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Electric q Magnetic fields

vector fields
• wind ,

fluids
• Gravitational field
• Electric a magnetic field
• Represented by vectors in space

vector operator (del)
• del operator - D

• D -
-tog t joy t teddy

• vector operator with no magnitude
• partial differential operator
• operator acts on vector field as either cross or dot product
• F' Cx

, y) = Tx't j y
'

• when D operates on scalar field : gradient
• If where ol Cx,y ,z) is a scalar field is the gradient
• Gradient gives direction along which steepest change of field occurs

• Gradient of a scalar is a vector

- Divergence c-v.FI
• Divergence means flow
• If IT! F

'
-
- tve : How is outward at a

If TT E
'

= -ve : flow is inward given
If I
'
-ft -- O : inward flow = outward flow) point

Electric Fields
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2) isolated -ve enclosure
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3) Free space

0¥ ::
magnetic fields

1)magnetic af, ✓
enclosure

no flowdipole

en
?;najn:* monopole)

' fr
F-
'

Gc ,y) = tatty
F.F' -- ftp.tjofythofz) Cia tjy

'

)

I'off a 22 -12g

Divergence of a vector field gives a scalar function .
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- curl CD xF)

• rotation of vector fields
• whirlpools , tornado , ocean current

, centrifuges
• can be clockwise or anticlockwise

1) Purely resistive 2
circuit

I ¥÷::÷÷:
there is curl

xJ F O

- Laplacian operator 102=0.0)
o -- fyi toyo took
02=0 .

-

- (fat toys -1¥) it that)
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MAXWELL'S EQUATIONS
"

INTEGRAL FORM

D JE
'
. di -

- I

s
so

)
"awww
"

2) f Birds
'

= O Karger regions
of space)

S

D f E. DI = -DI y Faraday's Law
e dt

4) feBT.dk
'
-
- Mo (↳ + I) ) modified ampere'sLaw

DIFFERENTIAL FORM

→ →

1) THE ¥ ) Gauss
'

Law esmaller regions
→ → of space)

2) Do B -- O

→ →
3) THE =

-012¥ ) Faraday
's Law

a) I'xB→=Mo(JtEo¥)) mainwheels Law
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37 THE = -offs

¥sSFE
: "imitating.

'

Engines: eat.ie?i.n.:g-rare#ngI
'

a) DX B =µoJtMoEogf

Ampere's Law

Dx H = J

'

IDENTITIES
✓
scalar triple product

i . Do (TxA) = O ✓
Vector triple product

2. DX (TxA) = 17 (p . Ay -Dza
'Lagrange 's formula)

Atx CBI = CA -c)B - CA -B) C

DX H -- J

D . (Tx H) = Do J
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When only resistive element

¥74 J -- HA

-
Do J = 0

Do (TxH) --O
with capacitor

,I =
DoJ-1-0

/ / E
'
is varying
-

Do CTXH) --O

Maxwell's correction

DxH = J t Jp

D= EOE

E- off ⇒ Jo -- soft

BThoH ⇒ H=Bµo

DXBy
= J t Soft

DXB = MoJ tµoSofty



MAXWELL'S EQUATIONS in FREE SPACE
8

no charge , no current C f --o , J
-
-o)

→ →
D D . E --O
→ →

2)To B --O
→ → →

3) Tx E--Off
→ → →

4) Tx B --MoEo II
Ot

using Maxwell 's Equations in Free space, Derive wave Equation
in terms of Electric field and Magnetic Field

.

ELECTRIC FIELD

⑤x (III) = I E) -DE
'

→ → →

17×(-0*3)=0 - DZE
→ →

17×1812) -- DE
'

→ →

¥ (DX B) = 122¥

It (MoEdt) -- D2E
'



→ →

Mo Eo dff - TRE - d) 9

General wave equation

8¥. -- t. 1¥- as

where v is the velocity of propagation of the wave

Expanding Ch , we get
→ → → →

% +8¥ -182¥
-

- oh EEE
- bi

comparing ② and③ , we get
,
wave equation in terms of

-

p2E
'

=L EE / where02=11Mo Eo
E' propagate through free space at the speed of light .
MAGNETIC FIELD

I' x (Ex =D
'

B) - 1745
'

5k (nosoft) - o - this
→ →

Mo Eo#(Dx E) = -1745
→ →

-Mo Eo 042 = -1743
Dt2



10
→

Mo Eo 042 = 1245
Otr

#
wave equation in terms of B

'

/ 1243 = Is 0¥37 where a=L# Mo Eo

magnetic fields propagate through free space at the speed
of light.

Varying ⇒ andI
'

represent light waves.

Light waves are electromagnetic waves
.

Show thatE
' and I' are perpendicular to each other and

to the direction of propagation.

ELECTRIC WAVE

Ex = Eo, cos cwt
- lez)

n
k

h n .
IT
E -- t Ea tJ Ey t kEz



Let us consider only the K- component of E
'

II
i . Ey

-
- O
, Ez

-
- O

(Polarised wave)

DX E = -2130T

THE = t j Te

l '¥÷÷l
""E -

- J (fE⇒) - hi ( qe⇒
- Expaisgindependent

Tl x E = j dExd2
THE = j#Eo, cos (wt - ka)

-

- J th)e)Eon sin cwt-KD

DX E = J Eon k sin (wt -K2)

-013¥
-
- J Each sin cutter



Integrate Wrt t 12

-B -- J Eoakfcoscwwttez)
B -- Jkg Eo, cos last

-hey

w --2nF = 217×1 = Kc ⇒ kg =L

B -- J

Ego
: magnetic field is along y- direction

By = EZ

ie

ET↳th
s z

y

¥

E' andI
'
are always coupled to each other and

cannot be isolated
.
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Properties of EM waves

1. ELB

2. E Ee B L direction of propagation
s. E G D → speed of light
4- EM waves carry energy

ENERGY DENSITY

Energy carried by electric field

energy density
of E

?
= Is Eo E

'

Energy carried by magnetic field

energy density =L 132
of BT quo

total energy density
Uy - at EoEf t÷But

By =Ez
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Uy -

-f- Eo Ex
'

t f-EI
quo

Iz thoEo

Uy =L EoEft f-GET

Up =Eo Ex- or Up =BI
MO

POYNTING VECTOR

Amount of energy flowing through EM waves per
unit area per unit time .

S --die poaw÷ -intensitydAdt

units -- might =
wont

consider a polarised EM wave propagating in space

Over a time dt
,
the wave moves from z to htdz
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DA

I s¥E/ e
-

Ly dz

DV -- DA - d2
=DA. c. dt

du- Uy du

du -- EoEE DA edt Ex -- cBy

du -- Eo Ex cBy c dAdt

= Eo Ex By a DA dt of=L
Mo Eo

da =ExBy_ dAdt
µO l

ddt¥ = S = EXBYMO
We take the direction of T in the direction of

propagation of the wave
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o
.

. we take THE'xB→

57 =xB
Mo

Average Value of 5 Ks 7)

s = ExBy_
Mo

Mo C=L
= ExEx_ Eo C

Mo C

= Ext Eo C

S = cEo Ext

Ex = Eox cos (wt -ka)

Ls> = cEo ( Ex27

= CEO Eof < cost cwt-kid>

(cos
'@t-lez)> = cos

'loot-kz) dt =L

#

1457 = Iz c Eo Eox
"

-

I
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• S d Eox
'

,
where Eox is the amplitude

• i s talks about the intensity of radiation LI)
• EM waves only talk about intensity , not frequency

POLARISATION

• Note: E
' of matter interacts only with E

'
of EM wave

,
not BT

• only in some cases (MRI scans) ,
it interacts withBT

LINEAR POLARISATION / PLANE POLARISATION

III III II-
E' only along a- direction

Ex -- Eo× sin (wt
-lez)

Ey -o
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CIRCULAR POLARISATION

• two mortally perpendicular waves of equal amplitude
witha phase difference of the

Ex -- Eosin Cwt-Kz) T

Ey
= Eosin (wt-kzttf) J

¥t¥
ELLIPTICAL POLARISATION

• two mutually perpendicular waves of different amplitude
witha phase difference of tyre Cright elliptical)

c¥#⇐.
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DUAL NATUREof RADIATION

Radiation as aWave Radiation as particles

1. interference i. photoelectric effect
2. diffraction a blackbody radiation
3. polarisation 3. atomic spectra
4. reflection./ refraction 4. Compton effect

photoelectric Effect

• Observation , experiment- Hertz
EM wave

his

F
-

I
•

light incident on metals creates photoelectrons
• Instantaneous emission of photoelectrons
• Wave theory could not explain this phenomenon
• Discrete bundles of energy from EM wave

• Photon completely transfers energy to e-
• Particle- particle interaction

hv = huo tamv2
• Frequency x energy ; intensity d photocurrent
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Blackbody Radiation
• blackbodies can be used for solar cells
• spectrum : variation of intensity as a function of a or f
• experimental graph

Ts>I >T,
spectral
radiance

l

T tfine
.

'

l l i
#

f-→

Blackbody
• body that completely absorbs an incident radiation
• completely emits all absorbed energy
• zero reflection
• carbon black Csooh , sun

i¥÷÷÷÷÷÷÷::
""



Observations 21

I- As T in
,
Max intensity shifts towards higher frequency

Td 1-
,
Th fmax Wein's displacement Law

Xmax

EG) da = c, a
-5
e

-YAT dy

2- Energy radiated is proportional to T
't

ELT 4 Stefan 's Law

spectral Density/Spectral Radiance
the amountof energy contained in the cavity per
unit volume in the interval vtdv or a tdx
at a constant temperature

Uu du = no.ofoscikators.ie average energy
volume

§§tvoYYmdiYwa→x
average energy
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Derivation of Rayleigh - Jeans Expression for Energy Density
they imagined EM waves in a cubic volume due to

oscillating dipoles that make up the walls of the

cavity

±
Htt

..

%
2

For one- dimensional cavity, only certain frequencies can

stabilise to form standing waves

\, conductingIT wall

/# CnetE
'
-
- o)

oscillator
← L→

↳ nad ⇒ x -- 2nd or v -- eat
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Ina 3-D cubic cavity , wave can form standing
wave in a direction only if each of its components
independently forms standing waves in x-y-z directions

y
Note: d is nota / ? h→ ton of
vector

, only This '

, propagation

✓
dire

dy i

,

i. kxiey.hr Ck

but u7)d '

i
,

daily ,xz2d¥%→
' K

Z L

we get components of kin all three directions

"

µ k erector of propagation)

→

/ ka
k}

Now
,
k-- 21×1 ⇒ we get xcscalar) along 3 axes
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For standing waves along 3 axes

,

Xu --2£ dy
-
-

antsy iz -- Ins

taking 4 p and 8 as directions
,

cos a --÷ , cosB --Ig ,
cos r -- if

we know (dir . ratios)

cosh t coff t cosy -- I

*Hit Ip
t ÷)

-

- I

E. C t# t H

U
-
= Va't Vy

'
t Vi

we know V --I
2L

U' = q÷ ( n.it ng't ni)
V -- c-

2L



Lowest possible mode of frequency , 25

Mx =L , Ny
-

- I
, Nz

-
- I

411 = c-B
2L

Second frequency :

three possible modes Cll2
,
121
,
211)

VII2 = 421
= Uzi, =↳56

Modes are all the possible standing waves
.

The frequencies Uuz ,um , Vai , are equal but are
different modes

,
as they are physically different(different directions of propagation)

phase space
we plot the modes on a phase space .

we imagine an octet of a sphere to get the
number of possible modes

Each possible mode can be represented as a unit cube
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Nz A

±¥€€¥¥¥i¥÷:
".

ng

"

volume of octet -- no . of unit cubes capprox as octet is
huge)

For each cube there is only I point which represents
1 possible mode

o: volume = no . of unit cubes -- no . of points = no .
of modes

volume = no . of modes

According to the equation of a sphere n' ty2tz2=R2
Here halt nyztnz

2
-

- R2

i. v Tigre =LRz
Let sphere be of radius th; all points on the surface have

frequency V



No . of modes within frequency V- volume of octet 27

Tg x ugh 123

Slightly bigger octet of radius RedR with modes within
frequency vtdv

No . of modes within frequency Vtdu

f-x AztecRtdRP

No . of modes with frequency lying between u and Vtdv

-
- f-x Uga ((Red143

- Ks)
= tf [ RT -13radRt3k¥-1¥

-Ry

DR is very small cnegleating higher order terms
=

tf (3122dB) =IzR2dR

Now, v
-

-

cry ⇒ R-- alee ⇒ DR = 2cL do

no . ofmodes

inmaunitouutde
" # (WI) (Edo)

NIV) do a 4th' du
C
's
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Now
, Rayleigh - Jean assumed average energy permode is ht

at temperature T (equipartition theorem)

Energy of nodes lying between U and vedu

ECU)du -- 4¥02 htdu

c--VX ⇒ E -

-VI

v -I ⇒
do = -

ga da

EG) da -- Y¥If MAX

Ela)DX =-UM let DX

I 74
energy possessed
by oscillators

this energy is only considering t direction of oscillations of
waves for every direction of propagation
For direction of propagation t , there are 2 orthogonal
modes calmg J and I)
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:

i
i
.

Now
,
no . of modes between u and UtdV

NCHdu -- 2x hater du

- 8M¥ du

Energy per mode is KT

Ecu)du --Steve du

Eld) dx = 84ft DX
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Max Planck 's theory
Due to failure of R-J

,
he assumed that oscillators can only

oscillate at certain frequencies
, fitting factor

therefore
, energy is quantised (multiples of his

Number of oscillators with energy nhv

Nn d e
-FF c.Boltzmann equation)

Nn -- Ae
-Mfa

Energy of Nn oscillators

En
-

- Nnnhv

Total energy

n§ En = If Nnnhv
Average energy

-Ee a

CES -- EAnne
"

= fo nhue -27T
n-O

-
- hu.E.net#u

EA ewi g e
-

MIN
--O

n-0

Utd-HI
ht
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CE7 = KT { an e
r
A

rnd
E e
n-0

Writing in differential form
<E7 = - kkdq@⇐

o
e
-M))

*

E e
-nd
= I t e

-th
t e-Kt . . .

' NTO

GP with Ck -- eh

8hm = 1

Tea
= a-e

-

g
T

A

q End = a-e
-d)

-t

NTO

CE7 = -Hidy en CI
-EY

-l

-
-thtda en Cl

-e
'd) -

-HTFEI- )
-
- hU-

- hu 1¥ ¥4
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CE> =he - average energy

qhYkT - I

UCH du -- STI du hello
EE, y
- Max

es Planck's

= #v3 )
du Law

-
--

yr
experimental

I

edition

i
' '

-

-
- -I

caseI:
• high frequencies
• as hv>7kt

,
I -7 O

•
no ultraviolet catastrophe

Caselli
• low frequencies
• hv K WT

e
"
-- Ita tag t .

-

.

elke a l they + tfhfje - - -

EMIT = I the
ay



Substituting in Max Planck's Lang
33

Ucv)do -- sting Qu he

hv/WT

-

-8%1 QU ki - Rayleigh- Jeans Law

• at low frequencies, reduces to Rayleigh-Jeans Law

Planck's Law of blackbody radiation proves that radiation
is a particle (discrete energy)

-

C
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Compton Effect

• Compton scattering
• Experiment that supported particle behaviour of EM
radiation

graphite EM

%:r%,g§
" assai

O -→
e-

Using particle picture of light cphotons)
Elek
d'

wokepho.tn

E-HU E -- Moch
e

E -- pc
PEO

Ee , Pe

p
-
-I
×



Law of conservation of energy 35

Total energy before collision -- total energy after collision

EtMoch = E 't Ee - LD

Ee -- Ttp - Einstein's Theory
(relativistic energy
of moving particle)

law of conservation of momentum
mo -- rest mass

a-component of momentum

p to =p
'
cosOt Pecos lo

p - p
'
cosO -- pe cosy - ca

y
- component of momentum

o =p
'
Sino - peeing

p
'Sino -- Pe sing- (3)

squaring and adding ② and

(p- p
'
cosol 't#since5--Cpeaes 4- Cpe sin45

p2 - app
'
cos20 tpf -- pet



Pe
'

=p't pie- app
'
cos O - Cy,

36

Using equation c)

LE- E ') tMoe = Ee

E- E
'
t Moe =Etp

Cpc- pic) t Moe)! Mo'd t pest

Cpc-p
'44Moya -12 Cpc-pickMoo) -- Moye'tpet

puttpyo - app'd + atCp -p't mo -- perf

substituting peep
" from Ca)

pit pie - Lpp' -12 Cp-pl) Moo = pet

peftapplaeso-2pp-2cp-pymoc-pe.ie/2pp1Ccoso-D--2Cpi-p7moc
gigs oooo

-D -- achy-÷) moe

2h (cos O - l) = 2 (di -Xs) Moc



Da-as- di /xs-xi=Ihho cgmnipftfn
"

Mo C

-

DX : Compton shift

mhz : Compton wavelength - 2427×10
-"
m -
- de

Mo
for

*
e-

X-rays from Mo target Cx --0.074 nm)

Ci) 0=0
.

DX -- O

photon not interacting with e
-

di) 0=450
DX

-

- O -71 pm

0--900
DX -- de

-
- 2.427 pm

Civ) 0=180
Dd = Ldc " 4-854 pm
photons undergo backscattering
e- gains maximum energy



I vs X graph 38

i) 0=0
°

His 0=450
could not filter

^

out completelyI n

II I
Xp a Xp is ×

iii) 0=900 Civ) 0=180
'

n
n

I

' Ii tint
Xp >

If a photon interacts with a tighter bound electron ,
the e

-

would not move I gain energy as it is in a stable state
and photon would not lose energy and the wavelength stays X .

this is because DX=h_Cl - cos O) and Maudeas is very high
Mnucleus C

photon with✓ Dare 0

tighter
-
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conclusion

• Compton shift does not depend on the incident

wavelength
• Depends only on the scattering angle O

de -Broglie Hypothesis
• Dual nature of matter
• Argued that if radiation shows dual nature

,
matter

should too
•

Every object in motion is associated with a wave
,
called

matter waves
a=hP

• cannot be observed for macroscopic objects as the

momentum is large and the associated x is extremely small
• Onlyin atomicHubatomic scale

• Won Nobel prize in 1924
• Proven first by Davison-Germer experiment
• Used Ni crystal , e- was accelerated at different potentials
• x for a free particle

Ea -- apmI ⇒ p --Ea

X --harmET



• For an accelerated charged particle
40

Eh
-
- eV

admit -- eV ⇒¥ -

- eV ⇒ p
-
- armet

X=h-dmev

Davisson-Germer Experiment

detection

heated of
filament 7

e-
d
'not

emission
't

,

#
thermions

V--40
- V-- 50/ Ni crystal f-54

crystal V-- 60
planes

Chul -mirror planes)

It was noticed that at V-54V and 10=50; intensity was
maximum
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secondary 41

wavelets 2damO --NX
--\ interfere
-.

0-00

'

Bragg's law

0-00

• Interplanar distance known d --a-
- Th4k4l'

• Using x-rays, they found lattice planes, miller indices found and
interplanar space found to be d- O -91A

• For e; adorno -- nil (always take first order)

¥
*o

• Diffraction angle --650 Ctbragg's diffraction)
• Use these values to calculate X ⇒ 4=1.65 A

• de Broglie x for accelerated charged particle
O

X=h_ = 1.67 A

-Levin
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Oi. Find the KE and V of proton of mass I-67×10-27 kg
associated with deBroglie wavelength of 0.2865 Ao

x --hp
-

-fo

v-- h_ = 13898 Mst
MX

KE -- Igm
v2 = IeV

O: the shift in the t of x-rays scattered in a Compton
experiment is O-2pm . As = I- 002nm . Fond O at which

x-ray photon is scattered and what is the momentum
gained by the e-?

DX -- 0.2 = Xs - Xi

di = l . 0018

Dx -- m÷ ( I
-

ang

cos 0=0.917

0=23.42
'

energy transferred = hey
-he
f as



homework
£12 "" (f÷)

as

PE 2Mhe DX 2.685×10-25kg mst
-

I

did s

Ans : 6.6×10-25 kgmt
'

a: compare the momentum and energy of e-And photon whose dy -- 65ohm

electron : p=h_ photon: p
-
-E-=L

x x

E --PI E --he
2M d

Pe
-
- 1.019×10-27 kgms

- t
pp -- 1.019×10-27kg rust

Ee , 3.565910
-b EV Ep

-

- 1.91 EV

Ee

Ept
= 1.867×10-6
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Q: what is x of H atom moving with themean it
corresponding to the avg - KE of H atoms under
thermal eg . at 293 k (mass of H = 1.008 amu)

Emv
'
-
-Zaki

%_=3qkT ⇒ p
-

- Swim

X =ph_ = I -466 I

Interference ( light-revision)

/
intensity

:B ::::: :*.y
-

- Y ,t Ya

/ y- al sinWtt sin@tech)

ya da sin (wt -1¥) cos lolz)
I-- y2=4a'sin

'

(wt -11oz) cos
-

(E)
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LI> =4a2 (f) cosYE)

I 2 cos201
2

Single Particle Double slit Experiment
A single particle (photon, electron) can only go to one spot at atime .

When oneslit is open, we observe a normal distribution
I, G Iz -

when both are opened , we expect to observe Tres -- I, tIz
as in the case of bullets . However

,
we notice an interference

pattern . But this does not make sense as individual

particles were sent one at a time (not light waves)

S1 open Szopen 4652 open

bulletsmarbles S , / I,
htt

⇒
.
.

,



Experimental setup 46

SI open Szopen 4652 open

s , / -4 .

in:*:
"

,
' ¥⇐*÷t÷÷÷÷
interference fringes
- wave nature

If detectors are placed, disturbs wave nature of e- and
particle behaviour observed.

Si open Szopen 4652 open

electron gun
s ' /

⇒ e- →

,

y
i ¥¥¥÷q



Mach Zehnder Experiment Cinferometer) 47

I IA - detectors

1004.
O

J
Da r

sarrefakfinp.am/ys-EBsplitter a

laser>¥ooy. reflecting
surface

beam

splitter

similar to single photon interference, a laser is shone as shown above.

Beam splitter
splits beam into 501. intensity reflection, 50% intensity
transmission .

When light is sent, all light reaches detector B and no

light reaches detector A .

This is because the two paths to B result in constructive
interference Cin phase) , while the two paths to A result
in destructive interference Cphase diff -- te)

paths to B : trans→ refl→ refl and refl- refl - trans
(O) LTD th) (th ta) 103

Paths to A : trans → refl -7 trans and reft- refl- refl
CTD CO) lo) Ctl) LTD AD
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Even when performed with single particles , loop of the
particles go to B and 0% to A .

However
,
when detectors D

,
and Dz are placed, 501. of

the intensity is at A and 50Yo at B -

John Wheeler 's Delayed choice Experiment

I
-
of Ti

-

-

i - f- -or

/ \ Tz

ki
screen 11¥D is very large
/

Send a short pulse of light Cfemtosecond) with many photons
travelling towards the screen .

Two detectors T, and I are placed behind the screen and are
focused on each shot

.

The screen can be made translucent in a fraction of a second by
applying E?

When experiment performed, we observe interference as usual
when the screen is present.
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This must mean that the photons were directed in such a

way as to form the interference pattern .

I ⇒¥¥: mm:÷÷÷:::

If the screen is removed and the detectors are exposed,
the interference pattern does not form

.
Instead, a continuous

distribution of light is observed, which means photons
were travelling ' line this

.

If mompennotionms
of

How did the photons change their momentum to travel in all places
instead of those certain area?
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wavefunction ly -psi)
de Broglie assumed that all matter has associated with
it awave, known as amatterwave Chypothetical)

this model accurately predicted experimental observations
like interference, diffraction etc.

Waves signify variation of a certain parameter CE, pressure,
water height)

EM waves - E
'
EeB- Ela ,t)

strings - displacement- ycat)
soundwave- pressure - Plait)

Tm matter waves, what
is varying?

Max Born assumed that all particles have associated with
them a wavefunction with an associated wavelength .

y = A sin 13,14
the wavefunction 4 has no physical meaning ; it is only amathematical representation .

thewavefunction is defined as

Y Cait) -- A sin ( wt- ka)
we assume a complex wavefunction for simplicity

ycx ,t) = Aei
(wth") -

purely mathematical



For interference
,
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¥

17¥} 2=114+442I

• we associate 4 , , 42 as wavefunctions for each slit
Cficficious wave)

• Now
, we notice that the intensity observed on the screen

perfectly matches 14, -1421T and not 4ft lui .

• we imagine each particle sends 2 mathematical curves
through both slits (the particle kind of 'splits')

• Fringe width p
-
- Add =

hpid ; depends
on X

• 4 is purely mathematical Ceomplex)

1412 is real (probability density)
• e- knows its surroundings and only goes to areas where
they constructively interferes.
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. 1412--4*4 ,
where y

't is complex conjugate
•

eg : ya Aeikx , y
*
= Ae

-ik"

1412 = AZ- observable

probability density 1412
• probability of finding the particle at a particular place
when the space→ o

. To find the probability of finding theparticle in afinite
place :

P = 141
'
Dx or 14145A or 1412DV

• 1412 becomes probability only when multiplied by some

dimension .

dp -- 1412da

. the probability that the particle lies in the region
aEasb at any given time is given by

b

Pasasb = 11412doc
a
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a total sum of probability = I

⇐11%741
'

dzdydx =/

This is called normalisation

• 141
'
is the probability per unit areal volume / distance

• 1412 can be greater than I as it is density
. But R. = 141

' du Cl as I 41'dx gives probability
itself .

Conditions on y

l. 4 must be continuous everywhere (probability must be
defined everywhere)

2 4 must be single- valued (single probability per point)

s. 4 must be finite and as a → a, y → 0 (due to normalisation

off!-1412 dndyd2=1 and 4 cannot be infinite)

4- 8¥ , 0¥ , 0¥ and 0¥ must be continuous everywhere .

5- 4 must be a solution to Schrodinger 's Equation

G . y must be normalisable



of
• In EM waves, AZ = I

• Tm matter waves
,
AZ gives probability density (probability

of finding the particle)

consider a sine wave

Amplitude same from -a to a

err
To represent matter wave, we look for wave with varying
amplitude

we superimpose many sine waves of slightly different frequencies
and get wave packets .

only a mathematical representation; not real

when many waves of slightly different frequencies are
superimposed, the resultant is a wave pallet / envelop

construction of wave Packet

superimpose waves with slightly different wavelengths .

For simplicity, we consider 2 waves and add) superimpose
them
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Phase 4 Group velocities
For any wave yGut) = A sin(wt-ku)

Vphase
-
- wz

--2217ft
-

- ft

phase
)
velocity of the wave (how fast phase varies)

consider two waves of slightly different frequencies

y , = A sin (wt
- ka) - M

Yz
-

- A sin (Cw tow)t -Kt Bk) x) - (2)

Superimposing CD and lb

y= A sin(wt
-kx)t A sin ( Cwtbw) t -⑥tbh) x)

ya 2A sin (wt-hat Dwtzkk) cos (bwtkx)

y
-

- 2A sin ((weDye) t
-@toys) h) cos(Ayat -bday

y
-

- 2A cos (Diet -bugn) sin ( w't -ku)
--

amplitude phase
where w' = wtbw

2

k' = k tbzk
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Amplitude varies with time Camplitude modulation)

there are two velocities in the wave.

e.hase velocity
actual velocity of the wave Chow fast one phase moves)

• wi a _w→ high frequency component
ki k

•

gives us momentum

Group velocity
. velocity of the wave packet / envelope1group
• Die→ low frequency component
Dk

• gives us position
If Uphase

-
- V
group ,

wave looks stationary ; only horizontal
movement is seen .

groupI
*wave packet-f

¥¥¥Aw- -

- -
-

- L

u

r

vgroup -fifth, o Lys
-
- died
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Show that particle velocity = group velocity
✓
group = da

w -- 2Mt = 2Mt
dk h

i. Vgroup
-

-d÷ k -2×1 = 244
h

E=p DE
am

⇒
-dp

= Limp = Pz = Vparticle

i. Vparticle = Vgroup

In a dispersive medium , Upham
-

- V
group

In a non -dispersive medium , Vphase 4 Vgroup

Relationship Between vphase and U
group

V
phase

-

- Is rgroup =dwkdk

w = K Vphase

dawg = Vphasetkdvphaedu
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vgroap -

-
V
phase -12ftdudqhaie-dxdkk-2.tl⇒ Aka -21 dx

jr

V
group

-

- Vphase +2¥ ) diphaseDX

Vgroup
-
- Vphase

- Xdtlphase
DX

A. Evaluate the condition under which

1) Vgroup = Lz Vphase 2) Vgroup = 2 Vphase

ng -Vp =
-X.dVphase_ Vg

- Up =
-ddvpdxAt

LzVp = X dVp_ Vp = -XdvpdiDX

HE = fetus fats =/drug
{ end = ln Vp tC

- end = ln Vp t C

up aIk up aL
x
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b : phase velocity of ripples on a liquid surface is fateswheres is the surface tension, g is density .

Find Vg in terms of Vp .

vg
-

- up -

tdd-pvo-a.gs- x f-z x
-"

J
= up -4312 up ( Iz x

-3k
)

Vg =3zUp

Q : Vp of ocean waves is fg¥, where g -- ace. due to gravityFind Vg in terms of Vp .

Vg
-

- up - A Faq ⇐⇒ = up - lzvp

Vg
-

- LaVp



HEISENBERG 'S UNCERTAINTY PRINCIPLE
•

According to deBroglie , a-¥ where x represents a wave

Let Y -- Ae
ik"

which is a wavefunction of a particle
and we get 14K AZ

4¥ .

In
194 A

#
V

• we know t exactly ⇒ p is exactly known

• 1412→ probability density is constant everywhere ,which

Heraynswhtehe .

probability of finding the particle is constant
. therefore , the position of particle is unknown .

• To find position ,
we apply fourier transforms .

• we saw by adding two waves, we got packets , but
those packets were everywhere .



• If we add multiple waves,
"

4,
- wish,Mr

42- wz , kaMt
T

43
- woks MMMM

1-
:

we get localised packets (packets
'

only in one position)

y =
-My-

If we make Anw→→ Very very small•

Cadd many waves) , we Jeff
's ! very large

"
-

i

:L
No
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• we know the position of the particle fairly accurately ,
but since we added so many waves of different X

,
the momentum of the particle is unknown .

• Fourier transform gives localised peak called as Dirac
- Delta function

• If DX TO , Dp = A

Dp
-

- O
,
DK = A

FOURIER INTEGRAL

• more on it later

y Gl)-- {gluteus kn dk → fourier integral
{ amplitude

gives us wavefunction

If we take various fourier integral waveforms

1) pulse

"" 1¥ a"L¥
x-s k→
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"

÷:
""

onLhtht
non-i

n D.ET n→

3) wave train

gCk)" "" t.hr HE
4) Gaussian

444 gCk)€÷÷
.

It
he DNT N Dk-1

a→ k→
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the productof Dx and Dk is minimum for Gaussian
wavepackets .

standard deviation of An and Dk, as functions of

you) and gCk) g
me get DaDk =L

Generally ,wavepackets are not of Gaussian type

DN Dk ZL
U

K-- Lipp
⇒ Bk

=2q Dp

Dn Dp thy thy

other Uncertainty relations

Alba Zhan (angular)

BE Ot th (energy)
4th
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statement : It is impossible to measure momentum and
position simultaneous with unlimited precision.

Illustration of uncertainty principle
Gamma Ray microscope

• A thought experiment

/microscope
qe P if e- enters within

f µ the angle 20

¥1↳ X
'

x ;
# o Compton scattering)
f- photon

• Limit to which position of e- can be measured is resolving power

DX=L - U)
25MO

•

using Compton scattering , find Dp

Extreme cases

D If photon enters eyepiece through OP Cpmin)



• Momentum in x-direction 66

⇒ to =

,hg since
+ pmin

a) If scattered photon enters through OQ lpmax)

⇒to --hq cosMoto) t pmax

Uncertainty in momentum

Momentum can actually lie between Pmn and pmax
.

pmax - pmin =

#sinOth, since = hnisocxYY.ly)
Dp = 2h Since XF X's X"

T

Dp = 2×1 sin O
- Cz)

From Cl) and L2)

Dx Dp =L

AH

DxDp
Note : 44IT comes from a different derivation involving standard

deviation and fourier transforms .

Important: Here , we see me a Dp are limitations due to our

measurement
,
but in reality these uncertainties are inherent to

the particle itself .
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Nonexistence of e- Inside of Nucleus

• Let us assume e- exists inside nucleus

• If the e- is part of the nucleus , then the position of
the e- is uncertain to the extent of the nuclear diameter.

DK = D = 10-14 on

• According to HUP
,
Dx Dp 2h47

•

'

e Dp F 5.27×10-4 kg M 5
'

• we know from f - decay studies that the energy of the e-
is about 3-4 MeV

.

• we make an assumption that the momentum is of the order

of the error

. the minimum momentum of the e- has to be the

uncertainty Dp

. therefore
, p

-
-Dp

•

E-zpmsxl.at# = 95.48 MeV

• the order of the energy of the e- we get is out of
range of the energy of e-

• therefore
,
the e- cannot exist inside the nucleus .


