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Dual Natu_»re of Radlatlon and Matter :

What is a photo electric effect ?

Any metal contains large number of free electrons which move randomly within the
metal like the molecules of a gas in a container but they can not leave the metal on
their owne:s their energy is not sufficient to overcome the forces of attraction due to

the electric field inside the metal. Therefore energy hasto be supphed from external
source is order to.cause the emission of electrons.

It is found that when light of sufﬁc1ently high frequency is incident on metal then

the surface of the metal begms to emit electrons Tlns pnenomenon is called
photoelectric effect, .

Definition : The emission of electrons by a metal surface when light of sufﬁc:enﬂy
high frequency is incident on it, 1s known as photo-electnc effect.
Note : ‘

1. The plate which emit electrons by thlS process is known as ''photosensitive

plate". The electrons emitted by this process are known as ‘photo-electrons’.
The current due to the flow of these electrons is known as photo-electraﬁs’ current.

Most metals emit electrons when exposed to ultra-violet (high frequency)
radiations, but alkali metals like sodium, potassium etc. emit electrons even
when exposed to ordinary radiations. (vmble, infrared).

' Descnbe an experiment of study "Photo-Electric Effect" : 3

The circuit diagram to study photo-electnc effect is as shown in the figure.

It consists of a highly evacuated quartz bulb (G) having a window through which
light can enter. The light is made to incident on a photosensitive plate, known as
emitter (E) or cathode. The other plate is known as collector (C) or Anode.

A variable P.D. is supplied between Emitter and Collector by a battery of about 10
V, which can be controlled by a Rheostat (R,), A reversing key (R) enables both
positive and negative potentials applied to the Anode. A micro-ammeter (LA)
connected in series with Anode measures photo-electric current. A voltmeter

“connected across anode and cathode measures p.d. between Anode and Cathode.
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_ E =Emitter i:late (Cathode) C = Collector plate (An_qde)
HA = Micro Aprmetet - .. V.= Voltmeter
R, = Rheostat 2 ’ R= Reversing Key
If C is maintained positive with respect to E and if light of sufficiently high

frequency isincident on E, it emits electrons which are attiacted by C & hence there

is photo-electric current which is measured by micro améaeter. In the experiment
we study the variation of photo-electric current w.r.t.

1. Applled PD. (V)
2. The frequency V' of radlatlon

3. The Intensity T' of radiation. ..
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: = Photo electric current ‘
Variation of i v/s V Variation of i v/s v

Variation of i v/s V Intensity
Q. State main features of Photo-Electric Effect ?

“Ans. 1. Photo-electric effect is an instantaneous process that is there isno ume lag between
. the arrival of light and emission of electrons.

2. Photo-electrons are enutted by a metal only when the frequency of incident light
~ is above a certain minimum value known as ‘Threshold frequency ().

Below this value photo-electrons are not emltted however intense the light may '
. be.
(160) | .
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3. . of incident light '
if tl\le frequency of incident light is kept constant at a value greater, than v, and

the i ichti ; s
: intensity of light is slowly increased, it is found that "As the intensity of light
Increases, photo-electric current also increases".

]131ffe'rent phc?to-electrons emitted from the same emitter plaie have different
Kineuc energies ranging from zero to a certain maximum value which depend

on frequency of light ani;.l nature of emitter plate but does not depend on inten-
sity. s ' -

Q. Explain how Einstein arrived at the photo-electric equation using quantum theory? |
A_"S . Einstein made use of quantum theory to explain photo-electric effect.

According to quantum theory, radiation is not emitted ‘(‘:Qn'tin-uéusly, butitis emitted
in the form of packets or bundles of energy called Quanita or Photons. The energy .
of each photon is hv where is the frequency of radiation & his Planck's constant.

According to Einstein when light of frequency. v is incident on a metal surface then
the photons carrying energy hv collide with the electrons in the metal. As a result of
this, the entire energy hv of photons is completely absorbed by the electron. This
energy is used by the electron in the following manner.

1. Part of this energy is used by the electron to overcome the forces of attraction
due to the electric field inside the metal. The minimum amount of energy required
to liberate the electron from a metal is known as Photoelectric work function of -
that metal (W,). R | '

‘2. The remaining energy is converted into Kine'r.ic Energy -of the electron.
Assuming no loss of energy by internal collisions, K.E. of the electron will be

maximur. [;— mVr:“] :

. By law of conservation of energy N

hv =W0 + % mv?|or KEma);= hv - Wo —> (I)

eqn(1) is called Einsteins’s photoelectric equation.

Note: KEmax is for surface ¢! which are most loosely bound.
Explain '"How Einstein explained various features of photo-electric effect” ?
Ans. 1. As-soon as light is incident on the surface of a metal, the photons are absorbed

by the electrons and the photo electrons are ejected at once. As a result, there is

no time lag between the arrival of light and emission of electrons. Therefore
photoelectric effect is instantaneous. C :
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2. FEinstein's equation is given as

L L myi, =t W, —> )

v redﬁces, KE _(—1- m‘Jia;) also

From equation (i), we see that as frequency J
K_E. reduces 1o Zero.

reduces. When frequency reaches a certain value V =",
" e whenv=v,, —mV: =0
o “ Yo 9 max 7

substitute this condition in (i)

. 0=hv,- W,
. W, =hv,, substitute in (i) -
! 7 : o
- Vm=hn-hvo. -
1

#. 5 Vi, = h(0 - V)

This equation shows that

g

(a) If v <v, thenK.E. is negativc, which is not possible. The physical significance

of this is that photo-electric emission is not possible.

b)) vz, the K.E. 1s positive or zero which is possible. Hence the equation
- suggest that there is photo-electric emission from the surface.

- Photo electrons are emitted only if 0 2V, |

3. According to quéuitum theory, intensity of radiation is directly proportional to
" the number of photons. One photon can cause emission of one photo-electron.
Therefore if the intensity of radiation is increased then number of photons reaching
the metal surface will be increased. Therefore there will be greater number of

collisions so that greater iiumbcr of photo electrons will be emitted..
This explains the increase in photo electric current with the increase in intensity

of light. .
4, Ifan electron is liberated from an atom which is situated on the surface of an
emitter then its K.E. will be maximum. However photons can penetrate into the
metal and’can collide with electrons at different depths. Therefore if a photon
collides with an electron situated well inside the metal & the electron is libeated,

- it will lose some energy in coming to the surface and will have less K.E.

(16)
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This‘ explain differen i K.E. of different photo-electrons.

Note :

It shf)uld be noted thatif v = v, then the electron is just separated without aﬂy K.E.
and it represents the limiting case of photo-emission. =

Note:

Defimition of Threshold Wavelength (A, :

1. Photo Electric Work Function W,): i

Any metal contains large number of free eiectrons which move tandomly within -
the metal like the molecules of a gas in a container but they can not leave the
metal on their own as théir energy is not sufficient to overcome the forces of
attraction due to the electric field inside the metal.- Therefore energy has to-be
supplied from external source in order-to cause the emission of electrons. The
minimum amount of energy required to separate the electron is called
photo-electric work function. : '
Definition : ka |
The minimum amount of energy that must be supplied by the photon to the atom
in order to separate the electron from it is known as photo electric work

. function. ‘ ' ' '
It is different for different metals. _
Also W, = hvoé_hS) where © ' h =Planck's constant .

. = e o
\ : o v, =Threshold frequency -
Definition of ""Threshold Frequency' (v,) : T .

"It is the minimum frequency of light that must be incident on the surface of a metal
in order to just cause the emission of electrons from the surface of that metal. -
(1) It is different for different metals. ‘ -
(2) If v <, no photo-emission takes place.

: : : W
@3) - Wo = h’Uo - oo DQ =—hL

It is the maximum wave length of light that must be incident on the surface of a
metal in order to just cause the emission of electrons from the surface of that metal.

Note :

1. For photo-emisSion

' @02y, . or b As A,
ae) -
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¢ =v,A, (c = velocity of radiation)

2. c= UX o ;
‘ . ’ he Cc
= S0, = —)
3 Wy=ho, W=7, (-0, ™
' he c
4. Energyof photonE=hv =~ E= o A (.-'. V= T) :

Definition of stopping Potential : (Vs) : :
It is the minimum negative potential between emitter and collector plates fqr which
photo-electric current just stops. ' '

At this stage the work done by this potential on the fastest moving electron is equal
to the K.E. of the electron. - :

-. Work done by potential = KE.,__

~oeVg = -;—m\ﬂm -
Where ¢ - = charge on electron - |
m = mass of eléctron
V. = m&xixﬁum‘veloc-:ify of electron °

Note : -
The equation hv = % mV:_+ Wo can also be written as hv = eVs + W,

Q. Describe the construction and working of a photoelectric cell ? o
Ans. A photoelectric cell converts light energy into electrical energy. It works on the
principle of photoelectric effect. - . :
‘A photoelectric cell consists of an evacuated glass tube. The walls of the tube are
transparent to the incoming light. The tube contains two electrodes in it.
1. Cathode (K): . ‘ - '
It is concave in shape. Its surface is coated with thin layers of alkalj deposit
since these deposits are photosensitive in nature. When light enters the tube ‘and
fall on this surface, it emits photo elchOns. . P Y

2. Anode (A): - .
+Itis a platinum rod fixed parallel to axis of the cathode as shown. It is at positive
poteritial with respect to cathode. It attracts electron & photoelectric current is produced,
The glass tube is fitted on a non conducting base. The cathode and Anode are
connected to two pins below the base, so that they can be connected to‘an
external circuit. ' ' ~

3
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0. Write down Einstein's photoelectric equation & exptam the terms involved in'it 7
Ans. Emstem s photoelectric equation given by

where h

hv

2 _
Planck's constant

Fréquency of radiation

Energy of photon

Photoelectric work function = The minimum amount of energy

that must be supplied by the photon to the atom in order to

separate the electron from it, is known as photoelectnc work
function.

Mas_s of electr_on

Maximum velocity of electron

Maximum K.E. of electron
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Q.1 State four applications of photocells.
Ans Applications of Photocell. '
(i) It is used in exposure meter.
(ii) It is used in burglar alarm.
(iii) It is used in lux meter.
(iv) It is used in smoke detector.
(v) It is used as automatic street light
(vi) It is used in reproduction of sound.

Q.2 What are photons?

Ans. (i) When an atom absorbs or emits hght the energy transfer occurs in discrete lumps
(packets) of energy. These packets of energy are called as photons.

(ii) Photon energy is given by |

c ‘ S
E=hv= 7 ,where h Planck's constant whose value is 6.63 x 104 7Js.

Q3. Explain the term electron volt. '

Ans. (i) When an electron is accelerated through a potential difference of one volt then

energy gained by an electron is known as electron Volt (eV)
(ii) Energy of photon is usually expressed in electron
leV=16x10"J"
[(iii) The larger units of energy are keV and MeV
1 KeV=1.6x 10'¢ J and ‘
1MeV=1.6x10"177J

Q.4 State characteristics of photon.

Ans. Characteristics of photon .
(i) In interaction with Matter, radiation behaves as particles called photons
(ii) The rest mass of a photon in zero. :

(iii) The photons are electrically neutral. Therefore they are not de‘lected by electric and
magnetlc field. ‘ .

(iv) The photons travel with the speed of light.
(v) All the photons of particular frequency (or wavelength)

_ . . possess the same energy.  °
Irrespective of the intensity of the radiation. |
(vi)The increase.in the intensity of radiation imply an increase in the number of photons,
with each photon having the same energy.

(vii) During collision between a photon and a particle, the total energy and total momentum
‘are conserved.
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Graph of photoelectric current (i) v/s Dotentlal (v) at constant frequency but different
intensities of light :

" v is constant
P (I3> 12> I4)

I3
| — I>
|~ f I4

Saturation
current
-V = l ' —> V
'VS —VO O
Conclusion : * Stopping potential (Vs) is equal to KEmax . '
[veVs= lmeaxz] S
i 2 )
~. Vs does not depend on intensity if frequency (n) is constant. ‘

Graph of photoelectric current (i) v/s StODDJ potential varying for frequencv but i
constant intensity of light

14

' I Is congtant
(Va > Vo > V1) .
V3 » ..
Vo .
. ’ v1 4
-V p > V
-Vs3 -Vs,  -Vs; ’

]
1

Conclusion : We find that stopping potential (V) for each frequency is different

I vs > Ve >V

KE; > KE; > KE;
Vs3 > Vs; > Vs (in magnitude )
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metal B
—~—, ;
Stopping -
. Potential (Vo) -
y o
- Metél
Metal B
Vo ' R
o /" Incident —,
/e ,," Frequency v
~4 /el
' eVs =hV —WO
V.= (B (7
2V, (e)v ; (70) (1)
y=mx+c
Conclusion : (1) Slope'= L constant for both metals Aand B
e
Put V;=0in (1)
. (E)v = ﬂ
T \e e
v n " Vo

Conclusion : (2) Vo values are different for metals A & B

PutV=0in (1)

Conclusion : (3)
]

W,
-,y intercept represent V= [—e—°) & values are different.
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SES
DUAL NATURE OF RADIATION AND MATTER

Q11. Explain de Bro

lie? .
Ans. We know that r iy Hypothesis?

hypothesis, matter al:glagon possess dual nature. As per de Brdglie’s
As per this hypothesis glesrsr?ss .dual Ha?fure, i.e. particle nature and wave nature.
atoms possess the Wav’e e oving Partlcle of m.atter like electrons, protons,
de Broglie's h Ve like properties under suitable conditions.
i gT i s hypothesis is based on following observations:
' e whole energy in the universe is in the form of matter and
3 electromagnetic radiation.
1i.  Nature loves symmetry hence two physical quantities like matter.and
energy must be symmetrical. In other words, if energy -as dual nature,
then matter must also have dual fiature i.e. particle nature and wave
nature. i

As per this hypothesis moving particle behaves like wavehs'" of dgﬁﬁite
wavelength. The waves associated with matter are called as Matter waves oOr
de Broglie's waves. '

Statement of de-Broglie’s Hypothesis: Every moving particle has a wave
associated with it. O

Q.12 Derive an expression forvyva\gé‘l_ength of de-Broglie's waves?
Ans. According to Planck's quantum theory, the radiation is emitted in the form

of packets or bundles of epe?:gy called as quanta or photon. The energy of each
photon is given by & » w :

E - hv %, B .
where h = PIanc_:k'§ constant and V = frequency of radiation.

H

The photon i§"considered as particle. According to Einstein's mass energy
relation, the energy of photon can be given as:
Eime® ~ e (ID)
~ (D=1 :
mc? =hv

hv
mc=—_

C .
But mc = mv = P = momentum of photon (where v = velocity)

_ hv
- C
But C=VA
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' URE OF RADIATION AND MATTg,
KHANDELWAL ¢ s DUAL NAT

~p=hv h
"P‘ﬁ‘, .‘P‘=T

A=

> D or

ceeen (IV)

de Broglie Sugges:ed eq. (III) and (Iv) is general formula. It is appligable to.
photons as we]] as other moving particles L

Note:

(1) Eq. (IIT) and (IV) connects momentum, which is charaic_t_feﬁrfi's‘{ié, of the particle
with the wavelength which is characteristics of a wave. T

(1) In (IV) mass (m) is relativistic mass of particle

1t is given by Einstein's
equation.
m,

1-22
C2

- (ii) The energy is carried by \tﬂe»‘mo’ving Jparticles like electrons and not by
matter waves assoiated wi;h it. .

h_h e’ that
. = — We can sa
(iv) From & P md Y

(a);uxr_rl:- i.e. lighter particles have large wavelength,

(b)l o % , L.e. for fast moving particle, 3 is smal!.

(c) A does ﬁot depend on charge of the particle.

(d) de Broglie waves (or matter waves) are

different from mechanica]
waves as well as electromagnetic waves,
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Q13. Derive an expression for de Broglie's expression for wavelength of an
electron?

Ans. Consider an electron of mass m and charge e accelerated through a P.D. of
volts. The energy acquired by an electron is given by:

E=eV . (D)

If v is the velocity of electron, then its energy can be given as:

1 2E

2E
= E mv2 A v2 = —— 5 v = —17_]_- ....(I_I)

m
Now de Broglie’s wavelength is given by:

h
A=—
mv
h
SA= [using II]
2E
m —
m
0 x h
T VZmE
A i | [using I]
| e usin
E \v2meV g : .
Substituting, m = 91x103ikg :e=1.6x10""C;h=6.63x103*1J.s
g | _d227 L1227, 1227
; we get, A = \/\qu“m N Noa
Note: : |
| ) If Vi= 10 lt— 1227 _1227A
DI VS 100 vl =m0 =

1227 1227
= = 0.1A
V15000  122.7

These values of A are within the range of X-ray wavelengths and they are of
same order as the spacing between atomic planes in crystals. This suggests that

the matter waves associated with electron can be verified and measured by
crystal diffraction experiments using X-rays. '

If 'V = 15000 volt =

e RO N S Y TR R bt 7.

(ii) For high-speed electrons, we have tq consider relativistic correction for
mass.
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" articles. For e.g.
(iii) It is not easy to measure the wavelength of heavy P
Consider a body of 1 kg moving at 100 m/s

po S _663x10734
myv 1x100

This wavelength is so small that it cannot be measured.

=6.63x 10 m

Q. Explain: Davisson and Germer Experiment

Aim: To prove wave nature of electron. s

i ector.
Apparatus: It consists of an Electron gun nickel crystal afld electr.on_det R
Electron gun has tungsten filament coated with barium oxide for hlgh “n

efficiency. Filament works as thermionic cathode.
Procedure: .
(i) The electrons are accelerated by cylindrical anodg kept “théf fixed known

high positive voltage(V). This anode imparts the desired velocity of electrons.

The electrons emerge out of anode aperture as fine beami:”

(ii) This beam is made to fall on surface of nickel‘é'i‘yStal. The electron beam

gets scattered in all directions. The intensity of scattered electrons in a particular

direction is measured by the moving collector (or electron detector), which can
be moved on a circular scale. g N

(iii) This experiment was pepfprniea at different accelerating potential V but
sig_niﬁcant intensity of electron was observed around 44 V - 68 V

(iv) The detector is c_‘onne\cft’/ed to a sensitive galvanometer whose deflection is
- directly proportional to intensity of electrons received by the detector, The

whole setup is enclosed in an evacuated chamber. -

Measureme(iitsv; The intensity of scattered beam is recorded for different

scatteg%ﬁpg"q,gg’lés (¢) and for different accelerating voltages (V). It is observed
that,-galvdnometer showed maximum deflection for scattering angle ¢ ='50°

aceel; atlng voltage of 54 V. The maximum intensity is due to constructive
from different atomic layers.

g i

interference of electron waves scattered

Calculations:
According to Bragg's diffraction formula, for 1%
A= 2 d sin © where, d is the spacing between ato
A is the wavelength of associated wave and O is

order diffraction maxima
mic planes;
the glancing angle
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B
A__ Electron Bea - Nickel
I -F-’___[ Pa— ;:‘__ :_n / met
N aC®
_ «—Electron - 7 .
L.T. gun /\ - Scattering angle (¢)
" Diffracted | yacuum

Movable sy electron Chamber
collector beam
To galvanometer

(ii)) For scattering angle ¢ = 50°, glancing angle is © = 65°(glancin§ angle = 90° — %)

and spacing between atomic planes for nickel isd =0.91 A
~A=2x0.91x 10" x sin (65)

A=1.65A
This is wavelength of electron wave found experimentally.

(iii) By using de Broglie's relation, the wavelength of electron at accelerating
voltage 54 V is given by '

1227 . 1227 _
= A= g TLOTA

Conclusion: This is gxqgjle“r}t agreement between experimental value of
Wavelength of electron. This'confirms the wave nature of particle electron.

. A

H -1 el

Intensity of e . Const

or :"v v 54V
1. 54 1
No. of e_' . m
- 1'0° : ] B V. .
i 90 ¢ = Scattering angle
¢ =50°
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FAILURE OF WAVE THEORY TO EXPLAIN PHOTO ELECTRIC
EFFECT

1. Instantaneous Emission : Wave theory expect that the metal
surface will absorb incident energy continuously and all electrqn near
the surface will go on accumulating this energy till after a certain
time, this energy is equal to work function (Wo) .

a) As per wave theory . if the intensity is large it will take small tlme
to eject electrons and vice versa R

These arguments were contrary to observation since photoelectron
effect is an instantaneous process. o

2. Kinetic Ener;y : As per wave theory, larger 1ntens:ty means larger
energy and electrons are expected to be emitted with'larger K.E. But
observation showed that the maximum K_E. does not depend on
intensity but depended on incident frequency.-

3.Frequency: As per wave theory of light, frequency has no role in
determining K.E. of photo electrons. Moreover wave theory expected
photo electrons to be emltted for any frequency if the intensity is large
enough . But observatjons: are contradictory since below a certain
frequency called threshold frequency photo electrons were not
emltted even if the 1nten31ty was large.
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—2 OF RADIATION & MATTER - SUMMARY OF FORMULAE
PART A . PHOTOELECTRIC EFFECT

wing values:

L. Must Know foljo
C=3x10*m/s

= ' m=9.1x10"3"kg-
/ e=1.6x10"19C x 9
= =10 =10
h=6.63x 103 1A=10"m, 1 nm m

leV=1.6x10 e |

2. c=VA=vod

—>For Photoemission

' hc
3. E=hv = 7 ()] V >7Vo Minimum Frequency (Vo)
or
hv hc : A < Ao Maximum wavelength (A0)
p—i —_— = — e ry
X = 7e (eV)
hc
4. Wo=hVg = 1. ) - In formula 3 to 5
0
x=1.6x10"
hv
= == (eV)
X AO (X)
1 2 7
5. hv = W, + 5> MVmax
?g e = Mgy = hV = Wo =hV - hVo =h(V -V
i .
hc hc hc

2 W ST T,
el -2l

7. hV = WO + € Vs
8. Power = (No.of Photons per second ) x Energy of one photon.

- Nx @) =Nx (%)

9. For same metal ,Wy is constant

SOME IMPORTANT VALUES
-—__-_—_——7 .

‘ pe= [13‘5’9] evrm =[] cv. A (Note sometime : 1240 or 12400) -
}- .
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hc~2x10-25 Jm
i i ergy of photon
10. As Intensity increases, photoelectric current increases but Energy or p |

remains constant.

ic ins constant.
11. As Frequency increases, K.E. increases but electric current remal

PART B : de Broglie’s Hypothesis

h _ h . h
mv  V2mE 2meV

1L A=2=
' p

2. For electron E

= = 12.28A _ 1228
V2mev VT T WV . . : ,

3. E=mc? = (mc)c=p.c

: E
~ p = momentum of photon = ;



