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Chapter < .

Moving Charges & Maqnef’:km

A mow'ny charye produces a magnetic Field 7
any magnetic field exerts a Force on amother

mow’ny charye or current.

Oersted's Discovery (1520)

A compass needle placed rear a current -

.

carryt'nﬁ wire is deflected. So current
produces  a mayneﬁ'c.#eld around it

= B
U

Fig. current dedflects nearby compass needle

Key Ideas to come

7 Force on a mOUI}"}y char:ge 2 F = g v B
o f:.or(e on a current wire s Fros gl 7
=. Fireld by a current Biot - <Sesar Savart , Ampere.
7. Devices . cyclotron galvanometer. '
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Magnetic Force on a Mouving Charge

A charye 9 mownﬁ wd'h uelocd‘y vV in a maﬂnehc
Ffeld B exPeﬂence.s a porce 9!(/6!) by

,_‘_'.' P z v x 8 <-wvector cross
< - product

Maﬁn:}ude £ F = Z v B Sin @

where theta = an le between v and 3.
< |

Properties

@ Mascirmum force when v perpendicular B
/= =4 v B (theta = 90)

max

@ Zero -ﬁorce when v parallel 5

—

=0 (heta = O or J¥D)

>

- ' : 2
@ 7S alway.s perpendcculaﬁ Vit gl

so 1+t cannot chanye v - on/y direction.

8 ® F (into paye)

@ e a/ways perpendfcular to. B -tove.

Work done by magnetic force is always  zero.

Mayneh'c force is a centripetal type Force.
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Lorentz Force & Units of B

Total elecfromayneh'c force on a cha::ge in both
E and B felds

F

0y

Z ( E + v x 5 ) . : <-Lorentz force

< - (mmp.-"ef‘e £orm)

Electric part S ¢ E , parallel to E.
Maynehi: part 9 v x B ; perpendfcular e ROl 7

Unit of B
Ffom‘FZZVB-'BZF/(ZV)
SEoendi M E s e

= 7. tesla: LTI

LT webgr / ™ 2 (Uery Sf“ronﬂ Feld).
Smaller vnit - J gavss = 7] 0 SRR R i3 .
Earth's feld O350 & gavss Rl ) 6 A

Kight-hand rle for v x B

Point Qnﬁers afony v curl them towards B3,

/

Thumb yt’ves v B s i.e. direction of F on +Z'

E A g s neﬂaﬁl/e j force reverses direction.

(er‘ecfron in B will Feel opposite to viox B2
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Force on a Current-Carrying Wire

Consider a wire of -Ienﬂf’h Lo ara A , carryiny

current L (n Free electrons per unit volumel.

Total number of +ree electrons RS R Sl i
Force on each electron = ¢ vod % B3
Tatal doree o ma A b S e loid % Bl

S e Al et LD J)

s oEili ) [a ng Loz ne
<-(direction of
Ma 9 nitude Tl e i s gl e o
F
L
= >
® ® ® ® ® ® ® ® ®
® ® ® ® ® ® ® ® ®
® O] ® ® ® ® ® ® ®
8 ®(on oppa'qe) @ @ @ @ @ @ @

-

r:y. wirg  in B FLeld experiences Force o=l B

Maximum F when wf'rf'perpend{cufar € g when parallel.
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Mohbn of a Charge in a Magneﬁc Field

v _perpendicvlar B -7 dircolar motion

Magretic force  F = g v B always perpendicular

T6 "/ e aclrs as cenf'rfpefal. porce_.

ZuBzMuz/r

o= e ot / ( Z 8 ) <-radivs of

<-curcwlar path

Time period & ﬁtyuencyf

T v P‘. e / ( Z 8 ) e r'nd'epeno’enf‘

<-oF v and -~ ?

Ffezuency s Pz//TzZS/(Zp:'m)

£
ig.

Fig positive charge moving in B (out of pa\’qe)

.5 v _at angle to B -7  helical motion

\
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Heh'cal Motion & Veloch‘y Selector

Helix : v not perpendicular to B

Split v into  v_para (along B) and  v__perp
(perpendicular B). Force acts only on v__perp.
fesult : particle spirals al ong B with

drcolar radivs  r and forward spged v__para.

perp

Pitch = v D (e 2P0 o el 9 3

ara ara
P P

Veloufy Selector

Apply E and B perpendicular to each other and
to v. For a charge to pass undeHected
electric and maﬂneﬁ'c forces must cancel

ZEZZU'B

-— -
= E / 8 selects omne v
< - pram a beam

BT
5 :

® ® ® ® B (out)

F{g. vsed in mass spectrometers (Thomson e/m).
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Cj'/clof'ron

Device to accelerate positive ions to h{gh

enerﬂfes u.ﬂ'ny pboth E and B foyef'her.

Construction

@ Two  hollow D-shaped chambbers
(dees) placed in a strong perpendicular 5.

@ A h{gh-ﬁ'ezuency alf'ernah'ny E in
the 94ap between the dees ﬁfues the on a «KicKk.

@ Lon Source S placed at the centre.

D,
(Ahh e 500
e

Cyclotron Freg vency

pzzﬁ/(Zpt'm?

<
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Biot - Savart Law

S I_ Gives® d. 5 produced at a point /2 by a

small current element Edl of a wire.

dSz(ﬁJo/'?’_pt').i'Hd/xr-haf'/rz

Maﬁm’fude 2 dB: = (},Io Z dl sin B) Ll e Pl o

Direction
d B s perpend:’cular to the plane o8r vl
and r ) r{ghf—hand rule decides the sense.

Special features .
@ dB = O f theta = O (alony dl).-

@ dB3 max o theta = 70 (perp.).
@ Inuerse Szuare in r , Iike Coulagmb's.

@u___O e R (8 7R oA oA,

oy

theta
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B on the Axis of a Circvlar Loop

Setup

Circular loop of radivs R , current L

Find B at point P on axis , distance x From O.

O]

Derivation (s«etch)

Each element dl K perpendfcular to r
dB. = (}_IO /) 9 pf) CL -t} i (with theta = 70)_

By hsymmef'ry only axial COM;Donenf'S add vp
dB,.. =odees @ = 5 R ),

axial

Inf'eﬁraf'e around full loop (/enﬁf’h 2o, <)

el e T e e <- axial

Direction along axis sense by right-hand rule
g / kel

(curl Fingers a'lonﬂ L thomb = BL
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B at the Centre of a Loop

Setting  x = O in the axial formula

<-centre of

8 — ’JO L / ( 2 R ) 4-(,',-(0,-‘5:'? -"'OOP

For N turns close f'qgefher

<-coll with

il /% R <N tight turns

B

¥

JE

field at centre is perpendicular to the loop

Fig.

B at the centre of an arc
Arc Subf'end:_}qﬂ anyle phi at the centre

<-phi in radians

Bzﬁ_lof(l)/(%’pt'/\’)
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Ampere's Circuital Law

Statement _
Line f'nf'eﬁr&l/ of B around any closed loop ezuals
[_IO tirmes the net current fhreadcbﬁ the loop. ] \
i . / — — < - closed paf'h-.
’ J 3 d ‘J o L gnc = ampen‘a_":

Sg'qn convention

Curl r{ghf’-hand @'nyers alony d | . Currents
in the direction of thumb -7 positive ;

opposite -7 negative.

When is i+ vsetul 7

@ Symmefric sitvations where 5] (s

constant alonﬂ the chosen path. B
@ 3. s parallel‘ (or perp.) to dI a!onﬁ path.

Examples )‘onﬁ sf'ra{ghf' wire solenoid :

toroid , pPlanar current sheets.

(Ln static cases Biot - Savart & Ampere aﬂree.)

By
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B due to a Long Sfrgith' Wire

Take a wire carry(nﬂ current L alony 2 - |laxis.

Find B at distance r from the wire.

loop
A mperian

Apply Ampere's Law

Choose circular amperian loop of radivs r.
’37/ S\/mmef'ry 15 s constant om it 7 and 3

; s alonﬂ d euerywhea'e

)3.(2pf'r) = ﬁJOJ.._

R
¥

‘JO de / ( 2 P;' ) <-B falls as /1/r

<- (inverse Lrst power)

\

Direction . - r{ghf—hand 9P thumb along ke
-Q'nﬁers curl in sense of B.

For an ideal infinite straight wire.
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Magnetic Field due to a Solenoid

Solenord i Ionﬂ 7 f'{ghﬂy wound cyh'ndn'cal

coil with n turns per unit Ienyfh.

_________________

Derivation
Outside solenoid (lonﬁ ; ideal] i Bz 0

Ensicle: rialy uniform and alony axis.

Ampere's law on the rectangular loop
: B L 0+ 040 =l Cnil @8

8 = }_l = - I < - uni"vq}rm ’3
<-inside solenoid

At one end of a long Soleroideita B2yl O B

(Half of the inside valve - feld lines d{verﬁe.)
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Magretic Field due to a Toroid

Toroid s a solemoid bent into a crcle (a

douy}_muf). Total turns = N . mean_radfus s

Apply Ampere

On the amperian crcle of radivs r

3.(.2.p:'r_‘)‘z [_IO/OI

B = o A 12 o ri) - <-Field inside

<-the core on!y

B is zero ovtside ( both inner & outer ) 4

Field lines are circles inside the core.

S A ) 2 piir ) , the Formula matches the solenoid.
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Force between Paralle/ Currents

T wo /onﬂ parallel wires carry currents I/ ;L2 /‘

f'hey are separaf‘ed by distance d.

Y

TR
d
Y S
£
Force per unit’ length
Wire 2 sits in Held of wie 7 : B = v O I/ /) 2 pi d
Force on lenﬁfh L of wire 2- 7 Foe 3238
;," / L = I—lo ‘r; j:;_ / (' 2 P‘- d ) <- attract £

<-I/, L2 sany

Para/!ef currents - attract 2

Anti-parallel currents -7 repel.

/ A = wrrent that mades F/L = 2- x /O -7 AN)m @ d = ) o
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Torque on a Current Loop in B

ft’ecf’anﬂular loop of sides a (alonya B) and b )
current L ) p/aced in uniform B with normal n

ma"(f:ny anyle theta with B3.

Torzue

Force.s on sides parallel to B cancel - forces

on perpendicular sides +orm a couple

= e oA Bosin D e

y
3
X
K

Vector +orm ’ T T, e I R

%
Stable ezufhbnbm % theta = O . { normal &y &
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Magnetic Dipole Moment

A current loop behaves like a magnetic dipole

with moment !

m = M _L_, /-1 C-maﬁneh’: drpoie
< - moment (A m 2)
.,
Direction - a/ony the rnormal n , by f{ghf"-hand

role (curl anyer.é alony L , thumb = m).

Compact +ormulas

Torzue -4 i A 8
PE AN g L Ll

(Identical to electric o’:'poie formulas with m -7 P

Bl segindE.)

Analogy with electric dipole

Electric Maynefi'c

p (= 4 . 24) e A A

go= p % E T'& m x B

e - p . E U R
o= (L o/ 9 pil 2m/r’ point dipole

Use - a small current loop = maﬁneh'c dipole.

(very usetul approximation Ffar from the  loop.)
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Electron's Magnetic Moment

Orbc'ﬁnq electron model 3

Electron orbits nuclevs with _s'peec:/ v in radivs r.

Period> ~T 252 'pi v ) v

Corrent . Li=e ST i L 02 oy v )

il

Area A pir o=l ATk e )2

PR e e P / 2 < - moment of
C‘Ofbf-‘hlﬂy electron

Bohr M@Qnefon

For the smallest orbit allowed by Bohr's guan-

tisation ., ACSRPT O S S ) pf')

i - Y <-Bohr magreton
pggeh/(ﬁ’plme) s

<= 7 i o | =29 A m

Gyromagnetic ratio

Ratio of m&‘gneﬁ'c moment to orbital anﬁular

momentum
m”m / B o 5T G m, ) (orbital)

For spin , an extra factor of 2 (anomalous) appears.

Quantum-mechanical or{g}‘n , no classical anah‘:ﬁue.
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Moving Coil Galvanometer

Pnhci'ple >

e L ] e

A current loop In a maﬂnef:k Feld experiences
a forzue - which a SP"""ﬂ resists. Deflection

of the coil measures the current.

spn'rtq
cor’!v\/\
B (radia

==ToR ==

Wor«kin
When current I Hows 2 forzue = N~ I A B.

Spr{nﬂ exerts resf'onhy f'orzue « phi.

L vaE ik wadh, =

<- scale on dial

Radial B (curved pole faces) -7 always sin theta = /

ensures linear deHection.
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Galvanometer .S'en.s:'f'd/:'fi

Current sen sitivity

Deflection per unit current

/ (D / j:' — V% A )3 / « <-urits : rad /| A

* < - or div / A

Voltage sensitivity

DeHection per unit ?luo!f‘aﬁe

Y.

CD / v (D / ( ' /\2 ) <-units : rad / V

c-/\’_,ﬁ = coil resistance

f

O/ .NAB/(«ﬁq)

How to mawe sensitive 7

(1) Increase &~ , A, B ;
@ Decrease  « (use a soft Sprfnﬁ) 2

@ For uolf'aye sensitivity
also «eep K_g small.

Wadeios sivn S 4 v S v

If you Increase NV ﬁ—-ﬁ rises too. So a more

current-sensitive G may be less wvoltage- sensitive.
Y 4
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Galvanometer -7  Ammeter

An ammeter megsures current ; placed in
series with crcoit. Lt must have very Low

resistance (so i+ doesn't disturb the circuit).

Method :  shunt in parallel

Connect a small resistance S e parallel

with the ﬁaluanomefer (G has resistance ﬁ_y?.

et oo DA,
LakE
=
e S
5
t—
Derivation ;

Same V across .C:r angd Sy
TR = Lo 2 Iﬁ PR

_S = I )? / ( I - j: ) :C' shunt fo ﬁf've

9 9 9 <- full-scale at I

Effective ammeter resistance ft’____ez = f?__y r (ff'_,ﬁ + S)

Since S << ﬁ__,ﬂ ' )?_,ez s very small (ﬂood).
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Galvanometer -7 Voltmeter

A voltmeter measures uolfaﬁe 7 placed n

. parallel  with the element. It must have very
HIGH resistance (so i draws regligiole ).
Method high R in  series

Connect a lafge resistance ©  in series with G.

across

Derivation

Full-scale deflection cwrrent = I____y i

max'uolfaye fo °be measured = V

Vil bkt Bk )
g o

/\’ i V / I’ - /? : -C-Sen'e.s ” for

< - ﬁr'ven ra nge v

Ldeal voltmeter X R = infin (draws »ro 2y *
fy

Practical : R chosen so J.'__,y << I (less than / %7-
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S ummary - Ke:/ Formulae

] | . Forces
Fzzuxg = FZZ-(E-I-uxB)
iz T (L w8 / b s D R Pl <
Motion in B :
eru/(ZB) 5 T::Zp:'m/(zﬁ) 5
Bih =l T
Fields /
Wirg 2o B LB G 2 )
Lodp Ldentte 2 Bz oD/ Lo 20D
Loop axid ' cqi s T o [2(/?2+x2)3/‘zj
Solenoid e ey e

Toroid i 5= Li® At T Lod2 pr )

Parallel wires
e Ak e W

.L_?_/(prd)

/

Torgue & dipole
Sz VI A B sn 6 ; mz M EA
_T = m | x 8 /' U= AR )3

Galvanometer

Amirneter] = S = z, @/(z-ry). Voltmeter : R = VL




