Chapter - 13
Photo-Electric Effect and Matter Waves

In the previous chapter you have studied about
wave nature of light. Optical phenomena like reflection,
refraction, interference, diffraction and polarization can
be explained using wave theory of light. Maxwell
propounded electromagnetic waves theory in 1887 and
then experimental demonstration of the existence of
electromagnetic waves by Hertz very well established
wave nature of light. You will read more about
electromagnetic wavesin chapter 17,

By nineteenthcentury the wave nature ot light was
well established, but at the same time some observations
like photoelectric effect, Compton eftect and later Raman
etfect could not be explained on the basis of wave
theory. To explain them quantum (photon) theory was
used which wasrelated to corpuscular theory of light. In
this chapter we will mention about photoelectric effect, its
experimental results and Einstein's photo-electric
equation for their explanation. You willlearn more about
Compton effect and Raman effect inhigher classes. Atter
that we will study about dual nature of light. After
knowing about dual nature oflight the question arises that
if light beam which is supposed to have wave nature
generally behaves like a particle in some cases then does
a beam of particles or a beam of electrons in certain
circumstances behave like waves? Later in this chapter
we will be able to answer this question when we study
about matter wave hypothesis of de Broglie
{pronounced asde Broy inFrench) and its experimental
confirmation. Towards the end of this chapter we will
learn about Heisenberg's Uncertainly Principle.

13.1 Photo-electric effect and matter waves

In 1887 while doing experimental study on
electromagnetic waves Hertz observed that when
ultraviolet light from an Arch lamp falls an cathode the
discharge between electrodes becomes easier. These
observations led Hertz to propose that when ultraviolet
light tallson cathode charged particles are emitted which
makes discharge easier. In 1888 scientist Hallwachs
connected a negatively charged zinc plate to an
electroscope and observed that when ultraviolet light falls
on negatively charged plate it loses its negative charge.
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When an uncharged plate is used and when it is
illuminated by ultraviolet light it becomes positively
charged. Ifa positively charged plateisused it gains more
positive charge or it remain unaffected. From these
experiments it was concluded that when a negatively
charged or an uncharged plate 1s illuminated with
ultraviolet light it emits negatively charged particles which
makes the negatively charged plate neutral oruncharged
plate becomes positively charged. In 1897 after the
discovery of electron and on measuring the ¢/m of
particles it was established that these particles are
electrons which are emitted when light falls on the plate.
Hallwachs and another scientist Leonard observed that
when light of frequency lower than afixed frequency falls
on the plate no electrons are emitted. This lowest fixed
frequency isknown as threshold frequency and its value
dependsupon the nature of the material ofthe plate or
any photosensitive surface,

We know that why a metal is good conductor is
that it haslarge number of free electrons. These electrons
move treely inside the metal but cannot come out ofthe
surtace. Ifthey could come out ofthe surface the surtace
would have become positively charged and would have
attracted electrons back inside. Obviously the elctrons
near the surface face resistance. Hence they need some
additional energy to come out of the surface and this can
be given only by an external source. The minimum amount
of energy needed by electrons to just come out of the
surface (with zerokinetic energy) is called work function
ofthe metal. The work function is generally denoted by
¢, and is generally measured ineV (electronvolt) (1eV=
1.602 x 10°'°T). Ditterent metals have difterent work
tunctions and this depends on the nature of their surface.
When the free electrons of the metal get energy equal to
or morethan the work-functioon fromthe incident light,
electrons are emitted. Because of their generation by light
such electrons are called photoelectrons. Dueto these
emitted electrons the current flowing in a closed circuit s
called photoelectric current. Hence (to summarise)
"When light of a specitic frequency or more than that
trequency falls on a metal surtace or optically sensitive
surface the electrons are emitted. This phenomenonis



called photoelectric effect.”

Table 12.1 shows work functions of a tew metals.
The presence of impurities in the surtace changes these
values.

Table 13.1 ;: Work functions of some metals

Meial Work Metal Work
[unction [unction
v oV
Cesium Cs 2,14 Aluminium Al 4.28
Potassium K 230 Mercury Hg  4.49
Sodium Na 2795 Copper Cu  4.65
Caleium Ca 3.20 Silver Ag 4.70
Molybdenum Mo 4.17 Nickel N 515
lLead Pb 425 Plalenum PL 565
l'e 4.7 Au 50
Ir 327 Os 4.38
Ta 425 W 4.55
Rh 4.98 Ru 4.7

Tt is observed trom experiments that Alkali metals
(like Lithium Sodium, Potassium etc.) show photo-
electric eftect for visible light also while Zinc, cadmium,
Magnisium and other similar metals show this effect only
for high frequency ultraiolet waves. For emission of
electrons from metals there are other methods also.
When metals are heated adequately electrons come out
because they get extra heat energy. This method is
known as thermionic emission. Electrons can also be
emitted by applying strong electric tield (ofthe order of
10 V/m). This method is known as field emission.
Besides this it electrons having high kinetic energy are
incident onthe metal it is possible that electrons may be
ejected. This method s called secondary emission.

13.2 Experimental results of photoelectric effect
and their interpretations

To study photo-electric effect in the laboratory a
simple experimental arrangement is shown intigure 13.1.
It has a glass or quartz tube which has vacuum inside.
This tube has two electrodes C and A. C is called
cathode (or emitter), is a light sensitive metallic plate.
Plate Aiscalled Anode (or collector). Light from source
S crosses a window and falls on plate C. The potential
ditterence between C and A is maintained by a battery
and it can be varied by means of'a current controller inthe
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circuit. The potential of A relative to C can be kept
positive or negative through a commutatorin the circuit.
Photo-electrons emitted by C when light is incident onit
are attracted towards Aif Ais positive withrespect to C.
The electrons collected by A flow through the
microammeter, battery etc. in the external circuit and
reach C and thus current flows in the circuit which is
called photo-electriccurrent. The voltmeter V inthe
circuit measures potential difference between Aand C
and photo-electric current is measured by microammeter.
For observing the effect of intensity of light on photo-
electric current the intensity can be changed by changing
the distance between source S and emitter C. Different
sources of light with different frequencies canbeused to
see the effect of frequency on photoelectric current.
Alternatively filters can be kept between source S and
plate Cto get light of requiredfrequency.
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Fig. 13. 1 : Experimental arrangement for studving
photoelectric effect.

The following results are obtained through the
study ofthe photoelectric current.

13.2.1 Effect of potential on photoelectric current.

First ofallthe frequency oflight and Intensity Lare
kept constant and light is incident on C. suppose Ais at
zero potential relative to C. In this condition all the
electrons emitted by C cannot reach A. At any giventime
electrons emitted by C remain near it and form space
charge. This negatively charged space charge repels
electrons emitted by C. Eventhen some electronsreach
Aand thus photo-electriccurrent begins to flow. When



Ancde Ais given some positive potential relative to C
some more electrons are attracted towards A and space
charge is decreased and photoelectric current increases.
Thus current depends upon the potential of Anode.
Figure 13.2 shows variation in the current with variation
inpotential of A. If potential of Ais graduallyincreased a
stage comes when the effect of space charge becomes
negligible and all the electrons emitted by Cathode are
able to reach Ancde. Then current becomes constant.
This current 1sknown as saturated current. Thisis shown
by part beinfig, 13.2. If potential of Ais still increased
no change in photo-electric current takes place.
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Fig. 13.2 : Graphbetween photocurrent
and Anode potential at constant poiential and intensity

It potential of Anodebecomes negative relative to
Cathode some electrons return to cathode due to
repulsion by Anode and current is decreased. If negative
potential on A is increased current decreases rapidly.
Negative potential 1s also known as retarding potential.
Ona certain value V, ofnegative potential the current
becomes zero. For a definite frequency ot incident light
the negative potential V, on Anode for which photo-
electriccurrent becomes zero is known as cut off potential
or stopping potential. This depends upon trequency of
incident light.

Stopping potential has direct relation to maximum
kinetic energy of emitted electrons. The kinetic energies
of all the electrons emitted by cathode are not equal. For
current to be zero we have to ensure that an electron with
maximum kinetic energy (or fastest moving electron) is
notable toreach the Anode. Inthissituation the maximum
kinetic energy of the emitted electron K isequal to
work done against the repelling force of stopping
potential V or
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where m = mass of electron, ¢ = charge of
electronv_ =maximum speed of an emitted electron

13.2.2 Effect of intensity of light on photo-
electriccurrent

Ifwerepeat the above experiment with a definite
frequency but different intensities we will find that with
increase inintensity the value of saturated current also
increases. (Iffrequency oflight 1s constant).

Infig 13.3 graphs between photoelectric current
versus Anode potential tor 3 different intensities have
been displayed. Here L, > I, > I Tt is evident that
saturated current increases with increasing intensity. It
means that on increasing intensity the electrons emitted by
cathode per second and electrons reaching anode per
second increase and current is also increased. Itisto be
kept in mind that stopping potential does not depend
uponintensity. Ifthe stopping pointical fora certain metal
and for a certain frequency ot light from a 1W source is
-1.0 then for the same metal and same frequency of light
from 5W source the stopping potential will remain- 1.0V.
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Fig. 13.3 : Graph between photo clectric-current and
Anodc Potential for incident light of different intensitics

When intensity ofincident light is increased the
saturated photo-electriccurrent increases linearly as
shown in fig 13.4. Because photo-electric current is
directly proportional to emitted electrons per second
therefore the number of electrons emitted per second 1s
also directly proporticnal to intensity ofincident light. If
the source oflight is a point source thenintensity oflight 1
will be inversely proportional to distance (d) between
cathode & source. Hence photo-electric current will also
follow the same principlei.e.
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Fig. 13.4 : Graph #-w and intcnsity

13.2.3 Effect of Frequency on Photo-Electric
Current

For a given photo sensitive plate and keeping the
intensity ofradiation constant it frequency of incident light
is changed and for each frequency the corresponding
stopping potential is measured, it can be observed that as
the frequency is increased the stopping potential will be
increased proportionately.

But saturated current will remain the same. In fig
13.5 graph between Anode Potential V and
corresponding photo-electric current for three
frequenciesv,, v and v, is displayed (where v >v >v )
Here it canbe seenthat V_ >V >V . Because
stopping potential is an indicator of maximum kinetic
energy of electrons it can be said that asthe trequency of
incident light is increased the maximumkinetic energy of
electrons willincrease proportionaly.
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Fig. 13.5 : Graphbeiween Anode Poiential Vand
photoclectric current for dilferent frequencics of incident

light of a definite Intensity

It a graph is plotted between the frequency of
incident light and corresponding stopping potential for
different metals it will be a straight line as shown in fig
13.6fortwometals Aand B. From this figure it is clear
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that for frequeney v, for metal Aand for frequency v,
for melal B the stopping potential for emitted electrons
(1.e. maximum kinetic energy of electrons)is zero. Hence
for every metal there is a definite cut off or threshold
frequency v_for which the corresponding stopping
potential is zero. If the frequency oftheincident light is
less than cut off value v_no photo electrons will be
emitted whatever be the intensity. The wavelength Ao
corresponding to v is called threshold wavelength

(7, = ¢V, .

-

Stopping potential J/

Metal 4

Metal B

Y

lrequency 3

Fig. 13.6: Graph between stopping polential or
frequency for different metals

It should be borne in mind that ifthe frequency of
incident light is more than the threshold frequency then
there is no time lag between incidence of light and
emission of electrons. Immediately after the incidence of
light emission ofelectrons starts (within 10 sorlessthan
that time).

The results ofthe above mentioned experiments
canbe summarised as follows :
1. Whenlight ofhigh frequency (or adequately short
wavelength) falls on any metallic surface the metal
emits electrons. This emission takes place

immediately withoutany time lag,

For a given metal there is a definite threshold
trequency v . Ifincident light is of less frequency
photo-electriceffect will not be observed how so
high the intensity may be.

Photo electrons may have any Kinetic energy
starting from zero to amaximum value K __.

|F¥]

By keeping Anode at a negative potential relative
to cathode emission of photo-electrons can be
stopped. The minimum nagative potential of
Anode for which photo-electric current becomes
zero 18 called stopping potenial. The stopping
potential v and maximum kinetic energy of emitted
electrons arerelated by the equation, K =ev



Stopping potential doesnot depend uponintensity
oflight. That means the maximumkinetic energy of
electrons is independent of the intensity. But
stopping potential has alinear relationship with
frequency ofincident light.

The saturated photo-electric current increases
when intensity otlight isincreased.

13.2 4 Failure of wave theory to explain Photo-
Electric Effect.

Accordingto electromagnetic wave theory of light
the distribution of energy takes place wherever the waves
are present. Because waves have energy it seems that by
absorbing energy from waves the electrons of the metal
can come out. But on this basis photo-electriceffect can
not be explained adequately.

1. Dependence of kinetic energy of photo-electrons
onintensity of light. According to electromagnetic
nature of light when light is incident on a metal a
periodic force due to oscillatory electricfield of the
wave should act. Ifelectric field of electromagnetic
wavehasanamplitude £ . itsintensity 1= E; and
effective force acting on the electron F=eE_ When
Intensity increases the force on the electron
increases and thereforeits acceleration and kinetic
energy should increase. Intherwordsaccordingto
wave theory the continuous absorption of energy
by electrons goes on and hence electrons will
absorb moreenergy from highintensitybeam ofligh
and they should come but with greater energy. But
according to experimental observations the
maximum kinetic energy of electrons does not
depend uponintensity of light.

Dependence of emission of electrons on frequency
oflight waves :

According to wave theory photo-electric effect
should be cbserved for all frequencies of light
subject to intensity being adequately high so that
electrons get needed energy to come out of the
metal

This is not observed in experiments as light of less
trequency than the threshold frequency does not
show photo-electric effect how so high the intensity
may be.
(m) Time Lag: Inanywave energy distribution takes
place at the wave front and hence all the electrons
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intheilluminated area should absorb energy. If the
intensity is low the electron should take finite time
to gain energy to come out of the metal. It means
there should be measurable time lag between
incidence of light and emission of electrons,
According to wave theory this time could be even
afew hours. Butthe experimental observationis
that emission of electrons takes place immediately
after incidence oflight (within 10™s or even less
time).

(iv) Dependence of kinetic energy of photo-electrons

on frequency of light.

According to wave theory the frequency of light
and kinetic energy of photo-electrons should have no
relation while the experimental fact is that maximum
kinetic energy of emitted electrons increases with
increasing frequency oflight.

Thus we conclude that wave theory of light cannot
explain experimental results.

13.3 Concept of Photons:

To explain energy distribution in Black body
spectrum Planck in 1900 proposed that emission of
radiation by abody or absorption of the same does not
take place continuously. But it happens by means of
discrete bundles ( called quanta). A greeing to views of
Planck, Einstein in 1905, proposed that light energy
(universally known as electromagnetic radiation) 1s
quantised. It means radiation energy ismade of discrete
units which are called quanta ot radiation energy. We
now call them photons. During mutual interaction with
matter radiation behaves as if it is made of particles
known as photons. Some important characteristics of
Photons are given below :-

1. Invacuum every photonalways travels with the
velocity of light (3 x 108 m/s)

Every photon has a definite energy and a definite
momentum. A photon of radiation (light) of
trequency v has energy equaltohv=hc/A and a
momentumequalto p=#v/c=h/2 HereAisthe
wave length ofelectro magnetic radiation (light). h
is auniversal constant which isknown as Plank's
constant. Its valueish=6.63 x 10 *Js=4.1

x 107 eVs,

Photon can collide with a particle (like electron). In
such a collision the total energy and total



momentum are conserved. Photon can be
absorbed alsc during a collision and /or new
photons can beformed. 1t is not necessary that the
number of photons remainsunchanged.
Photons are electrically neutral and are not
detlected by electric and magnetic fields.
Ifthe intensity of light of a given frequency is
increased the number of photons passing through a
given areaina given timealsoincreases. Energy of
every photon remains the same.
Rest mass ofa photon is zero.
Example 13.1 : For a photon of wavelength
4000A find (a) Frequency (in Hz) (b) energyineV and
(cymomentum [h=6.63 x 10-7] Sandc=3*x10%m/
s

Solution : (a)Forlight, ¢ = 4

¢ _ 3x10°m/s
A 4000x107"m
=7.5x 10" Hz
(b) energy of Photon /s =Av
— (6,63 x 107 Jg) (7.5 x 10" 57)
=497 x 107
497x107"
= %:3]0{317
1.6x10 ~

(c) Momentum ofphoton

h  6.63x10*

T2 4000x107"

=1.66 x 107 N.s
Example 13.2 : Amonochromatic source of light
operating on 100W emits 4x10* photons per second

find the frequency of light [=6.63 x 10 ¥ J.sand ¢=3
x 10 ms]

Solution : Ifnumber of photons emitted by source
per second 1s # and every photon has energy E and
Power of sourceis P

Then P — nE

P

P (100Js )
n 4%10%
—25x10v )

I

322

hc
Hence wavelength of Photon 4 = =
_(6.63x107Js)3x10°m / 5)
2.5x10 "
=8.0 x 10 "m = 8000A

13.4 Einstein's Photo-electric equation and
explanation of experimental results of
photoelectric effect on the basis of this equation

As mentioned in the previous sectionin order to
give theoretical explanation of photoelectric effect
Einstein in 1905 considered light (Electromagnetic
radiation) as made up of quanta. Inthat research paper
Einstein used the word Quanta but we areusing the word
Photon.

Through this revolutionary theory proper
explanation of experimental results about Photoelectric
effect was given for which Einstein got Nobel Prize in
1921,

After striking the metallic surtace photons collide
with the free electrons ofthe metal. Ina certain collision
Photon can transter all its energy E to free electron. Ifthis
energy 1s more than the work function ot the metal the
electron can come out ofthe metal. It isnot necessary that
ifthe energy given to electronismore than ¢, it mustbe
emitted. Deep inside the metal the electrons that have
gained energy collide with the ions and may loose their
energy. Near the surtace of the metal the electron after
getting additional energy may move towards the surface
and come out. If such electrons after getting energy E
from photon come towards the surtace without turther
collision and come out their Kinetic energy willbe /- ¢, .
Ifbefore coming out the electrons have turther collisions
their kinetic energy may be less than £— ¢, . Thus the
photoelectrons emitted by the metal may have any energy
between zero and maximum value £ - ¢, . If this
maximum valueis denotedby K we have

K _=F—¢ . (132)

But energy ofa photon having frequency 1s given
by £ = Ay, hence
Krm}; = hV - <;é(’.l

~

.
a3

.(13.3a)
W=K_ +¢ ...(13.3b)

Equation 13.3 isknown as photoelectric equation
of Einstein. In reality this is the statement of law of

ar



conservation of energy about work function ¢, and
absorption ofa single photon. Ifthe mass of the gjected
electronis m and maximum velocity isv__we have

] “a
hy =S mv, +dy (13.4)
If stopping potential 1s v, then K _.=eV,
Hence v =el, +¢ ... (13.5)

Equation 13.4 and 13.5 are alternative forms of
Photo-electric equation

Now we will explain experimental results of
photoelectric effect using photoelectric equation.
(i)  Accordingtoequation 13.3 the maximum energy
of photoelectronsK_ varies linearly with the
trequency ot incident light and does not depend

upon intensity. It tallies with the experimental

observations.

()  Bydefimtion kinetic energy can never be negative.
Hence in equation 13.3 it is provided that
photoelectric effect can be observed only when
h>g, .

or  hv=hy,

where V, Z% .. (13.6)

Thus threshold frequency comes into existence
Light havinga frequency less thanthreshold cannot eject
electrons whatever beits intensity. It also tallies with the
observations.

Itis also evident from eq. 13.6 that threshold
frequency must be more in case ofmetals having more
work function ¢, .

(i) Experimental observationsregarding dependence
of photoelectric current on intensity in case of
frequency oflight being more thanthreshold canbe
explained using the concept of photons. Intensity
ot light is proportional to the number ot photons
per unit area per unit time. If more photons are
incident they will eject more photoelectronsi. e.
photoelectric current will also be more. Hence for
v >y, the photoelectric current will be
proportional to intensity.

()

In propounding the photoelectric equation the
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basic consideration was absorption of a photon by
an electron which can be considered asa collision,
Time taken in collision is negligible hence
absorption processis almost instantaneous. Hence
in photoelectric effect thereis no time lag between
incidence oflight and emission of electrons. This
also is 1n agreement with experimental
observations. Decreasing theintensity of light does
not delay the emission of electrons because basic
process is absorption of a photon by an electron.
As givenin (i) intensity affects the magnitude of
current only. In addition the rate of emission of
electrons does not depend upon frequency of
incident light because according photoelectric
equationincreasing resultsinincrease of maximum
kinetic energy of electrons but not the number of
electrons emitted.

Using the relation v =c¢/4 the photoelectric
equation canbe writtenin terms of wavelength also.

Equation 13.5 can alsobe written as -

v, = [ﬁ] v— ﬁ
e )

[

which i1s similar to linear equation y —mx  c¢. It
means graph between stopping potential }/ and
trequency should be a straight line whose slope is e
which does not depend upon the nature of the matter.
such a graph has been depicted in fig 13.6 Sinceeisa
known constant and slope /¢ can be measured. Hence
the value ot 4 can be determined.

During 1906 to 1916 Millikan studied
photoelectric effect using sodiummetal and by measuring
the slope of the straight line determined the value of
Planck Constant h which agreed with the values
determined through other methods. Thus Millikan
established photoelectric equation of Einstein
experimentally.

-

3.

(13.7)

Example 13.3 : For a certain metal the work
functionis 2.2eV. Determine the maximum wavelength of
light that can show photoelectric ettect for this metal.

[h=4.14 x 10" eV. 5, ¢=3 x 10"ms™]

Solution :

h

Threshold frequency v, = —

¥



5
But v, = — where J, iscorresponding threshold
i

frequency.
he
/1(1 =
e,
(41410 Pelsyx(3x10%m/ )

22elV

1242 % 107 eV.m
2.2eV

1242 eV nm
2.2¢l

=564 5nm= 5645 A

Note : Inthisexample it can be seen thathc = 1242
eVnm If we can remember this result it will help usinthe
solution, of those questions (specially objective type
questions) where the values of hand ¢ are not given or in
the question energy isgivenineV and wavelength Aisto
be determined or vice-versa.

Example 13.4 : In an experiment on photo-
electriceffect light of 200 nmis incident on lithium metal
0=2.5eV determine (a) maximum kinetic energy of
photoelectronsineV and (b) stopping potential

Solution : The maximum kinetic energy is given by

he
K =hv—g=—-
max ¢ ﬁ ¢
K. - 1242 eV nm 3 SV
200mm

=62leV-25eV=37l¢eV
For practice get thisresultusingh=6.63 x 10~
J.Sandc=3 x 108ms™. Youwill get injoules which you
willhaveto convertineV.
(b) Stopping potential is given this way -
K

IILd

4

Vo=

11

C371eV

&

=371V

Example 13.5 : Certain metal surface is
illuminated first by light 2000A wave length and then by
light of 6000 A wavelength. It was observed that the ratio
of maximum velocities of photo-elecrons emitted in these
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two casesis3: |, Find out the work function of the metal.

Soloution: According to Einstein's photo-electric

equation
he 1

7 = ¢D + Emv;:xr

For A= 30004 =300mm

he

l “a
—— =g +—m(3v)
300nm % )

5 (D
For 4, = 60004 = 600am

he B
=@, +—mv
o(0mm 2

. (i)

Multiplying eq (i1) by 9 and then subtracting eq (i)
fromitwe get

8¢, =he ° 1
600am  300mm

1242 eV rmx 7

B 600 nm

¢_1M2x7
¢ 8 %600
=289

13.5 Dual Nature of Light

What is the nature of light? s it a wave or has a
particle nature. Searching answersto these questions has
an interesting background history. In the process of
discovery there was very important advancement is
knowledge and understanding in the area of Physics
which became the basis of Quantum mechanics, upto
17th century some of the known properties of light were:
1 Motion along a straight line path, 2 Reflection of light
fromplaneand curved surfaces, 3 Refraction at interface
oftwo medmm and 4 Colour dispersion of light about
which you have read earlier.

=181el

Great Scientist Newtonin his Corpuscular theory
otlight treated light to be composed ot little corpuscles.
Corpuscles emitted by a source travelled in straight lines
inthe absence of external torces. Not goinginto details of
this theory we will mention that corpuscular theory
successfully explained linear propagation of light,
formation of shadow behind an obstacle and reflection of
light. Refraction of light could also be partially explained
but the conclusion of this theory that if the ray of light



bends towards the normal in the second medium its
speed in this medium should be more than the speed of
light 1s against the experimental evidence.

Contemporary of Newton scientist Huygens
proposed wave theory of light in 1678. You have learnt
about it in detail in the previous chapter. After the
successful explanation of reflection of light, refraction etc.
the wavetheory of light could also successtully explain
other phenomena oflight e.g_interference, diffraction and
polarization which could notbe explained by corpuscular
theory. Wave theory gained more support when
Maxwell in 1860 established mathematically the
existence of electromagnetic waves by using
electromagnetic equations. These waves move withthe
speed ot light in vacuum and their transverse nature was
in agreement with polarisation which is exclusive
properly of transverse waves. In 1887 the experimental
work done by Hertz regarding origin and detection of
electromagnetic waves paved the way for universal
acceptance of wavetheory oflight.

Itisironical that during discoveries doneby Hertz
the photo-electriceffect was discovered which put a
question mark on completeness of wave theory.
Compton effect and Raman effect observed later could
be explained by photon, (quanta) model like photo-
electric effect. Inorderto explain specific heat of solids.
Debye put forward a hypothesis thatlattice vibrations are
quantised.

Thus we find that in some optical phenomena like
reflection, refraction, ditfraction, polarisation etc light has
a wave nature and they cannot be explained on
corpuscular theory ot light. On the other side the
phenomena like photo-electricetfect, Compton eftect
and Raman effect can be explained only on the basis of
quantum (photon model) theory and not on wave theory.
Hence it is an open question even now whether light is a
wave or a particle. At present there is a general
agreement that light has a dual nature. It has
characteristics of waves as well as particles. In some
event it behaveslike a wave and in another behaves like a
particle. You cannote that abeam of light behaveslike a
particle in some event and the same beambehaveslike a
wave inanother event. It can be said that particle model
and wave model of light are complementary. It may be
mentioned that in any single experiment light does not
behave asa wave and as a particle simultaneously.
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13.6 De-Broglie Hypothesis and wavelength of
matterwave

As hasbeen mentioned earlier in this chapter that
usually behaving like a wave, light in some circumstance
behaves as a particle (photon). Naturally the question
arises whether particles of matter like electron, proton
and Neutron can behave like a wave. In view of the
similarities of different kinds in nature a French Physicist
de-Broglie in 1924 put torward a hypothesis that as light
(electromagnetic radiation) energy exhibits dual nature,
matter should also show dual naturei.e. in some
circumstances matter should behave like waves de-
Broglie suggested that theformula p = 4/ A for photon
should also be applicable on a particle. A particle of
momentum p can be associated with a wave length as
given below-

A o . {(13.8)

Where m 15 the mass and v the speed of the
particle & 1s called the wavelength of matter wave or de-
Broglie wavelength. Equation 13.8 whichis called de-
Broglie eq also specifies dual nature of matter. Onthe left
the wave length i is a characteristic of wave and on the
right side momentum p is characteristic of a matter
particle. To estimate the order of A we consider a ping
pongball ofmass 10gm ( 10<kg) moving with a speed of
2m/s. Then-

h 6.63x107 Jg

Cmy (107 k2)(2m/s)

== =331x10 *m

Obvicusly the measurement of sucha short lengthis
not possible with the present apparatus. Thisis whythe
matter waves associated with bulky bedies cannot be
observed. We will later see that wavelengths associated
with subatomic particles like electrons and protons having
sufficient energy are of the order of wavelengths forx-
rays can be measured.

Itthe kinetic energy of a particle ot mass #ris K
wehave

= JImE

Using thisrelationin 13.8 we have

K=p*/2m ;

[l



h
2mK

A= ...(13.9)

Ifkinetic energy of a particle is known we can
determine the de-Broglie wavelength associated withiit.

13.7 Now we willfind wavelengths associated with
different kinds of particles

(a) Wavelength of charged particle accelerated by
potential difference of }J'volts :

If a particles of mass m and charge ¢ is
accelerated by potential difference Fits kinetic energy
willbe K—¢V" Hencefromeq (13.9)

_hh
J2mK \/2mqV

A

For electron m=m =9.1x 10 " kgand ¢ =
e=16x10"C
6.63x107 J.s

A=
J2x9. 13107 kg x1.6x107° CF

_1227 _1227 4
W N
For proton m =1.67 < 10%kg and g=¢=1.6 x
1o"c

<107 m . (13.9)

6.63x10
)LP' = 1 o
J2x1.67x10 ¥ x1.6x10 )
0.286
= 13,10
Nz (13.10)
similarly for dutron m=2m andg=e

. 0.0202

A
N

And for o — particle m, = 4m, and ¢g=2¢ @ faQ

A

L (13.11)

1= 0.101 ;

(54 \/I_,

(b) For in charged particles, Neutrons and gas

.. (13.12)

molecules
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If particles of mass m e.g. neutron or gas
molecules are in thermal equilibrium at Absolute
temperature T, Then by equipartition of energy their
average kinetic energy k=3/2 KT, wherek=1.38x 10~
I, Kis Boltzman constt and from eq. (13.9)

o h __ A
V2mK  \3mkl . (13.13)

Putting the values of m, k and T in the above
equationthe wavelength ofthe concerned particle canbe

determined

Hence for one neutron or

m,=m,=167x10"" kg
252

= ZA
JT

Sometimes thermal energy is of the order of kT

proton

A

h
2mkT

A= . (13.14)

which is the maximum possible energy. Hence
K=kT

Inthis situation wavelength of Neutronis

308

A=—

i

Example 13.6

Find out the ratio of wavelengths of protonand 4
particles which are accelerated by the same potential
difference.

Solution : From formulafor de-Brogliewavelength

of charged particles

h
J2mgl

For same J

1=




/1}} — h W 2??10: ch I;'
2 h

12m pqu

}?Ia Cf{Z
m ] q ]

because m, =4m  and ¢, =2q,

(24

£

j— —Jax2 =22
Example 13.7

Find out the wavelength of an electron accelerated
by a potential difference of 100V,

Solution : The formula for de-Broglie wavelength
of an electron accelerate by a potential difference of V

18

12.27
4 =1227 4
r \/L_)_
4 =1227 8 1 207A =134

© V100

Here we can see that this wavelength is of the

order of wavelength of x-ray.

Example 13.8

An ©C particle and a proton enter an equal
magnetic field such that their velocity vectors are
perpendicular to thefield. a—particles and protontravel
in a way such that their radius of curvature are equal.
Determine the ratio of their de-Broglie wavelengths.

Solution : We know that when a particles of mass
m and charge q enters a magnetic field B such that B and
vare perpendicular then it moves in a circular path. 1fthe

radius of the pathisr wehave
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Bgv = ﬂ
P
or mv = gbr
=t
mv  gbr
Ay
hence 7 =~ (givenB=r)
y 51
1 . 3 .
=5 { because ¢, =24, }

13.8 Davisson and Germer Experiment
and its conclusion

This experiment verified wave nature of electrons
for the first time. We know that diffractionisa
characteristic ot'a wave. This experiment showed that
diffractionin electron beam s possible. We know that for
clear diffraction it is essential that the size of the diffractor
1s of the order of the wavelength of wave. The
wavelength of matter waves associated with moving

electrons is ofthe order of wavelength of x-rays.

To see the diffraction of X-rays a crystalisused as
adiffractor. Davisson and Germer thought if particles like
electrons have wave property then they should also be

diffracted by the crystal like x-rays.

Electron gun Ni ervstal

Tnsident beam
11 N - _l e
0%/
rd
/
g

Tilectro meter

Ton chamber

Fig 13.7: Experimental sclupol

Davisson and Germer Experiment



Fig13.7 shows the experimental arrangement of
Davisson and Germer. Abeam othigh energy electrons
is obtained from an electron gun. Inthis current flows
through a tungsten filament which emitselectrons due to
thermionic emission. These electrons pass through holes
in linear diaphrams. Diaphrams are kept at a high positive
potential relative to filament. Thisaccelerates electrons.
Thus a narrow beam of accelerated electrons is
produced. By changing the potential difference between
the filament and the Diaphrams the energy ofthe electron
beam canbe changed.

The electron beam obtained from the electron gun
1s incident on the Nickel crystal normally. Electrons
scattered from the crystal are collected ina detector. The
detector is a device for identifying the particles and in
measuring their energies. Inthis experiment an ionization
chamber was used as a detector. When electrons
diffracted from the crystal enter the 1onization chamber
the gas isionized The number ofions dependsuponthe
energy of diffracted electronbeam. Acurrent flowsinthe
galvanometer because of ions. By movingthe detectorin
acircular paththe angle betweenincident electron beam
and scattered beam can be changed. If electrons are
treated as particles then according age-old theory of
scattering the intensity of scattered electronbeam should
have very little change due to variation of & but the results

of thisexperiment are different.

Inthe experiment polar graphs are drawnbetween
intensity of diffracted beam and angle of diffraction from
various values of accelerating voltage, Infig 13.8 graphs
are shown for accelerating voltages 44v, 54v & 64 For
definite values of @ the length of the radius vectorisa
measure of the intensity of'the diffracted electron beam.
From these graphs it is clear that when accelerating
voltage is 54vthe intensity in the detector 1s maximum at
50°. For voltage more than or less than this value the
peak disappears. The formation of sharp peak at 54
Volts indicates that the electrons are being diftracted.

Fig 13.8 shows the ditfraction of electrons by the
Nickel Crystal. Inthis experiment such lattice surfaces

are chosen where the distance between two atoms is less
than 2. 15A. It diftraction of electrons beamand X-raysis
compared we have tor diffraction of X-rays the path
differenceis givenby Bragg’s law

dsinu=ni

dilliaetion angli

1rection of incident beam

W—dd voll W—34 volt V=04 volt
Fig 13.8 : Polar diagram for diffrent voltages

where, nis the order of diffraction Hence for
d=2.15, #=50 ° and n= 1 the value of wave length is
givenby

A=2.15xsn50°
=2.15x0.766
=1.654
For accelerating voltage 54 volts the theoretical
value of de Broglie wave length of electronis given by

1227 ;1227 ;1227

= = = A=1674
N3 Js4 7348

A

Incident el ectron
heam

IJitfracted electron
\ \ heam
LY

Fig 13.9 : Diffraction of clectrons

by lattice surfaces of the cryvstal

In thisway the experimental and theoretical value
of' wave lengths trom Davissan and Germen experiment
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are very near to each other. Henceitis concluded from
Davisson and Germen experiment that diftraction of
electronsis possible. Because diffractionis a property of
waves it is proved that waves are associated with
electrons orthe hypothesis of de Broglie regarding matter
waves1s verified. Apart from thisthe experiment of GP
Thomson also confirms matter waves. Like light the
interfrence for electrons also has been observed by two
slit experiment. An important theoretical applicationof de
Broglie hypothesisis that it explains the second postulate
of Bohr’s Atomic Model about which you will learn later.
Diffraction of electrons and Neutrons gives information
regarding crystal structure. In addition to it the electron
microscope was developed on the basis of wave
properties of electrons,

13.9 Heisenberg’s Uncertainty Principle

In 1923 Heisenberg’s propounded the uncertainly
Principle. According to it “At any instant (time) the
position of a particle and its momentum cannot be
determined completely and accurately at the same time
and in the same direction. The product ofuncertainty in
the position ofthe particle, Ax and uncertainty in the x

component of the momentum Ap_ can never be less

than 4/2

Mathematically, according to this theory

h
A\’Apng .. (13.15)

Here 7= i: 1.054x10 **.J s
2z

It should be borne in mind that Ax and APx are not
the errors due to measurement by instruments. These
errors will not end even if we use very sensitive
instruments. In reality Ax and APx are suchinherent
errors which follow Heisenberg’s uncertainly principle
because ofthe matter waves associated with particles of
matter.
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Pesition in the x direction, x and momentaum in the
same direction Px are cannonically conjugate quantities.
Like 13.15the uncertainly principles can also be written:

h
AyAp > 5 ...(13.16)

h
AZAPZZE .. (13.17)

Similarly energy and time are also cannonical
conjugate quantities, hence for them the uncertanly
principleis

h

LA > 2 ...(13.18)

This means energy of a particle and its time
coordinate can not measured with unlimited accuracy.
All measurements of energy will have inherent uncertainty
unless you have infinite time for measurement. For
example the energy of the atominits original stationary
conditionis well defined because the atom remains in this
condition forinfinite time, while theexcited conditions of
atoms are not well defined as it remainsin this condition
only for At = 107 After that it reverts back to lower
energy level. Hence thereisuncertainty in the energy in
the excited condition or the energy levelis not sharply
defined. 1t should have some breadth given by equation

h
At
Heisenberg’s Uncertainty principle is for both

AJC ~

micro as well as macro particles. The size of macro
particles is too big so that uncertainty inits position is
negligible and since mass is more therefore uncertainty in
macro objectsis not observed.

Example 13.9 : Iftheuncertainty inthe position
of a particle is 0.1 nm calculate the uncertainty in its
momentum

Solution : According to Uncertainty principle of
Heisenberg



B Inthe question At=1.0x10%
AvAp = > '

Hence according to uncertainty principle of

Ifminimum value ofthe product of uncertainties is Heisenberg
taken we have
. h
" A =——"_
AcAp =— 4At
T2
Therefore uncertainty in momentum 6.63x10 ™ g
s taags OSH0T
- 1 =34 '
Ap, = h - 105410 _ Uncertainty infrequency
2Ax 2x0.1x107
—0.53x10 kg-m/s Avz AF
Example 13.10 : In an atom the time period for h
excited energy levelis 1.0 x 10°*s. Find the minimum 0.53x107° .
o . : sS——— =8xI10" Az
uncertainty in the frequency of emitted photon in 6.63x10
transition.
Important Points

1. Work Function The minimum energy required by free electrons with maximum Kinetic energy on the
surface of a metal to come out of the surtace of the metal is called work function ofthe metal. The value of
work function for different metals is different and depends upon the impurities present on the surface of the
metal.

2. Photoelectric Effect When light ofa specitic trequency or more than that frequency falls on a metalic
surface it emits electrons. This phenomenonis called photoelectric effect.

L

Threshold Frequency The threshold frequency for a metal is that minimum frequency oflight below which

the light cannot eject photons from the metal.

4. Threshold Wavelength The wavelength corresponding to threshold frequency s called Threshold
wavelength.

5. Threshold frequency and threshold wavelength for a light sensitive substance (metal) depends uponthe
metal and nature ofits surface.

6. Thenumber of electrons emitted per second dependsupon the intensity of light and not its energy.

7. Themaximum kinetic energy of photoelectrons dependsupon the frequency of incident light and not en its
intensity

8. Stopping Potential The negative potential of the collector (Anode) plate which makes photoelectric
current zero is called stopping potential. [ts value depends upon the frequency ofincident light.
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9.

10.

11.

12.

14.

15,

Photon ltisaquanta of electromagnetic energy such that its energy is proportional to frequency of light and
can be calculated by the tormula E =hv. Therest mass of Photonis zero.

It is not possible to explain photoelectric effect on the basis of electromagnetic wave theory. Einstein
explained it on the basis of quantum theory (photon).

Einstein’s photoelectricequationisK  =hv-¢ orK  =hv-hv,

de Broglie Hypothes s every moving particle has awave associated with it which 1s called matter wave.
Like light matter also has dual nature.

The wavelength of matter wave s inversely proportional to the momentum of the particle and can be
calculated by the following tormula

my 2mil

. Formula for de-Broglie wavelengths for different particles :

A= 12.27 i A= 0.286 i
A = 0.101 i
£ \/1.,_, 9
. o s h
Wave length of a particle in thermal equilibrium at absolutetemp T, 4 =—= e
N3m

De Broglie Hypothesisis verified by Davisson and Germer experiment. This experiment also proves that

diffraction of matter particlesis possible
Heisenberg’s Uncertainty Principle
AxAp_=h/2

At any instant the position of a particle and its momentum in the same direction can not be determined with

cent percent accuracy simultaneously. According toft,
Ax . APxz /2

Time Energyuncertaityrelationis AFAf = /2
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Questions For practice

Multiple Choice Questions

A Photon of ernergy 40evisincident on ametal

surface. Due to this an electron having kinetic
energy 37.5¢V is emitted. Thework function of

metal surface is
(a)2.5¢V {b)57.5¢V
(c)5.0eV (d)zero

Forlight having frequency more than threshhold
frequency the number of electrons emitted in
photo-electric effect experiment 1s proporticnal
to

(a) Their Kinetic energy

(b) Their potential energy

(¢) Frequencyofincident light

{(d) The number of photonsincident on the metal
The energy of a photon of light beam Ais twice

that of photon of onother light beam B. Then
ratio oftheir momentaP /P, is

a)'s (b) 4

(c)4 (d)2

The emission of electrons from a metal begins
when green light is incident onit The emission of

electrons will be possible for which of the folio

wing group of colours ?
(a)yellow,blue,red,  (b)viclet, red, yellow
(c) violet , blue, vellow (d)violet, blue, indigo

The de-Brogle wavelength associated withan
electron emerging from an electron-gun is
0.1227 A", The value ofthe accelerating Voltage
applied onthe gunis
(a)20kV

(c)30kV

(b) 10KV
(d)40kV
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6.

10.

Ifthe energy of a non-relativistic tree electronis
doubled the frequency of the matter wave
associated with it will be changed by which
factor?

@142 B2 ©V2 (@2
If the position of a particle is determined with
cent percent accuracy the uncertainty in its
momentum according touncertainty principle wall
be

(a) zero
(c)-h

Which property of electrons asssoeiated with

by
{(d)nothing can be said

waves was demonstrated by Davisson and
Germer experiment
(a)Refraction {(b) polarisation

(d) diftraction

The de-Broglie wavelength associated with an
electron having kineticenergy 10 eVis

(a) 10A (b)12.27A
(c)0.10A (d)3.9A

An electron and a proton are contrained to
remainina linear box of dimension 10 A . The

(c) Interference

ratio of uneertainties intheir momenta is

(a)1:1 {(b)1:1836

(c)1836:1 (d)insufficient information

Very Short Type Questions

1.
2.
3.

Write Einstein”s photo-electric equation.
The stopping potential dopends upon what ?

To observe photo-electric effect the frequency
of'incident light should be more than which
Frequency ?

What is the name given to a quanta of
electronagnetic energy 7



Write theformula for wavlength of a matter wave
according to de-Broglie hypolheies

Write down the relation betweeen the
uncertainties inthe position of a particle and its
associated momentumaccerding to Heisenberg,

Write the name of an experiment that establishes
matter wave theory of de- Broglie.

Short Answer type questions

Whatis photo-electric effect?

2. What do you mean by Threshhold frequency?

3. Write down the definition of work function?

4. State the objective of Davissone Germer
experiment.

5. Write down the hypothesis of de-Broglie about
the dual nature of matter waves.

6. Define Uncertainty Principle.

Essay Type questions

1. Explaining photo-electriceffect describe
experimental obervationassociated withit,

2. Why it is not possible to explain photo-
electricetfect on the age old wave theory?
Explain.

3. Explainthe explanation given by Einstein about
photo-electric effect. What is meant by
threshhold trequency?

4. Explaining the concept of photon describe its
various properties.

3. Mention de-Broglie hypothesis and describe in
detail the experiment of Davisson and Germer
for its experimental verification.

6. Extablish the formulae for finding de-Broglie

wavelengths of electrons, proton and =
particles.

Answers

Multiple Choice Questions.
l.(a) 2.(d) 3.(d) 4.(d) 5.(b)

6.(d) 7.(b) 8.(d) 9.(d)

10. (a)
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Very Short Answer Questions

1.

L

6.

7.

hv=lamy?  +¢
Onthe frequency of incident light.

Greater than the threshhold trequency of the
material .

Photen

A=

my
h

Ax-Ap = —
7 2

Davission and Germer Experiment.

Numerical Questions

1.

The thresh hold frequncy for copperis 1.12x10™
Hz. Light of wavelength 2537A falls on its
surface. Find the work function and stopping
prtential h=6.63x10* Js(Ans. 4.64 ev, 0.24v)

For a certain metal threshhold frequency 1s 5675

A Calulate the work function of the metal
h=6.63x10*Js(Ans. 2.20eV)

Calculate the difference between kinetic energies
of photo-electrons emitted by radiations of
wavelengths 3000 A and 6000 A

(Ans.2.07eV)

Calculated the de-Broglie wavelengths
associated with an electron and an x particale
accelerated by equal potential difference of
100v. (Ans. 1.227 A,0.010 A)

A 20 watt bulb is emitting light of trequency
5x10'* Hz. Find the number of photons emitted
by the bulbin one second. (Ans. 6 x10™)

First order diffractionis observed in Davisson
and Gemer experiment, Accelerating voltage in
54 volt. If the distance between reflecting
surfaces of the used Ni crystal is 0.92 A find out
the angle of diffraction. (Ans. 65°)

Ifthe uncertainty in the x component of the
momentum ofa moving electronis 13, 18 x 10



11.

Kg m/s. find out the uncertainties in the x
component of positon and velocity. (Ans.
0.40x10” m, 14.48 m/s)

Find out the ratio of de-Broglie wavelengths ofa
protonand an - particle having equal energies.
(Ans. 2:1)

The period of electromagnetic vibrationis 0.30
ms. Find out the uncertainly in the energy of
photon. (Ans. 1.76x107))

The work function for sodiumis 2.3ev. Find out
the maximum wavelength of light that can emit
photo electrons fromsodium. (Ans. 539nm)
When ametallic surtaceis illuminated with light of
frequency 8.5x10' Hz the maximum kinetic
energy of emitted electrons1s 0.52ev. When the
same surface isilluminated by light of frequency
12.0x10" Hz the maximum kinetic energy of
emitted electrons is 1.97 ev. Find out work

function of the metal. (Ans. -3eV)

At room temperature T=300K Neutrons are in
thermal equilibrium. Find out their de-Broglie

wavelengths. (Ans. 1.45 A)
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