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PHOTOELECTRIC EFFECT AND
MATTER WAVES

1
i

30.1 INTRODUCTION

Allofyoumust haveseenaﬁlmsmcmemahal!s .The picture on the. screen is produced by
light passing through films which have the scenes short on them. But, have you ever
wondered how the sounds are reproduced in the cinema? On the film in the cinema halls
the sound is also recorded on one side of the screen as a sound track. The light beam
passing through:this sound track falls on a device known as photocell which convert it into
electrical pulses. These electrical pulses are converted to produce actual sound. In this
lesson you wxllstudytheeﬂ'ectouwhzchtheworhngofaphotocelllsbased The same
effect is used in burgular alarm to detect thieves and in many other areas. In the same lesson
you will also study about the wave properties of matter.

'30.2 OBJECTTVES
‘After studying this lesson, you should be able to :
e explain photoelectric effect and distinguish between thermionic emission and
photoemission;
e - describe the experimental arrangement to study the photo electric effect;
o draw with labels a diagram of a photoelectric tube;
) explain the graph between photocurrent cid the voltage between the electrodes of
a photo- tube; -
o state the laws of photoelectric emission;
»  interpret the graph between frequency of radiation and retarding potential;
»  explain Einstein's theory for photoelectric effect and cite some uses of photoelectric
cells.
e explainthe dual nature of matter;
e. - explain de-Broglie waves and state the relation between the wave length \of matter
waves and the momentum of matter;
* describe the experimental arrangeiment for the verification of de-Broglie waves:and
e give some applications of de-Broglie waves.
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30.3 PHOTOELECTRIC EFFECT AND THERMIONIC
EMISSION

Suppose we have a source of light which epits radiation over a wide frequency range. Lot
us further assume that we have means of selecting light of onte fixed frequency. Let usnow
allow this monochromatic light to fall on a sheet of metal. It is observed that above a
certain frequency, the metal plate starts emitting electrons. This phenomenon is called
photoelectric effect and the electrons so emitted are called photoelectrons.

 The émission of _électrom Jrom merais when Eigfu‘ of a frequency greater
than a certain characteristic frequency falls on it, is called photoelectric _
effect or photoemission.

This phenomenon was first established experimentally- in 1900 by Lenard and Sir 1.J.
Thomson. Electrons can come out of a conductor by absorbing sufficient energy. In the
photoelectric effect this energy is obtained from the incident hght

Thermionic emission: Suppose we take .a sheet of conductor and start heating it. The
temperature of conductor would then start rising and therefore the kinetic energy of the
electrons inside the conductor would also start increasing. A stage would come when the
electrons would have sufficient energy to come out of the conductor. This type of emission
of electrons is, therefore, called thermionic emission. Thus,

Electrons gain energy from light in photoelectric emission and from keat
in thermionic emission.

30.3.1 Experimental Study of Photoelectric Effect
Let us now learn the essential part of an experimental amangement which demonstrates the
photoelectric effect and alsoe allows us to study this phenomenon. Such an_experimental

set up is shown in Figure 30.1. Ligh
Vessel 1git
/4

A C\'/// ;B

Galvanometer

!
L

v ALY

Fig. 30.1: Experimental set up for observing the photoelectric effect
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The set up consists of metal plate A called photo cathode inside a sealed vessel along with
a metal cup B-which is used to collect the photoelectrons emitted by A. These elements-are
counected to a battery and galvanometer circuit as shown in Fig.30.1. The battery has been
so connected that the voltage on cup B is of positive polarity with respect to the plate 4. If
the battery terminals are reversed than the metal voltage become positive frelative to the

cup B..

Case-l : Plate 4 -ve relative o B
Let us now consider fhe case when the plate A is at a negative potential relative to the cup B.
If hght of proper frequency falls on the metal plate, then the metal plate starts emitting
electrons. Because the cup is at a positive potential relative to - the plate therefore the
-electrons emitted by the plate experience an attractive force which drive them towards the
cup. Electrons trapped by the cup give rise to a current in the external circuit and this
current is detected by the galvanometer placed in the circuit. When we increase the voltage, -
the attractive force experienced by the electrons inc': ases. This in turn increases the kinetic
energy of the photoelectrons. :The chance of an

_ electron reaching 'the cup B also increase s with
o ‘increasing kinetic energy. Furthermore, the cugrent
: T _ shown by the galvanometer depends upon the
I = number of electrons collected by the cup. Therefore,

< the current shown by the galvanometer increases
g_ ' | with increasing voltage, As we keep on increasing
] | the voltage, & stage comes when all the electrons
Vs ‘ emitted by the plate get collected by the cup. The

+ Y— current is said to have saturated at this stage. If the-
(Voltage on the cup) voltage on the cup is increased further, the current
. remains constant in magnitude. The above mentioned

Fig.: 30.2 : Dependence of dependence of current on voltage is shown graphically
cwrent on voltage in Figure 30.2. Vs is called the saturating voitage.
Case-11 : Plate A +ve relative to B

. Let us study, what would happen if the plate A is at a positive potential relative to the cup
B. If light of a proper frequency falis on the plate A, photoelectrons are emitted. These
electrons then find - a retarding potential which impedes their movement towards the cup
B. Some of the electrons emitted from the plate are able to reach the cup giving rise toa
current which s registered by the galvanometer. What does this mean? If the only force
which moved the electrons towards the cup was due to the potential difference between
the plate arid the cup, then none of the electrons would be able to reach the cup. Afierali
electrons have to move against a retarding potential in order to reach the cup, the electrons
would have some chance of reaching the cup only if they are initially emitted with some
kinetic energy. Experimentally alsoa cument is observed if the cup is at a negative potential
with respect to the plate. If for any particular incident light frequency, the retarding
potential is gradually increased in magnitude, a stage would ultimately be reached when
none of the -electrons would be able to reach the cup because their kinetic energy would

not be sufficient to enable them to overcome the retarding force .

This retarding paential where the photocurrent becomes zero for a
pardcm'ar incident light ﬁ'eqmcy is called the stopping potentisl, V,

Jor that frequency. 3
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Against the stopping -potential ¥, , the work done by an electron = éV, where e is the
charge of electron. This work is done at the expense of the KE of the electrin i.e.

eV, =imv_, (30.1)

This experiment was performed by R.A. Millikan, Millikan also did a lot of other
experimental and the theoretical work on the “photoelectric effect. For this work he was '
awarded the Nobel prize in 1923. The stopping potential ¥, was found by him to be .
dependent upon the frequency of the incident light. A plot of the stopping potential versus
the frequency of the incident light is shown in Figure 30.3. ‘

\

~~

L,

Stopping Potential, Volts

Ny

) g
Frequency, (Hz)

Fig.30.3: Stopping potential versus frequency

From the figure you should note the following two observations:

1. The stopping potential increases with increasing ﬁequency of the incident lzght

_ Further more , the dependence is linear.

2. There is afrequency, f,below whichna photoelectric effect takes place i.e'no current
is observed, It is called the threshold frequency.

These two observations are important for understanding the physical laws govermng the

photoelectric effect.

30.4 LAWS OF PHOTOELECTRIC EMISSION

In the last section, you have learnt about the results of the experimental study of photoclectric.
emission. These results can be summarized in the following law of photoelectric emission:

(i}  The maximum velocity of the photoelectrons increases with increasing frequ'enfy af
the incident light and depends upon the nature of the substance emmmg the
photoelectrons.

(ii) The maximum velocdy of the pkoroelectrons is independent of the mtens:ty of the
incident light.

(iiif For every substance, athereshold ﬁequmcy [, exists below whichno pho:azlectrom
are emitted.

(iv} *For a particular ﬁ'equenqy, the number of, pharoelecrrom' emitted per unil “area-of
the emitting surface is proportional to the intensity of the incident light.
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'30.4.1 Einstein’s Theory

Many of you must have read about Alben Einstein’slife and work. He provided us deep
insights info many scientific, phenomena and photoelectric effect was one of them. For
his " theory of photoelectric effect he was awarded the Noble pnze “in -1905. Many

scientists belieyed at that time that light consistzd lof waves moving in space. This approach
was called the wave theory of light. Suppose we increase the intensity of the light incident
upon a metal plate and we start expecting, the result on the basis of the wave theory. What
should happen? Increasing the intensity would imply more energy being imparted to the
electrons of the metal plate and hence should increase the energy of the emitted photoeleciric
electrons. But does this happen? You have already Izarnt the laws of photoelectric emis-
sionand you know that this does not happen. Einstein assumed light to consist of energetic
bundles called photons. '

Einstein’s assumption, therefore, imparted a particle like characteristic to hght The energy
Eof a single photnn is given by

E=kf (30.2)

where, fis the frequency of the light and /1 is the Planck’s constant. Let us now assume that
a photon of energy £ is incident upon the metal surface. Suppose E,, is the energy nceded
tor an electron to come out of the metal surface. Asyouhave studzed earlier, this energy is
also called the work function of the conductor. The work function of a conductor is the
minimiem energy required for an electron to come out of the conductor surface.

You are aware that energy is measured in uhnits of joule and denoted by the symbol *J°
Joule is however a very large unit for specifying the work function of a conductor. Suppose
"we take an electron and accelerate it through potential difference of 1 volt. Obviously the
kinetic energy of the electrons increases.

What is the amount of energy gained by an electron on being accelerated through I volt
called? Well it is called one electron volt (eV). Therefore, write down the value of 1 eV

in joules.

1 eV= (charge ofan electron }X avolt= ... OUES

Very often, the work function of conductors is given in units of eV. Table 30.1 shows £ of

some metals along with the corresponding frequency of light which can impart an energy,
equal to the work function, to the electrons in the metal.

Table 30.1: Warkfnuctian of some metals

Metal | Sodium | Potassium Zinc Iron Nickel
| E,(eV) 2.5 2.3 3.4 48 5.9
: ﬂ'dz) 6.07 x 104 5.58x10" 8.25 % 10" 11,65 x 10" 14.32 x 10"
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Looking at table 30.1 what do you think would happen when such a photfon strikes the
metal surface ? Out of the total energy E, an amount E, would  be needed to fo:rce an
_ electron to come out of the metal surface. The difference amount ie.(E-E) would thén
be imparted to the emitted electron in the form of kinetic energy. Of course, not all of the
energy difference would be imparted to the electron askmenc energy ‘because the electron
would loose some energy by internal collisions before it escapes from the metal surface.

But. (E -E)) would definitely give the maximum kinetic energy, K, which the
photoelectrons can have. This physical 1dea ‘can be written down in the foﬂowmg
mathematical form: . .

W=E+K, (30.3)

Increasmg the intensity would increase the number of photons per unit area but would not
increase the energy of each photon Therefore the K__ and hence in general the velocity of
‘the photoelectrons would not increase with increasing intensity. Thus you can see that the
second law of photoelectric emission can be explained on the basis of Einstein’s theary of
photoelectric effect.

Let us now see whether all the other laws are also explainable on the basis of this theory.
What do you think. would happen if the frequency of the incident radiationis increased ?
E, would remain constant because it is a property of the material emitting the photoelectrons.
Therefore increasing f in equation (30.3) "would result in an increased value of K, and
‘hence to a higher maximum velocity. This is exactly what the law (1) states. Suppose we
put X =0 then equation (30.3) reduces to

Wy =E, (Bu:4)

Where f, denotes the particular frequency at which the product of the Planck’s constam and
frequency becomes exactly equal to £, . It is the threshold frequency. What happens when:-
light of a frequency f, is incident upon a metgl plate? The meta] does emit electrons but
these electrons would have no kinetic energy. Suppose we reduce the frequency of the light
below f and let it fall on the same metal plate. Obviously, the electrons inside the plaie
would not receive enough energy to come out of it. Hence there would bem photoelectric.-
effect. You should now note that law (ii). states this precmely

Now let us keep the frequency of the light fixed and increase its intensity, What will
happen? Increasing the intensity increases the nyumber of photons striking any pa:tlcular
arca of the plate. All these photons have energy equal to hf where fis the constant
frequency. For each photons, an equation identical to (30.2) is valid. Thus each photoh
results in one emitted electron. Therefore, when the number of photons striking any par--
ticular area increases, the number of photoelectrons emitted from this area also increases
proportionally. We have now seen that law (iv) can also thus be expiained on the basis of
Eintein’s theory. Eintein’s photoelectric effect can be seen 1o be & great success for
explaining the physical origin of photoelectric effect. :

Example 30 1 Sodium has a work function of 2.3eV. Calculate (i} its threshold ﬁ-equency
(i) the maximum velocity of the photoelectrons produced when the sodium is illuminated

by light of wavelength 5x 10”m (iii) the stopping potential with light of this waveldhpth

(Grven h = 5.6x 1074 Js, ¢= 310" msi leV = 1.6%10"° J-mass of electiron m = 9.1 x 107 kg;.
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Solution : (i) Th«: threshold frequency " is given as Af, =
Here, h=6.6 x 10 Js, E,=2.3eV =23 x 1.6 x 107

19
j,',= f,, = 2.3.x1.6x 10-49) = 5.6 x 10" Hz
. 6.6 x 10775

(i) By Einstein’s photoelectric equation c
W =E,+ K_ =E +% mv_, Sincef = —
* 2 A

or I £ 1
= v = Bt o (Vo
Or h=s 3 (V mmx)

- where ¢ = velocity of light, A = wavelength of light
6.6 10 x3 x 10°
or = = 2.3 x L6 10"+ lmv’ml
5x 107 2

or  396x107=3.68 x 10" +2m

2x028x 10" 2 x 0.28 x10°°

m 9.1 x 10

10.56 x 10"
= 2.5 % 10° ms™
9.1x10™

{iii) The stopping potential ¥, is given as

-1
| eV, = 2mv’m
0.28 x 10"
o Vpm———— =018 V.
1.6 x 10

INTEXT QUESTIONS 30.1

1. State whether the following statements are true or false:

fa) In thermionic emission, electrons gain energy from photons.

(6)  The maximum velocity of the photoelectron is independent of the frequency of the

" incident radiation.

(c) There exisis afrequency, f, above which no photoelectric effect takes place.

2 Lrghf of frequency 6.0 x 10 Hz incident on a metal swiface ejects photoelectrons
a kinetic energy 2.0 * x 10'° J. Calculate the energy needed to remove an

electron from the metal.




30.4 PHOTOELECTRIC TUBE '

We have studied the photoelectric effect i in detail in the last section. By now, we knuw
thatwhenhghtofaﬁ'cqnencyabovef,xsmcldentuponamamd electrons are emitted.
We also know from earlier studies that the flow of electrons constitutes a current.
Furthermore, we have also seen that the photoelectrons are emitted with certain kinetic
- energies. The effect of changing accelerating voltage ori the magnitode of the current wais.
also stodied by us. In fact, Fig. (30.2) depicted this dependence schematically. Photoelectric
tube is one such arrangement which converts light energy into electrical energy They are
of various types.

The photoemissive type of phototube is based on the phenomenon of
photoelectric qﬂ’ad. _ N

Constmctmn ' _
Let us understand the essential parts of the photoelectric tube. Itoons:stsofaglmvessel
which has been evacuated. This glass vessel contains a semi-cylindrical cathode and an
anode in the from of a straight wire. The cathode is coated with a suitable metal to ensure
the emission efphotoeleclronswhenhght of a pre-decided frequency falls on it. Tae
threshold frequency above which a phototube responds determines the choice of thiscosting

~ Anode Cathode
Light _ AAAAA— Vacuum Centainer

Bal
ey Galvanometer

Fig. 30.4 : Photoelectric tube

The anode is usmllymadeofmckel or platimum. Electrical connecnonsP and P, are
brought out on to the surface ofﬂneglassvessel.Abattcryandagalvannmcte:m comecwd.
between the anode and the cathode to provide the accelerating voltage, The arrow on the
battery indicates the fact that the voltage applied by it can_be varied. Youmyst have seen
this symbo] being used with resistances also. A variable resistance is shown by an arrow
cuining across the normal resistance symbol, Thegalvamnnem-plawdmthecucunm

thecugrentpassmgﬂ:mugh:t.

Working

Now suppose light of frequency higher ﬂ:anthcth!mholdfmqumcyf mmc:dunupon
the cathode. Some photoelectrons are emitted. Let us further assume that the accelerating -
potential between the cathode and the anode is zero. As you know the eiectrons come out -
of the cathode with certain velocities andd hence reach the anode. These electrons give rise
toa current as indicated by the galvanometer. Let us now apply some accelarating voltage -
and see what happens. Obviousty more clectrons would niow be able to reach the anode and
hence the current would increase, This is shown in Figure 30.5
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¥ %

14

O Intensity (1) > Intensity (1))
Accelarating Voltage

Fig.30.5 : Variation of current and acceleration voltage

As we keep on increasing the voltage between the cathode and the anode of the photoclectric
tube current also increases. Finally at very high voltages the currént saturates to a fixed
value as shown in Figure 30.5 The saturation curvent is determined by the intensity (1)
of the incident light. The magnitude of saturation current is the order of nano amperes. It
is seen that if the intensity of the light is increased then the soturation current also
increases as shown in the Fig. 30.5.

" 30.4.1 Application
Let us now try to understand some important applications of photoelectric celis. You can
appreciate that where ever light energy has to be transformed into equivalent electric
~ current, photoelectric cells would find use. :
(i) Reproduction of sound in films: One of the important application of photoelectric
cells is in the reproduction of sound in films. A sound crack is a track on the film of uniform
width whose capacity varies in accordance with the audio frequency variations of the sound
waves. Light is made to pass through this film and is then made to fall on the cathode of
a photoelectric cell. The current developed in the cirouit of the photoelectric cell is then
proportional to the audio ﬁequpncyandthevariaﬁonsinmwnlmalsoinaccordmoe
with the variations in the sudio ﬁeqixmcy."[hiscﬁtmitisﬂxmmadctopassthmugha
resistance. The voltage developed across the resistance is then suitably amplified and then
fed to a loudspeaker. The loudspeaker reproduces the sound as was originally recorded on
" - - the sound track.
(ii) Transmitting picturés over great distances : Photoclectric tubes are also used in
systems that transmit pictures over great distances. You must be aware that the trans-
mission of information from one place to another place is called telegraphy. Likewise the
transmission of picture is called photo telegraphy.
(iii) Other Uses : Many types of system used for counting articles or living being are based
on photoelectric tubes. Photoelectric tubes are also vsed in burglar alarms and other thieve
detecting systems. These are also used in fire alamms.

INTEXT QUESTIONS 30.2
1. State whether the following statements are true or. Jfalse.
(a) The cathode in a phototube is biased positively with respect to the anode.
(b) The saturation curvent ina phototube is dependent upon the frequency of the
" incisor radiation.
(c) The saturation current in a photodiode increases with the intensity of the incident




30.5 de - BROGLIE WAVES
In the last section, you studied the Einstein's theory of photoelectric effect, In that theory
light was considered to consist of particles, But light is also known. to be & kind of energy”
Therefore Einstein’s assumption also means anofher important thing, i.e. radiant energy
can be associated with material particies. You will recollect that light consists of particles
called photons; Each of these photons contain an energy £ given by equation £ = hf
Therefore, as the frequency of the light increases, the-energy content of each ofthe photon
particles increases. But light also has a wave like behaviour because the concept of frequency
is applicable to' waves only. What does the above mean? The above discussion finally
means that energy transmitting in the form of waves also exhibits particle like behaviour.
What about the opposite situation, would moving particles also exhibit wave like bebaviour?:

The answer to the very interesting question was provided by de-Broglic in 1924. He
postulated that the particles in motion do exhibit wave like characteristics.

The theory .of de-Broglie is often termed wave-particle dualism. The waves associated
with moving matter are called by different names such as matter waves, de-Braglie waves.
Many of you would be wondering why de-Broglie’s assumption is being projected as a
theory. Actually, de Broglie started with this assumption and then went on to derive a’
relation between the momentum of the moving particles and the wavelength of the associated
waves. His theory has since been tested experimentaily also. Let us study about this in this
section,

The wave particle dualism can be uaderstood in another way. Particles constitute matter
and radiant energy travel as waves, therefore the relationship between matter and energy
is dual in nature. This means that matter can be thought in terms of energy and vice versa,
The matter-energy duality is a very important concept in physics.

30.5.1 Wave-length and Momentum

We have learnt that waves can be associated with particles in motion. Two quantities that
characterize a particie in motion are (i) its velocity and (ii) its mass. Can you think of a.
parameter that depends on both and therefore can alone be used to characterize the particle

in motion?

One such parameter is momentum, p .Let us now think of a quantity that best characterizes
a wave. One of the best examples is the wavelength of the wave. Let this be denoted by the
symbol A. If matter has waves associated with it then there must be 2 relationship between
the momentum of the material particles and the wavelength of the associated waves. Such
2 relationship was indeed derived by de-Broglie and is given in the following equation,
= (30.5)

P
where A is the Planck’s constant = 6.62 x 10 joule sec,

Let us get familiar with the above equation without deriving it. What does the above
equation.imply? If we increase the momentum of a particle then the wavelength of the
associated matter waves decreases. Therefore, a faster particle would have shorter waves
associated with it. Also we note that for the same speed, a heavier particle will have a
shorter wavelength. '
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'&diﬂ,.hmishsmyouhmlummmawm.bymdemmqnbeing
accelerated through 1 voltis 1 eV

where, 1 eV =g Joules. ’
where, ¢ isthe magnitude of the charge of an electron.
de- Broglic Wavelength
Let us derive a relation for the de-Broglic wavelength asgociated with an electron that has

been accelerated through a voltage ‘¥, If the velocity of the electron afier acceleration is
denoted by ‘¥ and the mass of the electron is denoted by ‘m " then the kinetic energy of the

electmnmustbe/ﬁl to g¥ Joules Therefore,
1 ’
— m? =qV
2 (30.6)
or v= [ 24gV
A [ 1 1 |
or. mv=p={lgmy - (30.7)

The de-Broglie wavelength, A , from equation (30.5) is therefore given by

h
l:: __T___n;._._ )
p J 2qmv (30.8)

The various-constants is equation (30.8) have the following values:
h=6.625 x 10 Joule-second
g = 1.602 x10** Coutombs
m=9.11 x 10 kg.

Putting these values in (30.8) we obtain

6.625 x 10

A= —
2x 1602 x 107" % 9.11 % 10 7 xF7

12.3 o
or,A= ~—x 10 m
v

123 |
or, A= —x A (309)
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30.5.2 Experimental Verification of Existence of de-Broglie Waves: |

Earlier in this section, it was mentioned that the existen.e of - de-Brogliec waves can be
verifiéd experimentally, Let us understand one such experimental arrangement, This
experimental set up is shown in Fig.30.6 where - :

B =Battery, V= Variable potential difference F =Filament, D=Mectailic Dinphragm:
N= Nickel Single Crystal, and DT = Detector.

The set up consists of a filament F, which serves as a svurce of electrons. The clectrons
emitted from this filament are then made to pass through & set of metal diaphragms. The-
electrons emitted by the filament come ouf in various directions. The metal dis;

serve the purpose of collimating the steam of electrons. Only the eléctrons which are able
topas‘sthrcmgh!hes!itsinthcvaﬁousdiaphmgmsareabletocomeoutufthcmetaﬂic
diaphragms. But this is not the only purpose being served by the diaphragms. .
B

DT

N " Electron
Beam . .
Fig. 30.6: Expeiimentol sét up to verify the existence of de-Broglie waves

Youwould notice in Figure 30.6 that an arrangement exists which allows the application
of different voltages between the filament and the diaphragms. Furthenmore, the polarity
of the voltage is such as to accelerate the emitied electrons. The energy of the collimated
stream of electrons can therefore be controlled by controlling the magnitude of the
accelerating voltage. The beam of electrons then falls perpendicular to the face on a single
crystal ‘of nickel. The set-up also contains z détector DT which can be placed at any
particular angle with respect 1o the normal to the nickel single crystal. This detector can
determine the intensity of the reflected beam. The set-up déscribed above was used by
Davisson and Germer. You must understand that there is nothing special in the choice of
nickel. In fact, Davissmon and Germ:r used this particuldr crystal. Figure 30.7 shows the
plot of detector current versus the kinetic energy of incident electrons for § = 50°, as
obtained by Davisson and Germer. ~

You should note that the detector current shows a maxima for electron kinetic energy of
34 ¢V. Suppose the electrons of K.E. = 54 eV can be thought of as waves with a wavelength
given by equation (30.5). Let us try and calculate this wavelength, We need to first calen-

late the momentum of these electrons. You know -that the K_E. of any particle is given by

KE=Lm? |4=50
2
i

|
'3 [ 4 a ! L A L
20 30 40 505460 70
KE eV
Fig 30.7: Plot of detecior current versus the kinetic energy.

(30.10)

Detector Current
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Weknow that K.E ~alue of 54V is equal to (54xq) joules where, ¢ is the charge carried by

an electron

ﬂwmagtunuieoqulﬁx 10” coulombs
I‘hnefmeﬂe\f’:ﬂxléxw Jou!es
The mass, #, of an ¢lectron'is 9.1 x 10° kg

The velocity of the electrans according to equation (30.10) is then given by

v= jlf;ﬁ_ (30.11)

Pl.uﬂng!he values of the various parameters we pet,

_[2x54x 1.6 x10"_ .l
1{_\/ 9.1 x10 4.4 x10*ms

The.momentum of the electrons is therefore ,

p=mv =91 x 107 x 4.4 x10’
=4x10" kgms’
The -wavelength oi_‘ the associated de-Broglie waves is therefore,
h 66x107s
T 4% 10" kgms"
= 1.65 x 107 m=1.65 A".

wheie, 1A= 1x 10" m,

"I'l:ns w:vdenyhhumtheungeof X-rays wavelength . R d:smemmntqmcplane

* then the intensity of the reflected ray should exhibit niaximas according to the

[mh=2dsin0]: m=123, (30.12)

Where, Onsmg!ebetweemhemﬂemdraymdﬂnimaamc planes Figure 30.8 shows
the X-fays getting refiécted from thcatommplmesofﬂxe single nickel crystal. 'Ih:éﬁgurc‘

- should be used mﬁetetmmethcvalueofefor #=50°

Fig.30.8: Reflection of X-rays fram _atomic plants of nickel c:stal

i
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You should note that according to figére 30.8
990~ g (30.13)
Therefore,
8=90">25" =65
Form = 1, equation (30.12) takes the form
A=2dsin O
Now, we have already seen that A=1.65A"and =65 therefore.

1.6
- r————— = 0. l Aﬂ F
A 2 x sin 65 ¢

Therefore, if electrons of energy equal to 54 ¢V are irideed behaving like waves then the
inter-atomic plane spacing in single nickel ¢rystal must be'0.91 A”. From independent
- studies it is well documented that the interatomic placing, d, is indeed 0.91 A* for nickel
single crystal. Therefore, Davisson and Germer concluded that de-Broglie waves are a
reality and are not mere thecretical identities, -

30.5.3 Applications of de-Broglic Waves

In the above section we studied about the reflected beam from a single crystal of nickel
when energetic electrons are incident on it. We saw that the stream of energetic electrons
have wave like properties and these waves exhibit Bragg reflections at the crystal planes.
(i) Crystal Structure : In our example one experiment was described to prove the validity
of de-Broglie relation [i.e. equation (30.5)]. However, tliis experiment can be used to
determine the crystal structure of any material replacing the nickel crystal. This is an
important application of de-Broglie waves. ,
(if) Neutron Spertroscopy : You would agree that not only electrons but all other particles
would also show wave-like behavior. Another application of de-Broglic waves lies in the,
se of slow neutrons Gbtained from nuclear reactors, fo investigate the atomic structure of
solid. This kind of study is very useful at places where nuclear reactors have been installed
because this allows us to use the facility for some novel spectrometry. Infact, this techaique
is now called neutron spectrometry, About the nuclear reactor-you will study in the coming
lessons, ‘ ,

(iii) Electron Mieroscop: From equation (30.11) we can see that the velocity of electrons

with a particular kinetic energy is given by —

y= f__zﬂL
N"m
The momentum of these electrons js therefore,

p= m'=/2m {KE) (30.14)
The wavelength of the associated de -Brogfie waves is given by, '
h

h o
AT D= (30.15)
P ,iZm (K E) : o
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Photoelectric Effect and Matter Waves

From equation (3.14) we find that very small values of wavelength carr be achieved by
increasing the kinetic energy of the electrons. We know that the resolving power of an.
optical microscope depends upon the wavelength of light used. Infact, the resolution increases
. with decreasing wavelength. Can you guess what would happen if a steam of very energetic
electrons are used in a microscope instead of photons? Well, obviously you could obtain
very high resolution and magnification by lowering the de-Broglie wavelength associated
with the electrons. This technique is used in electron microscopes. This is yet another
uscful application of de- Broglie waves.

Example 30.2 : An eléciron is accelerated through a potential difference of 182 V. How
large is its associated wavelength? : '

Solution;
We know , A = 12;;3- A" which is the expression for de-Broglie wavelength.
Here ¥ =182V
12,3 12.3
A= —— AT =——=091A"

J182 13.3

Note : This is of the same order of magnitude as X-ray wavelengths. It is therefore clear
why electrons show diffraction effects similar to X-rays.

INTEXT QUESTIONS 30.3
1. State whether the following statement are [rue-or Jalse.
(@) According to de-Broglie, stationary particle exhibit wave like characteristics.
(b) Matter waves are the same thing as de-Broglie waves. )
(c) Very poar. resolution can be obtained in a microscope using énergetic electrons .

by lowering the de-Broglie wavelengths associated with the electrons.

2 A50gballrollsalonga table with a speed of 20 cms’'. How large is its associated
wavelength ? '

Given h = 6.625 x 10% Joule Second | Hint, 2 ;e.%-

----------------

Example 30.3 :Calculate the maximum kinetic energy of the emitted photoelectrons when
light of frequency f= 10 Hz is incident on a Zinc place. The work function of zincis 3.4
eV, '
Solution : The above numerical is a direct application of Einstein’s relation
hf=E,+ Ko
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In, this problem the various parameters like 4, £ £, have the following values :

h=6625x10 Joule -sec
f“IO *He ”
E, =3.4eV=34x1.602x 10 joules

From (30.17) we get,

Ko =Hf-E,

—(5525u93wm" )-(34x 1.602 x 10
=6.625 x 10 —5447:(10""
=1.178 x 10" Joules -

‘Example 30.4 : Calculate the de-Broglie wavelength mocwd with electrons that have
heen accelerated through 10 kV.

Solution: We know,

12.3
=== A
JV
Putting the value of F'to be equal to 10kV or 10° V we get,
’ 12.3 123
= =—— =0.123A
10 100

30.6 WHAT YOU HAVE LEARNT

. Emlsmonofelectmmﬁmnmetalwhmhghtofpmperﬁ-eqnmcyfallsmmscalled
photoemission.

. lnphotoemtsmm.elecmgunmg, ﬁmhghtwhﬁemﬁwymumgyﬁomheat

" in thermionic emission. .

« The stopping potential mcreascswnhma'easmgmcldem light frequency.

« There exlsts a &eqnmcy f, for every material, below which no- photoelectric effect
takes piace

o Ihé maximum velocity of the photoelectrons increases with increasing frequency of
the incident light but is independent of the intensity of the incident light.

+ The number of photoelectrons - emitted from each square centimeter of the emitting,
surface for any particular frequency, is proportional to the intensity of incident light.

« Einstein assumed light to consist of bundles of energy called photons, each of them
having an energy of kf , where fis the frequency ‘and h is the Planck’s constant.

« Photomissive type of phototube is based onthe photoclectric effect.

»  The saturation current of a phototube increases with i mcmesmg intensity of the incident
light

« Particles in motion have waves associated with them with a wavelength given by hp,
where, p is the momentum and 4 is the Planck’s constant.
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- 30.7 TERMINAL QUESTIONS

1

2
3.
4

In photo electric emission what happens to the incident photons ? ?

. Whatmd;ﬁ‘mncebetweenaphotonparﬂclemdamatterpmcle?

Why is the wave natyre of matter not apparent to our daily observations ?

. What is the cffect on the veloclty of phoio-clectrons, if the wavelength of incident light

' .1smused?

The threshold frequency of a metal is 5 x 10" Hz . Can a photon of wavelength 6000 A°

-~ 2rmit on enwrgetic photo-electron ?

1

12,
_ 13:
14,

‘What is work function of a metal ? Does it depend upon the temperature ° ?
e _How does the stopping potential help in deteu’mnmg the work function of the metal ?
Does the threashold frequency for a metal depénd on the incident radiations 7

What are the vanous uses of photocell 7

. What was the aim of Davisson ‘and Germer's cxperiment ? On what principle does it

depend ?

. Bxplain why the-photo electrons are not ejected out of a photo-sensitive metal surface,

by all photons whatevermaybethe:rmergy ?

What is the difference between photoelectric emission end thermonic emission.
Describe an expenmzntal setup for studying the photoelectnc effect.

Expla.m the following terms:

- (®) Saturatmg voltage (b) Stopping potennal

15,
6.
17.

State the laws of photoelectric eniission.

Describe the salient features of Einstein's theory of photoelectric effect.
Exp!am Emstem s relation:

H=E Ky

18,
19,

20.
21.
22.

“Describé the construction of a photoelectric tube and outline its working.
}Calculate the wavelength associated with electrons moving with a velocity v =1 x
10* m/s.

(mass of elcclron=9 1x10° kg h=6.6x 10 1 s)
Describe an experiment which verifies the existence of de-Broglxe waves,

Sta.c some application of de-Broglic Waves.
Stow that the de»Bmghe we ‘elength assouatcd with electrons accelerated
through a potential ¥ is given by the relation;

A= —A

CHECK YOUR ANSWERS

L.

Intex Questions 30:1

() False (b)False (c)False
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' Physics

i

We know hf = E, + KE where E, is the energy required to remove on electron

from the metal.

Hereh =6.625x10"Js. f=6 x 10" Hz

KE w2x10"1 -
E,  =662x10"Jg x6 x 10"~ 2x 10§

=139.756%x 10" ~2x 10"
=10" (3.9756-2)]
= 19756 x 107 T=" 198x 10°)

intex Quesﬁon 30.2

(n
(2)

(a) False (b) False (¢) True
(i) Reproduction of sound in films,

. (iiyFransmisting pictures over great distances. -
(iii) Thieve detecting systems.

. Intex Question 30.3

1.
2.

(a) False (b) True (c) True
h

p=mvand A = ;
Here m=50g =.05kg, v=20cms’ =0.02ms"

A=6.6x10%m.

From equation 30.15 it is clear if mass m is large, the valuc of A will be very small;

.Same is the case with cricket ball..

Terminal Questions

8. 7:25A
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