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Classroom

In this section of Resonance, we invite readers to pose questions likely to be raised in a

classroom situation. We may suggest strategies for dealing with them, or invite responses,

or both. “Classroom” is equally a forum for raising broader issues and sharing personal

experiences and viewpoints on matters related to teaching and learning science.
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A n e x p e r im e n t a l e ® o r t h a s b e e n m a d e t o v a lid a t e

t h e e x is t e n c e o f d is p la c e m e n t c u r r e n t w h ic h p r o -

d u c e s m a g n e t ic ¯ e ld lik e a n y o t h e r fo r m o f c u r -

r e n t . T h e g e n e r a t io n o f e m f b y a lo o p p la c e d p a r -

a lle l t o t h e c u r r e n t a n d it s s q u a r e -la w v a r ia t io n

w it h fr e q u e n c y h a s b e e n e x p e r im e n t a lly d e m o n -

s t r a t e d . A ll e x p e r im e n t a l r e s u lt s a ls o c o n ¯ r m

t h e t h e o r y d e v e lo p e d .

1 . I n t r o d u c t io n

T h e d e v e lo p m e n t o f e le c tro m a g n etic th eo ry b y J a m e s
C lerk M a x w ell in 1 8 6 5 [1 ] w a s tru ly a fu n d a m en ta l ste p -
p in g sto n e w h ich la id th e so lid fo u n d a tio n fo r a cle a r
u n d e rsta n d in g o f a ll e le ctro m a g n e tic p h e n o m en a lik e in -

te rfe re n c e, d i® ra ctio n , p o la riz a tio n , g u id e d w a v e s, p ro p -
a g a tio n a n d ra d ia tio n o f e n e rg y , a n d v e lo c ity o f lig h t.
It a lso c o n ta in e d th e fu ll in fo rm a tio n o f a ll p re v io u s e x -
istin g la w s o f ele ctricity a n d m a g n e tism b y C o u lo m b ,
G a u ss, A m p ere a n d se v e ra l o th ers [2 ].
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Without this

displacement current

many

electromagnetic

phenomena like

radiation and pro-

pagation of energy,

guided waves, and

antennas, cannot be

explained at all.

T h e M a x w e ll's eq u a tio n s in d i® e ren tia l fo rm a re

r £ H = ¾ E +
@ D

@ t
(1 a )

r £ E = ¡
@ B

@ t
(1 b )

r ¢ D = ½ (1 c )

r ¢ B = 0 (1 d )

w h e re th e sy m b o ls h a v e th e ir u su a l sig n ī c a n c e . T h e

k e y a n d o rig in a l c o n c ep t o f M a x w e ll w a s th e in tro d u c -
tio n o f th e te rm o f d isp la c e m e n t cu rre n t d en sity, @ D = @ t

(in e q u a tio n (1 a ) a b o v e ) w h ich ° o w s in a d ie le c tric m e d -
iu m a n d a c ts, fo r a ll in te n ts a n d p u rp o se s, ex a ctly lik e
th e co n d u c tio n c u rren t d e n sity , ¾ E ° o w in g in a co n -
d u c tin g m ed iu m [3 ]. W ith o u t th is d isp la c e m e n t c u rren t

m a n y e le c tro m a g n etic p h en o m e n a lik e ra d ia tio n a n d p ro -
p a g a tio n o f e n erg y, g u id ed w a v e s, a n d a n te n n a s, c a n n o t
b e e x p la in e d a t a ll ([4 ]{ [8 ]).

T h e o b jec tiv e o f th e p re se n t a rtic le is to d escrib e a sim -
p le ex p e rim e n t w h ich w ill d ire c tly a n d c o n v in c in g ly sh o w
th a t th e d isp la c e m e n t c u rren t is a s re a l a s th e co n d u c -
tio n c u rre n t.

2 . T h e o r y

T h e b a sic p rin c ip le is e a sily u n d e rsto o d b y c o n sid e rin g a
p a ra lle l p la te a ir d iele ctric c a p a cito r a s sh o w n in F igu res
1 a a n d 1 b . W h e n a n a c v o lta g e V 1 e j ! t is a p p lied a c ro ss
th e p la te s, th e re w ill b e n o co n d u c tio n c u rre n t in th e a ir
d ielec tric b e tw ee n th e p la te s; h o w ev er, sin c e th e e le c tric
¯ e ld , E = (u z V 1 = d )e j ! t a n d th e d isp la ce m en t c u rren t
v e c to r, D = u z (" 0 V 1 = d )e j ! t v a ry sin u so id a lly w ith tim e,

a d isp la c e m e n t c u rren t o f d e n sity ,

J d =
@ D

@ t
= u z

Ã
j 2 ¼ f " 0 V 1

d

!

e j ! t

is p ro d u c e d in th e a ir d iele ctric. T h is, in tu rn , w ill p ro -
d u c e a circ u la r m a g n e tic ¯ eld , H ' a ro u n d th e a x is. If
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Figure 1. (a) Isometric view

of the parallel plate air ca-

pacitor. (b) Schematic dia-

gram of the capacitor

showing the single-turn

loop.

(a)

(b)

n o w a sin g le -tu rn lo o p is h e ld p erp en d ic u la r to th e m a g -
n e tic ¯ e ld , a v o lta g e

V 2 = ¡
@ ª

@ t
/ V 1 f 2

w ill b e in d u c e d . T h a t is, V 2 = (V 1 f 2 ) = co n sta n t, d e -
p e n d in g o n ly o n th e g e o m etry o f th e e x p e rim e n ta l m o d el
(sh o w n in F ig u re 2 ).

T h e e x a c t so lu tio n o f F igu re 1 a s a b o u n d a ry v a lu e p ro b -

le m is a fo rm id a b le ta sk b e c a u se o f (i) frin g in g o f ¯ e ld s
n e a r th e ed g e o f th e ca p a c ito r p la te s, (ii) d isto rtio n o f
¯ e ld s d u e to th e th ick c o n d u cto r (d ia , 2 m m ) fo rm in g th e
o n e -tu rn lo o p , a n d (iii) th e p ro p a g a tio n a n d ra d ia tio n
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Figure 2.Schematic experi-

mental setup for measure-

ment of V
1
and V

2
described

in the text.

-

e ® e cts e v e n a t th e co m p a ra tiv e ly lo w e r freq u e n c ie s e m -

p lo y e d in th e e x p e rim e n t. H o w e v e r, sin c e th e fre q u en cy
ra n g e u se d in th e ex p erim e n t is n o t v e ry h ig h (< 2 5
M H z ), c o n sid e ra b le in sig h t is o b ta in e d b y e m p lo y in g a
q u a si-sta tic a p p ro a ch fo r d ev elo p in g a sim p lī e d a n d id e -
a listic b u t a n a p p ro p ria te th e o re tic a l a n a ly sis a s g iv e n

b e lo w .

R efe rrin g to F igu re 1 b , fo r a n a p p lie d v o lta g e V a c ro ss
th e c a p a c ito r p la te s,

V = V 1 e j ! t ;

th e e le c tric ¯ eld E z a n d th e d isp la c e m e n t D z in th e a ir
d ielec tric a re

E z =
V

d
=

µ
V 1

d

¶

e j ! t

D z = " 0 E z =

µ
" 0 V 1

d

¶

e j ! t

T h u s, th e d isp la c em e n t cu rre n t d e n sity is

J d = @ D = @ t

= u z

µ
j ! " 0 V 1

d

¶

e j ! t: (2 )

S in ce th e c u rren t is a lo n g th e z -d irec tio n , th e m a g n e tic
¯ e ld H a t a p o in t P (r ; Á ; z ) w ill b e c irc u la r a lo n g th e Á -
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d irec tio n a n d m a y b e o b ta in ed fro m A m p e re 's la w a s
I

H ¢ d l = I

o r 2 ¼ r H ' = J d ¼ r 2

o r H ' =
J d r

2
; r · a :

T h e m a g n etic ° u x ª lin k e d w ith th e sin g le-tu rn ra d ia l

lo o p o f h eig h t h a n d le n g th a is, fro m (2 )

ª =

aZ

0

¹ 0 H ' h d r

=

Ã
j ! ¹ 0 " 0 a 2 h V 1

4 d

!

e j ! t (3 )

T h e e m f V 2 in d u c ed in th e sin g le -tu rn lo o p is, fro m (3 )

V 2 =
¡ @ ª

@ t

=

Ã
¼ 2 h a 2

c 2 d

!

V 1 f 2 ; (4 )

w h e re c = 1 =
p

¹ 0 " 0 is th e v e lo c ity o f lig h t.

E q u a tio n (4 ) sh o w s th a t

V 2

V 1 f 2
=

¼ 2 h a 2

c 2 d
= c o n sta n t; (5 )

d e p e n d e n t so le ly o n th e g eo m e try o f th e c a p a c ito r a n d
th e lo o p .

F o r th e ca p a c ito r m a d e fo r th e p re se n t e x p erim en t, h =
d = 2 , a = 0 :1 0 2 m , a n d h en ce

V 2

V 1 f 2
=

Ã
¼ 2 a 2

2 c 2

!

= k = 5 5 £ 1 0 ¡ 2 0

fro m (4 ). If V 2 is in m illiv o lt, V 1 in v o lt, f in M H z , th e n

(V 2 )m v £ 1 0 ¡ 3

(V 1 )V £ (f M H z )
2 £ 1 0 1 2

= k
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i:e:;
(V 2 )m v

(V 1 )V £ (f M H z )
2 = k £ 1 0 1 5 = 5 5 £ 1 0 ¡ 5

u n d e r id ea liz ed co n d itio n s.

3 . E x p e r im e n t

T h e e x p e rim en ta l a rra n g e m en t is sh o w n sch e m a tic a lly
in F igu re 2 . A s th e fre q u e n cy f o f th e sig n a l so u rce
(A g ile n t 3 3 2 5 0 A , 8 0 M H z F u n ctio n / A rb itra ry W a v e fo rm
G e n e ra to r) is v a rie d , th e in p u t v o lta g e V 1 a n d th e o u t-
p u t v o lta g e V 2 a t e a ch freq u e n c y a re m e a su red b y th e

v o lta g e rec o rd e r's tw o ch a n n els (G W in ste k 8 4 0 s, D ig -
ita l S to ra g e O sc illo sc o p e). In sp ite o f p re ca u tio n s ta k e n
so th a t th e v o lta g e le v e l V 2 is h ig h e r th a n th e n o ise lev el
it w a s n o t a lw a y s p o ssib le b y th e m e a su rin g in stru m en t
a t so m e fre q u en c ies. T h e e x p e rim e n ta l re su lts a re g iv e n
in T a ble 1 .

If n o w a g ra p h ic a l p lo t is m a d e o f th e ra tio V 2 = (V 1 f 2 ) v s
freq u e n c y, th e ra tio sh o u ld rem a in c o n sta n t, a s re q u ire d
b y eq u a tio n (5 ). T h e e x p e rim e n ta l resu lts (sh o w n in
F igu re 3 a ) c o n ¯ rm th e th e o ry .

S im ila rly , fro m (5 ) it is a lso see n th a t lo g (V 2 = V 1 ) =
2 lo g f + c o n sta n t. A g ra p h ic a l p lo t o f th e a b o v e o n a

lo g { lo g g ra p h p a p e r sh o u ld h a v e a slo p e o f 2 . T h e
e x p erim en ta l re su lts (F igu re 3 b ) sh o w th e slo p e to b e
1 .8 7 (e rro r = 6 .5 % ). F u rth e r, e q u a tio n (5 ) g iv e s th a t
V 2 = V 1 = c o n sta n t £ f 2 . A g ra p h o f th is sh o u ld b e a
stra ig h t lin e p a ssin g th ro u g h th e o rig in a s c o n ¯ rm e d
fro m th e e x p e rim en ta l re su lts (F igu re 3 c).

4 . C o n c lu s io n s

A s m e n tio n e d ea rlier in se c tio n 2 , th e v a lu e o f th e g eo -
m etrica l c o n sta n t ¼ 2 a 2 = 2 c 2 in (5 ) h a s b e en d e riv ed a s-
su m in g id e a liz e d c o n d itio n s. In th e c a se o f th e a c tu a l
e x p erim en ta l m o d e l (F igu re 1 b ), h o w e v e r, th e in d u ce d
v o lta g e V 2 (a s m a y b e o b ta in ed b y th e so lu tio n o f th e

b o u n d a ry v a lu e p ro b lem p erta in in g to th e m o d el) w ill
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Table 1. Experimental re-

sults of measurement; see

Figures 3a to 3c.

b e v ery m u ch h ig h er b e ca u se o f th e fo llo w in g fa cto rs:

² frin g in g o f ele ctric ¯ e ld a ro u n d th e c irc u m fe re n ce o f
th e c a p a c ito r's c irc u la r p la te s,

² c o n sid e ra b le d isto rtio n o f th e m a g n e tic ¯ e ld d u e to

(i) sm a ll e c ce n tric ity o f th e p la c e m e n t o f th e sin g le -tu rn
lo o p b e tw ee n th e c a p a cito r p la tes a n d

(ii) la rg e d ia m e te r » 2 m m o f th e lo o p w ire re su ltin g in
a m u ch la rg e r m a g n e tic ° u x lin k a g e w ith th e lo o p a n d

f
MHz

f 2

(MHz)2
V1

Volts P-P
V2

Millivolts
P-P

B
V

V
 2

1

2 10 A
fV

V
 3

2
1

2 10

2.0 4 20.8 7.00 33.65 84.13
3.0 9 21.0 12.80 60.95 67.72
4.0 16 20.8 20.00 96.15 60.09
5.0 25 20.6 30.40 147.57 59.03
6.0 36 20.4 44.00 215.69 59.91
7.0 49 20.0 64.00 320.00 65.31
8.0 64 19.2 72.00 375.00 58.59
9.0 81 18.8 96.00 510.64 63.04

10.0 100 17.4 116.00 666.67 66.67
11.0 121 16.8 112.00 666.67 55.10
12.0 144 15.6 108.00 692.31 48.08
13.0 169 15.0 120.00 800.00 47.34
14.0 196 14.0 144.00 1028.57 52.48
15.0 225 13.4 154.00 1149.25 51.08
16.0 256 12.8 180.00 1406.25 54.93
17.0 289 12.0 204.00 1700.00 58.82
18.0 324 11.8 212.00 1796.61 55.45
19.0 361 11.0 196.00 1781.81 49.36
20.0 400 10.6 216.00 2037.74 50.94
21.0 441 10.2 240.00 2352.94 53.35
22.0 484 9.8 240.00 2448.98 50.60
23.0 529 9.4 280.00 2978.72 56.31
24.0 576 8.8 232.00 2636.36 45.77
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Figure 3. (a) Graphical plot of (V
2
/V

1
f2)  103 = A versus frequency f showing the former to be

constant as given in equation (5). (b) A plot of (V
2
/V

1
) 102 = B versus f in a log–log graph paper

shows the variation to be linear with a slope of 1.87 instead of 2 as given in equation (5). (c)

Graphical plot of (V
2
/V

1
) 102= B versus f2showing the straight line nature of variation passing

through the origin as given in equation (5).

(a)

(b)
(c)
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(iii) e ® e c t o f th e m e ta llic scre w s h o ld in g th e c a p a c ito r
p la te s, a n d

(iv ) in d u c e d e m f p ick ed u p b y th e lea d s to m e a su re V 2 :

H o w e v e r, sin c e th e in trin sic p u rp o se o f th is e x p erim en t
is to p ro v id e a d ire c t ex p e rim e n ta l p ro o f o f th e ex iste n ce
o f th e d isp la c em e n t c u rre n t, it is e n o u g h to sh o w th a t
(V 2 = V 1 f 2 ) is a c o n sta n t (n o t n e c essa rily th e o n e g iv e n b y
e q u a tio n (5 )) w ith freq u e n c y a s in F igu re 3 a ; a lso , th e

o th e r re su lts o f F igu res 3 b a n d 3 c a g re e v e ry c lo se ly w ith
th e th eo ry a s g iv en b y e q u a tio n (5 ). T h u s, a ll th e e x p e r-
im e n ta l re su lts c o n ¯ rm th e th e o re tic a l c o n sid e ra tio n . It
is, th e re fo re , c o n c lu d ed th a t a d ire c t ex p erim e n ta l p ro o f
o f th e d isp la c e m e n t c u rre n t h a s b e en ¯ rm ly e sta b lish ed .

A c k n o w le d g e m e n t

T h e a u th o rs w o u ld lik e to g ra te fu lly th a n k th e tech n ic a l

sta ® o f th e M ic ro w a v e M e a su rem e n t L a b o ra to ry, IIT ,
K h a ra g p u r, p a rtic u la rly B isw a n a th R o y a n d fe w M T e ch
a n d d o c to ra l stu d e n ts fo r th e ir h e lp in th e m ea su re m e n ts
a n d in d ra w in g th e ¯ g u res.


