Date : : Page :

Chapter //

Dval MNature of KRadiation & Matter

L{ghf‘ behaves both as a wave (x‘hf‘ﬁrﬂ%fﬁﬂtf,
diffraction) and as a stream of particles
called W photons (E = h nul.

Big gquestion -

F f{ghf has particle nature , can matier

(e!ecf'ron, prof'on...) have wave nature Z

de Broglie's bold answer - YES.
87/

metal

F{g. photon steies metal -7 electron 05 gected

Topics ahead

/. Electron emission [ worK function
& FPhotoelectric eftect i Einstein egn.

2, Matter waves ; Davisson - GCermer.
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R Electron Emission

Y
i Metals contain +ree electrons But at room
temperature f‘hey cannot escape the surface
: A potential barrier holds them in.
|
‘ Work Function W
f Minimum energy needed by a free electron to
'i\jusi" escape the metal 3Uf‘&te
|
; .
— A
; Unit z ingoule (J? or electron - volt (eV)
B e A L
|
. Typical W values
Caesivm (Cs) : 279 oV’
| Potassivm 2 FNC ] o SRERC T
i i R L
|z R ey
_ | Copper 2 F.es eV
i [ Platinum e e i
| Sealler W -7 easier - to gject electrons 1

B Cs , K, MPaare vsed in photo - cells.

___-______\'__. .._G'?f"' _W m@_f’ches visible !{9!’:1“ 'rcrezuencfe_s.)
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Types of Electron Emission

Ener:gy fo overcome W can be supplied in

four physical ways

(s Thermionic emission

Heaf‘ the metal . Free electrons ﬁm'n
thermal energy " and escape
Used in s CRT cathode , vacuum e valves.

(2) Photoelectric emission

g L{ghf‘ of suitable -pmezuency falls on metal

Photons transier energy to electrons

Used in : photocells , solar cells.

(3) Field (Ceold) emission %

- A very strong external electric Qg!a’

( /O & V/m 2 pulls electrons out Dﬂ_
the surface (o heah}qﬁ. needed).

(9) .S'e:ondar\f emisSSion

Fast fhcom:hﬁ particles cnock out -Q:rf'her
electrons from the metal surface

Used in - phof‘omda'h}:o‘fer tubes.

All four overcome the same barrier = .
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Phofoe!gg'n'c EHect

Emission of electrons from a metal surface

when .!'{ghf* of  suitable Q‘Qzuenc'f falls on it.

Historical bau(qmund
Hertz (1857) : UV light on 2Zn «nob made

Sparks jump more easﬂy across a gap.

| . o
Hallwachs & Lenard (18560 - 1902) - studied
the effect sysfemah'mﬂy

.'_h g ! . Megative Zn plate lost charje in W light.
F || »* Po.s:??i._fe Zn plate did AT lose char:qe.
i S

. Se W gjecfed' ngﬁaﬁl.re particles Celectrons).

Key +atures (observed)

.| /. Below a threshold Frequency  nuO

' *
; |
no emission - whatever the fnf‘en:ﬂy.
v Above nuO |, emission is instantaneous

A
Photocurrent is proportional to intensity.

32
9. Max KE of photoelectrons dep_end's only

on nv , MIT on intensity.

Classical wave theory cannot explain these.
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Experimental Setup

Euacuarzd glass tube with a Zuarf'z wmo'nw
(W passes through guartz, not ordinary 5!::::)
(__T“'-‘ electrodes ¢ emitter C , collector A.

L .
3
e I\
2 = . b .
|
23 Cemnetter) b=t {callector?
c A
i i
: v
h mwindow : Q___. . ::
S e . O— s
J o— J
‘\.L )
l
it x 3#?&q
! @ laly
Lhd b

E . B

F@. photoelectric experiment apparatus

~ Ammeter A reads phoﬂ::u#znf e
'=Vuf+mgfer V reads p.d. between = sl R

Lc rveversgcf by a cammuf'afnr



. EfRet of Infensff_y on Currenf;_

Keep ﬁ*ezuency nu and collector p.d. fixed v
Vary intensity I of incident light.

Observation b |
Photocurrent IS d."rfcﬂy proportional to
the r]nf'ensffy of incident f{ghf‘..

= &= g
I frmear

(= proportional to

W l‘.’f'nftnsffy} 3

Why 7 (photon wview)

H{gher intensity =  more photons per second.
More photons -7 more electrons gected per s.
But each photon still carries emergy E = h nu .

_._}'_*_Epcg_ intensity controls MUMBER | not energy

q___t_:_P_ e_m.riﬂ-ea : Phq_f‘ogiecfrans. _ e
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.Eﬁped' of Potential : V - I Cun)e_

Keep nv and I (:'nf?n.sa'fy) Fixed. V’ary the
potential of collector A w.r.t. ermitter C.

*
Positive V. » rises r:eaches saturation .
A/Eﬂahbe VvV - i falls o V= V0 / :'_ O.
VO  is called #he stopping potential

sateration
/
T

7 il i

f'::?. V. = I characteristic of z_shnfor_fﬁ

Saturation ¢ -7 all ernitted electrons reach A.
qE = VD even the fFastest electron s
 stopped just before reaching A.
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g & De_#r_nﬁbn 3

e ,E”?’?}" balance -
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-.S'i_'ogg;hg Pof;ena_":hf VO

2 fh_e Aejahbe collector u_oH'aje
that Just stops the fastest pPhotoelectron

’ | — ' 2 — . - : <- defnition
.' E V’O e (f/z) ?1 & A N 5= KE e " == D!E v-o

L
La

Three ey results

|

—

) Vo . independent of intensity.

More photons 1. but same KE per electron,

@ VO increases .";}-:earfy with  nu
Vo = (/) v - /e

@ VO is -ZEP“D at nv &= nvO

‘_ffﬂlpf_ nF__VQ Vs nu o line

Below nu0 __no emission at all . \

Vo

slope = R/ 3

Ayl et
/ e

fl
>
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Failore of Wave Théory

Classical wave f'heor?f pred'fcfs that energy
of a wave is shared by the whole wavetront

and d'epend.s onf7f on :hf'ens."iy_ (amph'f“uo'g 27

_Conf'raa’r'ch'on (/)

Wave view . enouﬁh fhf'ensfry should a.-’way'_c
gjecf‘ electrons reﬁaro’fgss of prezuencyr.

Actval obs. : no emission below Trriersity nuO.
Contradiction (2) ' 1

Wauve w'e:u s wea i{ghf’ should tawe time to

build up %ngrﬁy ; emission delayed by seconds. «
Actuval obs. ) emission 15 instantarneocus (10
®
Contradiction (3)
Wave view * KE of electron should grow

with inte nsﬁy.

Actval obs. = KE __max depends on:"?f on nu

Conclusion

Light energy comes in discrete packets , each

lhf'ffa(ﬁ'nﬁ with ONE electron at a time

Einstein Er10s) - introduce photons

=9 ek
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\ - Einstein's Photoelectric Equaﬁbn-

L{ghi‘ c:c ‘pr‘fgu'fncy nv IS made of photons each
_of eAergy Els= ok na, One; photon transters

ALL s energy to a Sl'nﬁfe electron.
Ener:gy balance on the surface

|

|

‘ o W%-:'- (118 uzmﬂ
| :

| h v = W KEﬁmk J <- Einstein

| = <=/F0

Substitu ‘Hnﬂ KE __max = e VO

| thW'f'EV'o

Special case : nv = nuO
Ther KE  oide ='0 ", 26

W = }3 \/o_ 3
/e Vo = W / h
Bg_!nw O, KE__max woufd be negative - i

impossible |, So no emission ocwrs

7?11.5 _.1'.'; the rrftt?_mhﬂ of  threshold ETzue;acy*
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.__ﬂ.)épfnq---Po‘);'g-nﬁ'a!- T Earala =

-

Wk e vO.

From h v =

_PV’O = (h/e) V. n_W/e_

Compare with v = . m x + ¢ 7 G
: slope  m = h / e : =3
.-'__ 3 \ infercept ¢ = - W l/ e i Fe aye

| Plotted VO us nu for several metals .

x - intercept = W : A =

| Millikan's Verification (19/6)

Lines were parallel | h / R

slope = j
b8 % IO o g A (:guod'_ maﬁch)__.

Gave h =

s universal
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Photon - the Particle of Light

I|
|
|
|
|
.|
\I Photon = zuanfum of EM radiation
. Each photon carries definite energy and

W

:l momentum , travels at speed of f@hf‘ £
| .

Energy of a photon

= {Ezhv:hc//iw <= Freguency

Z=or maue."enﬁf-h

Momentum of a photon

Photorn i massless but mrrr'es' momentum

P

P roperﬁes of phoh}n

( ﬂnl"}{ relativistic mass) .

unafvfécfed by = H.

¥ et mass = O
| * . Electric cha?e = ‘i B
| i Eﬂgry?f of photon does not chanﬁe with

|'
[ J'nf?n.sffy - on.’?’ the number of photons.

»® Photons follow APETITOFT Bose - Einstein statistics.

i = Lnteraction s all = o= nofh.-hﬁ with one €-.

| Photon has wave character ( nv, lambda 7 toe.
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; 6?._ L{th' of wauefenﬁf'h 9¥¥ rm hits a Cs
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Wor«ed §_xarrfple /

plate (W

M

2.79 eV) Find KE_,_ma_{c of the
photoelectron and sf'oppfnj potential VO.

Sol -

E_.

——

Phof'on energy U / lambda

E = (663 x /0 -39) (3 x 10 ) .
/ (988 % 10 -9}
= TN N0 ST : :
= SOF e = = 258 eV :
KE_____.mRK = h nu - w = E_- W/

—
=

2,576 PRy

S 0.9/ eV

g

KE , =

: Sf'pppmy potential VO

- = KE__max / e 2
ge = Ol M ) e = OBV Sk
l- Vo = 0.9/ V
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__ Worked Example 2

Q. Two photoelectric measurerments on a metal 3
ol = O x40 9 HE o, VO = 0.0
i w2 = 7.5 x /O /9 Hz ’ VO_ 2 = /.09 vV E

|' Find h, _f'hgn W and nuO.

Sol 2
| AR W 4+ e VO for both read'fhy_f e
_ |: Subtract - _}‘_l__(r'!_qé__‘ pall e WD Z: vo__/) 8
E g Q!
E Ve e Vo2 = vo 1 ) Guz e nut)
3 5 \ = (e x 10 -110.09 -.0.92)
__ o i a2 L
=(/e- x O%2) [/ 15 x /O. -33
approx .6 x. /0. -33 T 5. ( = h )

Mw W = Bl i 7.1 o S ) ':I

3 : z (66 x /0 *29e0 x 1O /9] '-
=) S e G e 1D -/1(0.92) Bt
E =i B.I6°ntOiiad] = 067 % MO sl f
g | _ approx  3.27 x /O HI. . T = 2.06 eV, B

W = 206 &/, v, = Wh =<0 x /0 /9 G

¢ \{l:ﬂ'b_f_e _."{ght ¢ fec_:' - lw'_c:.fef') can gect electrons.
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Waue _'A/afure ofF Matter

R/ fambaiﬂ,
why not extend this :

Photons (mass = o) hauve momentum p =
i e Brc::gh?e (192%)

to all material particles 7

de 3rqqh'e hypothesis

A moving particle of momentum p has a wave

associated with it ; of wave!enﬁf‘h

A=kt p=h ) 0w )<t
- @
Imph'l:ahhn lambda s small for he_av‘f

okjects (Iarye- p) ,‘far:ge For light particles.

Frbm fnf’fﬂ
&b KB e UrA2) i 2

s then B = ;erfz m KEJ.

4

/(ik-?- B Szrf'(z m KE) *

_For a tharyed particle accelerated f‘hrouﬂh

potential V KE = g vV

h/.SZr'i’(Zsz)

K=




1
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de Broglie Wave Picture

-

Matter wave (s a probability wave , not a

mechanical wave Amp!ﬂ:ud’g Jzuared' -7

pmbabﬂ:}y of anﬁhﬂ the particle.

electron

F:\g matier wawve pacdet assouated with a "““’V'I"‘_f e-

Macro vs Micro
¥

wave behaviour undetectable
®  Light particles (e, p, »n) -7 lambda

spacin g -7 diffraction observed

_fambda for chm:?ed' particles depencfs on charye

and mass , not on the medive.

All particles have wave mature (de Broﬁh'e;’. L

Heau}.f angd's { m a"ar:f;e') -7 'f;mbdﬂ h'ny

atomic

Page :

/e




;E_l-ed'ron Wavelength Formula

: i An electron is acceierafed' from rest f'hmujh

5 " a potential difference V.
| Energy ‘gm}-:ed’ CE L B T S i e N T

52"‘*( 2 E- PO e

P = m v = Izrf‘(z m e V)

h

|
| v
|

| Az h ) sgrt(2 m g V) | =vast

Puf'hh‘g rumbers (h, m, e in SI)
lambda = (6.63 x /0 -39) /
SgrN2 x VO x /O o3 w el D ol V]
B2 G227 % 10 2T ] serilV] o
= /227 /] sqrtV) angstrom

/< (in 44):_' 12.27 / 52,—}-{\}) _ : <-usehul

<= shortcut

Sample valves

V.= /00 V -7 lambda = /.23 A
V = /OO0 V -7  lambda = 0.39 A
V. = /O «/ -7 lambda = 0./2 A

(comparable to atomic spacings Lol

Date : Page: AR 8
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|

_'ﬁJ_

| Lesson 1 for the ball |, lambda << atomic

(o) criket ball m = O/ «g , v = 20 /s

__For e!zgf{on_.f , wave nature s dominant. . g
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| Worked E xample- _3__

Q. Find de Bmyif'g wauefenﬁf'h oF .1
_(a) electron with v = 5"’7’): /0 2 m/._f

(<) prafon  v.o= JO x 1O £ m/s

Gal i 0= Nl e O S Kg
lambda = h / m v
* =668 % JO =397
LA e O B e £ e 6]

approx /.35 x /O 40 m = J.25 A

(o) s e T R e R e e Kg m/s
lambda = 6.63 x /O -39 / 3.0
approx 2.2 x /O -39 m (TZ?)

() m_p = 167 x /10 -27 «

.* lambda = h / m_p v

= 663 x /O -34 /)] Uo7 x /D -27 xijec o

approx 3.97-x /O -/2 m = 0.09 A

_ _{@:g el =P wave nature uncfef‘fcf'abl’e




Davisson - (ermer Experiment

electron waves , by Davisson and Germer.

i'
|
‘ /927 - Hirst direct ekpen'menf'ar' proop of
|
|
|
| Idea
| If electrons have wave nature , @ beam should

| show diffraction maxima ofF a crystal lattice

like X - rays do.

s A crystal

| .
" : 3
l P L R * Eed scatiered
* o
Qun :

Lacuuen

| F@. Davisson - (rermer setup fm,.:- wigwd

‘ Proceo’urg

Vary V (accel.) and angle phi . .* Akasure

_intensity of scattered electrons at D.

Date : Page :
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_Daw'.s.fon - (ermer ﬁ’e.SuH'_

- Sharp pea«k in scattered intensity at .-

A oY A~ ¢ 0 d’EﬂF’EES.

1

At V = £9 v
lambda = 12.27 / szrf'ff“‘f) A

]

|
|
i de Sm'qﬂ'e prediction
|
|
|

approx AT A

Bragg  prediction
For M crystal d = 09/ A Jephirret £°0
lambda = 2 d sin( th-/ 27

22 (691) #in 3¢

|
|
| approx /.5 A (mﬂf‘che_s?')
|
|

-

L P
<-pnature 7

lambda (de Bmyh'e? = lambda (ﬁmyﬁ;

3
1 | <

| .S'iqm#cance

»*

Contirmed de B roﬁh'e hypothesis +for e-.
*® o - ‘ '
| Foundation of Fratter wave mechanics

E
Led to cfeuf."opmenf of the electron

~microscope (G, P, Thomson, /925 ).

Mobel Prize  to Davisson € Thomson (1937).
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Hé:kenberq ‘s Uncerf'alhf:/

CDnSezuencE of wave nature i o}ae cannot
fix both the position AAD the momentum of

a particle with arbitrary. precision

A x . detta x . delta p 7= h / (¥ pil

(O-Fi"en written delta x . delta p = hiogr / 2)

Physical picture

A perfectly localized particle (detta x -> O)
reeds a wave packet of infinitely  mary

wave!enjf’hs -7 momentum f'of'aﬁy uncertain.
o

A pure plane wave (ore lambda) has Hixed P but
is spread ouver all space  (delta x -> fh#fy).

o
Momerical eel
Electron in an atom o delta x /0 /O m.

delta p-7= h / (9 pi delta x)
approx £ x /O L5 “g m/s

delta v >= delta p Jim approx & x JO . £ m)s.

_ Huye - cdlassical orbits are ot meaﬂfhj'!q}.".
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f_}lof'on_ En_e_w____f_ Practical cases

h ¢ / lambda for typical light.

Compute E =
hand'y' Shorhuf’)

(h ¢ approx /290 & nm -

|

E (V) = 1290 / KA Cin - pibsr) S esetals T

Worked numbers
feed 1"{931#" z lambda = 7TOO nm

E = /290 / 700 _approx 1.T7 eV

Grreen . lambda = $$0O nor
B S250 JoeD approx 2.2¢ eV
Violet lambda .= 900 rm .
E = /290 / 900 approx 3./0 &V
X - ray : lambda = O./ rnm
]
o shaenT e FE i R QB e e I T
Motice ¢ visible light just clears W for Cs ;
K , #a ; but cannot gect From “Cu i PE S
X - rays. easily gect - even from heavy

metals  with KE in «eV range.

Page : 22
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Photo - cell Apph'caﬁ'c;n.-s- .-

| Device based on photoelectric effect -

: * Evacvated ﬂfass tube

__* Concave @5 - cqqf’ed caf'ho._:fe catches f{?ht

»* ﬁnod_e co!!%cfs photoelectrons.

= i Series with battery +  microammeter. 2
Uses . ;

¥ Avtomatic _d'oor.f : bwy!ar alarms.
.S'quwd' track readers in o.-’d' u‘nemq i,
L{?hf‘ meters in cameras.

Counters J'n. solar / lunar .prabe.f. :

X X X X

_Photo - diodes / photo - transistors.

Electron microscope N

l_.)s:z.s matter waves ok acr.eierqfed electrons. {

s FA/{’ pbetter than an optical microscope. e

L

|
|
|
|
i Since lambda__e << Iambda_____,wiﬂbfe , resolution ¥

AtV = 60 « , lambda approx O.0$ A . o

Also : electron dtm::_fr.ﬁhn for cry_sfa.r'_ Sfuc_fy. _ 5 RS S _________'_

fr'?z.sjohihbn "C_é“" anysfrom.s Ot e ma':bt_'o’ugf R
| atoms can be &hayed : S 2 S S
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Chapter Summary - Formulas AR

a

Photoelectric etfect

E = b o= A LA (photon eneryy)-

e = h VA ] (phof‘on momentum)
o=l KE oo (Einstein)

gV oo R (Sf'opp.-’nﬁ po.f.)

R (threshold) .
V’o = (h/e) v - /e (linear ﬁrﬂph?

Matter waves

i S LU p = h Lo
= h / sqgrt(2 KE)
= h'/ .szrf(z m g V)
(A) = 12.27 / sqrt(V) For e-

N

A2

Constants 1o remember

; End of Chapter // - Dual Mature.

ki maub bie e e SEY S T

M N T s x%.fO =9 oG

S, =T £ .;'D -3/ «g il
T R e s

h ¢ = /290 eV »m “lenserun)

e = S x /D S i e

Uncertainty - delta x . delta p 7= h / (9 pid




