles/sec. )

38.3. Frequency range extends trom v;=2X10% cycles/sec to
v,=4 X 108 cycles/sec.
The frequency range is,
Av=v,—v,
=4 x 10% cycles/sec—2 % 108 cycles/sec
=7 X 10% cycles/sec.

The angular range on the knob is A6=180° Therefore, the
rotation through 1° corresponds to a frequency change of 2X108
cycles/(sec-degree) rotation. For any rotation of 6°, the frequency

would change by 2 X108 8°/180° cycles/sec. Thus, the angle 6 and v
would be related by

2x 108 §° 0

v=vl+——i—g6;—— =2X108 ( 1+W)cycles/sec (1)
1

C= 4ndy3L

= 1
T T T e\
(4=?)(2 X 108 cycles/sec)*(1.0x 1073 h)( H—TST)
—18
o oo 63431078 634

. 0 s, farad= -————9~-,—ppf
( isa) (“T@B)



236 Solutions to H and R Physics—11

Figure 38.3 shows the plot of C as a fraction of angle fur 180°
rotation.

A
. C
(ppf)
600
4LOOI
" 200}
1 1 -
0 90° 180° O
Fig. 38.3
38.4. For an LCR circuit resonaat frequency is given by
o 1 1 R \?
v= . =] — —( = D
2t 2x LC 2L
Squaring and re-arranging (1)
1 R2
P 2,2 ————
IC 4n2va4- VE . 02)

For the given data for v, R and L, the second t.rmi on tie “ight
hand sidc of (2) is quite small compared to the first term. Eq. (2)
then reduces to

-.-l.v =424 2,2
ic 425>y
C-—_..,-l._. = .- 1 - R
or T Tar%2L T (dn?)(60 cycles/sec)®(10 h)
=7x 1077 farad=0.07 pf.

The given LCR circuit is as good as resistanceless LC circuit.

38.5. The potential drop across the capacitor is
Ve=4q/C .
and the potential drop across the inductance is

di
VI.=L27
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Applying the loop theorem to the LC circuit,
Vet Vi--0
di

: 9. L
i.ce C+l it 0

di _ d( dq )-__‘_Ji!
But dr dt( dr dr?

d? d*q __
L

Tlns 1s the Textbook Eq. 38.5.
38.6. Conscrvation of energy demands that the applied emf, E=Em

cos " t be equal to the sum of the potential drop across L, C and R
of the circuit.

. l—g't +—1R Em cos o” t (1)
e nd e
di _dfdq\_dq .
de  dr ( dt ) dr? ()

Using (2) and (3) in (1)
W ‘q (I(I ”
L 3 + S R ==Fm cos w” ¢
which is in agrecment Wlth Textbook Fiq. 38.12 of the textbook.

38 7. The stored energy in the capacitor is

)3
U/'—.: .(?’E ...(l)
aad the maximum stored encrgy in the capacitor is
l']'u2
Ut oar== 2(. (2)
By PI'(\'\’CI“, Ui "A_Ul.mur ...(3)
(',f'"" . l 'qma
2c "2 2c )

where use has been made of (1) and (2)

. qm

- | . (5)

But the oscillation amplitude of charge is
q==qme Rt[2L
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Ri|]L  qm?
where use has been made of (5).
Rt

°Z' =In2

whence e =2

or t= 1n 2=0.691,
where we have used the fact that the induction time-constant
t.=L/R and In 2=0.693.

38.8. The undamped resonent frequency is given by

The damped frequency is given by

(4]
2N LCc T\ 2L )
v—v!_0.01 —4
By Problem, = =100 =] X107,
But | =1—-

v v

R°C
._..1 N -4
\[1 L =1x107

Solving for R, we get,

R=4[ 2L x10-s

=+/(8)(10x 1078 h)(1074)/(107® f)
=48 ohm=2.8 ohm.

1
38.9 wz:['f—’ (1)
1 7R
, (R 2)
w "\[LC ( L) (

w—w w’ —_ _gfg_ ~ —_ _13’_9'
e ;..1—»/1 T = (1 8L)

_RC -(3)
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where use has been made of (1) and (2) and we have expended the

radical binomially.

q_q,,,e_.m/zL
whence, t-——- In (q"')-——— In 2
t="=2nn VIC=" In2
CR’ (ln 2)2
o
) = (nn)?
Use (5) in (3) to find,
w—ao’_ (In2)*  (0.69315)%  0.006085
w  8nn? " (8)(9.8696) n2 =~ n®
0 0061
n
38.10. ¢ = gme—RII2L o5 o't
Differencitate with respect of time to obtain
. dq R —Ri2L , , .. ,.—Rt2L
~dt qm(—-—-ZL € COS w'l—w" sin w'te )
= —gmw? e~ Ri2L (2'[:157008 w't+sin o't )
= —qme’ e RIL (tan ¢ cos w’t+sin w't)

where we have setzﬁ =tan ¢. This gives

gme>’ e--Rr/ZL

- {m .

j = sin ¢ cos w’t+cos ¢ sin w’t
i cos @ (sin ¢ t+ ¢ w't)
—Ri2L

sin (w't+¢)

qmw
cos ¢

But for low damping, the resistance R is small.
Hence, Z-Lﬁ—, —->0and ¢ - 0
cos ¢g—>1 -

So, i=—gme’ ¢ NIPE

sin (wlt+¢)

.-(4)

o (5)
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38.11. If Uk, mag is the initial maximum energy and Uk the energy
at any time then change in energy

AU=Us,mar—Us= I _ L. (1)
=UE,maz E= 2¢ -—2C, .o
But, amplitude of charge oscillation is
*=q%n e—Rt/L . (2)

Using (2) in (1)

qzm qzm e'"R’/L qzm "‘RI/L)
AU=Tn_Tn ALY G
2C 2C 2C

=UE, mda:(l—'c—Rt/L)
Set Uz, maz=U, then

AU_ . —RiyL
U =]—e¢
One cycle implies that t=-—i—= %’5

_,A_q=1_e“‘2’°R/“’L=1_( j—2rR +)

U ol
2R
=L
A p 4 9 _ £ 6w
38.12. Ld‘2 +R ” +C =Em cos w't (1)
Let g=a sin (w"t—¢) «(2)
Then, ‘Z—]I- =aw” cos (w"t—¢) ..(3)
2
and “%i{= —aw" sin (w"t—¢). +(4)

Substituting (2), (3) and (4) in (1),

—aw"L sin (ot—¢)+aw"R cos (w"1—¢)+ é’— sin (0t —¢)
=Fm CO8 0°t o(5)
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Expanding the sine and cosine functions
—aw"3L (sin ot cos ¢—cos "t sin ¢)+aw”R(cos «"t cos O
+sin "t sin ¢)+-az,-(sin w"t cos p—cos w”t sin @)

=Em cos "t .+(6)
Comparing the coefficients of sin "¢,

—aw"3L cos ¢+aw” R sin ¢+~a cos ¢=0

C
Re-arranging the terms and cancelling the common factor «,
o b 1
V— "3y .
tan ¢'= o' R (w L ¢ ) @)

Comparing the coefficients of cos "t in (6)

aw"*L sin ¢+aw”R cos ¢-——C‘i sin ¢=FEm

or a= I En — ..(8)
(m"ﬂL—z,—) sin ¢-+w"R cos ¢ )
From (7) using trignometric identities we easily find
w"L—1/C -
SN 8= @ RP+ ("L 1/CP O
_ "R
008 $= (@ R+ (@ L—1/C)" ~(10)

Substituting (9) and (10) in (8) and simplifying,
Em
A= ]/C"+(w’R)2 R

Maximum value of gm is condmoned by setting Zq =

az=

r

dgm _ 1. [40” L(w"3L—1/C)+2R%"] _ 0
dw” 2 7" (0" L—1/C)*+(w"R)?]

Cancelling the denominator as well the common factor — Em,
* (2[3«"3—2L/C+R%)=0

The nontrivial solution which gives gm 2 maximum is

_ |1 R
@ —JLC T
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38.11. If Uk, mag is the initial maximum energy and Uk the energy
at any time then change in energy

AU=Ut,mar—Us= T L 0
E,maz—UE= 2C 2C .oe
But, amplitude of charge oscillation is
P=¢’n e—-Rt/L ()

Using (2) in (1)
—Rt/L 2
= Tm _Pme __L'".( _ "Rf/L)
AU=5e¢~%C =3¢\ 17
=Us, mdz(l—e—Rt/L)
Set Uc, maz=U, then

AU_. —RiL
U =]—e

One cycle implies that t=—= 25

=

.,AL/.-_-I_e_2"R/“’L=1_( 1R +)

U ol
2R
=3 wL
38.12. qu +R 9 o Em cos @'t (1)
ar? C
Let g=a sin (0"t —¢) eee(2)
Then, di =aw" cos (0"t—¢) ~..(3)
d*q v2
and s =—~aw sin (w"t—¢). «..(4)

Substituting (2), (3) and (4) in (1),

—aw"L sin («'t—¢)+aw’ R cos (o't —¢)+ C% sin (0t —¢)
=Fm c08 @'t (5)
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Expanding the sine and cosine functions
—aw"L (sin 0"t cos ¢—cos w”"t sin ¢)+aw” R(cos »"t cos @
+sin "t sin ¢)+%(sin "t cos ¢—cos "t sin @)

=FEm cos "t | ...(6)
Comparing the coefficients of sin ",
—aw"3L cos ¢+aw” R sin ¢+—‘2, cos ¢=0

Re-arranging the terms and cancelling the common factor «,

tan ¢i= ‘, - (w"lL—- é‘- ) (D)

Comparing the coefficients of cos «”t in (6)

aw"L sin ¢+aw”R cos '/’“Z"I" sin ¢=FEm

or a= i i — ...(8)
(w"’L-——C—) sin ¢+w"R cos ¢
From (7) using trignometric identities we easily find
w"3L—1/C -
SN $= @ R+ (@ L 1/C) )
p—— w'R
€08 $= Jw R + (@ L—1/O)* +(10)

Substituting (9) and (10) in (8) and simplifying,
Enm

T W Lo @R N

-

Maximum value of ¢gm is conditioned by setting g

dgm _ 1, [40"L("L=1/C)+2R%"]
dw” 27" (@ L—1/CP " R?]
Cancelling the denominator as well the common factor — Em,
" (2L*"%—2L/C+R%)=0

The nontrivial solution which gives gm a maximum is

=0

PR Y
@ _,\/LC 2
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38.13. The LCR circuit will oscillate with maximum response i.e.
the maximum amplitude of the current oscillations occur when the
frequency »”" of the applied emf is exactly equal to the natural
(undamped) frequency w of the system.

1
RV 7o,
o 1 L
2r ~ 2m= /(1.0 h)(20X 107F)
The amplitude im of the current oscillations is given by
. Enm _
"= (@' L=1]o*C)+ R

At resonance, o"=w

v

=35.5 cycles/sec.

Enm
and im= R
By Problem,
Enm

oy == ==l E,m_
=N L—1]o"C+R 2 R

Squaring and simplifying

R B
(w L"" w'C l __3R2

g1 _
or wL——w,,C—-i&’3R

or 0" LC+1/3 w* CR—1=0
v TR0
o =20 i e
These are the only possible solutions.
2
W=+ {“(327((21000:;9 +J (5 )+ Tommsien
w,"=241.6 rad/sec
w," =207 rad/sec.
w,” 241.6 rad/sec
2r 2w
',, w,” 207 rad/sec
1T o T g

[
Vl ==

=38.5 cycles/sec.

=33.0 cycles/sec.
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38.14. The amplitude im of the current oscillations is given by
e Em
4 (0'L—1/w"C)*+R?

At resonance, w"=w and

im=

i B2
"R
, Em 1 E
Set im= S
4 (@L~1/o"C3+R? 2 R
Squaring and simplifying
v 1 \_
( ' L— —C ) =3R3
or o¥LC + ¥3w" CR—1=0
The only acceptavle solutions are
Y3 R 3R, 1
w== t it
w_ Y3 R 3R* , 1
w75 T timTIe

Subtracting the last equation from the previous one, and dropping
off the primes,

Aw=w,—w,=1/3 ﬁ—
Aw_ ¥3R

°t w wlL

38.15. Resonant frequency for L,C;R, in series is
1

wl=vza2 ...(l)

Resonant frequency for L,C,R, in series i

w’.—.:T-—l——-_____ “‘(2)
L,Cy

By Problem, w,=w; )
that is, L,C,=L,C, ' ...(4)

For the two combinations in series, the equivalent inductance is
L=L+L, )
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Assuming that the inductances are far apart, the equivalent
capacitance is

_ oG
C=t+c, =6

The resonant frequency is then given by

1 1
—_——— e
J LC J (L1+L2) CIC2/<CI+C2) ( ’

where use has been made of (5) and (6).

Using (4) in (7), we find upon simplification,
1 1
VL. VLG

38.16. Example 5 is concerned with a parallel-plate capacitor with
circular plates.

By definition, the displacement current is given by

ia=¢g, i‘?{— = 7 [(E)(er)]
dE

—_— s 7
=gynr

dt
Displacement current density is
i dE
J3= "t T gy
38.17. By definition, the displacement current is given by
d¢r d de

13=¢g, a't - =€ d (EA) ::OA dt :
e d(_tg)_:eoA dv__ dv.
o dt\ d d dt 7 dt

where we have used the following formulas for the parallel plate
condenser.

V
E= d
d being the distance of separation of plates, and for the capacitance,
— S04
¢ d

A being the area of cross-section of plates.
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38.18. Using the results of Problem 38.17, the displacement current
is given bv -

== . =](8
dt C 1.0x10°¢f 108 volts/sec.

Thus, the displacement current of 1.0 amp can be established by
changing the potential difference at the rate of 108 volt/sec.

38.19. Consider the paraliel-plate capacitor with circular plates. By
definition the displacement current is given by

L
dr

In the region r < R
$e=(E)(nr?)
dE

id=so 'ad;'(nrzE)=€0 “’8 7;"

In the region, r > R, ¢r=(e)(rR3)

ld=¢,

id=€0 *’4‘— (WRZE)=50 WR’ "ddg‘

d

38.20. (a) Ampere’s law in its modified form is
lfB.dl=Po J 3+Ja) dS=up, (ia+1i) (1)
S

In the wire conduction current i alone flows whjlst within the
capacitor C displacement current ia alone exists. Since the con-
tinuity condition says that the total current, conduction current
plus displacement current, is constant in a closed circuit, it is
sufficient to show that ia=i.

In the gap of the capacitor,
E=gq/e A

| R
Differentiating, dE/dt=’~e—:§‘ dgld1= €od !

: d(EA dE
But id=£0 ii"?ti‘ b=5o‘_—(d—t"’)' =€oA ‘E.

Combining the last two equations, is=i.

(b) The conduction current (Fig 38.20) flows up the walls of the
cavity and the displacement down through the volume of the cavity.
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Application of (1) to to region outside the cavity, such as the
path rg shows that B=0. Consequently, the net current enclosed
is zero, the conduction current being exactly equal and opposite to
the displacement current. Thus, the continuity condition of current
is satisfied.

38.21. (a) E=En sin wt

%I;:- =Fm w CO8 wt

dE
Set w=w,

where the angular frequency for the fundamental mode as in
Texthook Fig. 38.8 is given by

_ L19¢
T a

where ¢ is the speed of light in free space and a is the cavity
radius.

_ (1.19)(3 X 10* meter/sec) _ o
“= 2.5%10°* meter —~=1.4 X10% radians/sec

( d;: ).““0‘ volt/meter)(1.4 X 10*° radians/sec).

= 1,4 X 10 volt/meter-sec,

w,
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1 dE
b B()= 'i‘vlloeo" dr

y .
By Problem, df =3 ( —‘—{5-—),» = —Lx 1.4 x 10 volt/meter-sec

2
=T X 10" volt/meter-sec.
Set =a=2.5%107% meter
Also Poto= "3
B(r __a_ dE_ (2.5X107® meter)(7x 10® volt/meter-sec)
22 dt (2)(3 X 10® meter/sec)?
=107% weber/meter?
38.22. r<R r>R
Poil Bl
(a) B(r) 2nR? 2nr
: _ar A
(b) E(r) P mey
i dE HosoR? dE
(©) BGr) 7 He G 2 dt
1 dB 1 RM:B
(d) Etr) 2" a T2 rdt

Maxwell’s equations in differential form are

() v xH=J+22;

.. oB
(ii) VXE=— ot
(i) v.B=0
(iv) V.D=p
with =poH, D=¢,E

We shall verify that Maxwell’s equations satisfy B(r) and E (r)
as given in the above table.

(@) VxXB=0; (r > R) (1)
va=,:Ri =J;(r<R) (2

where kis a unit vector in the direction of ;the conductor. Using
the cylindrical coordinates, and using only the radial dependent
term
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. (9B B
VXB—.k‘ ( or +A“’- )

Forr < R,
=il _ B
2nR? 2
V XB=KuoJ=pio)
Forr > R,
B e
.0B B i i
o v T et i
V XB=0
(d) Assuming electric field is negative in the 0 direction and is
proportional to r,
Eg=—Ar . e (3)
The correctness of this assumption is proved by showing that (3)

is satisfied by the magnetic field. Herc 4 is to be determined and is
independent of r, 6 and z.

v XE+k (%%.—_%-)

=k(—A—A)=—-k 24

0

From Maxwell’s equation (i/)

VxE==-—%?—=-—k 24

oB
or a—" 24
1. 3B
or A———i —5';- ."(4)

Using (4) in (3),

r oB
Fo=—5 373 <B —(5)
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The induced-electric field assumes a maximum value at a radius.
R. The electric field does not drop abruptly but dies away at r > R
in such a way that the elcctric ficld hus no curl.  To determine the
electric field in the space beyond the magnetic field stretches out it
is necessary to satisfy the following conditions:

(i) E has no curl, (ii) E is continuous with the field givcn\'\\by (5)
at r=R, and (iii) E~>0as r = .

Conditions (1) and (3) are satisfied by

C
Eo____ —~ ...(6)

where Cis a constant. At radius R, (5) and (6) must give the
same value of E.

. C _RiB
o R ™ 20t
1., 0B
or C= "‘2‘R2 e - (7)
Using (7) in (6)
R% 0B
Ey== 3o ~(®)

SUPPLEMENTARY PROBLEMS

S.38.1. Initial energy stored in the 900 uf capacitor is

U,=% C\V,? (1)

If this energy is eventually transferred to the 100 »#f capacitor,
then \

Ua=1.' ColVyt= §C1V12

or Ve=V, /Q =(100 volt) | /200 #f_ 300 vor.
C, \ 100«

_Thus, the 100 pf capacitor can be charged to 300 volt. but a
direct transfer of cnergy is not possible since the charge from G, to
C, will cease to flow when the capacitors have cqual potentials. One
can circumvent this difficulty by first converting the electrical
energy of C, into the magnctic energy of the inductor L by closing
the switch S, for a specified time and” then immediately transfer the
magaetic energy to C, in the form of electrical energv by opening
sw_ltch S, and closing the switch §,. Itis knowa that in an LC cir-
cuit the transfer of electrical energy into magnetic energy and vice
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versa takes place in a time T/4 where T=2r# LC is the time period
of the electrical oscillations. The time period for the LC, circuit is

calculated as T,=2n/LC,
=(2x)4/ (10 h)(900 X 10-% f)=0.6 sec.
Similarly, ~T,=2m\/LC,=2r4 (10 h)(100 X 107¢ £)=0.2 sec.

The procedure then consists of the following sequence of opera-
tions:

Step (i) Close S, and wait for time Ty/4, or 0.15 sec, during
which time the 900 uf capacitor is completely dis-
charged and the current in the inductor is fully esta-
blished producing a magnetic field in the surrounding
space.

Step (ii) Immediately close S; and open S,so that now the
current in the inductor begins to decrease and after a
time 7,/4=0.05 sec the magnetic field of L would have
disappeared and the 100 uf capacitor fully charged.

Step (iii) Immediately after 0.05 sec open the switch S,. The
100 pf capacitor is now charged to 300 volt.

(b) The mechanical analogue consists of the oscillations of a mass
m attached to two uncoupled springs of force constants k, and k2
as in Fig. S.38.1, the free ends of the spring being fixed to rigid
walls and mass m is free to slide on a frictionless horizontal table.
A mechanism R, analogous to switch S, in the electrical case,

| 2 m Ry
mnm_.{:}_

Fig. S.38.1

allows the spring k, to be released when it is stretched through a
given distance from the equilibrium position. The same mechanism
Ry may be maneouvered to get the mass detached from the spring
k,. Another mechanism R, analogous to switch S; allows the mass
m to be attached to k,. Furthermore, R, may also be used to get
the spring k, looked up when extended to the maximum.

The procedure for the transfer of deformation energy of spring k,

(analogous to the electrical energy of Cy) to the spring k, (analog-
ous to the magnetic energy of the inductor L) is as follows:

Step (i) Operate R, so that the mass m is attached to k; and
moved through a distance A. Then releasc it. Wait for

a time T,/4, where T,=2nJ n7k., The mass m would
have required maximum kinetic energy.
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Step (if) Immediately use inechanism R, so that the mass gets
detached from k,, and use R, so that m is atiached to
ky. Wait for a time Ty/4 wheic Ty=2r m/k,. In this
line m would have momeutatiiy come to stop when
the spring k, is stretched to the maxiraum.,

Step (iii) Immediately after time 7,/4 use R, to get the spring ky
locked up.

In the table belovy are cpmpared quantities related to the
mechanical and clectrical oscillations for the Mass+Spring system
and the LC Circuit.

Mass+Spring System LC Circuit
(a) Nature of motion  Simple harmonic Sinple harmonic
, . 1 1 . ] 1 g2
(b) Equation of - mv¥+ — kit LS NI
motion 2 21 2 2 C
= kA? _10
2 2 C
(c) Frequency of 1 \/ K : 1 ./“1 ]
oscillation 2n m 2% A LC
(d) Description of x=A sin wt g=0 sin wt
oscillation dx ' . dq
V= 5 == .
dt dt

5.38.2. (a) Let the left parallelepiped contain charge ¢, and the right
one charge g5. Applying Gauss law to the left parallelepiped,

¢ § 1 EdS=q, ...(1)
Simlarly, for the right parallelepiped,

¢ § 2E.dS=q, . ()

Now, ¢, § E.dS=¢, [ E.dS +¢, j' E.dS .3)
! I(NC) 1(C)

where 1 (NC) refers to all the surfaces of the left parallelepiped
which are not common with the right side parallelepiped, and 1 (C)
means common surface. Similarly,
« § EdS=c, j E.dS +¢, ] E.dS wr(4)
2(NC) 2(C)
Adding (1) and (2) and using (3) in (4),

@1 +q:3=¢ I E.dS +¢, j EdS +¢, | EdS +¢, j E.dS ...(5)
I(NC) 2(NC) 1(C) 2(C)
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" The last two terms on the right hand side get cancellea together
since the normal to the common surface in the fourth term is
opposite to that in the third term and consequently

. j' E.dS=—¢, jE.ds

20 1(0)
. gy ga=q=¢, I E.dS ¢, I E.dS =¢, I E.dS
1(NC) 2(NC) (Composite)

Thls proves the self-consistency property of Maxwell’s equations.

(b) Proceeding along similar lines we can prove the desired pro-
perty by using § B.dS=0.

b c d a
S83. @) § Edl-= _‘[Edl—i—j I+JE.dl+:!E.dl
=_(éit{)aoca | ~=+(1)
e c b
A LE I IE.dl+}[E.dl+IE.dl
=— ( )W (2)
Adding (1) and (2),

b e
E. dl E. dl = Edl+ { E.dl+ | E.dl+
LBt fEa=[Eatpax]

E.dl
=)o (%) ®
c b
Now I E.dl= —I E.dl, @)
b ¢

_( dé2 ‘-..(ﬁf_)
Further, ( dt )»cd dt Jyese
dB

='—[A( abdcd) +A(b¢!c)] BT
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B
=—A(asfd)%t~
__(ldés
( dt )aald ."(5)
Using (4) and (5) in (3),
b e 7 c - d a
] E.dl+ I fE.d|+j Edl + I E.dl +j Edl + IE.dl
a b e f c d
_ _ dés )
= ae'f:d E. dl""‘_( dt aefd

Thus, the self-consistency of Maxwell’s equations is proved.
(b) By a procedure similar to the above, we can show by using

A § Bdl=i+e¢, ﬁti, the desired propert‘y.

Ho d
S.38.4. According to Gauss’ law for electricity,
go § E.dS=q=Jp dV (1)
According to Gauss law for magnetism '
# B.dS= ~(2)
According to Ampere’s law modified by Maxwell
dée .
$ B.dl=p, —;‘E‘ +
1
= Mgy “(fl't" f E.dS+p, [ . dS -+(3)
According to Faraday’s law of induction,
ddn d
e — L DT e L k‘ beoo 4
# Edl T o 1 BdS 4

Equations (1) through (4) are the desired Maxwell’s equations.



39 ELECTROMAGNETIC WAVES

39.1. Conduction current results from the flow of positive charges
towards negative charges and negative charges towards positive
charges du: to electrostatic attraction. This is seen to be .consistent
with the direction of flow shown in Fig. 39.1.

v+ F —— —— A+ttt ————

—— .
‘+w\y AAAA YYyYvyy AAAA !

= 44t ———— 4+

,I*A{wv*f AdAaA vat

]

A+ ——— - +++t — ———
Fig. 39.1.

39.2. Assuming the dominant mode, with a=3 cm the as width of
the rectangular waveguide, and ¢=3 X 108 meter/sec, the velocity
of electromagnetic waves in free space, the phase velocity is
given by

c 3x108 metér/sec

T T 1=072a) A T=(h cm/6 cin)?

where A is the free space wavelength.
The group velocity is given by
vor=c 4 l—:(-X/iZ)’=(3 x 108 meter/see) Vi —(A cm/6 cm)?
and the guide wavelength is given by’

M= e Acm
J1—=(A2a)* ¥ 1—(Acm/6 cm)?

Fig. 39.2. (a), () and (c) show the plot of vpa, vor and A as a
'function of A
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10x108
(a)
Vph
(m/s)
5x108 |-
3x108
1 1 1
0 2 4 6
A(cm) ——n
Fig 39.2. (a)
{b)
3X108 ——_\\
Vor
\ ‘ L
4 6
A{Cm) cm—p

Fig 39.2. (b)
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(c)
8
Ag
(cm)
LI
/7
1 .
2 4
Z\(Cm) —b

Fig 39.2. (¢)

39.3. The group velocity v, is found from

_ distance _ 100 meter __ ¢
Yo T ime 1.0Xx 107% sec =10% meter/sec
ver __ 10° meter/sec _ 1
c 3x10® meter/sec 3

var=c ¥ |—(A2a)?
Solving for A,
A=2a ¥ I—(v;r/c)*=(2)(3 cm) ¥ 1—(1/3)*=5.66 cm.

. _¢* __ (3x10° meter/sec)?
Phase velocity, vpa= ver . 10° meter/scc

=9 % 10° meter/sec

39.4. Guide wavelength is given by

A
Ay== oo e (1
A 1—=(\2a) o
Set =21 - (2)
Use (2) in (1) and solve for A,
A

y} S S —
J1=(\2a)
whence, A=+¥3a.
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39.5. The displacement current ia by definitiof is
| d¢c _ d(EA) _ , dE
dt =% g oA g -l

where ¢z is the flux, E the electric field and 4 the area. The
electric field for the plane wave is given by

ig=¢,

E=En sin (kx—wt) ()
%-—-—-—-wEn cos (kx—wt) ..-(3)

Using (3) in (1), and setting A=1
ig=—¢y @ Em cos (kx —awt)

39.6. The density of energy stored in the electric field is

uce=% ¢, E* (D)
The density of energy stored in magnetic field is

us= 5 B? -2)

2pg

The fields for the plane wave are

E=FEm sin (kx—wt) ...(3)

B=Bun sin (kx—uwt) e (4)
Substituting (3) in (1) and (4) in (2)

uc=% g, En?® sin? (kx—wt) ...(5)

up= =Bl G (kx ~ wt) .--(6)

2 o

Dividing (5) by (6),

UE _ Eopo E'm A7)

us B
But 50’-‘0= ";l; .- (8)
and Em=cBn -.(9)
Using (8) and (9) in (7)
UE
— =] orus = us
us

38.7. For the coaxial resonator of length L and closed at each end,
the resonant frequencies are v,=nv/2L.
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By Problem, L=3A/2, whence n=3.

E=1 gpmmz_1 . 3nz
L r in L
B=— cos —'%‘-Z- =-— cos 3nz

(See also Wave Guides by H.R.L. .l:.amont, John Wiley & Sons
39.8.

P

} } ) } '\Outer conductor

| / | _—lriner conductor
J ey e

i

A ]

Fig. 39.8

39.9. The guide wavelergth A, is given by

= m/\' 10 ¢cm
‘\/ 1“(\'7/\'(} [ (“iligscrm )

The cut-off wavelength Xe for this guide in the fundamental modc
is given by

=18 ¢cm

Ae=2a={2)}(6 cm)=12 cm.

39.10. Figure 39.10 shows the electric field lines for an oscillating
dipole at various stages of the cycle. In the beginning the electric

lines will be attached to the charges but as the charges are reversed
the electric lines are detached, forming closed loops. The magnetic
feld lines are concentric circles around the dipole axis. Far from

the dipole the wave is essentially spherical moving radially outward
with velocity equal to that of light.
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Fig 39. 10. (e)

-— e - T

Fig. 39.10. (f )

Figure 39.10. shows four figures (e), (f), (g), and (/) in sequence
to Textbook Fig. 39.9 (a), (b), (¢) and (d). The fifth figure,
Fig. 39.10 (i) is identical to Fig. 39.9 (a). The lines of B form closed

loop that move away from the dipole with speed c.
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r——_\
-

t=fT

Fig 39.10 (h)
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39.11. (o)
E

>

= B
f. - \ '\ ‘S' —3...“‘9 z-direction

- j *s .
Fig. 3%.11

(b) Consider a length L of the conductor whose return path is
remote. Let the voltage drop be V., Then

‘ E.E% . u.(l)
Byn)= —2—’; | e (2)

The Poynting vector is integrated over the surface of the cylinder.
As § is directed radially inward, the caps at the ends do not make
any contribution to $S.dA. The curved surface alones makes
contribution to the integral. Thus.

$ S.dA= I(szB‘).dA \
Obscrve that E, and B f are mutually perpendicular to each
L

$S.dA= | E,B ¢21cr dz

L
i I dz=Vi
0

=

h!‘ © ey

where use has been made of (1) and (2). Now the quantity Vi
represents ohmic loss. We, therefore, conclude that the loss is
supplied by energy entering through the surface of the wire.

Within the conductors’the Poynting vector is directed radially
inward so that the ohmic loss equal to i*R is supplied by the fields
within the conductors. However, between the conductors the
Poynting vector is directed towards the load so that the energy
directed toward the load flows through the dielectric around the
conductor and not through the conductor itself.

39.12. For the present problem,
Ea=E,,s sin (xy/b) exp [ j (wt—kz)]
E,=0 '
Es=0
B.==0
kE,.s .
B,="-—"= sin (=y/b) exp [ j (ws—kz)]

w
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Bs= %ﬁcos (ry/b) exp [ j (wt—k2)]
where k=2=r/}, is the wave-number.
The average value of the Poynting vector is

__._l___. »
Suw= 5 Re (EXB?) el

where B* is the complex conjugate of B.
i Jj k

‘Sao=%;*Re Ex 0 O
)

0 B,* B |

=—;'- Re (—EsB:* J +E«B,‘K) ¢
Ho

Substituting the values of Es, B, and Bs in (2), we find that th
first term in the parenthesis of (2) is imaginary whereas the secon
term is real. The energy, therefore, flows only in the z-directio:
and,

kE’goS
Sav= 2

sin¥(ry/b)K

wpy
The value of Sav is independent of x and is zero at the wall:
(y=0 and y=>0) where E is zero and is maximum at y=>5/2.

39.13. (a) The rate at which the energy passes through a face of
the cube is .

P=[S.dA St

As E and B are in the xy plane,
the Poynting vector S points in the >
z-direction, the direction of wave R

i
!

propagation. Thus, the energy
passes only through faces parallel a
to xy plane. It is zero in the ¢

remaining faces paralled to yz and

zx planes. For the xy plane, ~ ¥

P=S [ dA=S4 Fig. 39.13
=4 EXB _ AEB _ a*EB
Ho Ho Mo
where we have set A=a?%.

_ (b) As the energy flux within the cube is constant i.e. P is time
independent, the net rate at which the energy in the cube changes
is zero.

yo®
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39.14. Radius of thc wire, r=0,05%2.54 X 10~* meter
=1.27X 107% meter.

Magnetic inductioa at distance r is

B Hoi__(4mX 1077 weber)amp-m)(25 amp)
2nr (2%)(1.27X 10~® meter)

=3.9 X 10~* weber/meter?.

The direction of B is tangent to the surface and perpendicular to the
current.

Potential difference across 1000 ft or 305 meters is
V=iR=(25 amp)(0.1 ohm)=25 volts
The electric field is

_V_ 25volts _ —a
E= 4 305 meters =8,2% 1072 volt/merer

parallel to the current.
The Poynting vector is given by
1 EB

S=— EXB=——
Ko Fo

since the angle between E and B is 90°.
S= (8.2X 1072 volt/meter)(3.9x 1073 weber/meter’)
(4n X 1077 weber/amp-m)
=255 watts/meter?.

The vector S is perpendicular to the plane defined by E and B.

It is directed radially inward, a result which is given from the
rule of finding the resultant of the cross product of two vectors.

39.18. The average value of the Poynting vector is

3'—'—'“}"' EmBm '(l)

2p0

Also, Emn=cBm «(2)
—_ CBmz

5= B (3

e 3)

Intensity of radiation=5§ =2.0 cal/cm?

(2.0 cal)(4.2 joule)

(1.0 X 107* meter)3(60 scc) 1.4 X 10* watts/meter?,
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From (3) we have

P ™ _[fzm.w:o' joule/m3)(4x X 10”7 weber/amp-m) /2
c (3% 10% meter/sec)

=3.4% 107% weber/meter?,

Using this result in (2),
Em=(3x 10° meter/sec)(3.4 X 107 weber/meter?)
=1020 volt/meter. ‘
_ Ew _ 107 volt/meter
$.16. (@) Ba=—==s3 508 meter/sec
‘ .,S=g§._._f=(3x 10°® meter/sec)(3.3 X 1072 weber/meter®)?

=3,3x 10713 weber/meter®.

(b)

2p, \ (2)(4= X 10~7 weber/amp-m)
=1.3X 1072 watts/meters,

39.17. (a) E is parallel to the axis of the cylinder, in the direction
of the current and B is tangential to the cylindrical surface.

Since, S=(EXB)/u, it is directed inward normal to the surface
following the rule for finding the resultant of the cross-product of
two vectors. i.e. S is perpendicular to the plane formed by the
vector E and B.

(b) The rate at which the energy flows into Jthe resistor [through
the cylindrical surface is

P= [ S.dA : (1)

Since S is directed normal to the spherical surface, we need be
concerned only with the surface area A4 of the cylinder.

A=2xal «:(2)
s=—xB - 22 r(3)
where, we have used the fact that E and B are at right angles_.
=Y =18 . (4)
At the surface, B=-2£:-:% ««(5)

where we have assumed that a € /.

Integrating (1) over the closed surface,

Pm=S j dA=SA= ‘—‘-Ef—’l(zm)
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=1 iR Bol oral=itR.
Bo 1 2ra

The quantity i*R is nothing but the ratc of Jouls Leating.

39.18. (@) E points in the direction of i, and B s teneenti ) w the
cylindrical surface. Hence, S ‘whichi is given by the crese-product
of the two vectors E and B powts perpradicular to the plane
containing E and B i.c. points radially inward.

(b) Let the radius of the parallcl plate capacitor be r, then

a=mnr® (1)
The induction at the surface of a cylinder of radius 7 is
1 dE
—""—-2 potor-a-;" (2)
S.—.—._E_X_E=_§_B. (3)
Ko Bo

where we have used the fact that E and B are perpendiculur to cach
other.

Now,
P= j S.dA=S§ IdA=SA ...(4)

where we have used the fact that dA is normal to S, and that only
the curved surface contributes to the integration.

A=2rrd --(9)
Using (3) and (5) in (4),
P= £ (2rrd) ’ ...(6)
]

Using (2) in (6)

_E,, ., dE
P= p $u,e0 r (2xrd)

=nride,E %f—

of P= I S.dA-—-ad—‘;i—‘(ieoE’)
where we have used (1) and the identity
E.‘!_E_.. 1 i E3.

dt T 2 ar
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SUPPLEMENTARY PROBLEMS

S.39.1. (a) Let / be the length of the coaxial cylindrical capacitor.
(Textbook Fig. 30.4). Applying Gauss’s law

Co i E.dS'—-‘—'q u-(l)
we find ,
e, EQ2nrl)=¢q -+(2)

the flux being entirely through the cylindrical surface and zero
through the =nd caps.

From (2) we have

=4 )
E 2neyrl --+(3)
The potential difference between the plates is
b b
= - 9 d _ a3 b
V= j Edr I 2nEyl r " 2nE,l In a
a a
Capacitance c=71_ 2meol_
v In LA
a

Byi
=y | (4)
The energy density is
— .1 g i
u m, 8n?rd «o(5)

where use has been made of (4).

Consider a volume element dv for the cylindrical shell of radii r

and r+dr and of length b (Textbook Fig. 36-7). The energy coa-
tained in this volume elemcnt is

gy Hoi® il d
dU=udv= "% Qnrldr)= i‘-‘;}; A ve(6)

w3t r
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The total magnetic energy stored is given by integrating (6)

b
- = &l S dr _moi?l | b
U j au an r 4= o a (7
‘ a |
But U={Li* ...(8)
where L is the inductance.
Comparing (7) and (8),
L="2—“«‘L In b
] a
Hence, inductance per unit length of the cable is
L # b
I an I a
2 __ 2B
S.39.2. x = Textbook Eq. 39.10. /
' 0B E

—=, =hto 3, Textbook Eq. 39:13.

Differentiating (39-10) with respect to x,
P*E _ _ 3’_5___.3.( 3_11) ﬁ,( . 0E )_ ’E
ox? axor— ot \ "ax )T ot \ Koo T )T Heto Tpe
where use has been made of (39-13).

In order to obtain the equation satisfied by B, differentiate
(39-13) with respect to x

o8 _ . 8E_ . 2(@!5_)
axd”  Fofo o Tt \ox
. B(_0B\_, B
= Hoco ot (_a‘ )—'“o‘o atg
where use has been made of (39.10). We therefore obtain
2B B

a Hete g

oF
$.393. (a) 5~ =Ac

3B
— 5 =Ac
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Thus E and B satisfy (39-10)
oB

—_——=a—A

Koo %‘Et‘z.“o‘o(“/ica) =--4

. 1
Since 3= —
Ho€o

Thus E and B satisfy (39-13)

0E _
(b) ox =Ac

2B_
- —a—t-——Ac

Thus, E and B satisfy (39-10).
oB

—==4

ox

E Act
Hoto gr ="—%’”=‘4

Thus E and B satisfy (39.13).

Qé' — —ct
(c) 7% =Ac e*
OB (—Acet)=Acenet
ot
Thus (39.10) is satisfied.
0B_ _ yoa-ct
—a Ae*™°
E 1

pots —5r =g (—AcN)e ™ =— gerct

Thus (39.13) is satisfied.
0E Ac

@ x" x+et
B 4
--3;'~;1:%,' Thus (39.10) is satisfied.

_90B__ A
0x x<+ct
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L RE_1 At 4
Bofo 3¢ =& xFet~ x+et

Thus (39.13) is satisfied.

(e) To show that the given functions do satisfy equation (39.10)
and (39.13) write for convenience

y=x-—ct
E_ Ay o

Then, fox 3y ox ay
as, Z%-*-l

Also,—g—t-B=——A g %{':Ac g
. Ve

Thus (39.10) is satisfied.
38 A 8/ 38 _ _ 4 3f

T 8x 8y ox 3y
3E Ac 3f38 Acdf _ 3f
o e ay e T gy (TOT Ty
Thus, (39.13) is satisfied.
The corresponding situation for functions of (x--ct) is

E=Acf (x-+ct)

B=—Af (x+c1)
S.39.4. (a), E=En sin wt sin kx (1)
B=Bn cos wt cos kx -(2)
SE_ 3B
S = 8 ...(39-10)
5B SE_ 1 3E

~ax b 5= 5 - (3913)
Differentiate (1) with respect to x and (2) with respect to ¢t and
use the resulting expressions in (39.10).
'%5'=kEm sin ot cos kx

<§?_=—me sin wt cos kx
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‘. kEm sin wt c0S kx=wBm sin wt cos kx
or kEm=wBm ,..(3)

Differentiate (2) with respect to x and (1) with respect to 7 and
use the resulting expressions in (39.13),

~8~B~ = — Bmk cos wt sin kXx
3x
—S—E Enw cos wt sin kx
ot
. Bmk cos wt sin kx= -i—,— Emw cos wt sin kx
or  Buk=Z : 4
Multiply (3) and (4),
1= 2
or w=ck , -(5)
Use (4) in (5) to find,
En=cBmn .-.(6)
(b) The Poynting vector is
1 EB
S=— EXB="" .. (7
Ko By ( )

Since E and B are at right angles.
Use (1) and (2) in (7),

(Em sin ! sin kx)(Bm cos wt cos kx)
o

(EmBm)(2 sin wt cos wt)(2 sin kx cos kx)
4u,

S__.

mBm_ sin 2 kx sin 2 wt
4/“0

N| -

S sin wt dt

(¢)

™ sin 2 kx sm 2 wt sin wtdt

!
[

L
T
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T

EnBm sin 2 kx .
et I sin? wt cos wrdt

2;/.07"

T
__EwBmsin 2 kx in2 i
— b sin? wt d (sin w ¢t)

28T w

-~

=0

(d) The fact that Sav=0 means that the net flow of energy across
a given area is zero. This is reasonable since we are herc concerned
with a standing wave.

$.395. (a) Sav= -1 En0
2 HKoC
or En= Jz_[;CSu-r:'

=« (2)(4n X 1077 webcr/amp-m)(3 x 108 meter/sec)(10 X 10-* watt)
=8.68 X 1072 volt/mcter.
The cffective or root-mean-square electric field is

Eqrinay= f'z' =6.14x1072 volt/mcter

En 8.68 %1072 volt/metcr 9 10
mT=E o mm e ST T e e e () 1 2
(h) B 33 108 oot orTsce 9x1 weber/m

B"l - 9
Brmsy= V2 =21 X107 weber/m?2,
(¢) Total powerradiated
P=4xnr:s
=(4r)(10 X 103 meter)2(10 X 107% watts/meter?)
=1,26 X 10% watts.

S.39.6. (a) By Supplementary Problem 39.1, the potential difference
between the plates is

=_9_ _b Ao 1
V= 2ns,l In T 2me, In a ()
where A= i;— is the charge density.

Let V=E in (1) and using the result of Problem 28.17,
A ;
E= Ao L (2)

2reyr  rIn bla
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Fora <r <b,

/
B=- ;;’Er=yo/li‘/2urk } --(3)
®) s=—_ﬁ’;E xB
= JrR i b @

where use has been made of (2) and (3).

(¢) The total power flowing across the annular sectiona < r < b
is given by
’ b

P= [ S(2wrdr) (8)
[
Using (4) in (5),
b

2zr*K In bla

a

P— ] E2(2xnrdr)

b
T
" Rln b/a r  Rinbla a R
a

Now, E%/R= Py, the rate of Joule heating. Therefore, the result
obtained is reasonable. The Poynting theorem locates the flow of
energy entirely in the ficld space between the conductors.

(d) If the battery is reversed, then E-> —E and because current is
reversed, B+ —B, and consequently

EXB _

So>L (~E)x(~B)= " s
o : Ho

Hence S is unchanged in magnitude as well as in direction.

'8.39.7. (a) The charge on the surface is,
q=2%Rl) o

. w 2nRlsw
current 1=gv=4q '2;' = 'Tﬂ—— =Rlow
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Magnetic induction
=t #o(Rlcw)__Fo SoR. (D)

— s P e e e, ST

(b) Faraday’s law of induction can be written as
§ Ec.dl=E=FEe(2nR)= ::;;9&?
e A oy _pe 4B
== 7 (nR%B) nR ar
Rdow
dt
where use has been made of (1)
RR:'F-OG o l

TN e et e DT e e 2
E %R > pooREax. --(2)
1 1

() ~LlExB= —~( —5 10 RPw )(noGRw)
HFo 2

o
= —}p0’Riwa. -(3)
(d) Flux entering the interior volume of the cylinder
=SA=(3p, 0 R3wL)(2% RI)= pomo RY i e(4)

dB d
Now, n yovRT;;-i=uocR¢ ---(5)

—— 2
wR2p,0 ——

where use has been made of (1). Now (4) can be rewritten as
R dB d (nR’IB’ )

B —
2u,

R%/
SA= ("F R Yo R g Ro)= X -4

where use has been made of (1) and (5).



40 NATURE AND PROPAGATION OF LIGHT

40.1. From Textbook Fig. 40-2 we find the relative sensitivity of
509, for

(@) 510 mu i.e. 5100 A° and 610 my i.c. 6100 A°
(b) Eye is most sensitive for A=5600 A°.

3x10" cm/sec__
~5600X10°® cm

1
=5.4x101 c/s

. Frequency, v=— < =54X10M ¢/s.

Time period, T== 1 =1.85X 10715 secs.

40.2. Gravitational force between sun and the space ship is

Mass of sun, M=1.97 X 10%° kg.

Mass of space ship, m=100 slugs=100X14.59 kg==1459 kg.
r=sun-earth distance=1.49 X 10! meters.
G=6.67 < 10711 nt-m?/kg?.

(6.67 10711 nt-m2/kg?)(1.97 X 103" kg)(l459 kg)

F= (1.49 x 101 meter)?

=8.64 nt.
Force/unit arca= 25 .

since it is assumed that the sail is perfect reflector.
U=1400 watts/meter?
c=3x 108 meter/sec

Total force:=%cg A,

where A is the arca.

Set ?-l—] A=8.64 nt/m?*

o ,B64c _ B64x3xX100
W T 2x1400

=9,2x 10® meter?,
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40.3. Under the assumption that earth completely absorbs radiation,
force on earth due to radiation pressure is
F= v A
¢

weﬁe A=r'cR’, area of a flat disc whose radius is the radius of earth.
it

U=1400 watts/meter2

¢=3 X 10® meter/sec

R=6.4X1{0% meter

2
F-- ﬂ.l.“_‘gg?l!g;/ﬁ.’/gi{ )(6.4x 108 m)? =6.0x 108 nt.

Gravitational attraction between earth and sun

With M=1.97x10% kg
m=6.0 X102 kg
r=1.49 X 10" meters
G=6.67x 107! nt-m3?/kg?
Fe (6.67 X 1071 nt-m?/kg2)(1.97 X 10%° kg)(6.0 X 10%¢ kg)
(1.49x 10" m)?

==3.6 X 10?2 nt.

40.4. Let a plane electromagnetic wave fall perpendicularly on a
perfectly absorbing surface. If the incident momentum per unit
volume is p then the amount of momentum associated with the
radiation falliag per unit time is given by the quantity pc4. By our
assumption, the radiation is completely absorbed by the surface so
that pcA is also the momentum absorbed per unit time by the sur-
face of area A. Thus, the force on this area is

F=pcA.

Hence, the radiation pressurc is given by

P(rad)= f:' =cp=u=e052

where u is the energy density. _
On the other hand. for a perfect reflector, the reflected light has

momentum equal in magnitude but opposite in direction so that the

change in momentum per unit volume is 2 p and the corresponding
radiation pressure is

P(md)=2cp=2u=2e"b"
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As the radiation pressure is doubled, the energy density is also
doubled, half of the photons traversing towards the mirror and an
equal number in the opposite direction after reflection. In general

the above result holds irrespective of the incident energy that is
reflected.

40.5. Let n bullets travelling with speed v strike a plane surface of
arca/meter? at right angles in unit time. Then,

force

Pressurr= ————--- =momentum delivered/sec/unit/area
unit area

=nXmv «(1)

under the assumption that bullets are completely absorbed by the
surface,

Consider a box of length v meters and unit cross-section so that
volume of the box is v meter3.

Energy flowing/unit area/sec=nXx3% m3,
Energy density=n X} mvi/v=% nmv. «..(2)

Compare (1) with (2) to conclude that ‘presswme’ is twice the
energy density in the stream above the surface.

40.6. m=100 slugs=14.59 %X 100 kg=1459 kg.
Fower=10% watts
U=cnergy radiated in 1 day=—=(10* watts)(86400 secs)
=8.64 % 108 joules.

Momecatum delivered to the space ship is,

U _ (8.64x108 joules)
¢~ (3 X 10® meter/sec)

- Velocity increase— L 2.88 nt/meter?
. Yclocity mcred«,e——. --——————-—————“459 kg)

--0.09197 meter/sece=2.0 m/sec.

P= =2.88 nt/meter?

10.7. Consider a sphere of radius r=1.0 meter. Let the bulb be
focated at the centre of the sphere. Consider a small area A at dis-

. A
tance r. Energy falling/sec over area 4=3500X oyt Watts.
Set  A=1.0 meter® and r=1.0 meter.
500
v

- 39.8 watts/meter?®.
4=
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. U
Momendum delivered P= -

(Under the assumption that the surface is perfectly absorbing)

Force =2 _Y___ 398 __ . 0 nt.

force.  1.3X 1077 nt

Radiative pressure= =
P area 1.0 meter?

=1.3X1077 nt/meters-

40.8. The uncertainty in the distancz to the moon.
3R=0.5 mile=0.8 km =800 meters.
- Therefore, uncertainty in time,

8= 3R 800 mecter
¢ 3X10® meter/sec

=2.7 X107 sec=2.7 usec,

40.9. Roemer (1673) was the first person to establish that light
travels with finite speed at about 186,000 miles per sec. The planct
Jupiter which revolves around the sun once in about 12 years, has
12 satellites of which four can be seen with the aid of a low power
telescope. These satellites revolve around Jupiter in the same plane
as Jupiter itself and each is eclipsed once in every revolution
as it enters the shadow of Jupiter. The principle of the determina-
tion of velocity of light consists of estimating the apparent time of
revolution of one of the satellites obtained from successive eclipses
when the earth is nearest to Jupiter and when it is farthest. Roemer
noticed that eclipses take place 164 minutes or 1000 secs late when
earth is farthest from Jupiter compared to when the earth is closest.
The delay is attributed to the extra time that light has to take in
travelling across the diameter of earth’s orbit. Now, the earth’s
orbit was known from the method of triangulation and is around
1.86 X 10% miles. l‘t follows that velocity of light,

1.86 X 108
1000
(a) Refering to Textbook Fig. 40.11 when earth moves from x to

», the earth-Jupiter distance has increased, Therefore, one expects
the apparent time of revolution of Jupiter’s setellite to increase.

=186,000 miles/sec.

(b) Two observations are needed.
(i) Timing of eclipses.
(ii) Diameter of earth’s orbit around the sun.

40.10. The uncertainty of measurement in ¢ is less than 0;0001%’
We should not have an error in the length more than
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AR Ac_0.0001_
"R~ ¢ 100
Set, R=1.,0 miles=63360 in
A R=(63360 in.) X 1078=0.063 inches.

1
1. Set ————— =1,
40.11. Se wrw— 1.01
v’— -‘.‘L 2—
1- ’c’f"( 1.01 ) =0.98

whence, v/c=40.02=014.

40.12. A=4340 % 107® cm
A'=6562% 107 cm
0=180°

(@ v ‘v,l_?/cs(l ~) 'v\/]wc

(AT
1+v/c v c/A by
4 10°8 2
e, o
whence, v/c=0.39
v=0.39 X 3 X 10°=1.2 X 10® meter/sec.
(b) It is receding.

40.13. (a) Let v be the’freqqency of the incident microwave beam.
Let the car be approaching with spped v. Then the frequency seen
by the car is

v =y (14v/c) (1)

Upon reflection the ngicrow.ave comes back as if it was emitted byJa
moving source travelling with speed v towards the observer. There-
fore, the frequency observed

v'=y" (I14v/c)=v(1+v/c) «(2)
where we have used (1).
Av=v'—v=y(1+v/c)d—y
We can assume v/c € 1

Av=v( 1+-2;‘1+-”c-:~)-v

Neglect the quadratic term v3/c3,
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. For a receding car it can be shown, proceeding along similar
lines, that Avez—2y v/c.

() Av=2y a4
: c

v=2450 mega-cycles/sec=2450 X 10® c/s.
Let v be expressed in miles/hour.

¢=186,000 miles/sec=1.86 x 105 X 3600 miles/hr.

=6.7 X 10®* mph
2X2450% 108 c/s
6.7x10° mph

40.14.  v'=v (1—v/c) -(1)

AN=N—2

Av
y

=17.3 (cycles/scc).

=2
c

=(—i'_";7£)_ 1 =(1 '—V/C)—l —1

=( 1+ .. .)...1:_:1'_
c c
where we have neglected higher order terms in the serics expansion.

40.15. A=5500% 107 cm
Radius, r=7X10® meter=7Xx10!° cm
Period of rotation, T=24.7 days=24.7 X 86400 sec
=2.13 X 108 sec
V=wr=2nr|T _
v 2= r
By Problem 40.14, A/\-—/\—c—-/l el

__(5500% 1078 cm)(2x)(7 X 10*° cm)
~ (213X 10° sec)(3 X 10 cm/sec)
=3.8x107° cm

=0.038 A°.

40.16. v=40X% 108 c/s

v=v (14 %—cos 0)

v
Av=v —y=y= - cos 0.
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Now, AB=-—vt, since on left side of B, time is minus.

BC==250 miles.
B — —-v
AC AV (250p
where ¢ is negative and is expressed in hours. For the path 4B,

Ay —wh  —3.87x10%¢
¢ V24 (250)7 N r2+1.9x 104

cos 0=

(For the path AB)

6
v=18000 mph t-0 X10 _1
VA‘\(@ ‘IB Q &Y
\\ : e 1
-5 0 +5 min.
Mo fso t—
\ :mlles
N —uxi0®l
Fig 40.16 (a) Fig. 40.16 (b)

For the path BQ, t is positive and consequently Av will be
negative. Fig. 40.16 (b) shows the plot of Av against ¢.

40.17.  ¥/c=0.2
ABlue=4750 X 10~® cm

V= v (1—v/c) v\/_—WE

Yy 1+v/c
i_Jl-O 2-0.816
v 140.2
Ay =Ay
. y_v _4750x10™* cm -
N =A== 5821 X 107* cm.

The colour would be yellow-orange (see Textbook Fig. 40,2).

v _ 8.61 X 10° meter/sec

40.18.  B=--=Zox10° meter/sec =2.87x107

(l-Hi cos 6)
‘Vi=p

(@) V=
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Set 0 =180°
v'=v (1—B)(1—F) " 8=y(1 —B)(1+1p*+......)
=v(1—B+1p%)
Avy=v—v/=v(—1p
Set 0=0

vo'=v(1+B)(1—pY)a=v(1+3)(1+ 462+ ... ..)
=v(1+8+p=14p%
sz=vz'~v=(ﬁ+§ﬁ')
By _sz AV
() vy’ =v(1—p+p*
Avy=v(3—p%)
vo'=v(1+8+p%
Avy=v(3+0%)

%v - sz;- Avy_ =20?=2(2.87 X 107%)=1.65x 1075

=p1=(2.87 X 1073)2=0.824 X 105

See Textbook Table 40.2 for comparison,

SUPPLEMENTARY PROBLEMS

¢ _3X10° meter/sec_ . ¢
. oA, —_= = l
S.40.1. (a) v =3 3 meter 10°® cycles/sec
_ Em__ 300 volts/meter _ 2
®) Bm—-—c_ 3% 10° meter/sec 10¢ weber/m

B is perpendicular so both E and the direction of propagation.
(c) =Em s8in (kx—wt)

2r __ 2=n

A 3.0 meter

w=2rv=(2%r)(10° sec™?)=6.28 X 10® radians/sec.

k=

=2,09 meter™l.

(d) Time average rate of flow of energy is given by the average
value of Poyntmg vector, Ses,

s .1 EnB _ (300 volts/meter)(10™* weber/m?®)
2, ™" T (2(47 X 1077 weber/amp-m)

=119.4 watts/meter?.
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(e) For a perfectly absorbing surface of area 4 momentum
delivered per sec,

S.o __119.4 watts/meter?
c 3 X 10® meter/sec

=4X 10774 nt.

force _ momentum delivered/sec

Radiation pressure=

area area
% 10~7
=4 12 ANt 1077 nt/metert,
ExB_ §
S.40.2. COE X B— oY) T.LT ('2
Since = 1 and S=EXB is the Poynting vector
Koo Ho

IS] __[power/area]
[c?]  [(velocity)?]
—(ML*T73/L%]_[MLT™']_ [momentum]

[LT™1])2 [L3) [volume]
S.40.3. Gravitational force on the particle of mass m and density
p at a distance r from the sun of mass M is

Mm __GM 4xnR3%

Fr=G =0 ~3

[e,E XB]=

,.z
4 - k R3
=_"(6.67% 10711 nt-meter?/kg?)(1. %0 =g ) 7
3 6 nt-meter?/kg?)(1.98 x 10 kg)(lOOO . ) p
— 22 3
=553X%X10 "},‘" nt : (1)

where R is the particle radius.

Solar radiation received per second by the projected area =R* at
distance r from the sun is

2
U=(Mean total solar radiation) ("'""—:,ﬁ.a)

R? R?
=(3.92 X 10?8 watts) ar =9.8X 1038 T watts.

Momentum delivered to the particle per second is,

U
==

Thus the radiation force

U s & )( 1
Froa= p ( 9.8x10 pr watts IX10" mater /scc)
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Condition that the ‘particle is blown out of the solar system is
Far<Fral
Using (1) and (2) in (3),

1
s53x10m & < 33x 100 &L
r r

(@) or R<5.9X1077 meter e(4)

(b) Set R=R, in (4) : The critical radius
R,=5.9 X 1077 meter.

(¢) Condition (4) is independent of r. Hence, R, does not depend
onr.



41 REFLECTION AND REFRACTION—
PLANE WAVES AND PLANE SURFACES

41.1. A stationary disturbance produces spherical wave-fronts.
However, in the present problem the wave-front of the disturbance
can be found out by exciting in sequence a row of stationary sources
of disturbance. We can determinc the disturbance at a subsequent
time 7, by drawing spheres of radii u (t2—¢,) around various
points along the path of the object. The resulting wave-front is the
envelope of spherical waves which originate at the nose of the
fast moving object at successive instants in its flight (Fig. 41.1).
The wave-front is a common tangent to the secondary wavelets
given by the usual Huygen’s construction. The envelope would be,a
cone of semi-angle « given by
. ut u
sin a= -— = -—
vt v
Should v be less then u than « would be imaginary and the spheri-
cal waves have no envelope. In other words, no wave frontis

formed.

vt

vt

Fig. 41.1
41.2. Mirror is rotated through angle . The normal is also rotated

through angle =, NBN’=x. The reflected ray BC becomes BD for
the new position so that angle of rotation of the reflected ray is

CBD.
ABN'=N'BD
CBD=N'BD+CBN’
= ABN'+{NBN'—NBC)
= NBN' +ABN+ NBN'—NBC

But NBN’=« and ABN=NBC



Reflection and Refraction— Plane Waves and Plane Surfaces 285

CBD=12a

that is, the reflected ray is rotated through 2« if the plane mirror is
rotated through «.

41.3. From Textbook Fig. 41.2, n=1.46 for A=5500 A

3 X 10® meter/sec
1.46

i

v

f

=2.05 X 10° meter/sec-

4
n

10
414, (@) v= £= 3x10 SIS 509X 101 sec™,

A 5890X%10~° c¢m
= —/_\..= .5_8?_0._é. = .
b X= - e =3875 A

(c) As the frequency in the medium remain . unchanged

y=vA’=(5.09 X 1024 sec1)(3875% 10~% cm)
=1.97 X 10?° cm/sec. '

3 X 10® meter/sec

1.92 X 10° meter/sec 1.56

415 n="=
v

41.6. (a) 37=0.00001
»=3 % 108 km/sec

or c=ny

de=vdn+ndv (1)
Since » and v are uncorrelated,
Sc=4/ (dcp=o Bnl v+ (8)F iz -2

From (1) the extra uncertainty arising from uncertainty in
refractive index is

0.00001
1.0003

(b) Now ndv=(1.0003)(1 km/sec)=1.0 km/sec

v8n-—8n =(3x 108 km/se ) ( )=3 km/sec

3c=4 3y +(1)=410 =3.16 km,
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If we want to reduce 8¢ to 1.1 km
Set  3c=1.1=4(3X 105X )2 +1?
or 3n=0.0000015.

f'l;hsus, n should be measured with an accuracy better than a factor
of 15. |

417. In Textbook Fig. 41.6 we find the angle of incidence 8=59°
and angle of refraction «=35° so that the refractive index
n=S100_sin 59" _ | 49. The angle of deviation $—=48°

sine_ sin 350 — 1-49- The angle of deviation ¢=48°.

Fig, 41.7 (3)

In I:ig 41.7. (a), the ray is traced for the angle of incidence

1=40.

The angle of refraction a, at the first refracting face is calculated

. . Aeo
from sin «,= s': b _ ST :; . We find «,=28°20".

As the angle of prism ¢=70°, we find a,=¢—a,=70°—28°20’
==4]1°40’. The angle of emergence 0, is calulated from sin 8,=n sin
«y=1.49 sin 41°40' ; whence 0,=82°. The angle of deviation
$=0,—«, +0,—a,=45°—28°20'4-82°—41°40’=57°, v

"N" AN

Fig. 41.7 (b)

In Fig. [41.7 (b), the ray is traced for the angle of incidence
8,=75°. Proceeding as above we find a,=40°25, a,=29°35,
9,=47°22" and ¢=52°22'.
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418. (@) n=1.52
Critical angle of reflection,

. 1 1 )
= T
sin 0 . is3 6

0. 120024
When ¢ 1~ maximum, x will be least (Fig 41.8).

But « is complimentary to § and so also 6, is complimantary to
B, so that a=:0,~=t,. But least value of 8, is 6. for which total
internal reflection takes place.

. Max. value of ¢ is 90 —a=90—41°=49°

Fig. 41.8.

Ngtass __ 1.52
=113 =1.14

(b) N(watey_glass)

Nu uter

sin 0= LI —!——-—:0.877
n .
6.=61.3"=61°
Set a=61"
¢rml.r':'~‘>90"'a=90_6l :""29
41.9. 6 is small, so that «is also simall. Henee ©==2(0—x) is also
small. Angle of prism ¢ is also small.
sin (9+-4/2) _ (¢ +¢)2
sin ¢/2 é/2
Simplify and rearrange to obtain
ng=y+¢
or y=(n—1¢

n=s
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Thus, the angle of deviation is independent of angle of incidence.
41.10. ¢=60
n=1.6

1
(@) n-sm «

sin at2=-1-1~6— =0.625
a,==39°
90 —a, +90—a,=180—¢

sin® _
sin «
. sin O=nsin a;=1.6 Xsin 21°=1.6x0.358=0.5728.
or g=235°
(b) «,+a,=¢
Set o, =a,
2a, =¢=60°
or a,=30°
_sing _
sin a,
Joosin 8=n sin a;=1.6 Xsin 30°=1.6 X0.5=0.8
or 0=54°,

Fig. 41.10
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41.11. 6,=45°
sin 8,

sin =

8y =60°— oy

sin 0,=n sin «, ; $=0,—a,+0,~«,

Light A n %, a4y 0y ¥

Blue 4750 A 1.463  28°54' 31°06’ 49°05  34°0%
Yellow-green 5500 4 1.460 28°58"  31°02" 48°49" 33°49
Red 6700 4 1.456  29°05" 30°57" 48°22" 33°29

8, sin 0p

10° 0.17365
20°  0.34202
30° 0.50000
40° 0.64279
50° 0.76604
60° 0.86603
70° 0.93969
80° 0.98481

Fig. 41.11
0y sin 0,

7°45' 0.13437
15°30° 0.26724
22°30' 0.38268
29°0' 0.48481
35°0° 0.57358
40°30’ 0.64945
45°30° - 0.71325
50°0’ 0.76604

sin 8, -
sinby
1.292 +0.018
1280 +0.030
1.307 +0.003
1.326 —0.016
1.336 —0.026
1.333 —0.023
1.317 -0.007
1.286 +0.024

n=1310 + 0.02
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3=deviation from mean value

a= 1/ c* =0.020
Observations are consistent with Snéll’s law.

41.13. See Fig 41-13

0/a=n
6 . X
or a=- ; sin (90—0)= - (1)
b tnaca=t - (2)
t . n
@+8) _ an 05 (3)

t

X
cos 0=l=—5 or a=x

a+b=x+9nf —0r

whence x=0t (—P—%——l—)

41.14. For Aviue, np=1.463
For /\rcd, Anr=1.455
For blue light Ocriticar=43.1°. ~ Fig. 41.14

For Red llght Ocrsticar=43.4°

(a) At 0c=43°, blue light will be internally reflected but red light
transmitted, as the critical angle for the red light is slightly greater.
Therefore, when white light travels fused quartz, at around 0=243°
internal reflected light will contain blue component and red com-
ponent will be transmitted.

(b) As the angle of incidence is allowed to increase the internally
reflected light will contain both blue as well as red components.
Separation of blue colour is not possible.

41.15. sin 8.=1/n

The fraction of light energy that can S
escape is equal to the fraction of the —es -
solid angle through which the light can T~ -~ p
pass upward, towards the surface with- 9_4"\ »
out total internal reflection. Let the  C! \ h
light go thrcugh a cone whose half \
angle is equal to the critical angle 6.
such that sin 6c=1/n, where n i1s the \
refractive index (Fig. 41 15).

The fraction of solid angle . Fig 41.15
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f;= 2m(1—cos 6:) . 1—cos Be
4 - 2
or f=3—1Ssin? 0, =2~ ndmi—1
For n=1.33,
1 1

f== _2~§—-—1.3‘3x/(133)'-1 =0.17.
41.16. In Fig. 41.16 sin 0,=} n
But s.in b _
sSin. «
sin a=4
or a=30°; B=60°

v=180—(754-60)=45°

Fig. 41.16
3=90°
ay=30°
sin 0
n= ——2
sin oy

sin 84==n/2=sin 6,
8y=8,
1t is sufficient to show that the normals at the surface on which
the ray is incident and the one from which r emerges are at right

angles. But this is so, as these normals are parallel to the two faces
which are inclined at 90°.

41.17. Let ny=refractive index of glsss in air,
m=refractive index of liquid in air.
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n,—refractive index of liquid with respect to glass

"1¢=n¢/m ,..(l)

At small angle 8 incident ray will be able to penetrate liquid and
escape into air. By increasing 6 continuously, we can find when the
total internal reflection occurs at air-liquid interface. Let the criti-
cal angle be 6;. At the critical angle the ray suffers total internal
reflection at the liquid-air surface and goes into the glass and can
be observed.

1
| ( P —— oo
sin o @

_ If 8 is allowed to increase then at a higher angle 05: the ray suffers
internal reflection at the glass-liquid surface.

...(3)

Npl= —
7 sin 0

The refractive index of liquid is found out from (2). With the use
of (1) and (3) together with the knowledge of n, gbtained from (2),

the value of refractive index of glass (n,) can be found out.

The method works provided n, > n,

a1.18. S04, (1)
8in «
Also, n= b oot L (2) <
> "7 sin B sin (90 —a) cos «
1
From (1), sina= ——— ,
. . v 1 2n2—1 /]
. cosa=1—sin? a=l—2f’;;= “omi --(3) /,’
Eliminate cos « between (2) and (3) »
1 2w N _
o 2mt \\_
1¢€. 2”2—2'3-1_—'0 Fig. 41.15

SIS (14 43)
n=1,366

. 1 1
41.19. sin 6.= n =f5“0'6667
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S 0.=41.8°
tan 0. =6'"3 '

r=0.5 tan 0.=0.5 tan 41.8°
=0,5%0.8941 =0.447 cm.

Area of each circle=nr2=nr(0.447)2
=0.627 cm?.

Area of each side=1.0 cm3.

The centre of each face must be
covered with a circle of radius
0.45 cm. Fig. 41.19

Fraction of area covered is 0.63.

41.20. Consider a ray to proceed from the point 4 and upon reflec-
tion at Bin the plane P to arrive atthe point C. (Fig. 41.20).
Construct the normal N through A perpéndicular to the plane P.
Extend the normal N as far behind the mirror as the point 4 is in
front of the mirror i.e. A’D=AD. Join AB and draw the straight
line A'BC. As the triangles ABD and A'BD are congruent,
AB=A’B. Hence, the path ABC=A'BC. Now ABC is one possible
path fron A to C via the reflecting surface. For any other path
AB'C is equal to A’B'C which is greater than 4'BC since the side of
a triangle is shorter than the sum of the two other sides. In accor-
dance with Fermat’s principle light follows the path ABC which is
the shortest. It is obvious that any path from A4 to C via a point B”
on the plane P but outside the plane of paper will be greater than
the straight line A’BC. Hence, the reflected ray lies in the plane of
incidence, this being the plane containing the incident ray AB and
the normal to the reflecting plane at B.
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41.21. The total optical path is
I=Va+ .2+ Vb +(d—x)? (1)

A XX (@t 2 (— 1)) = X0

Lo x ___d—x
© Wdaitxr AR (d—x)

Solve for z to find x=——‘1‘i <@

a-+b
Use (2) in (1) to find

1=A &+ (a+b) ..(3)
dxt —dx vx*+a*  dx V(x—d)?+b

— 2 —
dxifar X1—xX —ili*/x’—iaz vV (@—d)r+pt X 1—(x—d)

- **+a? (x—di+5?
1 2X(x—d)
X2 XV —dr+b
a? b2
=(xs+aa)alz+ [(x—d)2+b8]3/2
(a+b)¢ -
= abld*+(a+ by — POSILIVE
where we have used (2).
. 1 given by (3) is a minima.

Next consider the problem of refraction.

I=mbytnah=n, A A+t VEFEA—2F  ..(4)
a _, 1 _2x | mxiXA-Dd—x)
dx T 24d a4 i (d—x)
, _Q!_ . b ny(x—d) )
or dx “da¥xr A Pr(x—dy

= 1
2 m[da’-i—x‘ X1=-xX .%.xzxxW’]
p > (a*+x%)
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| N 2 (x—d)
[«/b=+(x-—d)=x 1—(x—d)x.L L m]
(b2 +(d— x)’]
d*l n,a? ngb?
’d?’:(aa_‘,;z)an +fb‘+(d’-—x)2]—“73 +-(6)

For any value of x, expression (6)is positive showing thereby
t hat it is a minimum.

41.22. Optical path /=AC-+CB.n
Now, (AC)?==(CD)?+(AD)2—2 (4AD)(CD) cos ¢
=R2+(a+R)*—2 (a+R) R (1—¢%/2)

where we have expanded cos ¢ upto two terms. Upon simplifying
the right hand side we find,

(AC)*=a*+R(a+R) ¢*
Similarly,
(BC)*=a%—R(a—R) ¢*

I=4 @+ R(@+R) $*+nva*—R(a—R)

al 1 24 R(a+R) | nX}x2¢ R(R—a) (1)
6~ 2 “Na*+Ra+R)y¢ ' YA+ RR—a)ét

Setting al/a¢=o as the condition for maximum or minimum,

we find
a"l"R . n(a—R) ".(2)

V@ +R@¥R# ~ v+ RER—a)
Differentiate (1) with respect to ¢,

R ARG . bR (R—a)
2 fa“LR)[ YRR — T RGTRE ]
o= [+ R(@+R)¢?)
e $.26X} R(R—a)
+nR(R— )[‘/a”‘R(R MW~ TETRR=—a%
nrfa [+ R(R—a)¢]
L] a*R(a+R) a*R(R—=a) n 3
O B[ TRatRFTA T@TRR—aP ~3)

Use (2) to eliminate the dinominator of the second term in (3).
Then (3) becomes
b SNatR) [ (etRY]
3~ [+ R(a+R)$ ' n¥a—R)*
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As the expression outside the square bracket is always positive,
2
the sign of g‘f,glz depends entirely on the sign of the expression in the
3, - ..
square bracket. Thus, §$: is +ve (condition for minimum)

i (a+R)?

n"(a—-R)“’< 1
a+R
or n(a»——-———__ B <1

i.e. a+R < n(a@a—R)
or a(l—n) < —R(n+1)
or a<R -%:;-‘_—t-%
Similarly, condition for / to be stationary (not changing) is
o Rint D)
(n—1)
and for / to be maxima,
(n+1)

a> R (n‘*;‘ﬁ

SUPPLEMENTARY PROBLEMS

S.41.1. The opening angle 8 for the Cerenkov radiation is given by
1
cos 0= B (1)

with B=v/c and n the index of refraction.

Minimum speed of electron is obtained by setting 8=0 in (1), in
which case

ROV S
ﬁ(mtn) 1.54-—-0.649

whence v(min)=0.649 ¢=(0.649)(3 X 108 meter/sec)
=1.95 x 108 meter/sec.

S.41.2. (a) Imagine that the atmosphere is divided into horizontal
layers of increasing index of refraction in going from top to bottom
as in Fig. S.41.2. Let the rays of light from a star be incident at an
angle 6, with respect to the zenith. As the ray traverses various
layers of atmosphere bending occurs in accordance with Snell’s law.
The curved path which the ray travels is approximated as a series of
straight lines in various layers. The bending takes place towards the
normal in each layer as the index of refraction ~progressively
increases in traversing down. Applying Snell’s law to various layers,
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1
N1, :
71N O
1 \\d n‘
)N -
lxz
]
’ ﬂz
Ny
n
2\
oy \ n
f
I
Observer
Fig. S.41.2
ny sin 6,=n, sin «, (1)
ng sin 0;=ng4 sin «y -(2)
n; sin 9¢=n, sin ay ...(i)

Add equations (1), (2)---(i). Note that 0,=a,, 0;=a,...
we find,
ny sin 6,=n, sin oy
where as is the apparent angle of the star andy ns the index of refrac-
tion at the point of observation. Furthermore, we can set n;=1 as

the uppermost layer of the atmosphere is so tenuous that it is as
good as vacuum.

We therefore find,
. sin 0,
sin ay=
ny

showing thereby that the apparent angle of a star is independent of
how n varies with altitude and depends only on its value at the
carth’s surface and on the incident direction.

(b) Owing to the curvature of earth, the atmospheric layers of
uniform refractive index are no longer horizontal slices but are now
spherical shells. The analysis is complicated by the fact that the
normals at various layers are no longer parallel but tend to con-
verge at the center of the earth. The angle of incidence at one layer
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of atmosphere is no longer equal to the angle of refraction at the
previous layer. Thus, unlike the previcus analysis, cancellation of
various terms is no longer possible. In particular, the angle of the star
with the zenith will be larger and will not be independent of the

variation of refractive index with altitude.

S.41.3. The critical angle is given by <\
. 1 . 1 L >

— -1 - = -1 _—_

0,=sin " =sin i3

=49°,
The radius of the circle is
r=(80 cm) tan 6.
=(80 cm)(tan 49°)=92 cm.

Therefore, diameter of the largest
circle is 2r=184 cm.

S.41.4. From Fig S.41.4,

sin 0
— =n
sin r
. sin@ _ sin45°
sin r=— 133 =0.5316
or r=32°
I
|
|
19 e

80 cm

&

Fig. S.41.3
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BG=DG tan r=(1.5 meter) tan 32°=0.94 meter
GA=DE=EF=0.5 meter
AB=BG+GA=(0.9440.5) meter=1.44 meters.

Thus, the length of the shadow at the bottom of tl;e pool is 1.44
meters.

S.41.5. (a) From Fig. S.41.5 (a),

sinb _ -
sinr M
. 1
sin Oc= - -(2)
90=90-—r '--(3)
~. sin 8o=sin (90—r)=cos r
cos r=1/n «.(4)

where use has been made of (2).

\\
Fig. S.41.5 (a)
From (1), we have
08 :
sin r= 2101 | wo(5)

n
Squaring (4) and (5) and adding,
cos*r+sin®r=1/n? (1+4sin? 6,)=1

Hence, n=+1+sin? 0,
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(b) The maximum value of 8, can be 90°. 0;(mas)=90°
sin Ol(ma.)=sin 90°=1

n(moz)=Jm= '\/2

Fig. S.4L5. (c)

(c) For 6>6,, ray diagram is shown in Fig. S.41.5 (b). The ray
emerges at the other side of the prism.

For 0<#8;, the ray diagram is shown in Fig. S.41.5 (c). The ray
suffers internal reflection.

S.41.6. (a) For normal incidence the ray passes undeviated through
the air-water interface. From the geometary of Fig. S.41.6 (@), the
angle of incidence as well as the angle of reflection at both the
mirrors will be 45°,

Consequently, the angle of total deviation will be 18Q°. In other
words the emerging ray will be antiparallel to the incident ray and
will go out undeviated as it fails normal on thz water-air interface.

(b) Let the angle of incidence at the first and second mirror be 0
and « respectively.
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1.50 - ‘r‘)\_ /
LY
/ /.57\
/
N
Fig. S.41.6 (a) Fig. S.41.6. (b)

From the geometry of Fig S.41.6 () it is obvious that 6+4a«=90°,
Total deviation, 8 =n—20-}nr—2«
=2r—2 (0+4a)

=2n—2(-’2‘-)=n

Thus, in water the incident ray and the second reflected ray must
be antiparallel. Hence the ray incident obliquely on air-water
interface and the emergent ray must also be antiparaflel.

(c) The three dimensional analog to the above problem is the
arrangement of three plane mirrors hinged at right angle to earth
other like two adjacent walls and the ceiling of a room. A light
ray incident on any of the mirrors after single or multiple reflec-
tions will emerge as parallel to the incident ray. The proof is an
extension of that given for two mirror problem.



42 REFLECTION AND REFRACTION—
SPHERICAL WAVES AND
SPHERICAL SURFACES

42.1. (@) 0=45°
e 2 360

) 1=—2~5‘—'l=7
®) 0=60°
_360 .
n=-e5 1=5
(¢) 0=120°
360
=120 ~1=2
42.2.56=90°
360
=gy —1=3

42.3. Since the image will be 10 cm behind the mirror, the distance
between the observer (who is standing 30 ¢m in front of the mirror)
and the image of the object, will be 30+410=40 cm. Hence, the
observer must focus his eyes at a distance of 40 cm.

Mirror
Image Object Observer
| e esssenaes | o enmemanns L]
10 cm 10 cm
30 CIY) osmsn—

Fig. 42.3.

42.4. 0, and O, are the images of object O respectively By mirrors
M, and M,. Rays are shown for this image formation O, and O, are
images of images resp:ctively of O, by mirror M, and O, by mirror
M, (rays not showa for the simplicity of the figure). Obviously,
0M1==01M1, OMg’*OaM,, 011“{2=03M2 Ole'—=04M1, with
2 0M1=0M’.
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!
|
a
1
|
|
)
|
|
|
|
]
}
|
i
0
A
P
-~ s
LLL L LAL%LAL[&W(
M,
|
|
0

e - — e ———

77///////”(//////Y/7/‘/1171//7117
~ \ M?
N \
N

N
N

4 _
/ -

e

__._._____—_.:.—.._—
S) S

Fig. 42.4

42.5. Paraxial rays, i.e. bundle of rays close to the axis upon
striking the sphericai mirror are brought to a sharp focus at F in
the focal plane. However, rays which travel further from the axis
da not form the image at'a common point, give rise to spherical
aberration. In Fig. 42.5 (a) are shown parallel incident rays at
large distance & from the axis which upon reflection cross the axis
closer to the mirror. Along the axis the size of the circular image
is of least size, This is called circle of least confusion,
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Paraxial
-foca! plane
| 4
‘;__._ ’—4-—_"___———‘——
,I: Circle of Axis
least confuscin

e

——
Fig. 42.5 (a)
A - g
Axis‘/,’r;/’: . p
F O

C

Fig. 42.5 (b)

That the parallel rays away from the axis upon reflection from
the mirrors cross the axis inside the paraaxial focal point F can
be easily proved with reference to Fig, 42.5 (b). According to the
law of reflection the incident ray AB after reflection goes along BD
such that angle of reflection « is euqal to ¢, the angle of incidence

which in turn is equal to BCP. It follows that triangle BCD is
isosceles so that CD=DB. Now in a triangle a side is smaller than
the sum of the other two sides. In triangle BCD,

BC<CD+DB
Now BC is the radius of the mirror and is equal to CP.
Therefore, CP < 2CD
or 1CPi< CD
But 3 CP=CF, since focal length is half of the radius of curvature.
Thus, CF<CD
Therefore, the point D lies within the paraaxial focus F. As the
point B moves toward P, the point D approaches F.

42.6. Following formulas are useful for completing the information
in the Table regarding the spherical mirrors.
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a b c d e f g h

Type concave plane concave concave convex convex convex concave

f +20 o© +20 +20 —-20 —20 —20 -+ 8
r +40 oo +40 +40 —40 —40 —40 +16
i 20 —10 +60 +30 —10 —I18 —4 +I2
0 +10 +10 +30 460 +20 —180 45 24
m +2 +1 42 -05 405 +0.1 40.8 -—0.5
Real No No Yes Yes No No No Yes
Image
Erect Yes Yes No No Yes Yes Yes No
Image

The results arc in agreement with the graph shown in Textbook
Fig. 42.16. :

1 1 _ 1 .
42.7. —0—+—7 =F . (1)
Longitudinal magnification (m’)
’ L il:_ = — _lj- — e
(a) m= do o? =-m

i . .
where m=-5--—=transverse or lateral magnification.

’

I i
o T =S
P I A o
™= o—f
Ignoring the sign
A
I —-Il_ par

(b) Differentiate (1) holding f=constant.
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_do _di _g
ot it
or a__ = =—m?
do o?

’

m’=~;—=m2, ignoring the sign.

(¢) Since transverse magnification m=longitudinal magnifica-
tion, m’

’

m=m
But m’' =m?®
: mi=m
or m=1
__f _ e
m= iy 1 or 0=2f=R

Therefore, object must be placed at the centre of the curva-
ture of the mirror.

42.8 (a) When viewed normally, N

y—_actual depth ,
"~ apparant depth y
. apparent depth ;{g 7
_ actual depth A ny
n |
8.0 ft | 60°
=0 = /
133 6.0 ft. | ,
(b) Si‘l_?_’gj=l 33 L7/ Taot
7 sinr :
. 0.5 8
whence SII/Fl r= 133 =0.376
or r=22°
x=80Xtanr
=8.0X tan 22° X
=8.0x0.4=3.2 ft. Fig. 42.8,

AB=AC tan 60°=3.2X 1.73=5.54 ft.

in
429. M7 —p =133
sinr

D
tan 0—--32;
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FH _ FH
tanr, —D‘i{--— —-—2.0
tan = iG._=._4_q_
" Fc 4
AG+FH=CD
sinrg  m 1.33
| O
C L D
P a )
ny=133 : X /'/// /l ir(%
A i
I F H
ay \
=1-46 ! .
"2 | p
|
rz: l
1
A G E
Fig. 42.9

Consider angles 6, r,, and r; to be small so that tan 6=0 etc.,

0= 1.33 ry
FH
n=39
FH=20r,
AG
=70
ryfra=1.1

AG=4r':4r1/l‘l
CD _ FH+AG _ FH+AG
=% 0 1.33r,

S
1.32

BC

(2.0+ —%)94.23 cm.
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42.10. A usecful formula for filling up the given table with informa-
tion concerned with a spherical surface separating two media with
different indices of refraction is

LU RO i
0 i r

a b ¢ - d e f g h

ny 1.0 1.0 1.0 1.0 1.5 1.5 1.5 1.5
n, 1.5 1.5 1.5 Indeter- 1.0 1.0 1.0 1.0

minate
) +10 +10 <471 +20 +10 410 4+ 70 4100
i —12 —13 4600 —20 —6 —7.5 —105 +600

r +30 —32.5 4+ 30 —20 430 —30 + 30 —30

Real No No Yes No No No No Yes
Image

The rays are shown in Fig 42.10 for the situations (a), (b)..-... (h).

(9) (h)
Fig. 42.10

42 7,. Following formulas are useful in completing the information
in the given table regarding thin lenses.

1 1 1
()+_l:- f
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@12 Myl _Tah

0 i r
Set n,=1 for air
n1=n
Lyr -l
0 i r
If o=o00, then i=nr[(n—1)=f}.

This value of i gives the distance of the second principal focus
from the pole. On the other hand if i=c0 i.e. the beam becomes
parallel after refraction, in that case n/i=0 and o=rl/(n—1)=f,.
This value of o gives the distance of first principal focus from the
pole and is called the first focal length of the surface.

1 1 1
42.13. —_—t—=— (1
(a) 01+11 7 . 1)
1 1 1
B + =7 «e(2)
i1+01=i3+03=D "‘(3)
il—i3==02—ol=d "’(4)
From (3), il=D'_'01 "'(5)
iy=D-—o0, ...(6)
s ;2
o] 02 >
-  —»
0 0 -
D . >
h o
Fig. 42.13
Use (5) in (1) and (6) in (2),
1, U1
0y -0 f D
1 1 1 .
0 D=0, f - (®)
Subtract (8) from (7),
1 1 | 1

——— o 0

01 0' +D‘_01—D"‘0’ =
which simplifies to
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D#0
=01+0’ ...(9)
also, d=o0,—0, «.(4)
Solve for o, and o,,
D—d
o="5" ...(10)
D+d
02=_'_2*"_~ (11)
Use (10) in (7) o obtain,
d=dD(D—4f)
_h _D—o
(b) m,= o, = "o, -(12)
_ D=0
my= - =—- ..(13)

Use (10) in (12) and (11) in (13) to get
mz_(’t_‘?_ )2
m, \D+d

L (1L
42.14. _“'—(n—l)( r ""ry )

Centre of curvature C’ lying on the R-side is +ve. Sor’is posi-
tive. .
S f = +ve. Hence, it is a converging lens.
() r'=0
1__ (=1
f r’
r"=+ve, since C” lies on R-side.
Hence, f= —ve, thatis, it is a diverging lens.
(¢) Both r’ and r" are +ve as C' and C” lie onthe R-side. We

! J-) is +ve. Thus,

.

note that r’ < r”. Therefore, the quantity (7 e
f=+ve. Hence, it is a converging lens.
(d) Both r’ and r* are +ve as C’' and C” lic on the R-side. But

r>r.
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(l— -l) is negative
ror g
f=—ve. Hence, it is diverging lens.

42.15. Let the object be placed at distance o from the first lens of

focal length £,. Let this lens produce an image at a distance i;.
1 1 1

S5+ s -.(1)

The image at i, serves as a virtual object for the second lens of
focal length f;. Let a real image be formed at i,, then,
1 1 |

U AR

.(2)
Add (1) and (2) to obtain
AN N2
- 0 \/ Iz I’
Fig. 42,15
1 1 1 1
o T i h +f2 )
Now, consider the combination to be equivalent to one single
lens of focal length F. Then,
1.1 1
o i’ - F "'(4)
Combine (3) and (4) to find
L_1.1_fth
F NhThHLhT AS
po fifo_
h+/fa
42.16. Let D=o-+i
or i=D—o (1)
1.1 1 :
o i~ f -(2)
Use (1) in (2) to eliminate ;
1 1 1
o th—=7

(3)
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re-arranging the equation,
0?—oD+Df=0
Solving the quadratic equation
D+ D*—4 Df
o= 5

In order that o be real, the expression (D®*—4 Df) under the
radical must be +ve, thatjis, D* > 4D forD > 4 f.

1
r’)
n=1.50 ; f==6.0 cm
r’=2r';r'is +ve since it is on R-side.
r” is —ve since C” is on V-side.

1 1 1
L =(s-1) (7*27")
r

Solve for r’ ; we fiind r'=4.5 cm.

1 1
42.17. 7= (n—1) (;/

r’'=9.0 cm,
1 1 1
42.18. >t T=7F -+(1)
Set x=0—f or o=x+f «(2)
x'=i—f or i=x'+f «+(3)
Substitute o and i from (2) and (3) in (1) to obtain,

LU

x+f ' xX+f " f

x+x'42f 1

GFAC+NT 1

Cross multiply and simplify to find the desired result,
fi=xx'

42.19. Let ¢ be the angle of incidence and 8 the angle of refraction
at A. Let r be the radius of the sphere and n the index of refraction

of the material of the sphere. Obviously ABC=0 and E§F=¢. Since
DA is very close to GC, both 6 and ¢ are small.

As sin ¢=n sin 0, we can write
¢$=nb

Now AéG=¢
BCFmx—BCA—¢

(1)
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=ng—(rn—--20)—¢
=20—¢
Also BFC=EBF—BCF
=¢—(20—¢)
=2 (¢—0)
In A FBC,
FC sin FBC sing é

"BC “sin BFC " sin 2 ($—0) ~ 2(¢—0)
Thus the equivalent focal length,

_ $ _ ar
FC=BC 50 =0)=7 (n=1)

nr r(2—n)
FH=FC— HC= 2 (n=1) —-r= 2(i=1)

£
‘W 2 0
F G
Fig. 42.19

1 1 1

42.20. — 4+ — =—

o + i N

1 1 1 A
2f1+.——=71— . 11—2f1

The first image is located at a distance 2 f, from the pole of
concave mirror 1.e. at the centre of curvature.

RN+ I-2/=21]

I
- P - — 2 --‘-‘ﬁ
== ~ ~ -
Y R S A > r

g iy
V—\*“:\ B -7 o
—~= —— e —
N

1

|
—2f) ———— 2fi+f)) ——

Fig. 42.20
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The first image serves as an object for the concave mirror
1 1 1

Wt TR

1 1
zfl+ il o fi
or i3=2 fy

The image will be real, erect and at the same place as i; ; m=1.

42.21. (a) C, is on V-side and so r, is —ve.
C, is on R-side and so ryis +ve.

v-side — R-side
—— P . fl ry ,
Light " < 2
incident

Fig. 4221 (a)

1 1 1 1 1
b — e — - — — —
1 | 2
or p +_;-__._ > (n—1)
l . P r
Solve to find, ==

(¢) The image is virtual and erect.
(d) The ray diagram is shown below in Fig. 42.21 (b).

Fig. 42.21 (b)
42.22. From the Textbook Fig. 42.32 we find
f1=7 mm
f4=25 mm

0,==10 mm (object distance fron lens 1)
d=46 mm (distance of separation of lenses)
1 1 1

o T T A
j=_0ufi__(10 mm)(/ mm)

ol"f; =(10 mm_7mm)=23.33 mm.

or
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The first image due to lens 1 is formed 23.33 mm behind the lens
1 i.e. 0g=(46 mm—23.33 mm) or 22.67 mm in front of lens 2. The
image is real, magnified and inverted. The magnification is given by
ml-—lllol——23 3 mm/l10 mm=2.3. This image acts as an object
for lens 2. The image distance for the second lens is calculated from

1 1 1

Oq iy
(25 mm){22.67 mm)
(25 mm—22.67 mm)
in front of lens 2. The negative sign shows that the image is virtual.
As the image i, remains upright with respect to i,, the final image 7,
i? inverted as i, is already inverted. The magnification due to lens ?
alone is

—-243 mm or —24.3 cm.

whence  iy=—

my=1iy/04=247 mm/22.7 mm=10.9
The overall magnification is
m=mymy=(2.3)(10.9)=25.

Aliter: The final image distance can be alternatively found from
the formula,

= o dfe—f1 fo(d+o)
P d—f)lo—fi)—ofy
10 X46 X 25— 7X25(46+10)
= T (46—25)(10—7)—10 X7
The ray diagram is shown in Fig. 42.22.

—243 mm, from lens 2.

f2
/ Lens 2
/ A\
// \\First image
/1 ’i \
/ <“—-Lens t
/ /' f \\\
/’, \-Object
/ \\
/) W
/1 W\
/1! W\
1! \\\
/
/ \
1/ N
Y7, \
// \\
7 B\

) \

) A\
U W\
’ \

/ , \
4 Final image \
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42.23. (a) For L,

0,=20 cm
fi=10 cm
1.1
oo i N
1 i 1
20 T 10

whence, i;=20 cm.
The image is formed 10 cm from Lz and is within the focal length
fo. This image acts as an object for L,.

1 1 1
0t 7125

whence, i,==—50 cm.
The final image is formed on the side of L, at distance 50 cm
i.e. it coincides with the object.
Overall magnification, m=m; X m.,= —:—)1- X -—'0—2—
1 2

_(zo;c_m)(s_o,cm_)zs
“\20cm J\ 10 cm

(b) The lens system an  sy-diagram is show below.

Fig. 42.23

¢) The final image is virtual, inverted and magnified.

SUPPLEMENTARY  PROBLEMS

S.42.1. Number of images when two plane mirrors are inclined at
an angle 0 is given by
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Due to three combinations, (i) wali 1-+ceiling (ii) wall 2-+-ceiling
(#ii) wall 1+wall 2, total number of images is 3 X 3=9. Out of these
3 are to be subtracted as they are counted twice, due to three
common boundaries. Therefore, total number of images is 6.

S42.2. (a) -—f;+‘7=7£ (1)

The image will be as far behind the plane mirror as the object is
in front.

Set o=(a+17.5) cm

i=—(a—17.5) cm
=-30cm
1 1 1

a+7.5 a—175" =30

Rearranging and solving for a yields, a=22.5 cm.
Ray diagram is shown below in Fig. S.42.2.

Fig. S.42.2

S.42.3. (a) Image A'B’ is shown in Fig. S5.42.3 at distance i=D, the
distance of distinct vision.

[E ye

Eye

Fiy. 5,423

(b) Angular magnification of the simple magnifier lens is defined
as

I\I=—@- » (1)
“ .
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where B is the angle subtended at eye by image at near point and «
is the angle that would have bcen subtended by object placed at
near point.

A'B A'B
NOW, ﬁ-—- ’C*,-B—; =——D- ...(2)
C'B" AB
— — il N4
and o= Fm="p 3)

where D==25 cms is the distance of distinct vision.
Now, triangles ABC and A'B’C are similar.
M='4—€- =£-Bi*=—2 ...(4)
where we have used (1), (2) and (3).
As the image is virtual we have

1 _1_1
o D f
D D 25
or M= -—=—41="2+1
o=ty

S.42.4. For the combination of two thin lenses of focal length f;
and f, separated by distance d, the image distance i measured from
the second lens ( f;) is given by

i= fod— fifs 0of(o— f1)

d— fy— frollo—fD)
where the object distance 15 measured from the first lens ( f;). Let
the object be placed on the side of the lens with f;=12 cm (conver-
ging lens).

0=435—d[2=(43.5—3.5) cm=40 cm
f;=—10cm and d=7 cm.

= " (CT0)—[(12)(d0)/(40—12)] 10 cm.

The image is virtual at a distance 710 cm from the second lens
(f;=-10cm) or 713.5 cm from the center of the system on the
same side as the converging lens.

Next, let the object be placed on the side of the lens with
fi=—10 c¢m (diverging lens).
Set f,=+12 cm and 0=40 cm.

- (12(D—[(—=10)(12)(40)/(40+10)] _
= 2T~ 10)(40)/d0+10)] o0 ¢m
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The image is formed at a distance 60 cm from the converging
lens or 63.5 cm from the center of the system on the side of the
converging lens.

S5.42.5. (a) For a combination of two thin lenses,

— fzd‘f1f2 0/(0"‘f12 (D)
d— fy— fiollo— f) "
where 0 and i are the object and image distances as measured in
Fig. S.42.5. If we let 0> (incident parallel beam) then the

F
F. 1
1
- L >

i

Fig. S.42.5
expressi-1 (1) is reduced to
_ _Sfld=fi)
g gy 2)
Setting f,= f, fy=— f and d=L, formula (2) becomes
i==:f1¥li;lfﬁ- e (3)

Formula (3) shows that if i is to be positive L must be less than f.
Also d should not be zero. Thus the condition that the parallel
beam be brought to a focus beyond the second lens is

o<L<f . (4)

(b) If the lenses are interchanged then
fi=— f; fa= f and d=L, in which case (2) becomes

i=£_(_f.£_-£)—. .--(5)

Here, i is positive irrespective of the distance of separation and
the condition (4) need not be satisfied.

(¢) When L=0, in both cases the emerging beam is parallel.

S.42.6. When the two lenses are in contact, the beam of farallel
rays remains parallel as it emerges from the other side, (Fig. S.42.6
(a). It is as if the beam has fallen on a glass slab. We can look at
it in another way. As the beam falls on the concave lcns, the rays
diverge and appear to come from the focus F. The virtual
image at F which is also the focus for the concave lens forms
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the objcct. The rays are therefore rendered parallel due to the con-
vergent lens in contact with the divergent lens. 1f the lenses are
moved apart the viriual focus F of the concave lens will be beyond
the focus of the convex lens and the rays upon falling on the convex
lens will be brought to focus, the result bcing inde;endent of the

A\

e ¥
~
~
RN
>
. -

T

Fig. S42.6 (a)

A

A

Yy
A‘J‘
N

\

Fig. S.42.6 (b)
distance of separation.

(b) When the two lenses are in contact, the rays of a parallel
beam upon falling on the convex lens

tend to converge at F, the focus of the R

convex lens. But Fis aiso the virtual ~~_
focus for the concave lens. Thus, the T
rays are once again rendered parallel as .. .. -
they emerge from the other side as v/

shown in Fig. S.42.6 (¢). | ————
Fig. S.42.6 (¢c)

If the lenses are moved apart a little then the focus F where the

rays ought to have met will be within the virtual focus of the
concave lens.

.

Fig. $.42.6 (d)

The rays will be focussed at a greater distance due to the exis-
tence of the diverging 'lens. This result, however, deprnds on the
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distance of sepafation of the two lenses. Should this distance be
greater than the focal length then the rays fall on the concave lens
as divergent rays and owing to the diverging action of the lens will

diverge still further.

e
o

./ - { i

1

Fig. S.42,6 (e)

S.42.7. (a) When the object is placed at distance o, in front of con-
vex lens, the image is formed at distance i, behind the lens given by

1,1 1
0y il ) f
_ 0if (1 meter)(0.5 meter) _
Vo,—f  (1—0.5) meter =1.0 meter
- E
_———— F /\ F X g
*s :: .i
11 N 2
<«—1meter —»<— 2 meter --—————»Fe_Plane rmirror

Fig. S.42.7

As the plane mirror is 2.0 meter behind the lens, it follows that
the image is 1.0 meter infront of the plane mirror. Now, the image
iy forms an object for the plane mirror. Therefore, the image in the
plane mirror will be as far behind the mirror as the object is infront
of it, i.e. 1.0 meter behind the mirror. Thus the image i; is formed
3.0 meters behind the convex lens. The image iy now acts as an
object for the lens.

Set 0,=3.0 meter
1 1 1

0, Iy f
or j.— 9af _ (3 meter)(0.5 meter)
3 0g—f (3.0—0.5) meter
Thus the final image is formed 0.6 meter on the side of the lens
away from the mirror.
(b) The positive sign for iz shows that the final image is real.
(¢) iy is inverted and se also i2. However, i; in getting through
the lens gets once again inverted, The two inversions cause the final -
image to be erect.

=0.6 meter.
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(4) The magnification for the first image i, is

= 4u_ 1.0 meter
™ o T 1.0 mcter
In the plane mirror the magnification m, is unaltered.
The magnification due to the image i,.is

_ image distance 0.6 meter

S b - — =0.2 meter
s obiect distance ~ 3.0 meter

. Overall magnificatior m=mmymng=1X1x0.2=0 2.



43 INTERFERENCE

43.1. The fringe-width for double-slit arrangement is given by
AD
A}’—T

where d is the slit spacing, D is the slit-screen distance and A is the
wavelength of light.

D T 180° d
d= ‘1—??-/—‘-—(57 3)(5890 X 1078 cm)=0.00337 cm
=0.0337 mm.

The slits must be 0.0337 mm apart.
43.2. rl_r’=2a

2 INE
JOe o {177
Transposing one radical, J( y+ _g. )2+x"=2a+\/( y= g' \)2+x’

Squaring and collecting terms,

eama -5V

Squaring and simlifying

y’(—d‘-‘: —fa’)~a’.x’=¢32 ( %-’- -—-a")

]
Divide through by a’( {im-a“’) to get

2 _,_/' X3
a® ' (d*/4)—a*

=1

! ]
Since —‘2!— > a, _44__0, will be positive. .
Writing (d%/4)—a*=>b*, we obtain

VR

ad B
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which is an equation of a hyperbola with centre at the origin and
the foci on the y-axis.

In three dimensions, the locus of p would be a hyperboloid, thc
figure of revolution of the hyperbola.

43.3. Angular fringe separation under water.

A8 0207
6= 7—133 =0.15°

43. 4 Angular separation is given by

Ay _ A
AV="p"=7

where D is the slit-screen distance, d is the slit spacing and A is the
wavelength of light.

By Problem, A0=0.20° ; A=5890 A ‘
New angular separation A08'=0.22°, \'=?
Ve AV 0.22°

2 2% _ (5860 A°) ( e

X ) 6479 A

43.5. Shift in fringe system due to insertion of mica flake of thick-
ness ¢ is given by

(n—1) t=mA
__mA _ 7X5500x1078 cm __ -
or t= p— (1.58—1) 6.6X107* cm.

43.6. The approximate value for the location of the tenth bright
fringe is obtained from

y= mAD _ (10)(5890 X 1078 cm)(4 cm)

- 0.2 om =0.01178 cm.

The exact value for y is obtained from the following equations.
R T (D)
re=A A D @
r—ry=mh=A ' +d2P+D’ —J('—d2F+D* (3

Transposing one radical

3 ' o \
JrE ) -m (=4 )
Squaring, collecting terms and solving for y”

y=mp [ (Do &= T [

o




326 Solutions to H and R Physics—I1I
__mAD ar _ mAiN (L mIA
= ’\/(H'}wﬂ 4D )/(l )
Since ld)‘-< 1,

"y YIMD d? (0 2) 1'0003 ’
YU b ype ™ ’\/ M inap Y

Fractional error=(y" —y")/y’=0.0003.
. Percent error=0.0003 % 100==0.03.
43.7. Fringe width, Ay=AaD/d
Set D=/==1.0 meter==100 cm.

-8
Then, Ay= (5890 X(l(_lOOZ il;))(lOO cm) =0,295 cm=3.0 mm

43.8. (a) Condition for maxima at p is
ro—ri=mA;m=123,...
or ¥ r?fi:dwz —ry=mh

Set A=1.0 meter and d=-4.0 meter.
. 16 —m?
Solving, r;= m

(/) m==3 : r;=1.16 meter.
(if) m=2 ; r;=3.0 meter.
(iii) m==1 ; r;=17.5 meter.

(b) The minimum in intensity along Ox is obtained by setting the
path difference

o=Adfx¥ —x=(m+}) A (1)

where d=4 meters, A=1.0 meter and m=0,1,2,3...... solving for X,
we find the minimum value of x for m==3, viz., x=0.53 meter in
which case 9=(4.03—0.53) meter=3.5 meter. Since the path
difference is a lot more than the wavelength of the radiation, the
cor ditions approach that ot partial coherence rather than complete
coherence, and consequently the intensity will not stricity go down
to zero i.e. the minimum will net be zero.
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439, E,=Fp sin ot '~
E;=2E, sin (wt+¢)
E=E,+E,=E, (sin ot+2 sin ot cos $+2 cos wt sin ¢)
=FE, [sin wt (1+2 cos ¢)+2 cos wt sin ¢] 1»1
(+2cos$) | 2sing

= 1 ! -
Ey ‘/5—}—,4cos¢[smw J5F4cos d 4/'5+4cos¢c°swt]

142 cos ¢
Set COS O== —Fm————=t-
J5+4 cos ¢
Sin a== ———2—-8-13—3-‘—-—-
45+4cos¢
E=E, {5+4 cos ¢ (sin wf cos «-+sin & cos wt)

=E, ¥5+4 cos ¢ sin (wt+«)
=A sin (o +a)
With A=E, ¥5+4cos¢
Iy =A'=E (5+4 cos §)

.o’ l »== 9&’
where we have set ¢=0.

. —!._
o E? 9
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Ie=_11(5+4 cos ¢)=——Ii"~[l +4(14-cos ¢)]
_In

é
2 T
,} =9 148 cos 2 )
J ¢ _ .
But 2= sin 6 |
I nd sin 0
= o[ 1rpcos (22502 )]

43.10. Sin e~0—~'%’5

=dl 2nd0
1g—1n cos? i (H— )
Iy
Set T 7
where 0’ is the angle at which intensity falls to half of maximum
value.
Then cos 21‘,\‘{6- =0
2rdd’ _
A 2
or A0=20"=2
2d

43.11. By constructing the suitable vector diagram, we get
(a) y=Y,+y¥.=17 and ¢=‘- 14°,

. <230
Fig 43.11
(b) »=10 sin ot
y9=28 sin (wt+30°)
y=y1+y3=10 sin wt+8 sin (wr+30°)
=10 sin.w?+8 sin wf cos 30°+8 cos wt sin 30°
=(104+4 ¥ 3) sin wt+4 cos wt
=4 sin wt+ B cos wt
where A=10+4 ¥ 3 and B=4

— B
y=4d'+8‘ (W sin wt+ JAL‘_-B'.- COs wf )
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Moo

. B
S b= T

Set cos =

y=ﬂ/A’+B’B (siﬂ wt cos $+cos wt sin @)
=C sin (wt+4¢)
where C=A AT+ Br=4(10+4+ 3)2 442 =17.39

B 4
—=tap 12 =tan Y ————— }=13.3°
dé=tan tan ( TEYE ) 13.3

y=17.39 sin (wt+13.3°)
43.12.

Fig 43.12
y=26.6 sin (wt+9°)"

43,13, The visible spectrum extends from 4000° A to 7000° A,
Therefore, on the frequency scale, the visible spectrum cxtends
from

3% 108 meter/sec i 3% 108 meter/sec
4000 X 107 meter ' 7000 X 10~ meter
i.e. from 7.5x 10% c/s to 4.286 X 10 ¢/s.

*. Frequency range=(7.5—4.286) % 103, or 3.214 X 10 ¢/s

frequency runge
frequency width

Number of channels available=
_3.214X10% ¢/s
T 4X10%c/s
-That is, 80'million
43.14. (a) Radius of bright Newton ring,
f=J(mA§ , (1)

r? 1
B3 (2)

=8 X107

m=
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. (1.0 cm)® 1
= (300 om)(5890 X 10 cm) ~ 2 — >4

or m=33.

(b) If the arrangement is immersed in water, number of rings that
can be seen
m’' =mn=33.45X%1.33=44.49

or m’'=44,

3.15. r=4 (m+d RA
In air, rm®=(m+1%) RA

In liquid r'm®=(m+1%) Bn}‘
rm? 1.42

43.16. For bright fringes formed by the air gap of a wedge due to
light Incident normally,

2d=(m+%) A
where d is the diameter of wire (air gap) at the point the mth

fringe is formed
_2d 1 _ (2)0.0048 cm) 1

T X T 27 (6800x1078cm)” 2 =14;.

43.17. Condition for observing a bright fringe is
2nd=(m+1%) A

or A= _2nd _ 2(1 5)X(4 %1078 cm) _12x105cm

The integer m which gives the wavelength in the visible region
(4000 A to 7000 A) is m=2 in which case

12X107¢ cm
2+1
which corresponds to blue light.

A= ==4.8XLO"‘ cm=4800 A

43.18. For interference maxima,

2nd=(m—3%) Ames . (1)
For intereference minima, ’
2nd=m Amu ...(2)
Combining (1) and (2), :
(m—3$)(6000 A)==(m)(4500 A)

whence, m=2, ‘...(3)
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Usc (3) in (2) to get

_ MAmin _(2)(4500 A) _
) (2)(1.33) 315 A

43.19. Here both the rays suffer a phase change of 180° and the
condition for destructive intcreference is

2nd—-(m+%) ’11 --‘(1)

3
2nd=(m+ 3-) 2, ()
From (1) and (2)
m+-1/2 /\ S000A 5

m+3/27 A T 7000A " 7
whence m ——2. ...(3)

Using (3) in (1) to get

_ A (2.5)(7000 A)_
d= T = iy 6730 A

43.20. Phase difference, ¢= ( )(2 d)

By Problem, for A=35500 A, ¢=n
snd=>5500 A
) A,=4500 A

¢1—-( ) (2nd)= (3500 A) = l‘ x radians =220°

(4500 A)
I _ e 'fx_ o 220° \_
A cos cos( 2 )—0.117.

Reflection intensity is diminished by 0.88 or 88%,.
(i)  A,=6500 A

2 5500 A 11 ,
"6‘”( /\n ) Gnd)=! 76500 X "= 3, radians=152.3°
¢

T o P
I =Cos > 0.057

Reflection intensity is diminished by 0.94 or-949%,
43.21. If n > L5, condition for minima is
2nd=mA, (1)

2nd=(m+1) A, . -(2)
where m is an integer.
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Combining (1) and (2)
(m+1) L,=mA,
(m+1)(5000 A)=(m)(7000 A)
whence m=2.5. '
This value is unacceptable since m is not an mteger.

If n < 1.5 condition for minima is
2nd=(m-+1%) A, .- (3)

2nd—-—-(m+§2-) A2 --(4)
where m is an integer.
Combining (3) and (4) ‘
(m+ : )(7000 A)=(m+—%*)(5000 A)
whence, m=2, which is an acceptable value.
Hence, we conclude that the refractive index of oil is less than 1.5.

43.22. Condition for maxima is
2nd=(m+%) /\mafc (1)

with  Amez==6000 A and m=0, 1,2, ...

Condition for minima is
2nd=(m-+1) Am¢, «.(2)
with Amin=4500 A corresponding to the violet end of the spectrum
and m=0,1, 2, ...
Combining (1) and (2),
(m4-3)(6000 A)=(m-+1)(4500 A)
whence, m=1. . (3)
Use (3) in (1) to find thickness

(1.5)(6000 A)
d= o33 =3383 A.

43 23. 2d=mA \
2d  (2)(0.0233 cm) - _
A= = 192 =5880x 1078 cm=5880 A.

43.24, 2(n—1) d=mA

~ mA Tx5890 A
o/ 4= 2= =2(14=1)

43.25. (a) 6057.8021 A
(b) The waveiensth of orange-red line of Krypton-§6 has been

=51537 A.
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adopted as a standard of length and the meter is defined as
1,650,763.73 wavelengths in vacuum of this line. Thus, this line is
the basic standard of length from which meter is defined and is the
reference wavelength in terms of which all other wavelengths of the
electromagnetic spectrum are measured.

The question does make since once the meter " has been defined
as above, it is meaningful to express the wavelengths in terms of
meter by way of conversion of units.

43.26. (a) Let the wavelengths of sodium light be A, and A,. The-
fringe visibility will be high when the bright bands of A, nearly

overlap with those of A,, and it will be poor when the bright bands

of A, coincide with the dark bands of A,. The latter situation arises

when the optical path difference is equal to the whole number of

wavelengths of A; and an odd -number of half-wavelengths of A,.

Thus, as one of the mirrors is moved, the fringes periodically dis-

appear and then rcappear, due to the reason given above and the

variation in the visibility is explained.

(b) Optical path-difference=2d=mA,=m,A,, is the condition for
a maximum in brightness.

Hence,
2d
ml:" -_AI
2d
mz_.. -i—

Subtracting, we have
2d AA
AA,

where AAd=2A,—A,

The integer (m,—m,;) incrcases by | as d changes to d+ Ad,
at the next occurrence of maximum brightness. We then have

, 2d+Ad) A A
my—=m;+1= —(—7;\—’)———'—

my—my=

Subtracting the last two equations
| 208 AR
X A |
or Ad= Ay _ (5890 % 107 cm)(5896 X 10~® cm)
2 AA (2)(5896—5890) X 10~* cm
=0.029 cm
=029 mm,
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SUPPLEMENTARY PROBLEMS

S.43.1. The position of the fringe of order m on the screen- is given
by

"
y=m d

where d is the scparation of the slits and D is the slit-scrcen dis-
tance. The separation of the fringes due to wavclengths A; and A,
is

_m L (3)(100 cm)(6000—4500) X 10~ cm
=Ty A= (0.5 cm)

=0.0072 cm=0.072 mm
S.43 2. The fringe width is given by
AD
B=Ymsr—ym=""

_ dp _ (12cm)(18 cm)
D~ (200 cm)

=1.08 cm.

A

Frequency of vibrations is

_ v _25cmfsec
YT AT 108 em
=23.15 cycles/sec.

S.43.3. Shift in the central bright band by n fringes is

n=(uy—py) 1/A
where g, and u, are the refraction indices for the glass plate inserted
in the slits and ¢ is the thickness of the plate. ’
_mA__(5)(4800X107% cm)

t=- o= Ot - =8X 1074 cm=38 microns.
Bo—py (1.7-1.4)

S.43.4. (¢) The given arrangement is originally duc to Lloyd (1834)
and is called Lloyd's mirror. The slit Sacts as a source and its
reflected rays from the mirror MM’ appear to diverge from the vir-
tual image S’. The interference occurs between the rays (SP) directly
from S and thosc (S'P) from the virtual image at S’. Owing to the
reflection from the mirror, the phase of the reflected ray is increased
by ®. This leads to the shift in the band system as-compared with
that in Young’s expciriment. In particular at the center of the sys-
tem lies the dark band (minimum) rather than the bright band
(maximum), .
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Drop a perpendicular SQ on S’'P. Let angle S'SQ be called 0.
Then the path difference

3=S'P—SP=S8'P—QP=S'Q=2hsin 0
Condition for maxima is
5=2k sin 9=m/\+~’% =(m+ %) A

The additional A/2 corresponds to the extra phase difference %
which arises due to reflection.

Condition for minima is
' 8=2 hsin 0=mA

where m is an integer.

(b) As the reflected rays cannot come below the plane of the
surface of mirror, the fringes can appear only in region A.

Region A Pl

Fig. S.43.4

T

8.5, [0 il = | £ 1t0) a
0

T
=" | sin (wt+4,) sin (w+dy) df
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T ,
_—.; 4‘;?- I [cos(d, —¢y) —cos (2 wt+¢,+¢,)] dt
0

where we have used the identity
Sin A sin B=14 [cos (4—B)—cos (A+ B)]

T
(flfz)av=—;- 4;1«7_4} t cos ($,—g) — zl—wsin (2w;+¢,+¢,)]
l 0

The second term in the parenthesis of the right side vanishes when
the upper and lower limits are inserted and usc is made of wT'=2x

S (i fy) ov=3% 414, cos ($;—¢,) ..(1)
Let the phasors be
P,=A, sin (ot+¢,)
and Py=A, sin (wt+¢,)
The dot product of the phasors is
P,.P,=AAq cos (b, —es) -+(2)

since the angle between the two plasors is (4, —¢,). Comparing (1)
with (2), we find the desired result

(f1fa)aw =% (P1.Py).
S.43.6. (a) Let S=4, sin (w t+¢,)+ 42 sin (w 144,
+. . .+ 4a sin (of +¢n)

=A, (sin ot cos ¢,+cos wt sin ¢,)
=+ A, (sin wt cos ¢,+cos wt sin $2)

+An (sin wt cos $a+Cos wt sin ¢a)

. n n
=sinwt X Aicos ¢i+cos wt T Ai sin i
i=1

i=al

=B sin wt+4C cos wt

n n
where B= i}:l Aicos ¢, and C= X A;sin ¢i

i=m]
n n
(b) B2+4-C2= 121 Ai® cos? ¢+ iEl At sin® ¢

+2 2 Z Ai4s(cos 4:; cos ¢s+sin ¢¢ sin é5)
i#=j J '
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n
= I A24+2 £ Zd4; A cos (pi—¢s) (1)
i=1 izj i
n n
But (£ A;)*= X A+ 2T  ZTA4 e(2)
i=1 i=1 izj

Now, the right hand side of (1) is cqual or less than the right
hand side of (2) because | cos (qS.-—dzj )| < 1.

n
SOBHCEL (B A

i=1
or  B:HC? < (Ay+ Ayt .o Aa2 ' et ®
(c) The equalhity of sign in (3) holds when
S Pi=dp e .=da that is, all phase angles é; must be same.

S.43.7. As reflection is from a medium or greater refractive index,
-we have the conditions,

2dn=(m+13}) A, m==0, 1, 2, ...(minimum) ..(1)
2d:1=mA, m==0, 1, 2, ...(maximum) -(2)

where d is the thickness of the film and n its refractive index.
(2)(1.25) d=(6000 A)(m+13) ‘ -(3)
(2)(1.25) d=(7000 A) m Y

Combining (3) and (4),
(6000 A)m+3)=(7000 A) m

or m==3 --(5)
~ Using (5) in (3) or (4), d=8400 A.

S.43.8. Condition for minima is
2dn=(m+3) A, m=0,1,2,...
Solving for d, '
A :
N T
d an 2 m | 1)
with m=0, 1, 2,...

(6000 A)2m+1) _,
@25 " (2 m-+1)(1200 A)
S.43.9. Condition for maxima for the film thickness ¢,
2, =(m+4) A (1)
where m is the order of the fringe.

At a greater thickness £, of the film, Iet the order of the frinoc be
m+p. Then

2nt,=(m+p+%) A ' )



338 Solutions to H and R Physics—I1

Subtracting (1) from (2),

A (9)(6300 A
or 12‘—t1=g—n— =(_—%-(2)—(_l—~5‘)“)= 18900 A-
As the dark bands are flanked by bright bands, on either side, the
information on the number of dark bands is irrelevent to the

problem,

S.43.10. (a) Here, a phase change of 180° is associated with the rays
undergoing reflection both at the upper and lower surface of the oil
drop since at both the surfaces the reflection is from a medium of
greater refractive index. The thinnest region of the drop must
therefore correspond to a bright region. This is in contrast with the
dark central spot observed in the system of Newton’s rings under
reflection where the ray from the bottom of the air film alone under
goes a phase change of 180°.

(b) Condition for brightness for interfc:ence under the given
conditions is

2nt=mA

Setting A=4750 A for the blue colour, n=1.2 and m=3,
we get '
_mA  (3)(4750 A)
T2 T (1.2)

(¢) Unless the film is reasonably thin i.c. a few wavelengths of
light, interference fringes would show up localized on the film.
When the oil thickness gets considerably larger, the path diftference
between the two rays, one getting reflected on the top surface and
the other one at the bottom of the film, would amount to scveral
wavclengths, leading to a rapid change in phase difference at a
g'ven point as one moves even a small distance away. The inter-
ference fringes are blurred out and the pattern disappears.

=5938 A.
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44.1. Condition for getting minima in the diffraction pattern from
single slit is

asin 0=mA, m=1, 2, 3,
where a is the slit-width.
If xis the distance of the minima from the central maxima and

D is the slit-screen distance then sin 0=26-= :5 , provided x < D.
_ mA  mAD
a2 - =
0 x
But x=4% (Distance between first minima on either side)
—3(0.52 cm)=0.26 cm

Set m=1 for first minima. Then
’ a=(5460% 1078 ¢m)(80 cm)/(0.26 cm)=0.017 ¢m.
44.2. D= f =70 cm -

(a) Linear distance on the screen from the center of the pattern
to the first minima is given by setting m=1.
. DX (70 cm)(5900 % 107® cm)
x;=D sin0=D 0= T 00dem
=0.103 cm=1.03 mm

(b) Lincar distance on the screcn from the center of the pattern
to the second minima is given by setting m=2.

X2=?DB=2-9£ =(2)(1.03 mm)=2.06 mm
44.3. (a) sin 6=mA
asin 0a=2A,
a sin 6,=2A,
(a) But 8.,=6,
«=2As.
(b) a sin Bu=muA.= 20 As
a sin 8, =myAs
Sei 0.=0,. Then minima in the two patterns coincide when
my=2ma.

4.4. (b la o P K—\—%j )(Tcxtbook Eq. 44.8b)
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Differentiate with respact to « and set

819 Im [202 sin @ coS & — 20 sil_l_"__a]___o
du od
or a«sin a (a cos #--sin «)=0
One solution is « =0. Other solutions are obtained from
® vos 7 -—sin =0
or tan a=a

(b)

y=tano A y=tana

/y-.x

Yy -—una

Y

o1

by, 4.4

() We find the first root is zero. then we have a series of
roots less than but gradually closer to (m+$)r=1, 2, 3...... The first
three values of m are 0.93, 1.9%9, 2.97i.

44.5. Figure 44.5 shows the graph of y= (—Si-:—-a )’. The ordinate
¥ has the value 0.5 for ¢=¥79°44.



Diffractian 341

b e - - — — - = — -

J
0 30 60 90

(Slr;ccx_)z

(¢}

Fig. 44.5

44.6. (g) For the first maximum beyond the central maximum since
¢ =2u==2.86% rather than 3=, the vector Ee is not vertical.

(b) The angle which E9 makes with the vertical is given by

(3% 2.86m) (540°)—25.2°.
3n
44.7. sin 0,— 4
Ta
(@) a/A=1
sin 9:: = 'l"i‘
ki1
: 0,--26.45"
Half width, /,0=:20,:-=52.9°.
(@) a/A=S5
. s
sin Gm—SR

A0=(2)(5.1°)=10.2°, .
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(c) a/A=10
Y
S Be= 10=

AB=(2)(2.55°)=5.1".

44.8. (a) Condition for obtaining the first minimum from diffrac-
tion at a circular aperture is given by

sin 6=1.22 :‘i

where d is the diameter of the apeiture, A the wavelength and 0 the
angle between the normal to the diaphragm and the direction of the
firsi minimum.

y 1450 meter/sec

L 25000 cycle/sce =0.058 muter
.., 1224 , (1.22)70.058 meter)
L 1 =0 i, . . @
0 sin d sin ™ (0.6 meter) - 6.8

1450 meter/sec

" 1000 cyclefsec

n 6---(-1 22)(1.45 meter) _
(0.6) mc.ter)

This is impossible as sin 8 cannot be greater than 1. Hence, the
condition for minimum cannot be obtained.

h) A = =1.45 meter

==2.948

44.9. Raylcigh’s, criterion for resolving two objects is
bnsin 1 1224 o 1222_a
R=SIn"~ i = y D

where d is the diameter of the pupil, A the wavelength, a the dis-
tance between the two headlights and D the maximum distance of
the automobile at which the ecye can resolve the lights.
ad  (1.22 mcter)(5.0 X 1073 meter)
1.2227 7 (1.22)(5500 X 10719) meter)

44.10. As in Problem 44.9.

D= ad  (0.5cm)(0.4 cm)
71224 (1.22)(5500X 107 cm)

D= =9091 meters.

=2980 cm==30 meters.

44.11. (a) Angular separation of two stars is given by

-8
Br= 1224 (122)(5000X 107 em) _g 147 radians

d
=0.16 T e ®
.165 seconds of arc. \ S Quone ./ Te

(b) .Set 6r=a/D
where a is the distance between the stars and D is the distance of
the stars from the earth.
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D=10 light years==(10)(9.46 X 102 km)=9.46 X 10'3 km.
a=DOBr=(9.46 X 10'® km)(8 X 1077 radians)=7.57 x 107 km.
(c) Diameter of the first dark ring is
d’'=(2)(1.22 fA)/d=2 fOr
where f is the focal Itngth of the lens and 4’ is the diameter of the
lens.
d’'=(2)(1402 cm)(8 X 1077 radians)=2.24 X 1073 cm.
44.12. Separation of two points on the moon’s surface that can be
just resolved is given by
1.22 DA
d
where D is the distance of moon from the earth, 4 is the diameter
of the lens and A the wavelength of light that is used.
D==240,000 miles==3.86 X 10® mcters
d=-200 in ==5.08 meters
Let A=5500X 1078 cm=:5.5 X 1077 mcter
; ” 8 -7 me
Then,  gest:22)3:86X10° meter)(5.5X 1077 meter)
(5.08 meter)
44.13. Diagrams (a) to (1) in Fig. 44.13 correspond to the points
labelled on the intensity curve. The contributions from the two slits

=51 mete:

(g) —» — (h) /T v

A=0
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\

to the amplitudes in magnitude and phase are indicated by 4, and
A,. The intensity is found as the square of the resultant amplitude
A where A is given by the vector addition of A; and Aa.

44.14. For the double slit, the combined effect due to interference
and diffraction is given by

— , [sin @)\? B
Iy =In (cos B) ( =) (1)
Condition for minima in the interference pattern is
B=(m+3)=, m=0, 1, 2,. .. -(2)
where = E}?sin 0.
Condition for minima in the diffraction is
o=, 2x... +(3)

In Example 8, the (th minimum of the interference pattern coin-
cides with the first minimum of diffraction pattcrn.

So, — ==
For the second minimum in diffraction pattern, sct a=m.
Then, @=’21 a=1ln

From (2), m=10 gives $=(103) = which is the maximum value
less than 117. Thus with m=0, 1, 2, .-10, cleven fringes in all
are present in the envelope of the central pc.ak Hence, the number
of fringes that lie between the first and the second minima of
the envelope is (11--6)=35.

44.15. Since d/a==2 is an integer, the second order will be missing.
There will be one fringe on either side of the central fringe. Hence,
in all there will be 3 fringes in the central envelope of the diffrac-
tion pattern.

44.16. For the double slit, the combined effect due to interference
and diffraction is given by

2
Iy =Im (cos 9)1(5'2“ ) . ...(44.16)
wtth . p= ’-‘I{’- sin 0
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Set d=a. Then f=a,

N . o [ sina \?
I9 In (cos a)( = )

— ], @sinacosa)?
= (2x)?
{ sin 2

lg =In { o5 )2"'

The last equation is appropriatc for the diffraction pattern of a
single slit of widti 24.

44.17. The missing orders occur where the condition for a maxi-
mum of the interfe:ence and for a minimum of the diffraction are
both fulfilled for the same value of 8. Thus,

dsinb=ml, m=0,1,2,...
asin 0=pa, p=1,2,...
so that —d—== m
a p

Since both m and p are integers, d/e must be in the ratio of two
integers if the missing orders are going to occur. If order 4 is mis-
sing then we must have d/a =4.

(b) Other fringes which are missing are 8, 12, 16

......

SUPPLEMENTARY PROBLEMS

S.44.1. (a) The water droplets in the air act as diffracting centres
giving rise to the observed rings. The diffraction pattern due to a

large number of irregularly arranged circular obstacles is similar to
that for a single obstacle.

(b) Airy’s formula for the intensity distribution for diffraction
from a disk of radius a is given by

ra[ 2T ‘ (1)
where x= 2:_=Aaa~ _ «.(2)

and Jy(x) is the Bessel-function of the first order. The position of
the first secondary maximum is given by the condition

x=5.136 ) ..¢3)
Now, the radius of the ring is
r=(1.5)(1740) km=2610 km.
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If d is the distance of the moon from earth, the angle 6 subtend-
ed by the racius of the ring is given by

0= 1_ 2610 km =6.9 X 1072 radians. ...(4)

d =~ 38x104 km
Using (3) and (4) in (2) and A=5.6X 1078 cm for the center -of the
visible spectrum, the diamcter of the water droplets is found from

_ . (5.136)(5.6X1078 cm) _
D=2a= 6.9% 107 n =0.013 cm==0.13 mm.

S.44.2. Two objects like A and B are said to be complementary
screens. Let Us and Ueg denote respectively the valucs of the vector
mmplitude of the light wave when screen 4 or B alone is placed and
-et U be the value when no screen is used.

A generalisation known as  Bahinet’s principle relates the diffrac-
tion patterns produced by two complementary screens. It states
that the resultunt of the two amplitudes, produced at a point by the
two screens, gives the amplitude due to unscreened wave. Thus we
may write

Ua+Us=U
Setting U=0, we get Us=—Uas, showing thereby that at P where

U=0 the phases of U4 and Up differ by = and the intensities
I4= | U4 | 2 and Ip= | Us | ? are cqual.

S.44.3. Rayleigh’s criterion gives

X A
9——7 =1.22 q

where x is the distance between the two point sources, D is the dis
tance of the sources from the observer, d is the pupil’s diameter.

_ Ao 5500 107® cm
x=1.22 D (1.22)(—-—-———0.5 - )(100><5280ft)

d
=71 ft.

S.44.4. (a) Linear separation of two objects on Mars is given by
x=l.22-’—\— D

d
_ 5500% 107 cm
=1.,08 X 10¢ km.

A
(b) x=1.22 7 D

_ 5500 10~* cm) n
..(1.22)( 200 S ) (8045 10° km)=10.6 k.

)(80.45 X 10¢ km)
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S.44.5. Assume for simplicity that the sources have cqual intensity
I,. Then the intensity pattern is given by,

10) =4I, (cos @)ﬂ( sin Z)ﬁ (1)
with a= Ef— sin 0 ..(2)
p= 4075 )

and $= 21«‘;\(1 sin 6

The term (sin %/2)* is duc to diffraction and the term (cos B)? due
to interference. The quantity 25 is the phase ¢ due to path diffcren-
cc plus the phase difference of the sources, (g,—¢,). If g,—z, 18
allowed to vary from 0 to 2x, the intensity pattern at a given point
goes alternately through maximum and minimum twice.



45 GRATING>S AND SPECTRA

45.1. d sin 0=mA, where m=0,1, 2,. ..
Set 6=90°

d= -em=2,5%10"% cm

L
4000
For A=4000 A°

. (2.5% 1074 cm)(sin 90°)
—_ A _— s =
m=d sin 0/ (4000 X 107® cm) 6.25

For A=7000 A°,
e (25X 1074 cm) X1
(7000 X 1078 cm)
Therefore three complete orders of entire visible spectrum can be
produced.

45.2. Let E, and w be the amplitude and the angular frequency of
the wave incident on the three-slit grating. Let ¢ be the  phase dif-
ference between the diffracted waves emerging from S, and S, and a
further ¢ between those from S, and Sy. The waves from S, S, and
S, are given respectively by

==3.57

Fig. 45.2
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E,=E, sin ot (1)
E,=E, sin (wt+29) --(3)
with = 24 31’13 - (4)

Here 8 is the angle of diffraction and d is the distance between
the centers of two neighbouring slits.

The resultant amplitude at a point P on the screen is given by
E=E,+E,+ E,=E, [sin wt+sin (wt+¢)+sin (w14 24)]
Expanding the sccond and third terms in the parenthesis and re-
arranging,
E=F, [sin wt (1-+cos ¢+-cos 2¢)+cos wt (sin ¢+ sin 26)|  ...(5)
Let the resultant wave at P be given by
E=B sin (wt+7) : --(6)
or E=—B (sin wt cos y+cos wt sin y) A7)
Since (5) and (7) represent the same wave, the coeflicients of
sin wt and cos ot must be separately equal.
Bcos y=E, (1-+cos ¢+cos 2¢)
B sin v==F, (sin ¢4-sin 2¢)
Squaring both sides, adding and simplifying,
B*=FE,? (1-+4 cos ¢ | 4 cos? ¢)
Im=B%pnaz—9E2

Ty :Bzz:l;‘ (144 cos ¢+-4 cos? ¢)

I
453. (a) Set 0. L _1

s —— _i 2
i 5 =9 (144 cos ¢-+4 cos? ¢)

or cos? ¢ | cos —7/8=0
3-42
‘. CO = — ~“=0.56
*$= A

¢ =56"=0.977 radians.

Width at half mmaximum is given by

pomzpe M _0STT A 2

xd T 314 d  3.2d
(b) For two-slit interference frings, A0=2A/2d.
(c) Yes.



350 Solutions to H and R Physics—II

45.4. 1, ’§"'— (144 cos g+4 ¢ " ¢) (1)
Differentiating with respect to ¢,
dle 4
) =~ ‘Im (sin ¢+2 cos ¢ sin ¢) (2
dil
Set b =0
g

sin ¢ (4-2 cos ¢)=0
The solutions with 0 << ¢ < 2r, are
sin =0 or $=0, &, 2n
' 2

The correspond to maxima as —3—#: —ve
The other solutions are given by
1+2 cos ¢=0
2r 4w
¢'_ 3 ’ —3‘
dly
These correspond to minima as g =-+tve.

Upon using the values ¢=0, = and 2= in (1) we find the intensity

as Ig=Im Tm and I, respectively. Of course for the minima ¢=2—3’5‘

4r . .
and 3 are expected as 10 =:0. Thus, the secoedary maximum is

located at ¢=mx and lies balf way between the principal maxima,
and has intensity 7»/9 ot 0.11/m.

45.5. As the grating is blazed to concentrate all its intensity in the
first order for A==80,000 A, we have

d sin 0=m¢ =(1)(80,000x 10"® cm)=8 x 1074 cm.

With the use of visible light (4000 A < A < 7000 A) the order
numbers are given by

_ds_’"_q__ 8 x107¢ cm _ ] .
= AT T IX10 % em =11 for red light (A=7000 A)

:8><10“ cm
4% 1078 cm

and =20, for blue light (A=4000 A).
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Thus, the intensity is concentrated near the !lth order for red
and 20th order for blue light, the orders overlapping to such an ex-

tent as to give the appearance of white light for the diffraction
beams.

-8 _ma
45..6. o= 5 =X sin 6

where ¢ is the phase difference between rays from the top and bot-
tom of the slit and the path difference for these rays is a sin 8.

For first minimum, o=m=. Also, set a=Nd,

where N is the number of slits and d is the grating clement.
Replace 6 by Aé,, then,

ntNd sin Aeo
A== - —-—
A
A
sin Afy= Nd

where the angle A8, corresponds to zero intensity that lies on either
side of the central principal maximum. For actual grantings,
sin AB, will be quite small so that we can replace sin Afg by A,
to a good approximation and obtain the desired result

A
0,=
A%=Na
. _254cm _ o 10-1
45.7. The grating element, d= " 2000 -—3.175 %1078 ¢m

Condition for maxima is
dsin 8=mA, m=0,1,2...
For the maximum wavelength that can be obscrved in the fifth
order set =90 and m—=S5. Ther,
3 -
A= ""—75X5]0 =6.350X 1078 ¢m or 6350 A-

Thus, for all wavelengths shorter than 6350 A the diffraction
in the fifth order can be observed.

45.8. (a) The grating clement J—= 5000 Lm-——S.()SX 1074 em
Diffracted light at angle 0=:-30" is obsuvu] such that
d sin 6=mA

or mA=(0.5)(5.08 X 1074 cm)=2.54%x 1074 (m.

In order that A may be in the visible rezion (4000 A < A <
7000 A), the corresponding diffraction orders and the associated
wavelengths are given as follows:
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m=4 ; A=06350 A (red)
m=>5; A=5080 A (green)
m=6 ; A=4233 A (blue)

(b) The wavelengths can be identified by observing their colouis

45.9. The grating element, d= 2.0 cm=3.33X iO“‘ cm

~ 6000
d sin 8:=mA
. A (5890%107% cm
Sin 6-—m*(;,— = "1( §~:{3—><——i077‘~;ﬁ1>—01767m .

As sin 6 cannot exceed unity, the order of diffraction m is restris
tedto 0,1, 2, 3, 4 and 5.

The corresponding 2ngles of diffraction are then,
90=Sin—l 0 .
0,=sin71 (0.1767 x 1)=10° -
0,==sin™? (0.1767 % 2)=21°
0;=sin"1 (0.176” x 3)=32°
0,=sin7! (0.1767 X 4)=45°
05 =sin™! (0.1767 X 5) =62°

45.10. d sin 6=mA

Set m=1
For $=4300 A .

d sin 8,=(1)(4300X 10™® cm)=4.3x 1075 cm (D)
For A=6800 A

d sin 0,=(1)(6800% 107® cm)==6.8 X 107® cm (2
By ProMem, 0,—6,—20° .. (3)
Adding (i) and (2),

. 0,-1-0, 0,0 _

2d sin - o cos ~2-1 = 1.1 X 1075 cm ...(4)

Subtracting (2) from (1),
9 e Y .

2d cos * '29‘ sin 9‘—2—0l =2.5%x10"% cm ...(5)
Dividing (4) by (5)

tan 8,18, cot 6,6, =4.44 .-(6)

2 2
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Use (3) in (6) to find

6,16,

t
an 2

—0
=4.44, and tan62 5 ! =4.44 tan 10°==0.7828.

t

where use has been made of (3).
Hence, 0,+0,=76° o o(T)

Solve (3) and (7) to find
0,=28° ; 0,=48°. -+(8)
Use (8) in (1) or (2) to get

_ 43X107% cm

L -5 ¢m.
Sin 28° 9.168X 10785 ¢cm

: i =L 0900
<. Number of lines per cm, N= — = 968X 105 cm = 10900
Number of lines per inch=10900 X2.54=27700.

2.54cm

1 = = -4
45.11. The grating element, d 2000 3.17x107¢ cm.

The angular range through which the spectrum can pass is
defined by 6, and 8, (Fig. 45.11).

tan 0,— 2. —0.1667

30 cm
A 0,=9° 28’
sin 0,=0.1648 »
d sin 0,=mA, Screen —>lcme
A,;=(3.17x 1074 cm)(0.1648) .
=5220% 10~® cm=15220 A Y /
6 cm 4 4
tan 02=*30‘cm=0.2 30¢em| , /

6,=11° 18’ © %’_\92
*. sin 0,=0.196
d sin 6,=mA,
A;=(3.17%107¢ cm)(0.196) Fig.45.11
=6210%10"°* cm=6210 A
where m=1,

Grating
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Thus, t1e range of wavelengths that pass through the hole is
5220A to 6210 A.

45.12. The path difference between
adjacent rays like | and 2 is

8=BC+CD=d sin ¢+d sin 0
=d (sin $+sin 0)

Condition for obtaining diffraction
maxima is

d=mr, m=0,1,2,...

i.e. d (sin ¢-+sin 0)=mA, m=0, 1,2, ...

Fiz. 45.12

45.13. Maxima in the interference pattern occur when
d sin 6=mA
where m=0,1,2,...
Minima in the diffraction pattern result if
a sin 6=m'A
where now m'=1, 2, ...

When both the conditions are satisfied for the same angle 6,

d_m_u
. a m
If alternately transparent and opaque strips of equal width
are used in the grating then d=2a and consequently M=2. There-
fore, all the even orders m=2, 4, 6, ...(except m=0) will be missing.

45.14. For various values of angle of incidence ¥ ranging from 0°
to 90° we calculate the angle of diffraction 6 using the grating equa-
tion,

d (sin ¢+sin )=mA

with m=1 for the first order, A=6X10"® ¢cm and d=1.5%1074 cm.
The angle of deviation 3=¢ 40, the +ve sign is taken when the
‘incident and diffracted light is on the same side of the normal
and —ve when on opposite side.

Fig. 45.14 shows the plot of & versus ¢.
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60
60 |-
7, OO -
—’-""’//’
20°k
i L 1 I
0 2y 0k W 90° Y —>
Fig. 45.14

45.15. The principal maxima occur when
d sin 6=maA.

The path difference between the light which gives rise to princi-
pal maximum and the immediate minimum is A/N, where N is the
number of slits. Let a change of angle A8 produce this path diffe-
rence. Then

dsin (0+ Ag)—dsin 6=A/N
d (sin 6 cos A8-+cos 8 sin A8—sin 6)=A/N

For small angles, sin A8~ A8 and cos A8 - 1.

Hence,

dcos OA8=A/N
or AB8=A/Nd cos 8

Thus for order m,

Aem=A/Nd cos 6.

45.16. The half-width of the fringes for a three-slit diffraction
pattern is given by

A 02A/3.2 d, ‘ m
The balf-width of the double-slit interference fringes is given by
Ab=Aj2d (2)

If the middle slit in the three-slit grating is closed then it reduces
to a double-slit and the grating element beomes 2d. Replacing d by
2d in (2),

' Ab=p/ad ve(3)
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Comparing (3) with (1), we find that the half width of the inten-
sitv maxima has become narrower by 20%.

(3)(2.54 cm)

i = —— == it
45.17. (a) The grating element, d "~ 40,000 1.9%X1074 cm
=1.9%10%4 A
d sin 0=mA
e o1 [5890A . 0
For 1st order 6,=sin 12 =sin (1.9>< 108 A)—sm 10.31=18°,
km

Dispersion D=‘1—C—0;.0

1
= (1.9%10% A) cos 18°
=3.17x 1072 deg/A.

A_ ., 2X5890 A o
—‘T——sm 1?9“>?'10‘A —38,2 B

=0.553 X 1074 radians/A

For 2nd order, 0,=sin™

D= 2
(1.9 x10% A)cos 38.2°
=7.67X 1072 deg/A.

3 x5890 A
—qin~l 22
For the 3rd order, 0,=sin 1.9x10¢ A

D= — _._*_2___“__._.
(1.9x 104 A) cos 68.5°
=4.31X 1074 radians/A=24.7 X 1073 deg/A.
(b) The resolving power is given by R=Nm, where N is the
number of rulings and m is the order.

For the 1st order, R=40,000 X 1=40,000
For the 2nd order, R=40,000 X 2=_80,000
For the 3rd order, R=40,000 x3=120,000

45.18. 1\ A=5895.9 A=5890 A=5.9 A

=1.34 X 1074 radians/A

=sin"? 0.93=68.5°

m=3
6=80"
Mean wavelength A =3(58904-5895.9) A=5893 A
d sin 0=mA

. . . . mA  (3)(5893x107° cm)
(@) Grating spacing, d- #sin 0" T sin 80°
=17952x107% cm=18000 A,
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(5) Resolving power, R= £X=Nm

. . A 5893 A
. N =T = N
umber of rulings, N m AR ()59 A)
Total width of the rulings, Nd=(333)(18000 A)=6Xx 108 A
=0.6 mm

=333

A 6563 A
45.19.
19. N= m AX T (1)(1.8 A)

45.20. d sin 6=maA
dd - m
dX =dcos b
Equation of grating is
dsin 6=mA .
m sin 9

d=~ X
db sin 0 tan 0

D= =X t= A

=3646 lines.

45.21. Number of rulings, N—-(60 0 )(6 cm)= 36000
2

(a) R. A_A_—Nm
_ A __5000A
A/\—Nm = 36000)(3) =0.046A.

(b) Resolution is generally improved by going over to higher
order m for a given grating (N fixed) and given A. However, in the
present case m=3 is the highest order that can be employed for
normal incidence.

45.22. In order that dispersion be as high as possible (condition 2)
maximum value for the diffraction angle must be chosen. Since the
first and second maxima are restricted to angles upto 30°, (Condi-
tion 1), set

m=2 and 6=30° in the grating equation,
d sin 8=mA

, mA__ (2)(6000A)
(@ . d=gF="053

where we have used the value of the higher wavelength.

24,000A
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(b) Since the third order is missing we have

d_,
a

where a is the slit width.

a= % = 1(24000 A)=8000 A

(¢) The maximum order that can actually be secen is given by
setting ©=90° and with the choise of A==6000 A.
d sin =mA
_dsin 8 (24000 A)(sin 90°)_ 4
A 6000 A )
The orders that actually appear on the screen are m=1 and 2.
since m==3 is missing and m=4 occurs at 6=90°.

45.23. (a) Grating equation is, d sin 8=mA.

For order m and angle 6, we have

d sin 6,=mA (1)
whilst for order (m+1) and angle 6,,
dsin 0,=(m+1) A -(2)

Dividing (2) by (1)
m+1 - sinf6, 0.3

m sin 6, ~ 0.2

whence m=2,

Using (3) in (1), we find the separation between adjacent slits,
mA _ (2)(6000°A)

=< 6, = 02 =6X 10¢ A.
(b) Since the fourth order is missing, we have
d_,
a
where a is the slit-width.
. Smallest possible slit-width, a= % =6->iz°—'——A=1.5 X104 A.

(¢) The maximum possible order is obtained by setting 8=90° in
the grating equation ‘
d sin 6=mA
m=a508 _(6x10¢ A)(sin 90°)

A "~ (6000 A) =10.
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Also, since m=4is missing, it follows that m=8 will also be
missing.

The orders actually appearing on the screen are m=0, 1, 3, 5, 6,
7, 9. The tenth order occurs at §=90°.

45.24. For oblique incidence the grating equation is
d (sin ¢ —sin 8)=mA .- (1)
where ¢ is the angle of incidence, 6 the angle of diffraction and m

the order of diffraction. We have assumed that the diffracted beam
and the incident beams are on the opposite sides of the normal.

¥y=90—~ e (2)
6=90—-28 _ ...(3)
m==1 ...(4)

Use (2), (3) and (4) in (1) to find
d [sin 90—vy)~-sin (90—2B)]= A

or cos y-—cos 2p=A/d
2 sin 4 (Y+28) sin 3 (28—v)=A/d

- Y Vin [ s—XL )= A
or sm((3+-2)sm(8 2)—2d
As v is small one expects 3 also to be small.

Replacing since function by the argument

(s+3) o)

which upon simplification and re-arrange ment yields the result

N
P \/ 24173

A SA 1
By Problem, 7 = 15000 A=3000"

“Therefore f= ,\[ ..... Z 2_
45.25. Bragg's law is
2 sin 6=mA, m=1,2,3, ...

d=2.81 A
_1.2A

2d @A) ~023

For m=]1, sin 0=

0=12.3°



360 Solutions to H and R Physics—1I1

Hence, the angle through which the crystal must be rotated is
(45°—12.3°) or 32.7° in the clockwise direction.

(2)(1.2 A)

12281 a)~ 0427

For m=2, sin 0=

9=25.3°

The crystal must be rotated through an angle (45°—25.3°) or
19.7° in the clockwise direction.

()12 A)_

For m=3, sin 9=(m =0.64
0=139.8°

The crystal must be rotated through an angle (45°—39.8°) or 5.2°
in the clockwise direction.

; e B2 A)
For m=4, sin 8= 2)Q8T A A)—O.854

6=58.6°

.. The crystal must be rotated through an angle (58.6°—45°) or
13.6° in the counter clockwise direction. Higher order reflection is
not possible as sin 0 would exceed 1.

45.26. The sodium chloride crystal has face-centered cubic lattice.
The basis consists of one Na-atom and one Cl-atom. There are
four units of NaCl in each unit cube, the positions of the atoms

being:
Na 000; $30; 30} ; 033
‘Cl 143004 ; 030 ; 300
Each atom has in its neighbourhood six atoms of the other
kind. The reflection from an atomic plane through the top of a
layer of unit cells is canceled by a reflection from a plane through

middle of this layer of cells because a phase difference of = rather
than 2x is introduced.

4527, Bragg’s law is
2d sin 0=mA

A= (2)(2.75 A)(sin 45°)__3.889 A
- m = m

For m=3, A=1.296 A.
For m=4, A1=0.972 A.
Thus, diffracted beams of wavelength 1.29 A and 0.97 A occur.
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45.28. Bragg’s law is
2d sin 0=mA

o mA (3)097A)
For lige B, d= 2 sin 8™ (2)(sin 60°)

For line 4, A= 2d':in 0 =(2)(1.681;“) sin 30°

=1.68 A.

=1.68 A. .

SUPPLEMENTARY PROBLEMS

S.45.1.
il vy Vi
§=0 2T LT
B=0 %" 2-%—
“) 8:0 B R A e i i TP S A:Ao

B=0 Ay A A3 AL A Ag

A A=0

§=1 . =0
O TP S

6
) \ s
36 WIS ==
\ " {5 AS/,/ ('“)L\\AZOAS? 73‘

&2 5 ! g=

DN \f}_A} B=Ts

7N a=. A=0 A=0

\ AY - -~ -

(iv) « ' (v) i ) (vi) « 414
\-_./ @ % ” @ vi lwrl “Jﬂ
- =N
6:% ﬁ:% 6:2-13!- ﬁ:% §=m B= 6

Fig. 44.13

S.45.1. In Fig S.45.1 (a) the diagrams corresponding to the points
(@) to (f) of the intensity plot for six slits are shown. For the
central maximum light is in phase from all slits as well as that from
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a single slit as in (i) of the figure and gives resultant amplitude 4
which is N times as large as from a single slit. In (i) is shown the
condition half way to the first minimum. This point corresponds to
a=n/12 so that the phase difference from corresponding points in
adjacent slits is 8==/6, this being also the angle between successive
vectors A, to A;. The resultant amplitude A is given by compound-
ing these vectorially and the intensity is given by 42,

For the derivation of the general intensity formula, consider Fig.
S.45.1 (b) wherein are shown the six amplitude vectors with phase
difference slightly less than in (ii) of Fig. S.45.1 (a) The magoitude
of each of these is identical and is given by

Fig. S.45.1 (b)

An= ﬁ*%@. 4, (1)

The amplitude A4a is represented by the chord of-an arc of length
A subtending an angle 28 at the centre (single slit diffraction
pattern). Successive vectors are inclined to each other by an angle
8==2a. Also each of the vectors subtends a constant angle 2« at the
center, indicated by the broken lines in the figure. The six vectors
form a part of a polygon with center at O, the total angle subtended
at O being

¢=N8s=N(2x) ...(2)
From the triangle OBC, we find that the resultant amplitude is
A=2r sin ¢/2 «-(3)

where r=0B is the radius of the inscribed circle. Similarly, from
the triangle OBD we find that the individual amplitude A4» is given
by

Ay=As=2rsin a ..(4)

Dividing (3) by (4), we get

A 2rsin (¢/2) sin Na )

As~  2rsina  sina
zvl):ere use has been made of (2). Eliminating A« between (1) and
5),
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A=A, sin § sin Ne

P sin « +++(6)
ty, I A1 A gS0B S0 Na - sin? No |
Intensity, /=A4%?=A4, 5 sinta I, Sinf (D

where /, is the intensity for a single slit.

The principal maxima occur in directions for which the waves are
all in phase.
d=2mmn with m=0, 41, +2, ...
«=38/2=mn .-(8)
We note that when the condition (8) is used in (7), the quotient
(sin Nafsin «) becomes indeterminate. We, therefore, resort to

L’Hospital’s rule i.e., differentiate both the numerator and the
denominator of (7) and use (8),

Lim sin No  Lim Ncos Na_

a—>mr sin®  a->mr  CoOSa&
Then (7) becomes
’mau-":N’[o
Iy/Imazs=1/N?

These secondary maxima bear a strong resemblance to those

of the secondary maxima in the single slit pattern. Therefore, repla-
cing I with Ir, we have

Ik/]mau:= l/]V2
This establishes the result required in part (b) of the Problem.
Secondary maxima are positioned for the approximate value

o @ktDw
2N

In this case | sin Na | =1. Also, since N is very large « will be

small and sin?x & a2, Also, sin /=21, as B will also be small.
From (7)

+N

At AJN? Imae

@ T kPt T ket e
L1

Inss ~ (k+3F w0

This is the result for part (a) of the Problem.

Ik=

(¢) As ths number of slits becomes large the polygon of vectors
approaches the arc of a circle and the analogy with the pattcrn due
to a single slit of width equal to that of grating is complete. The

diagrams for the grating become identical with those for a single
slit if Na is replaced by §.
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S.45.2. }
0 sin 6 m sin 0/m
17.6° 0.30237 1 0.30237
—17.6° 0.30237 1 0.30237
37.3° 0.60599 2 0.30300
—37.1° 0.60321 2 0.30161
65.2° 0.90778 3 0.30259
—65.2° 0.90778 3 0.30259
(sin O/m)av=0.30242
A=d sin 6/m=(1.732 X107¢ cm)(0.30242)
=5238 X 10™® cm=5.238 A
S453. (@)
0 sin 0 m sin 8/m
6°40’ 0.11609 1 0.11609
13°30 0.23345 2 0.11672
20°20’ 0.34749 3 0.11582
35°40' 0.58306 5 0.11661

(sin 0/m)as»=0.1163)
A=d sin 8/m==(5.04 X 1074 cm)(0.1163)=5861 A.
(b) The missing fourth order must liec between 6=20°20’ and
0=35°40".
With  0=20°20’
_ 5861 X10"% cm
- 0.34749
With  6=35°0’
_ 5861x10"°cm
- 0.58306
Thus, the slit width must lie between 1.0 and 1.69 microns.

S.45.4. Grating equation is
d sin 6=mA (1)
where d is the distance between the rulings and m, which is an
integer, is the order of diffraction.
Diffrentiating (1) with respect to A,

=1,69X107¢ cm=1.69 micron.

=1.0X107¢ cm=1.0 micron.
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dé
d cosf -&-X—m
o m o m m
or dX Tdcos 0 d¥1=sin?® «/d*—d3sin® 0
m 1

Y A=) /(@3 mh)— s

1f the wavelengths are crowded then dA can be replaced by AA
and df by A6.

Thus, Ab=AXN (d/m?)—2,

S.45.5. (a) d sin 0=mA (D)
Set 0=90°
9000 A

Only m=1 is allowed.

Thus, there can be only one line on each side of the central
maximum.

(b) d sin 6=mA

Set m=1
. . A 6000 A
sin 0= 7=000A =0.667 «-(2)
t9=42°
The angular width is
A tan 0
Ab= N cos 8= N
-_-a—t?%b%— =9 X 107¢ radians
where use has been made of (2). _
(c¢) Resolving power, R=A/ AA. ...(3)
_ mAA
NOW. Ae— ETOS e “‘(4)

Multiply (3) and (4) to get
mA
R A0=dm—tan 0 (9

where use has been made of (1).
o Ab=tan 6/R
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S$.45.6. (@) R=A/ AA=Nm < (1)
Now, v=c/A «e(2)
1 Av| =c BA_cBA__c .(3)

A2 A A NmA
where use has been made of (1).
(b) Path difference between the extreme rays is

8==Nd sin 6. +(4).
Therefore time of flight difference,
8 .
Ap=d _Ndsin b we(5)
c c

(¢) Multiply (3) and (5)

_ ¢ Ndsin@ dsinf
(M (AN=gx =% = !

where use has been made of the grating equation. d sin 6=maA.

S.45.7. Refer to Textbook Fig. 45.14 (¢) and 45.14 (). Mext five
smaller interplaner spacings are shown in the sketch of Fig. S.45.7.




46 POLARIZATION

46.1. Let ], be the intensity of the incident unpolarized light, I, the
intensity of beam through the first sheet and I; the intensity trans-
mitted through the second sheet.

By Problem, I,=1%I,
I’= Il 0082 9

L s L
(a) 7, =cos? 0= 3
cos 0=+41/43=4(.577, or 0=455°.

) l.~.==—liéJ =], cos? 8= —!% cos® 0

cos 8=+ J%—=io.8165 or 0= 135°.

46.2, Let I, be the incident intensity, I,, Iy, I and I, the intensity
from successive sheets. Then the transmitted intensity of light

Iy=1I4 cos? §
Also, I;=1I, cos? 8
I=1I, cos? 8
h=%1
s Iy=1Iy cos? 8=1I, cosd 8=1, cos® 6=(1,/2) cos® 0,
.. Fraction of incident intensity that is transmitted is given by

L _ L cos® 0= —lcos" 30°= »l»( v3 >o 27

I, 2 2 2\ 2 ) 7w
46.3. (a) E==E sin (kz -0 (1)
E,=F cos (kz—wt) «.(2)
Square (1) and (2) and add |
E2+E,*=FE* ---(3)

This is an equation of a circle. It is circularly polarized. The
wave has the form

E=iFz+ JE,=Eli sin (kz—wt)-+ j cos (kz—wt)]
We can examine its behaviour at some fixed point in space, say
z==0. At (=0, T/4, T/2, 3T/4 and T, E (0,t) has values of

Ej, —FEi, —Ej, Ei and Ej, respectively. These values are indicated
in Fig 46.3 (a) over one period, using a right-handed system, £ has
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constant magnitude but rotates counter-clockwise (looking toward
the source). The field is therefore left circularly polarised.

(0) Ez=E cos (kz—wt) we(4)
E,=E cos (kz—wt+n/4) ...(5)
Equations (4) and (5) can be combined to obtain
Ed+E,2—¥ 2 E.E,=E%/2. weo(6)

This is an equation of an ellipse whose major axis is tilted at an
angle 45° to the Eq axis.

We may write (4) and (5) in the vector form
E (z, t)=iE cos (kz—wt)+ JE cos (kz—wt+n/4).
We can examine its behaviour at z=0 and for various values of ¢.

. E
E O, 0=if+ ] J;
T E
E(O, z )=0+3 5

T\__ ., : E

t
t

0
T

"o

T
taZ

Fig. 46.3 (a) Fig. 46.3 (b)

B(0. 7 )=0-1 %

E 0, T)=iE+ ;,‘—;-
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It is seen from Fig. 46.3 (b), that the E-field rotates counter-
clockwise and is therefore left handed.

(o) E:=F sin (kz—wt)
y=—E sin (kz—wt)
Ey='-'Ezs

This is an equation of a straight line. The light is plane pole}rized
with the major axis inclined at an angle of 135° with the E. axis.

46.4. (a) For water tan §,=n=1.33
9»=53°
(b) Yes, the angle does depend upon the wavelength as nis a
function of A.

46.5. From Textbook Fig. 41.2, we note that the refractive indices
range from 1470 to 1.455 for the white light. The corresponding
polarizing angles are

8p=tan™! 1.470=55°46'
and tan™! 1.455=55°30’

46.6. (a) For the ordinary ray,
sini sin 45°

sin ro= m = 1658 =0.4265
’o=25°l4,
For the extraordinary ray
. _sini  sin45
Sin re==""= = o= =0.4758
re==28°25’

tan ro=tan 25°14'=0.471=FCI/BF

)
1
A ]
450!
|
B

i 1
|

1 lem
!

£l AN\E
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Since BF=1 cm,
FC=0.471 cm
tan re=tan 28°25'=0.541=FE|BF

FE=0.541 cm
CE=FE—FC=0.541 cm—0.471 cm=0.07 cm
DE=CE/¥ 2=0.05 cm=0.5 mm
(b) Ray x is extraordinary whilst ray y is ordinary.
(¢) E in ray y lies in the plane of figure whilst E in ray x lies at
right angles to the plane of the figure.

(d) If a polarizer is placed in the incident beam and rotated, for
every rotation of 90° one or the other ray will be alternately
vXxtinguished.

46.7. Set the prism in the minimum deviation position for the
ordinary ray "nd then for extra ordinary ray and if the angles of
minimum deviation D, and D., respectively for the two rays be
determined then the refractive indices can be found out using
the following formulae.

ny=sin % (A4 D,)/sin } A

ne=sin } (4+D.)/sin ¥ A
with 4=60°.

46.8. Thickness of the quarter-wave plate,

___ A 5800%107% cm
4 (ne—ne) — 4 (1.6117—1.6049)

=0.0021" cm = 0.0217 mm.

t

46.9. Let the two linearly polarized plane waves be given by
E, (r, )=Ey, cos (k,.r —wt+9,)
E; (r, 1)=FE,, cos (Ko.r —wt+¢,)

Then the resultant field is

E=E,+E,
The intensity is
I=< E? >
where E:=E.E
ile. E’=(El+Eg).(E1+E.)=E|.+E2’+2E‘.Eg

Taking the average we find
I=hL+1,+1,
where I|=<E?>, I,= <Ey*> and /,=2 <E,.E,>,
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the last being the inteference term. But since E, and E, are perpen-

dicular to each other, the dot product E,.E, vanishes and cons-
equently -

I=I,+1,
=<E2>+<Ep2>

= 2 2
<Ep>= E;;,L j cos? (k,.r—wt+¢,) dt= En?

- Eq»?
Similarly <E?> = >

Eo? | Eoy’
2 T2
which is independent of the phase difference. Hence, interference

effects cannot be produced since the intensity remains constant as
one moves from point to point in space.

Thus I=

46.10. Consider a parallel beam of circularly polarized light of
cross-section A to fill up a box of length d. If U is the energy and
w the angular frequency then the angular momentum is by Textbook
Eq. 46.5 given by

=Y

w
: L _u__U |
But  Le=j=-m=r0y

where we have written V=dA4 \

\

Also, the distance travelled d=¢t so that

since P=U/tA.

46.11. Rate of transfer of angular momentum,
P P PA

T o T2 2ne
__(100 watts)(5 X 10”7 meter) -1¢ 2 fcoc?
= TR X 10° meterfsec) 203X 107 kg-m fsec*
If the angular momentum is transferred in time ¢t sccs, then
2651074 t=L'=]'w'
where L’ is the angular momentum acquired by the flat disk.

I'=% MR?is the rotational inertia about its axis und o' is, the
angular fr equency of rotation._ .
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$(1.075 kg)(2.5 % 1078 meter)(2x X 1.0 rev/sec)

= 2.65 % 10-14 k8=
sec?

=7400 sec=2.06 hrs.

SUPPLEMENTARY PROBLEMS

S.46.1. Let I» be the original intensity of plane polarized light and
I, that of randomly polarised light. In the light transmitted through
the polaroid sheet for the randomly polarized component

I,=3%1, (1)
and for plane pol.rized component,
I’=1I, cos? 0 )

where 0 is the angle between the plane of polarization and the
characteristic direction of the polaroid. The maximum transmission
intensity is given by adding (1) and (2) and setting 6 =0.

1'(mdz)=lp'+lo'=]p+i lo ...(3)
and the minimum transmission intensity is given by setting 6 =90°.
I' imimy=0I'+1,=04+% I, ...(4)

Dividing (3) by (4)

L'imaey D31, _
1,

whence Ir,=2I, '

3
l'(min) o 1

_ Thus, the relative intensity of the polarized component in the
incident light is
I 2/ 2
h+1, 2I,+1, " 3
and that of randomly polarized light is
1, 1, I

It1, ~2I,+1, _ 3

S$.46.2. (a) Let the light pass through a stack of polaroid sheets
such that each sheet causes the plane of polhrization to rotate

through an angle less than 90° but the total angle of rotation addes
up to 90°,

(b) Transmitted intensity through the first polaroid sheet
Ii=1, cos?® §
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where 1, is the original intensity. Similarly, the transmitted inten-
sity through the second sheet will be

. I,=1I, cos? 8=1, cos* 0
If N sheets of polaroid are used, then
In=1I,cos 0) 2w

where we have assumed that aangle of rotation through each sheet
is the same.

By Problem,
In[1,=0.95
90° T .
Furthermore, 6= N =N radians

) 2N~095
. (cos 2—17) =0.

As N is expected to be large, the cosine function can be approxi-
mated by the power series retaining only the first two terms and
then use the binomial expansion as follows:

2N i 2N
(cos 2TV ) —,( 1—8N“‘ +... ) ;-

Solving for N, we find
N=>5nr?=50.

46.3. The function of a polaroid is to convert unpolarised light into
plane polarised light. The quarter wave plate introduces a path
difference of A/4 or a phase differecnce of n/2 between the two
emergent waves, where A is the wavelength of the incident mono-
chromatic light. Its function is to convert in general the incident
plane-polarised light into elliptically-polarised light though the
special cases of emergent plane-polarised light occur for 8=0° or
90° and circularly® polarised light for 8=45°, where 90°—8 is the
angle between the electric vector in the incident plane polarised
light and the optic axis. Upon reversing the direction of the light
the role of the quarter-wave plate is to change the elliptically-pola-
rised light to plane-polarised light.

Let the side 4 have the polaroid and let the polaroid axis be
oriented at 45° to the principal axes of the quarter-wave plate. The
unpolarised light first enters the polaroid and the emergent plane-
polarised light upon traversing through the quarter wave plate is
changed to circularly-polarised light which after reflection from the
coin returns and on traversing the quarter-wave plate is changed
back to the plane-polarised light but now the polaroid is ““crossed”
and so the extinction of light occurs. Thus, the same combination
of polaroid and the quarter-wave plate acts both as polariser and

8N?
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analyser. On the other hand if this combination is placed with the
quarter-wave plate away from the coin (with the face A against the
coin) then unpolarised light would first enter the quarter-wave plate
and will be unaffected, and the resultant light upon traversing the
polaroid would not be extinguished.

S.46.4. For the right circularly-polarised light the eletric vector E
rétates clockwise on a circle around the direction of propagation as
we look toward the source.

(@) Upon reflection the direction of propagation 1s reversed and
the reflected beam becomes left circularly-polarized.

(b) As the direction of light beam is reversed, the direction of
linear momentum of light is also changed.

(c) Angular momentum is a pseudo vector (axial vector) i.e. a
vector given by the vector product of two polar vectors.
Under mirror reflection, the direction of angular momentum
of light does not change. As the incident light is right circu-
larly-polarized, its spin points in the direction of propagation.
Upon reflection the light has become left circularlydpolarized
and its direction of propagation has been reversed so that its
spin still poists in the original direction. In other words the
direction of spin has not changed.

(d) The impact of light beam on the mirror causes radiation
pressure.
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47.1. Planck’s formula is
C, 1
Ry= " g T
A ( ClAT _ )

with C,==2xnc*h and C,=hclk
The peak in the intensity distribution at the given temperature
T is obtained from the condition
Ry

X 0

This leads to Am = % . 1 __
m ST( 1 -FC2/T/\,,,)
—e
This is a transcendental equation in An,
Set Cg/TAm = X

x
then, o= =

The equation is satisfied to a good approximation with x=35.

3 C’ —

o e TAm —5

hc
T
hc
or ‘ Ame= s‘k‘i.,
Anre= (6.63 X 1073 joule-sec)(3 X 108 meter/sec)

(5)(1.38 X 10722 joule/°K)(6000 °K)
=4 8 XlO"’ meter=4800 A.

47.2. Area under the lower curve (Tungsten) is 2.35 cm?. Area
under the upper curve (Cavity radiator) is about 9 cm?

.. Bmissivity of tungsten=2.35/9=0.26

47.3. T=6000 °K
Area of the hole=x/4 (0.01)? cm?*=7.85X107% cm?
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5500+ 5510
2

di=10 A=10"7 cm.
RadA= 2nc2hdA

/\5( ’ ehc/AkT_l )

Mean A= =5505 A=5.505x107% cm

Let N photong/sec energy through the hole. Power radiated
through the hole=NhAv

ARxdA

. ARxdA=Nhv, or N= v

2ncdAA
A‘( ehc//\kT__l )

Now hc 6.63 X 1073 joules-sec)(3 X 10® meter/sec)
Ws AKT (5 505% 1077 m)(1.38 X 10728 joule/°K)(6000°K)

=4.36

(27)(3 x 10 cm/sec)(10™7 cm)(7.85 X 1078 cm?®)
(5.505% 1078 cm)4(et*38—-1)

=2.1X% 1018,
47.4. T=4000°K
Area, A=x(0.0025)?=1.94 X 107% meter?

0.440.7
2

dA=0.7—-0.4=0.3X10"* cm=3x10"8 cm=3 X 1077 meter

or N=

N=

Mean A= pm=0.55 Bm=5.5% 1077 meter

(a) Energy/sec escaping from the hole in the visible region
2rcthdAAd
A‘( ehc//\kT_l )

Now he (6.63 X 10724 joules-sec)(3 X 10® meter/sec)
*AT = (5.5%1077 meter)(1.38 X 10~ joule/°K (4000°K)

=6.55
. ARxdA
(2n)(3x 108 meter/sec)?(6.63 X 10 j-5)(3 X107 m)(1.94 x 10™8 m?)

AR\dA=

(5.5%10°7 m’&er)'(e' 85— 1)
=63 joules/sec=63 watts
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(b) Total cavity radiation, Rc=aT?®

where o is Stefen-Boltzmann constant.
6=5.67%X10"% watt/(meter2)(°K¢%)
Total cavitation radiation escaping through the hole
=ReA=(5.67X 107%) X (4000)¢ X (1.94 X 1075)=285 watts.

Fraction of eneigy in the visible region= 2%375-=0.22

47.5. Planck’s law is, RF%. (“"cz/ %_T._.,
e -1 )

- If Ais small or T is small then the exponential term in the paran-
thesis is much larger compared to unity.

(o .
Ry= ——>——(Wien’s law)
g AseC,//\T(

47.6. Solar radiation falls on earth at the rate of 2.0 cal/cm?-min,
or 2.0 X2.613 x 80" ev/cm?®-min.

Energy of each photon of A=5500A° is

. _he

E-—hv-—-/‘—
=(4.14 X 10718 ¢v-sec)(3 X 10%° cm/sec)/(5.5 X 1078 cm)
=2.26 ev

Therefore, number of photons incident/cm2-min
2.0X2.613 x 10" ev/cm3-min

— 19
(2.26 ev) 2.31x10
41.7. E=h= he = (4.14 X 10718 ev-sec)(3 X 10" cm/sec
A (21 cm)
4. =15 ey-sec)
_(4.14x107%5 ev-sec)(3 X 10 cm/sec) 5,95 10-% ey,
(21 cm)

he (4.14 X107 ev-sec)(3 x 10*° cm/sec)

47.8. For orange light, E=—A—— (6800 10-* om)
=1.826 ev

Sodium cannot show photoelectric effect as the photon energy is
lesj_ than 2.3 ev, the energy required to remove an electron from
sodium.
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47.9. (a) Energy of photon= .IR‘?_

_(4.14X1071% ev-sec)(3X 10% em/sec) _ . ,,
(2000 X 10~ cm) o

Energy of fast photoelectrons=hv — W=6.2—4.2=2.0 ev.

(b) Energy of slowest photo electrons is zero since originally
electrons in the metals have Fermi-distribution and for these elec-
trons which are sitting down the well, greater energy is required.
Therefore, the photo-electrons have an energy spectrum, the mini-
mum energy being zero.

(c) Stopping potential is 2 volts.

'(d) Cut-off wavelength corresponding to threshold energy’ of
42¢evis

_ hc (4.14X107* ev-sec)(3 X 10* cim/sec)
T E 4.2 ey T
=3x 1075 cm=3000A"

A

47.10. Photo-electric effect equation is /v—FE,=V, with
E,=23 ev for Lithium. For a given valuc of V,, the frequency

of the incident radiation is calculated from sz"%-—‘f", The calcula-

ted values of v are tabulated. Fig. 47.10 shows the plot of stopping
potential versus the frequency of the incident radiation.

Vs hv v (Cps)

0 23 ev 5.5x 101
0.2 25 ev 6.0 x 1014
0.4 N 2.7 ev 6.5X 101
0.7 3.0 ev 7.2X 10
1.0 33ev 8.0x 104

1.5 3.8 ev 9.2x (14
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10

0-5

'

1

5 10
v (X101LCPS) -

(=4

Fig. 47.10

47.11, Intensity of light source=10"5 watts.
Binding engrgy of electron=20 ev=20 X 1.6 X 107 joules
=3.2 X107 joules

Target area=x (1072° meter)?=10"%" x meter?

The area of a S-meter sphere centered on the light source is
4w (5 meter)*=100x meter®

If the light source radiates uniformly in all directions, the rate
P at which energy falls on the target is given by

-0
£P=(10"* watts; (l{‘ : :e‘:ze;;) w=107%7 joules/sec.
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Assuming that all this power is absorbed, the time ‘required for
the ejection of electron is

(3.2X 1078 joules)

(107 joules/sec) =3.2X10° secs & 100 years

t=

47.12. A=5890x 10710 m.
"(a) Let N photons be emitted/sec.

100 watts=hyN= ﬁ;’i’

100 A 100X 5890 x 1071°

=2.96 X 102° per sec

or N=—  =663x 101X 3 X I0°

At distance r==cm, number of photons going through 1 cm? is
N
dnrt’

. - N
At distance r cm, density is Anort =10

2.96 x 102°
= =, 2222 Y =8863 cm=8§8. .
r J e \/40 3 10 =8863 cm=288.6 meter

(b) As the density is inversely proportional to r2, the density at

2.0 meters from the lamp— (10)(§§-6— ) —=1.96 X 10¢ /om?.

47.13. Suppose a photon of energy Av i3 completely absorbed by a
free electron. Then the photo-electron must be ejected in the for-
ward direction in order to conserve momentum. Conservation of
energy gives

hv +mocz=4/c=p’+mozc‘ (1)

Conservation of momentum gives

hv
“. =P | —(2)
Using (2) in (1),
hv+moct=A Bvifmict «(3)

Squaring both sides and simplifying
2hvmyc®=0, which is absurd since
hv#0 and myc?£0.

AE ./ 1 ) _
47.14. ~E——l / (l+2a sin? 8/2 )° where « boy £
for 6=90°
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s (v 1)or [(1458)
(a) for A=3.0 cni, hv:hﬁ

10 .
(3 % 10 cm/sec) —4.1% 1078 ev.

=(4.14 X 10715 ey-sec)

3cm
AE __ Jf . ,0.51X10%ev )~ n
"1 /( 1+ 41%X1075 ey =8> 107,
Percentage change in energy =(AE/E) 100=8 x 1071 x 100
=8x107? %

which is practically zero.
he (4.14Xx10715 ev-sec)(3>< 10 cm/sec)

(8) For A=5000A" ; hv=""3=""""""""3060 109 cm)
=2.48 ev.
AE _ | Jf (4 931X10%en) \ o g
E /( 1+ 248 ev )==5>( 10
Percentage change in energy=5x10"¢X100=5X117* %
he  (4.14X 10718 ev-sec)(3 X 10¥ cm/sec

(¢) For A=1.0A°; hv———;\--—._—- 0 o)
—=12420 ev.
AE _ 051x10‘ev) 1
“E 1/(1+ 12420 v )= a12 — 00242

Percentage change in energy=0.0242 X 100=2.4 9,
(d) For hv=1 Mev
AE /( 0.51 ) 1 "
5 =1 j 1+ =0.66

*. Percentage change in energy=66%.

For small photon energy (small compared to rest-mass of elec-
tron i.e. 0 51 Mev) there is practlcally no loss of energy in the
scattering process. But for high energies such as those associated
with X-rays, energy loss may be significant.

hc
4718 - + [-~————— - ] bo -13
: Jl—v’/c’ 1 |, Textbook (47-13)

Mo A, cos ¢, Textbook (47.15)

———— cos 0=

W A~
\[l—c’
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My Sin® ko in 4, Textbook (47.16)

Vi—ja X

Eliminating 8 by the squaring (47.15) and (47.16) and adding,

met? L 2cos¢)
-/ _”'('Az T

Cancelling the common term ¢ in (47.13) and re-writing
__myc h
N1y ~ A

Square the last equation and from the resultant equation substract

the previous equation
my2(c® —v?) h h 2h2 cos ¢

_ 2h? 05 ¢
TISEaT My ’+2'"°c( c X )+_",\,\'
2

or my2ct=myc?— ;;—,-(I—cos ) +2mehe (1/A—1/A")

h o o
—-;\-,-+mc

Cancelling myc? on both sides
1 1 2h?
2mohe (7\‘" i—,):/w(l—cos é)
Multiply throughout by AA’, and simplify,

AA=A'—2A= 1 (1—cos $), Textbook (47.17).
Mmyc
2nimet ( 1 1
47.16. v= "'—h"‘— (-}_'2 —-I;i-)
First three longest wavelengths in the Balmer series are obtained
by putting j=2 and k=3, 4 and 5.
(9.11xX107%° gm)(4.8 X 107¥° esu)¢
(6.625x 10727 erg-scc)® =3.28 x10%
1 1

v=3.28 X 10“(-]; -—-'—Ei')

2rimet
hs

=(2x?)

(@ v, =3.28X mw(—:}-,- - %,)=4.556>< LOM.

10
A= L 3XN g 6585% 1074 cm=6585 A°

v, 4.556% 101
IS B T
v=3.28x108 (o, — 5 )==0.6150x 101,

_3Ixioe - 0
A= 6T50 x Jou =908 X 107%cm=4908 A",
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ve=3 28 X 1015 ( %5-—;—,“)=0.6888x 1018
o 3x10t
¥70.6888 X 107

(0)  vep=3.28% 1016(—;5_;:; )=O.82 X 1018

=4.369 X 1075cm=4369 A°.

3x101° _ o
Ao = (275 1015 =3-558X 1078 cm=3658A"-

Balmer series lies between Ay and Ao, i.e. 6585A° and 3658A°
47.17. (a) n=1

. h? .. . .
(b) r=m where e is in e.s.u., m in gms and / in ergs-sec

B (6.63x107272
T 4n?Xx 9.1 10728 X (4.8 X 107192

=0.53%x10"%cm

(c) L= g;r=6.63 X 107%7/2n=1.1X 107 erg-sec

gy 2mmet mctet @ 0.511x108 |
(d) p=mv ==, c ¢ Be = 131 &

=3730 ev/c.
) w=" 8nmet _ (8m3)(9.11 X107 gm){4.8 X 1072° esu)¢
r W (6.63 X 10727 erg-sec)s
=4.1X 10 radians/sec.

f) v 2sre2 (2r)(4.8 X 1072 esu)?
" (6.63%x 10727 erg-sec)

2 16428 4 X 28 10 [
(g) F— e?  16nim2e _ _ (16m4)(9.11 X 10728 gm)? (48X10__csu)

e b h (6.63 X 10727 erg-sec)s
=8.17x 1073 dynes.

==2.18 X 108 cm/sec.

) 16ncime® 8|7><10 dyne

= - - 24 -2
a 1 9.1X10°2 gm 9x10% cm sec
. 2n’me‘ me: et 0511x <108¢ 1 \*»
(i K= Jx ——“2 Fie — B (137 ) ev=13.6 ev.
{r3met mc2et 10¢ _
(]) U—-" '-h’ E s ﬁ—’?; =-—0.511x% ('137)’—- 27.2 ev.
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h%e,

Aliterf b)) r= s
nme

_(6.63 X 10734 joule-sec)*(8.85 x 10712 coul’/nt-_m"’)
7(9.1 X 1073 kg)(1.6 X 107 coul)t

=5.3%x 1071 meter.

-84 -
(c) L-—2-h—— 6.63 10 JOUIC L —1.06x% 10734 joule-sec.

() v= s/4 T mr

~ [(.6Xx107™ coul)2(9 X 10° nt- Ln_"/_coul’)

(9.1 x 10731 kag)(< 31X 10~ meter)
=2.19 % 10® meter/sec. ‘

(d) p=mv=(9.1X1073! kg)(2 19X 10® meter/sec)
=2 X 107# kg-meter/sec.

2.19 X 10°® met .
(e) w=—rv— ="53%1 O‘I‘T:cnf(:t/::g =4.1 X 10 radians/sec.

(& F=Z"u—e;;‘, ‘
_ (9x10° nt-m?/coul?)(1.6 X 1072 coul)® _ s
- (5.3 1071 meter)? =82%10™ nt.
F 8.2%107%nt
(h) a=- =m—16_ﬁ*ﬁ*g‘=9 X 10 meter/sec3.
. et
W K= g er
=} (9% 10° nt-m*/coul?)(1.6 X 107 coul)?/(5.3 X 10711 m)
=2.17x 10728 joules
=(2.17 x 1078 joule)/(1.6 X 1071? joule/ev)=13.6 ev.
>3
()  U=-—7 ;e - =—2K=—272ev.
0

(K)  E=K+U=(13.6—27.2) eve=—13.6 ev.
47.18. (b) racn® (c) Lcn (d)pOC-'—l’—

1 1 L
(@) wx 5 (f)ve—(g) Fc
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() ocale () K 2 () Voo ) B

47.19. As the energy required to remove the electron is oc (1/n?)
and since ionization potential (i.e. energy required to remove the
electron from the ground state of hydrogen atom with n=1) is
13.6 ev, energy required to remove the electron from the n=38 state
is

1%3_6 or 0.21 ev.

' 204
41.20. lwaz—ﬂ:—ﬁ—"-(—;—,—kl,)
=(3.28X 10" sec™)(4.14X 107 ev sec) ( }‘,-,- ,;',—)

1 1
=13.6 (*j‘; — ',z;)
(@) For j=1 and k=4
E=hv=13.6 [ — g =127 v
(b) For transition from n=:4 to n=3, E=0.66 ev. For transition
from n=4 to n=2, E=2.55 ev.

For transition from n=4 ton=1, 08¢ b
E=12.75 ev. —15] n=13
For transition from n=3 to -3 : n=2
n=2, E=1.89 ev.
For transition from n=3 fo n=1,
E=12.09 ev.
For transition from n=2 to n=1, ! ‘
E=10.2 ev. -136 n:l

Fig. 47.20
(c) Transition encrgy, E,=12.75 ev.
This energy must be shared between the emitted photon of energy

kv angd recoiling hydrogen atom,
Er+hv=12.75 ev (1)

Momentum conservation gives
Pr=hv/c

ie. V2ErMn = ".:



386 Soli tions to H and R Physics—II

or hv=1/2ERM,,c' «(2)
Using the value of Av from (2) in (1)
Er+d 2 ExMc* =12.75

} Mp AV 2XEM P M 3 =12.75

or v a+2 vge= 2575
H
vt 2y 255 25.5 ev

ate T Mt T 940X 10% ev
ps+2 g—2.7x1078=0

where B=vy/c
Solution of the quadratic equation gives,
p=1.35x107*

‘ va=PBc=(1.35%107%)(3 x 101° cm/sec)=405 cm/s.
47.21. (@) hv=—=0.85 — (—3.4)=2.55 ev

N=00 - 0
N=
4 Z0-85eV
n=2 -3 /eV
n=1 —13-6eV
Fig. 47.21

11
) Ek-Ej=l3.6(3,-; — —k',)

With Ex — E,=10.2=13.6 (—};-%)

or k= \/136 =2

With Em—E,——0.85—(—13. 6)==13.6( - m‘,)

we find m=4,
47.22. A=1216 A°

he (4.14X 10718 ev)(3 X 10*° cm/sec) ~1021 ¢
- (1216 X 107% cm) o

hv=
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10.21=13.6 (—1,—-,-;;) n “3iev

1]
~

Assigning different integral
values for j and k, we find that :
the above equation is satisfied n=1 —13-6eV
for j=1 and k=2. The energy
level diagram is shown in Fig. Fig 47.23

47.23.

47.23. Since the excitation energy for the state n=2is 10.2 ev, the
kinetic energy of neutron (6.0 ev) falls short of it. Therefore, the
collision can be only elastic one. The initial energy of 6.0 ev will
be shared between the scattered neutron and the recoiling hydrogen
atom.

47.24. For singly ionized helium, the nuclear charge will be +2e.
The expression for photon energy will be multiplied by a factor of
22 j.e. 4. The corresponding spectrum (apart from correcting for
reduced mass) will be pushed up on the frequency scale by a factor
o:: z)compared to hydrogen spectrum (or A shortened by a factor
of 4).

47.25. hv=(4)(13.6 ev)=54.4 ev.

47.26. In Bohr’s formulae m should be replaced by the reduced
mass .

g m' - 2
C2mfuet( 1 1Y\ wmet( 1 1
@  w= G )" (7 )

Compared to hydrogen spectrum, it is seen that the frequencies
in positronium spectrum are shrunk by a factor of 2, (or A increased
by a factor of 2).

LY
B 2m
T 4n?ue? 4dnimed T H
where ru=ground state radius of hydrogen atom=0.53 A°.
S rea=2x0.53=1.06 A.

(b) I'(Pos)

h%
47.27. (a) F(Muony = 4"-‘—’-;2"——
where g is the reduced mass of x and proton system.
| 1 1 '

» 1836m 267Tm
where m is the mass qf electron.
o w=186m
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o _ra_0.53x107%
FiMvom = o X antme? 186 186

=0.285x 1071 cm.

(b) As the reduced mass is 186 times greater, the ionization
energy is enhanced by the same factor; i.e. ionization energy for
muonic atom with proton as nucleus is

(13.6 ev)(186) or 2530 ev, i.e. 2.53 kev.

(c) Maximum transition energy is provided for transition between
n=2 and n=1. For muonic atom,
1 1
hv=2530 (1 %
_ 1897
V=41ax107

A £ (3 x101° cm/seng@ 14X 107 ev-sec)

v (1897 ev)

=6.5x10"® cm.
a wavelength which falls in the X-ray region.

)'“1897 ev

see !

48.28. Equating the electrical force to centripetal force,
82
5 =muwir , (1)

Quantization of angular momentum gives

2."th
mor o «-(2)
Squaring (1) and re-arranging,
miwtré=et .-(3)
Raising both the sides of (2) to power 3,
n3d
m%‘r‘ = ‘8—,;j ...(4)

Divide (3) by (4) to get
_. @ 4n’me!
AU M T 3

The frequency of radiation is given by

= 2r*me! ( 1_1
h® jl kﬂ)

for transitions between the states k and ;.
Setting j=nand k--n+4 |
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- 2u’me‘( 1 1 )
B\ nr (n+1)?
__ 2n¥met (2n+ h
K 1) o eeenn(6)

If n is large then in the parenthesis of both numerator and deno-
minator of equation (6), 1 can be neglected so that

Qn+ly | 2n 2
(n+1)2 n? " n

and YT e

7

Next letting j=n and k=n+2

2e3me* [ 1 1 __8xn%met (n+1)
B Lnm T 422 T R (nt2p

For large values of n,

v==

(nt) _on 1
(nt1)5. -
8nimet

VT e =

We may repeat the calculation for transition between states with
quantum numbers n+3 and # to find v=3v,. Thus, in the limit of
large quantum numbers Bohr’s theory predicts v==vo, 2v,, 3v, etc.

47.29. For k=n, j=n—1, frequency of emitted radiation is given by

2rtmet [ _
T (n—1)? n2
2r?met [ 2n—1 7
N R ]
The orbital frequency v, is given by

4n2met
Vo=""g13 - -
0 n3h8

. Percentage difference is 100 (v_;v"),

1 2
100 [(n—l)’ nm as 100 (3n—2)
2n—1 “ n(2n—-1)
(n—1)2pnd

For large n, 3n—2 —— 3n and 2n—1 ——~ 2n
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. . _ 3n 150
~. Percentage difference=100X I R
€1.30. L=mvr =&
2x
n=21:mvr
h

Mass of earth, m=6x10% kg.
Mean orbital speed of earth, v=29770 meters/sec.
Planck’s constant - h=6.63 X 1073 joules-sec.
Orbital radius, r=1.5x 10! meters.
o 2EX 6X 104X 2.977 X 104X 1.5 X 102
6.63x 1073
n=254%x107=2.5x107

Such a quantization can not be detected.




48 WAVES AND PARTICLES

48.1. (a) deBroglie wavelength, A=t _h

p my

A=(6.6 X 10734 joules-sec)/(0.04 kg X 1000 meter/sec)
=1,65%X 1073 meter
.(b) piffmetion effects are noticeable for obstacles which have
dimensions of the order of wavelength. But, here A is too small.

Thus, for obstacles of the size of atoms (R~1071° meters) the

. . A 10735 .
diffraction angle 0 R= 110 1—0—%%%;:—10"“ radians an angle

which is beyond detection.

] h h

48.2. deBroglie wavelength, /\—— —_—=
(6.6>< 1073¢ joule-sec)

A=42%(1.67 X 10727 kg)(0.025ev X 1.6 X 10~® joule/ev)

=1.84%X 1072 meter=1.84 A.

-84 -
48.3. (@) Momentum of electron. p=: -!1-—-626(;( ):(:O_IOJ(::]C:::C

=3.3% 10724 kg-meter/sec

Momentum of photon, p= hy =—II{~——3 3 X 107* kg-meter/sec.

(b) For electron, kinetic energy, K~2pm

K=(3.3 %107 kg-meter/sec)?/(2x9.1 X 107 kg)
=0.6 X 1071 joules
=(0.6 %1077 joules)/(1.6 X 1071* joules/ev)
=37.5 ev.

For proton, energy, E=hv=-cp
E=(3x 10° meter/sec)(3.3 X 107 kg-meter/sec)
=9.9% 1071¢ joules

=(9.9 X 10718 joules)/(1.6 X 1071* joules/rv)
=6188 ev
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48.4. Kinetic energy of electron, K=50 Bev=5x 10¥ ev

" So K> m,*;the rest mass energy of electron which is only
0.51 x 108 ev.

Now, total énergy, E=K+m,c? is given'by relativistic formula
E’:c'p' +m’oc(
(K+myc®)=c3p2+mdct
or K*+2Kmyc*=c*p?

If K > myct, the second term on the left-hand side will be much
smaller than the first term,

or . p=

Momentum, p==

=(5% 10 ev X 1.6 X 107 joule/ev)/(3.0 X 108 meter/sec)
=2.7x 1077 kg-meter/sec.

deBroglie wavelength, /\=-g~

=6.6X 1073 joules)/(2.7 X 10717 kg-meter/sec)
=2.45X10717 meter.
On the basis of constant density nuclear model, nuclear radius,
R=r A}'*=1.2X 1071841 /3 meter,
where  A=mass number.
For a typical medium size nucleus with A=125, wh get -
R=6.0 X 10718 meter.

Thus A is comparable with R and diffraction effects will be
prominent.

48.5. (a) deBroglic wavelength of electrons of kinetic energy
T=>54 ev=(54ev) X (1.6 X107 joules/ev)=86.4 X 1071* joules is
h 6.6 X 10™* joule-sec
~ Vimk~ d2)9.1x 10 kg)(86.4 x 10-1 joules)
=1.65X% 1071 meter
Now, condition for Bragg-reflection is
mA=2d sinf
Set m=2 (second order diffraction)
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22 1.65%x107Y meter
2d- 0.91x1071° meter

which is impossible since the value of sin 6 can not exceed unity.
Hence, second order diffraction cannot occur. Similarly, third order
diffraction also cannot occur with the given accelerating voltage
(which defines A) and the set of planes (which define d).

(b) Set V=60 volts

=1.813

then, sinf=

Then, kinetic energy of electrons,
K=60 ev=(60 ev)(1.6 X 1071 joule/ev)=9.6 X 10~*® joule.
Momentun, p= 4 2m.K=4(2)(9.1 X10® kg)(9.6 X 10~ joules)
==4.18 X 1073 kg-meter/sec.

= -z— =(6.6 X 1073 joule-sec)/(4.18 X 10724 kg-meter/sec)
=1.59 X 107° meter
For first order diffraction, A=2d sinf
or sinf= i% =(1.59 X 1071° meter)/(2X 0,91 X 10™2° meter
=0.874
*. Bragg angle, 6=61°.

But, 0=90—¢¢
whence ¢=180—20=180°—2x61°=58°.
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48.6. (a)
10AF A versus K for Electrons
A = ‘2'3 A
,/ K
where K is in eV
y
5 -
| 1 { 1 |
&) 10 15 20 25 eV
K—>(eV)
Fiz 48.6 (a)
(b)
(X‘O-ncm)
M
30K A versus K for Protons
1 287x10 em
20 JK
where K is in MeV
10F
4 4 N N A
0 20 30 0 SQMev
K~—»(MeV)

rig. 48.6 (b)
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Mean kinetic energy of hydrogen atom at temperature T
vin) is
E= -;- kT, where k=Boltzmann’s constant

constant=1.38 X 107 joule/K°
T=273°+420°=293°K

E= (% )(1.38 x 10728 joule/°K)(293°K)=6.0 x 10~ joules

my,=1.67x107" kg
A= h _ _ _6.63 X 1073 joule-sec
N2 Em,; N (2)0(6x1071 joule)(1.67 X 1077 kg)
=1.48X1071° meter=1.48 A.
48.8. (a) v=E;—E,=3.4—1.5=19 ev.
(b) Energy of photon, E=1.9 ev=(1.9 ev)(1.6 X 107?* joules/ev)
=3 X% 107" joules

E==hv='-'§—-,
he
=%

_(6.63x 107 joule-sec)(3 X 10® meter/sec)
3% 107 joule
=6.63x 1077 meter=6630 A.

489. The normalized, time independent wave function for the parti-
cle trapped in an infinitely deep potential well of width L is

= |2 4ip"nx
=J1

_ Probability of finding the parucle between x and x+dx in state n,
is

P(x)dx= |¢ 3dx= -12— sin? I%% gx

: L
Probability of finding the particle between x=L/3 and x=0, is
Li3 L3 )
tdx= | = gin? 7%
Pe,g | ¢ It dx o[Lsdex

L3
- _21: I [ 1 --(c01322;wclL):]dx
. 0
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{ L/3 L3
_ b _ 1 2nnx
—-L(!dx L[co~—~«-d
0
L/3
- u _~L__[ iy 2nmx]
=7 L 2nnl® L |
0
1 1 . 2n=w
or P=-3 ~jpasin =3
@ Poy= - sin 2n= 1 L 0866=0.1¢
@) Fo-n= 3 =50 3T 3 T g XUe00=01%
1 ] 4% 1
3 — an_ 1 -
(B} Ponyy=y— 4 sin=3-=033+ = X 0.866=0.4
R
(&) Pingy= 3 —6x SN 2r=0.33.

(d) Classically, probability for the particle between x a.:

is dx/L.

dx
P~ [ o teon

48 10. Time independent normalized wave fuaction for 1

atom in the ground state is $4= :/—n—a—a e—"rla.

r r
N 1 —2rla
Pr= J | Yo |2 dV= it j e (4rradr)
0
4 Jf . _2r/a
‘—a‘ r<e
0
2r
Sct —-a-—x dr——z- dx

e ()& N | e

Integrate by parts,
Pe= -% [-—x’e”+2 I xe"‘"dx:l

=5 [xem+2{-se+ [ }]

=5 [—-—-x’e"" —2xe™*—2¢™" ]

-~

C‘Fd}t‘

Cgen


















	00000001.tif
	00000002.tif
	00000003.tif
	00000004.tif
	00000005.tif
	00000006.tif
	00000007.tif
	00000008.tif
	00000009.tif
	00000010.tif
	00000011.tif
	00000012.tif
	00000013.tif
	00000014.tif
	00000015.tif
	00000016.tif
	00000017.tif
	00000018.tif
	00000019.tif
	00000020.tif
	00000021.tif
	00000022.tif
	00000023.tif
	00000024.tif
	00000025.tif
	00000026.tif
	00000027.tif
	00000028.tif
	00000029.tif
	00000030.tif
	00000031.tif
	00000032.tif
	00000033.tif
	00000034.tif
	00000035.tif
	00000036.tif
	00000037.tif
	00000038.tif
	00000039.tif
	00000040.tif
	00000041.tif
	00000042.tif
	00000043.tif
	00000044.tif
	00000045.tif
	00000046.tif
	00000047.tif
	00000048.tif
	00000049.tif
	00000050.tif
	00000051.tif
	00000052.tif
	00000053.tif
	00000054.tif
	00000055.tif
	00000056.tif
	00000057.tif
	00000058.tif
	00000059.tif
	00000060.tif
	00000061.tif
	00000062.tif
	00000063.tif
	00000064.tif
	00000065.tif
	00000066.tif
	00000067.tif
	00000068.tif
	00000069.tif
	00000070.tif
	00000071.tif
	00000072.tif
	00000073.tif
	00000074.tif
	00000075.tif
	00000076.tif
	00000077.tif
	00000078.tif
	00000079.tif
	00000080.tif
	00000081.tif
	00000082.tif
	00000083.tif
	00000084.tif
	00000085.tif
	00000086.tif
	00000087.tif
	00000088.tif
	00000089.tif
	00000090.tif
	00000091.tif
	00000092.tif
	00000093.tif
	00000094.tif
	00000095.tif
	00000096.tif
	00000097.tif
	00000098.tif
	00000099.tif
	00000100.tif
	00000101.tif
	00000102.tif
	00000103.tif
	00000104.tif
	00000105.tif
	00000106.tif
	00000107.tif
	00000108.tif
	00000109.tif
	00000110.tif
	00000111.tif
	00000112.tif
	00000113.tif
	00000114.tif
	00000115.tif
	00000116.tif
	00000117.tif
	00000118.tif
	00000119.tif
	00000120.tif
	00000121.tif
	00000122.tif
	00000123.tif
	00000124.tif
	00000125.tif
	00000126.tif
	00000127.tif
	00000128.tif
	00000129.tif
	00000130.tif
	00000131.tif
	00000132.tif
	00000133.tif
	00000134.tif
	00000135.tif
	00000136.tif
	00000137.tif
	00000138.tif
	00000139.tif
	00000140.tif
	00000141.tif
	00000142.tif
	00000143.tif
	00000144.tif
	00000145.tif
	00000146.tif
	00000147.tif
	00000148.tif
	00000149.tif
	00000150.tif
	00000151.tif
	00000152.tif
	00000153.tif
	00000154.tif
	00000155.tif
	00000156.tif
	00000157.tif
	00000158.tif
	00000159.tif
	00000160.tif
	00000161.tif
	00000162.tif
	00000163.tif
	00000164.tif
	00000165.tif
	00000166.tif
	00000167.tif
	00000168.tif
	00000169.tif
	00000170.tif
	00000171.tif
	00000172.tif
	00000173.tif
	00000174.tif
	00000175.tif
	00000176.tif
	00000177.tif
	00000178.tif
	00000179.tif
	00000180.tif
	00000181.tif
	00000182.tif
	00000183.tif
	00000184.tif
	00000185.tif
	00000186.tif
	00000187.tif
	00000188.tif
	00000189.tif
	00000190.tif
	00000191.tif
	00000192.tif
	00000193.tif
	00000194.tif
	00000195.tif
	00000196.tif
	00000197.tif
	00000198.tif
	00000199.tif
	00000200.tif
	00000201.tif
	00000202.tif
	00000203.tif
	00000204.tif
	00000205.tif
	00000206.tif
	00000207.tif
	00000208.tif
	00000209.tif
	00000210.tif
	00000211.tif
	00000212.tif
	00000213.tif
	00000214.tif
	00000215.tif
	00000216.tif
	00000217.tif
	00000218.tif
	00000219.tif
	00000220.tif
	00000221.tif
	00000222.tif
	00000223.tif
	00000224.tif
	00000225.tif
	00000226.tif
	00000227.tif
	00000228.tif
	00000229.tif
	00000230.tif
	00000231.tif
	00000232.tif
	00000233.tif
	00000234.tif
	00000235.tif
	00000236.tif
	00000237.tif
	00000238.tif
	00000239.tif
	00000240.tif
	00000241.tif
	00000242.tif
	00000243.tif
	00000244.tif
	00000245.tif
	00000246.tif
	00000247.tif
	00000248.tif
	00000249.tif
	00000250.tif
	00000251.tif
	00000252.tif
	00000253.tif
	00000254.tif
	00000255.tif
	00000256.tif
	00000257.tif
	00000258.tif
	00000259.tif
	00000260.tif
	00000261.tif
	00000262.tif
	00000263.tif
	00000264.tif
	00000265.tif
	00000266.tif
	00000267.tif
	00000268.tif
	00000269.tif
	00000270.tif
	00000271.tif
	00000272.tif
	00000273.tif
	00000274.tif
	00000275.tif
	00000276.tif
	00000277.tif
	00000278.tif
	00000279.tif
	00000280.tif
	00000281.tif
	00000282.tif
	00000283.tif
	00000284.tif
	00000285.tif
	00000286.tif
	00000287.tif
	00000288.tif
	00000289.tif
	00000290.tif
	00000291.tif
	00000292.tif
	00000293.tif
	00000294.tif
	00000295.tif
	00000296.tif
	00000297.tif
	00000298.tif
	00000299.tif
	00000300.tif
	00000301.tif
	00000302.tif
	00000303.tif
	00000304.tif
	00000305.tif
	00000306.tif
	00000307.tif
	00000308.tif
	00000309.tif
	00000310.tif
	00000311.tif
	00000312.tif
	00000313.tif
	00000314.tif
	00000315.tif
	00000316.tif
	00000317.tif
	00000318.tif
	00000319.tif
	00000320.tif
	00000321.tif
	00000322.tif
	00000323.tif
	00000324.tif
	00000325.tif
	00000326.tif
	00000327.tif
	00000328.tif
	00000329.tif
	00000330.tif
	00000331.tif
	00000332.tif
	00000333.tif
	00000334.tif
	00000335.tif
	00000336.tif
	00000337.tif
	00000338.tif
	00000339.tif
	00000340.tif
	00000341.tif
	00000342.tif
	00000343.tif
	00000344.tif
	00000345.tif
	00000346.tif
	00000347.tif
	00000348.tif
	00000349.tif
	00000350.tif
	00000351.tif
	00000352.tif
	00000353.tif
	00000354.tif
	00000355.tif
	00000356.tif
	00000357.tif
	00000358.tif
	00000359.tif
	00000360.tif
	00000361.tif
	00000362.tif
	00000363.tif
	00000364.tif
	00000365.tif
	00000366.tif
	00000367.tif
	00000368.tif
	00000369.tif
	00000370.tif
	00000371.tif
	00000372.tif
	00000373.tif
	00000374.tif
	00000375.tif
	00000376.tif
	00000377.tif
	00000378.tif
	00000379.tif
	00000380.tif
	00000381.tif
	00000382.tif
	00000383.tif
	00000384.tif
	00000385.tif
	00000386.tif
	00000387.tif
	00000388.tif
	00000389.tif
	00000390.tif
	00000391.tif
	00000392.tif
	00000393.tif
	00000394.tif
	00000395.tif
	00000396.tif
	00000397.tif
	00000398.tif
	00000399.tif
	00000400.tif
	00000401.tif
	00000402.tif
	00000403.tif
	00000404.tif
	00000405.tif
	00000406.tif
	00000407.tif
	00000408.tif
	00000409.tif
	00000410.tif
	00000411.tif
	00000412.tif

