The Maxwell’s equations of electromagnetism and Hertz experiments on generation
and detection of electromagnetic waves established the wave nature of light in 1887.
But the discoveries of photoelectric effect by Hertz, Compton effect by Compton,
established the particle nature of light. Hence, it was concluded thar light has dual
nature.

DUAL NATURE OF
RADIATION AND
MATTER

ELECTRON EMISSION

In metals, the electrons in the outer shells (valence electrons) are loosely bound . . . i
to the atoms, hence they are free o move easily within the meral surface but LHAPTER‘LHELK]‘[E‘T
cannot leave it. Such electrons are called free electrons. * Photoelectric Effect

* Matter Wave

«

These free electrons can be emited from the merals, if thc}' have sufficient
energy to overcome the artractive pull of metal surface. The phenomenon of
emission of electrons from the surface of a metal is called electron emission.

The minimum required energy for the electron emission from the metal surface
can be supplied to the free electrons by anyone of the following physical processes
(1) Thermionic Emission Sufficient thermal energy can be imparn:d to the
free electrons by suitable heating, so that they can come out of the
metal. This process of emission of electrons is known as thermionic
emission and the electrons so emitted are known as thermions or
thermal electrons . The number of thermions emitted depends on the
temperature of the metal surface.

(11) Field Emission or Cold Cathode Emission It is the phcnomcnon of
emission of electrons from the surface of a metal by applying a very strong
electric field (~10% Vm ™) to a meral. One of the examples of cold

emission 1s spark p|ug_

(iti) Photoelectric Emission It is the phenomenon of emission of electrons
from the surface of meral when lighr radiarions of suirable frtqutncy fall
on it. Here, the energy to the free clectrons for their emission is being
supplied by light photons. The emitted elecrons are  called
photoelectrons. The number of photoelectrons emitted depends on the
intensity of the incident light.



(iv) Seccmdary Emission It is the ph:nnmcnan of
emission of electrons from the surface of metal in
large number when fast moving electrons (called
primary clectrons) or other pa.rticlcs strike the metal
surface.

Work Function

A certain minimum amount of energy is required to be
given to an electron to pull it out from the surface of the
metal. This minimum energy required by an electron w
escape from the metal surface is called the work function of
the metal. It is generally denoted by ¢, or W, and measured
in ¢V (electron volt). It depends on the propertics of the
metal and the nature of its surface. It decreases with the
increase on temperature.

One electron volt (1 ¢V) is the energy gained by an electron
when it has been accelerated by a potential difference of one

volt (1 V), so that 1 ¢V =1.602x107""].
The values of work function of some metals are given below

Work Function of Some Metals

Metal Work function, &, (eV) Metal Work function, &, (eV)

Cs 214 Al 428
K 2.30 Hag 4.49
MNa 275 Cu 4.65
Ca 3.20 Ag 470
Mo 417 Ni 515
PFb 425 Pt 5.65

From the above table, it can be concluded thar, the work
funcrion Dfplatinum is the highc.st b, = 5.65 V), while it
is the lowest for caesium (§, =2.14 V).

|TOPIC 1|
Photoelectric Effect

As discussed earlier, the phcnnmcnan of emission of
electrons from the surface of metal, when radiations of
suitable FII:q_l.lCI'IC}-" fall on i, is called phatncl:ctric effect.
The emitted electrons are called photoelectrons and the
current, so pn:l-duccd is called pholnelecl:ril: current.

Alkali metals like lithium, sodium, etc. show phntudn:tric
effect with visible light, whereas the merals like zing,
cadmium, etc. are sensitive Dnl!.-’ to ultraviolet light.

Mote Mon-metals also show photoelectric effect. Liguids and
gases can also show this effect but to limited extent.

Hertz's Observations
In 1887, Heinrich Herz discovered the phcnomcnan

of photoclectric  emission  while working  with  his
clectromagnetic wave experiment, by means of spark
discharge. He observed thar high voltage sparks across the
detector loop were enhanced when the emitter plate was
illuminated by ultravioler light from an arc lamp. It was
accounted as follows:

When suitable radiations fall on a meral surface, some
clectrons near the surface absorb enough encrgy from the
incident radiations, to overcome the artraction of the
positive lons in the material of the surface. This h:lps them
the surface of the material to the

to escape from

surraunding space.

Hallwachs’ and Lenard’s Observations

During 1886-1902, Wilhelm Hallwachs and Philipp
Lenard made a detailed sl:uchr quthDdcctn'c effect. Lenard
observed that, if a potential difference is applied across the
two metal plates enclosed in an evacuated tube, then there is
no flow of current in the circuit. However, when one plate
(called emitter pl:;tc} enclosed in the evacuared tube, IEI:‘PI: at
negative potential is exposed with ultravioler radiations,
current begins to flow in the circuir.

As soon as ultraviolet radiations fa"ing on the emitter plat:
are stopped, the current flowing is also stopped. Thus, light
falling on the surface of emitter causes current in the
observation, Hallwachs
concluded that ncgativ:ly chargcd particl:s were :jcctcd out

from the zinc plate under the action of ultraviolet

external circuit. From  his

radiations. Afrer the discuw:r_i,r of electron in 1897, it
became evident that the exposure of emitter plate with the
incident ﬁghr causes the electrons to emit also. Due to
negative charge, the emitted electrons are pushed rowards
the collector plate by the applied electric field.

Hallwachs and Lenard also observed that when ultraviolet
light fell on the emitter |:||al1:, no electrons were emitred,
until the frequency of the incident light was smaller than a
certain minimum value, called the threshold f'rcqul:nc_v.
This minimum I:n:qul:nr.:}.-r dcp:nds on the nature of the
material of the emitter plate.

EXPERIMENTAL STUDY OF
PHOTOELECTRIC EFFECT

The ﬂgurc given below shows the cxptrimtntal setup for
the study of photoelectric effect.

The sctup consists of an evacuated glass or quartz tube
which encloses a photosensitive plate C (called emitter) and
a metal phtc A (called collector). A transparent guartz



window is sealed onto the glass tube which permits
ultravioler radiation to pass through it and irradiate the
photosensitive plate C.

kK8

Experimental arrangement for the study of photoelectric effect

The electrons are emitted by the plate € and are collected
by the plate A. When the collector plate A is positive with
respect to the emirter |:||al1: , then the electrons are
atrracted vo it. Henee, phataclcr.:trir.: current is consomured.
This emission of electrons causes flow of electric current in
the circuir.

The potential difference between the emitter and collector
plates is measured by a voltmeter (V'), whereas the resulting
photocurrent flowing in the circuit is measured by a
microammeter { ILA).

The cxp:rim:ntal arrangement given above is used to stud}'
the variations of pl‘mtncurrcnt with intensity of radiation,
Fn:qu:n::}r of radiation and the putcntia| difference between
the platcs Aand C.

Effect of Intensity of Light on

Photoelectric Current

For a fixed Frcqucnqr of incident radiation and ax:cc|crating
pnt:ntia], the phum:lcctric current INCreases lim:a.rhr with
increase in intensicy of incident |ight.

:

Variation of photoelectric current with intensity of light

cument—

O Intensity of light—

As, the photoelectric current is directly proportional to the
number of photoelectrons emitted per second. So, the
number of photoelectrons emitted per second is directly
prﬂpnrl‘iunal to the intensity of the incidenr radiation.

Effect of Potential on

Photoelectric Current
For a fixed frequency and intensity of incident light,

photoelectric current increases with increase in potential

applied to the collector as shown in the graph.
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Variation of photoelectric current versus potential
for different intensities but constant frequency

From tl'lC ahnw: graph, W can DbSCWC tl'l:;t,

(1) After a certain value of accch:rating pcntcntia], when
all photo electrons reach the plate A4, and the
photocurrent ceases. On increasing the value of
accelerating potendal, this maximum value of
photoelectric current is called Saturation current.

(i) When the potendal is decreased, the current
decreases but does not become zero at zero potential.
This shows that even in the absence of accelerating
potential, few photoelectrons manages to reach the
plate A on their own due to their kinetic energy.

(11) For a particu|ar Frcqu.n:m:::,r of incadent radiation,
when minimum negative potential Vy, is applied to
the plate A w.r.t. €, photoelectric current becomes
zero at a particular value of negative potendal V
called stopping potential or cut-off potential.

In this condition, the stopping potential is sufficient to
repel even the most energetic photoelectron with maximum
kinetic energy K, . Photoelectric current becomes zero
whenever no electron even the fastest phoroelectrons
cannot reach the phm: A. Hence, maximum kinetic energy
is given as,

K =eV, = Elmuiu

X
where, m is the mass of photoelectron and v, is the
maximum velocity of emitted photoelectron.

Mote For the radiation of a given frequency and material of plate
C, the value of stopping potential V, is independent of the intensity
of the incident radiation. It means, the maximum kinetic energy of
emitted photoelectron depends on the light source and the emitter
plate material but is independent of intensity of incident radiation.



Effect of Frequency of Incident
Radiation on Stopping Potential

If we take radiations of different frequencies but of same
intensity. For cach radiation, we study the variation of
photoelectric current against the potential difference
between the plates as shown in the graph below.

Photoelectric current P —
Va > V2 > v| %
Saturation

V3 current

o Ve Vo O
~— Retarding potential

Collector plate ——
potential

Variation of photoelectric current versus potential for different
frequencies but constant intensity of incident radiation

From the above graph, we observe that

(i) the value of stopping potential is different for
radiation of different frequencies but the value of
saturation current (for given intensity) remains
constant.

(i) the value of stopping potential is more negative for
incident radiation of higher frequency. This means
that the energy of the emitted clectrons depends on
the frequency of incident radiations. Greater the
frequency of incident radiation, greater is the
maximum  kinetic energy of  photocelectrons,
consequently greater retarding potential or stopping
potential is required to stop them completely.

(iii) the value of saturation current depends upon the
intensity of incident radiation but is independent of
the frequency of the incident radiation.

If we plot a graph between stopping potential and the

frequency of the incident radiation for two different metals
A and B, we get the graph as shown below.

I Metal A
Stopping Metal B
potential .
(Vo) MR V> v
0] Vo Vo

Frequency of incident
radiation (v) —

Variation of stopping potential versus
frequency of incident radiation

From the graph, are observe that
(i) the stopping potential V|, varies lincarly with the
frequency of incident radiation for a given
photosensitive material.

(i) there exists a certain minimum cut-off frequency v,
for which the stopping potential is zero. This
frequency is called threshold frequency.

Note The minimum frequency of light which can emit
photoelectrons from a material is called threshold frequency or
cut-off frequency of that material. It is a characteristic property of
material.

For a frequency lower than cut-off frequency, no
photoelectric emission is possible even if the intensity is
large. If frequency of incident radiation is more than
the threshold frequency, the photoelectric emission
starts instantancously without any apparent time lag
(=107s or less) even when the incident radiation is very

dim.

LAWS OF PHOTOELECTRIC
EMISSION

The laws of photoelectric emission are as follows

(i) For a given material and a given frequency of
incident radiation, the photoclectric current or
number of photoclectrons ¢jected per second is
dircctly proportional to the intensity of the incident
light.

(ii) For a given material and frequency of incident
radiation, saturation current is found to be
proportional to the intensity of incident radiation,
whereas the stopping potential is independent of its
intensity.

(iti) For a given material, there exists a certain minimum
frequency of the incident radiation below which no
emission of photoelectrons takes place. This
frequency is called threshold frequency.

Above the threshold frequency, the maximum
kinetic energy of the emitted photoelectrons or
equivalent stopping potential is independent of the
intensity of the incident light but depends upon
only the frequency (or wavelength) of the incident
light.

(iv) The photoelectric emission is an instantancous
process. The time lag between the incidence of
radiations and emission of photoclectrons is very
small, less than even 107%s.



PHOTOELECTRIC EFFECT AND
WAVE THEORY OF LIGHT

Hu}rgcns’ wave th:nry of |ight could not l:xp|.'1in the

phata:l:ctric emission due to the ﬁ:r"awing main reasons:

(i) According to the wave nature of light, the free
electrons at the surface of the metal absorb the
radiant energy cnntinunusl:-,r_

The greater the intensity of radiation, the greater
should be the energy absorbed by cach electron. The
maximum kinetic energy of the photoelectrons on
the surface is then expected to increase with increase
in intensity.

But according to experimental facts, the maximum
kinetic energy of ejected photoelectrons s
independent of intensity of incident radiation.

(ii) According to wave theory of light, no marter whart
the frequency of radiation is, a sufficiently intense
beam of radiation should be able to impart enough
energy to the electrons, so that they exceed the
minimum energy needed to escape from metal

su rfacc.

A threshold frequency, therefore should not exist
which contradicts the cxp:rimtntal fact that, no
photoelectric  emission takes place below that
threshold frequency, no matter whatsoever may be its
intensity.

(iii) According to the wave theory of light, the absorprion
of energy by electron takes place continuously over
the entire wavefront of the radiation. Since, a large
number of electrons absorb energy, the energy
absorbed per electron per unit time turns out to be

small.

Hence, it will take hours or more for a single
electron to come out of the metal which contradicts
the experimental fact that photoelectron emission is
instantaneous.

EINSTEIN’S PHOTOELECTRIC
EQUATION

Energy Quantum of Radiation

In 1905, Albert Einstein l:xp|aincc| the various laws of
phatatl:ctric emission on the basis of Planck's quantum
thmr}r. ﬁccurding to that thcnr_t,r, the energy of an

:lcctramagm:tic wave 15 not mntinuuushr distributed over

the wavefront of waves. Instead of this, these waves travel in
the form of discrete packets or bundels of energy called

quanta of energy of radiation

Each quantum of energy radiate an energy, which is given
by

E=hv
where, 4 is Planck’s constant and V is the frequency of light
radiation.

When a quantum of |ight radiation of energy b falls on a
metal surface, then this energy is absorbed by the electron
and is used in fnﬂnwing two ways

2,
v (Photoelectron)

s

Metal surfaca

Emission of photoelectron by a metal surface
when a guantum of light is absorbed by it

(i) A part of energy is used to overcome the surface
barrier and come out of the metal surface. This part
of energy is called work function. It is cxpr:ss:d as
by =hv,.

(ii) The remaining part of the energy is used in giving a
v:lacit}r v to the emitred phutu:lcctran. This is l:qu.'ll
to the energy of the

maximum  kinetic

1
photoelectrons [E mu:m ], where m is the mass of

tl.'!.: PhD[DCI.CClTDIL

According to the law of conservation of energy,

1 1
ﬁv=¢ﬂ+5mv;}m =h‘h’0+£mv;}u

E]mufnu =K,__ =hv=vy)=hv=b,

Xmu:'bv_q]ﬂ

This equation  is called Einstein's phutoe]ectril:
equation.

EXAMPLE |1] The electric field associated with a
monochromatic beam of light becomes zero, with
frequency 2.4 x 10 times per second. Find the maximum

kinetic energy of the photoelectrons when this light falls
on a metal surface whose work function is 2.0 eV,



Sol. Given, &y, =20¢V, h=663% 107", KE___ =}

In one complete vibration twice the electric field
becomes zero, so the frequency of incident light is given

by
1
v=—x24x 10" =1.2x 10" Hz
2

Hence, maximum kinetic energy,
6.63%107 " x1.2x10"

KE_. = hv—0,=
% 1.6x 10™

—2=297 eV

Relation between Stopping Potential
(Vy) and Threshold Frequency (vg)

Maximum kinetic energy is given b}r
K .. =hlv=v,)
Also, K_ . =¢V,

(eVy=h(v=vy)] .00

If L= wnvdtngth of the incident radiation,

A , = threshold wavelength of the metal surface and
¢ = velocity of light.
Then,

¢ ¢
V=— and Vop=—
A

Ao

Putting these values in Eq. (i), we get

Vo=h|—=-—
o (r-u lu]

osfi-z)

EXAMPLE |2]| The work function of caesium is 2.14 eV.
Calculate

(i) the threshold frequency for caesium and

(ii) the wavelength of the incident light, if the

photocurrent is brought to zero by a stopping potential
of 0.60 V. Given, h=6.63x 107> J-s.

... {11)

Sol Here, V, =060V, ¢, =2.14 eV = 2.14% 16X 1w™]

(i) Threshold frequency, vy = ¢T'] [ &= }n.lﬂ]
_214% 16x 107"
6.63% 107
=5.16% 10" Hz
(ii) We have, eV =h—‘:—¢||:I = A =ﬁ—f
A (eV, + by)

B 6.63% 107 x 3% 10°
(1.6% 107 Y % 0,60+ 2.14% Lex 107 )
=454% 107" m = 454 nm

Verification of Laws of Photoelectric
Emission Based on Einstein’s
Photoelectric Equation

Einstein’s photoelectric equations is

K =%muiﬂ =h(v=v,)

This equation successfully explains the laws of photoelectric
emission. These are as follows

1

(i) If v< v, then Emuiﬂ is negarive which is not

pm‘sihl: therefore, for phutudcctric emission to take
place, v>v,.

(11) Since, one phumn emits one electron, so the number
of photoclectrons emitted per second is directly
pmpartiuna| to the intensity of incident light.

1
(iii) It is clear thar Emuzm =V, as b and v, arc

constants. This shows thar kinetic energy of the
phumdcctmns is dirccdy prapurtiunal to the
frequency of the incident light.

(iv) Photoelectric emission is due to elastic collisions
between a photon and an electron. As such there
cannot be any significant time lag berween the
incidence of phnmn and emission of phntﬂ:l:ctmn.

Graphs Related to Photoelectric Effect

From Einstein Photoelectric Equation

The important graphs related to photoelectric effect are as
follows

(1) Frequency v and stopping potential V, graph
We know that, eV, = v =g,

v
= Vﬂ=——¢—“
[ &
So, Vye=v
L]

=]

apping potertial

ol &

Graph of ¥, versus v

It could be seen thar, V' versus V curve is a str:;ighr line

with slope = (/e) and is independent of the nature of
material.



(i) Frequency v and maximum kinetic energy graph

As, K_ . =h=t,
= Ko =V
K
¢
E g lanf@=h
E S Yo Freq ']
_4,“‘

Graph of K, versus v

(iii) Frequency v and photoelectric current I graph
The graph given below shows that, the photoelectric
current / is independent of frequency of the incident
light, till intensity remains constant.

!

—_—
i

Photoelectric
current

H
Vo FreguencyV

Graph of | versus v

(iv) Intensity and stopping potential V,, graph

Stopping
potential =

Intensity

Graph of Vj versus intensity

{v) Photoelectric current [ and time lag ¢ graph

O 10%s Time

Graph of I versust

Photoslectric
cumrent

PARTICLE NATURE OF
LIGHT : THE PHOTON

Photoclectric effect thus gave evidence that light consists of
packets of energy. These packets of encrgy were called light
quantum that are associated with particles named as
photons. So, photons confirm the particle nature of light.

Energy ofa phntnn is given h}r

he
E:;‘-}v = —
A

where, 4 is the Planck’s constant, Vv is the frequency of
radiation or photon, ¢ is the speed of light and A is the

wavelength of photon.
The momentum of phnmn is given b}r

lI;;lz—:—:Il(_g |'|'|5_I

€ [

EXAMPLE |3] The momentum of photon of
electromagnetic radiation is 3.3x 107° kg ms™ . Find
out the frequency and wavelength of the wave associated
with it.
Sol Given, p =33 %10 kg ms™
h=663%107" J-s
c=3x10%m/fs v=1
and A=7
Since, E=shv=mc’=mecxc=pxc
pe 33x107 x3x10t

V=—
h 6.63 % 1074

=15 x 10" Hz
3% 10
15x 10"

=2%10"°m

and ]L—£=
v

Characteristic Properties of Photons
Different characteristic propertics of phatans are given below

(i) In interaction of radiation with martter, radiation
behaves as if it is made up of particles called
P P
photons.

(ii) A photon travels ar a speed of light ¢ in vacuum

(i.e. 3x10%m/s).

(ii) It has zero rest mass, i.e. the photon cannort exist at
rest. According to the theory of relativity, the mass m
of a particle moving with velocity v, comparable with

the w:lncir_l,r of |ight c is given b:-,r

my v
Mem—— = mMy=m
2 c
v
= —

3

[

where, m is the mass of the partidc at rest.

As, a phnton moves with the sp:cd of light, Le.

v =, hence m, =0. So, rest mass of photon is zero.



{iv) The inertial mass of a phnton is given hy
E b B b

W = ————— —
PR
i(v) Photons travel in a stra.ight line.

(vi) Irrespective of the intensity of radiation, all the photons
of a particular frequency Vv or wavelength A have the

same  energy E =£v=—] and momentum,

(54
A

(vii) Energy of a phntun d:pcnds upon ﬂ'nqm:ncy of the
photon, so the energy of the photon does not change
when photon travels from one medium to another.

(viii) Wavelength of the photon changes in different media,
50 w:|u-cir}r of a phumn is different in different
media.

(ix) Photons are not deflected h}r electric and magnetic
fields. This shows that photons are electrically

ncutr:ll_

(x) In a photon-particle collision (such as photoelectron
collision), the energy and momentum are conserved.
However, the number of photons may not be
conserved in a collision.

(xi) Photons may show diffraction under

conditions.

given

EXAMPLE |4| Monochromatic light of wavelength
632.8 nm is produced by a helium-neon laser. The power
emitted is 9.42 mW.
(i) Find the energy and momentum of each photon in the
light beam.
(ii) How many photons per second, on the average, arrive at
a target irradiated by this beam?
(Assume the beam to have uniform cross-section, which
is less than the target area.)
(iii) How fast does a hydrogen atom have to travel in order
to have the same momentum as that of the photon?
NCERT
Sol Given, wavelength of monochromatic light,
A =6328nm=6328 10" m

Power = 942 mW = 942 x 107 W

(i) Energy of each photon, E = ’;L_f

_ 663 x 107 w3 %10
6328 x 107

=314 x1w0 "]

We know that momentum of each photon, p =£

-4
.63 = 10 _
= =105x 107 kg-m/s
632.8 x 107°
(ii) Let n be the number of photons per second.
9.42 %107
n= =

B Em:rgy of each Phumn B 214 % 107"

Power

So

=3 x10" photons /s
(1ii) Momentum, p = mv
p _105x1077

- Velocity of hydrogen atom, v = — —
m 166 %107

=063m/s
[ m=166x 1w kg { mass of electron 1

PHOTOCELL

It is a device which converts light energy into electrical
energy. It is also called an electric eye. As, the photoeleciric
current sets up in the phntucl:ctric cell carrcspnnding to
incident light, it provides the information about the objects
as has been seen b}r our eye in the presence of light_

Incicdent
light
N Collector (Anode)
Evacuatad
Emitar glass bulb
(Cathode)

|;<H T—H @ma

Photocell
A photocell consists of a semi-cylindrical photosensitive
metal plat: C (emitter) and a wire lcmp A (collector)
suppurtcd in an evacuated glass Or quartz bulb. When light
of suitable wavelength falls on the emitter C, photoelectrons
are emirted.

Applications of Photocell
Some applications of photocell are given below
(i) Used in television camera for telecasting scenes and in
photo telegraphy.
(ii} Reproduction of sound in cinema film.
(111) Used in counting devices.

(iv) Used in hurg|ar alarm and fire alarm.

(v) To measure the temperature of stars.

(vi) Used for the determination of Planck’s constant.



TOPIC PRACTICE1 |

OBJECTIVE Type Questions

4.

5

Lenard observed that no electrons are emitted
when frequency of light is less than a certain
minimum frequency. This minimum frequency
depends on

(a) potential difference of emitter and collector plates
(b) distance between collector and the emitter plate
(c) size (area) of the emitter plate

(d) material of the emitter plate

The work function of a metal is hc/ L. If light of
wavelength A is incident on its surface, then the
essential condition for the electron to come out
from the metal surface is

(A2, (b)A=2A,

(VA=A (dA sA,/2

Variation of photoelectric current with intensity

of light is

(a) (b)

Photoelectric
current
Photoelectnic
current

Intensity of light I Intensity of light
X2 §
(© % 2 @ 8
g (3] E o
o
Intensity of ight Intensity of light

A photon of energy 3.4 eV is incident on a metal
surface whose work function is 2 eV. Maximum
kinetic energy of the photoelectron emitted by

the metal surface will be
(a) 1.4eV (b) 1.7 eV
(c)54eV (d) 6.8 eV

If photons of frequency v are incident on the
surfaces of metals A and B of threshold

frequencies -2\1and % respectively, the ratio of

the maximum Kinetic energy of electrons
emitted from Ato that from B is

CBSE All India 2020

(a) 2:3
(c)1:3

(b)3:4
{d]ﬁ:ﬁ

6.

10.

Consider a beam of electrons (each electron
with energy E;) incident on a metal surface kept
in an evacuated chamber. Then, NCERT Exemplar

(a) no electrons will be emitted as only photons can
emit electrons

(b) electrons can be emitted but all with an energy, E,

(c) electrons can be emitted with any energy, with a
maximumof E, —¢ (¢ is the work function)

(d) electrons can be emitted with any energy, with a
maximum of E |

The formula for kinetic mass of a moving

photon is
(a) hv/h (b) h /e
(c) hv/e (d) h/ch

where, h is Planck constant and v, A, ¢ are
frequency, wavelength and speed of photon,
respectively.

The wavelength of a photon needed to remove
a proton from a nucleus which is bound to the
nucleus with 1 MeV energy is nearly

NCERT Exemplar
(a)l.2nm
(b)1.2x107 nm
(€)1.2x10™° nm
(d)1.2x10nm
A photocell connected in an electrical circuit is
placed at a distance d from a source of light. As a

result, current / flows in the circuit. What will be
the current in the circuit when the distance is

reduced to d/2? CBSE All India 2020
(a) I (b) 21
(c)al dyr/2

A photocell connected in an electrical circuit is
placed at a distance d from a source of light. As
a result, current [ flows in the circuit. What will
be the current in the circuit when the distance
is reduced to d/3?
(a) I

(c)9I

(b) 61
1
(d) 5 I

ASSERTION AND REASON
1.

Assertion Cathode rays produce fluorescence
in glass and colour of glow depends on nature
of glass.

Reason Cathode rays excite glass electrons and
they on de-excitation emits radiation in visible
region.



12.

13.

14.

15.

16.

17.

Assertion In photoelectric effect, cathode or
emitter plate is usually coated with barium oxide,
barium sulphide or strontium oxide.

Reason Coating prevents cathode from erosion.
Assertion According to wave theory of light, if

intensity of incident radiation is increased, then
energy of emitted photoelectrons increases.

Reason Energy of a wave is proportional to its
intensity.

Assertion Photoelectric current depends on the
intensity of incident light.

Reason Number of photoelectrons emitted per
second is directly proportional to the intensity of
incident radiation.

Assertion Photosensitivity of a metal is high if its
work-function is small.

Reason Work-function = hvy, where, v, is the
threshold frequency.

Assertion In photon-particle collision, the total
energy and total momentum are conserved.
Reason The number of photons are conserved in
a collision.

Assertion Photocell is also called electric eye.

Reason Photocell can see the things placed in
front of it.

CASE STUDY BASED QUESTIONS

18.

Photoelectric Effect

When a beam of 10.6 eV photons of intensity

2.0 Wm™ falls on a surface of platinum of surface
area 1.0 x10™*m” and the work-function of the

material is 5.6 eV. Given that, 0.53% of the
incident photons eject photoelectrons.

(i) What is the energy of incident photon in joules?
{a) 10.6 ] (by16x107" ]

(©1696=x107" ] (dzx107™]

(ii) Find the number of photons incident on given

area.
(a)118 x10™ (b)118 x 10"
{c) 2x 10" (d) 23x10"
(iii) Find number of photoelectrons emitted per
second.
(a) 7x10" (b) 6.25x10"
(c) 9x10" {d) 11x10"

(iv) Find maximum energy of photoelectrons

emitted.
(a) 5.0 eV (b) 6.0 eV
(c) 2.5eV (d) 0ev
(v) Find minimum energy of photoelectrons
emitted.
(a) 6.0 eV (b) 5.0eV
(c) 5.8eV (d) 0ev

VERY SHORT ANSWER Type Questions

19.

20.

21.

22,

23.

24.

Define the term intensity in photon picture of
electromagnetic radiation. CBSE 2019

Do all the electrons that absorb a photon
come out as photoelectrons? MNCERT Exemplar

When radiations of frequency 10" Hz is
incident on certain surface, no
photoemission takes place. What does this
statement mean?

Two metals X and Y, when illuminated with
appropriate radiation, emit photoelectrons.
The work function of X is higher than of Y.
Which metal will have higher value of
threshold frequency?

Two metals A and B have work functions 2 eV
and 4 eV respectively. Which metal has lower
threshold wavelength for photoelectric
effect?

For a given photosensitive material and with a
source of constant frequency of incident
radiation, how does the photocurrent vary
with the intensity of incident light? All India 2011

The given graph shows the variation of
photoelectric current I versus applied voltage
V for two different photosensitive materials
and for two different intensities of the
incident radiations. ldentify the pairs of
curves that correspond to different materials
but same intensity of incident radiation.

Delhi 2013
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26.

27.

28.

29.

30.

31

The graph shows the variation of stopping
potential with frequency of incident radiation

for two photosensitive metals 4 and B.

Metal B Matal A

|
.
potential
Vo) 0] v

Frequency—-
of incident
radiation [v)

m[DE mIDE

Which one of the two has higher value of work
function? Justify your answer. All India 2014

Ultraviolet radiations of different frequencies v,
and v, are incident on two photosensitive
materials having work functions Wy, and W,
(W, = W) respectively. The kinetic energy of
the emitted electrons is same in both the cases.
Which one of the two radiations will be of
higher frequency?

If the frequency of incident radiation is equal to
the threshold frequency, what will be the value
of stopping potential?

All the photoelectrons are not emitted with
same energy. The energies of photoelectrons
are distributed over a certain range. Why?

The photoelectric current at distances r, andr,
of light source from photoelectric cell are I

and [,, respectively . Find the value of lIL
2

Draw graphs showing variation of photoelectric
current with applied voltage for two incident
radiations of equal frequency and different
intensities. Mark the graph for the radiation of
higher intensity. CBSE 2018

SHORT ANSWER Type Questions

32.

33.

There are materials which absorb photons of
shorter wavelength and emit photons of longer
wavelength. Can there be stable substances
which absorb photons of larger wavelength and
emit light of shorter wavelength.

NCERT Exemplar

In the wave picture of light, intensity of light is
determined by the square of the amplitude of
the wave. What determines the intensity in the
photon picture of light? All India 2016

34.

35.

36.

37.

38.

39.

40.

Why does the existence of a cut-off frequency in
the photoelectric effect favor a particle theory of
light rather than a wave theory? Explain.

Two monochromatic beams A and B of equal
intensity I, hit a screen. The number of photons
hitting the screen by beam Ais twice that by
beam B. Then, what inference can you make
about their frequencies? NCERT Exemplar

Two monochromatic radiations, blue and violet,
of the same intensity are incident on a
photosensitive surface and cause photoelectric
emission. Would

(i) the number of electrons emitted per second
and

(ii) the maximum kinetic energy of the
electrons be equal in the two cases? Justify
your answer. Delhi 2010

(i) In the explanation of photoelectric effect,
we assume one photon of frequency v
collides with an electron and transfers its
energy. This leads to the equation for the
maximum energy E ., of the emitted
electron as, E,, ., = hv — ¢, where ¢, is the
work function of the metal. If an electron
absorbs 2 photons (each of frequency v),
what will be the maximum energy for the
emitted electron?

(ii) Why is this fact (two photon absorption) not
taken into consideration in our discussion
of the stopping potential?  NCERT Exemplar

Draw a graph to show the variation of stopping
potential with frequency of radiation incident on
a metal plate. How can the value of Planck's
constant be determined from this graph?

Consider figure for photoemission. How would
you reconcile with momentum conservation?
Mote light (photons) have momentum in a
different direction than the emitted electrons.
NCERT Exemplar

If light of wavelength 412.5 nm is incident on
each of the metals given below, which ones will
show photoelectric emission and why?

CBSE 2018
Metal Work Function (eV)
Ma 1.82
K 2.15
Ca 3.20
Mo 417




H.

Why is wave theory of electromagnetic
radiation not able to explain photoelectric
effect? How does photon picture resolve this
problem? CBSE 2019

LONG ANSWER Type I Questions

42.

43.

44.

45.

Light of same wavelength is incident on three

photo-sensitive surfaces A, B and C. The

following observations are recorded.

(a) From surface 4, photoelectrons are not
emitted.

(b) From surface B, photoelectrons are just
emitted.

(c) From surface C, photoelectrons with some
kinetic energy are emitted.
Compare the threshold frequencies of the
three surfaces and justify your answer.

CBSE 2020

(i) Describe briefly three experimentally
observed features in the phenomenon of
photoelectric effect.

(ii) Discuss briefly how wave theory of light
cannot explain these features. Delhi 2015, 16

Figure shows the stopping potential (Vy) for the

photoelectron versus [%] graph, for two metals

Aand B, & being the wavelength of incident
light. CBSE 2020

Vot

o

(a) How is the value of Planck’s constant
determined from the graph?

(b) If the distance between the light source and
the surface of metal A is increased, how will
the stopping potential for the electrons
emitted from it be effected? Justify your
answer.

Predict and Explain
Light of a particular wavelength does not eject
electrons from the surface of a given metal.
(i) Should the wavelength of the light be
increased or decreased in order to make

ejection of electrons possible?

46.

47.

48.

49.

50.

(ii) Choose the best explanation from among
the following:

(a) The energy of a photon is proportional
to its frequency, i.e. inversely
proportional to its wavelength. To
increase the energy of the photons, so
they can eject electrons, one must
decrease their wavelength.

(b) The photons have too little energy to
eject electrons. To increase their energy,
their wavelength should be increased.

Explain how does (i) photoelectric current and
(ii) kinetic energy of the photoelectrons emitted
in a photocell vary, if the frequency of incident
radiation is doubled but keeping the intensity
same? Show the graphical variation in the
above two cases. CBSE SQP Term-11

Sketch the graphs showing variation of
stopping potential with frequencies of incident
radiations for two photosensitive materials A
and B having threshold frequencies v , > v.
(i) In which case is the stopping potential more
and why?
(i) Does the slope of the graph depend on the
nature of the material used? Explain.
All India 2016

Define the terms cut-off voltage and threshold
frequency in relation to the phenomenon of
photoelectric effect. Using Einstein's
photoelectric equation, show how the cut-off
voltage and threshold frequency for a given
photosensitive material can be determined with
the help of a suitable plot/graph.  All India 2012

Define the term “cut-off frequency” in
photoelectric emission. The threshold
frequency of a metal is f. When the light of
frequency 2 f is incident on the metal plate, the
maximum velocity of photo-electron is v,.
When the frequency of the incident radiation is
increased to 5f, the maximum velocity of
photoelectrons is v.. Find the ratio v : v,

Foreign 2016

Plot a graph showing the variation of stopping
potential with frequency of incident radiation
for two different photosensitive materials
having work functions W, and W, (W, > W,).
On what factors does the

(i) slope and

(ii) intercept of the lines depend?



51.

52.

53.

54.

55.

56.

(i) State two important features of Einstein's
photoelectric equation.
(ii) Radiation of frequency 10" Hz is incident on
two photosensitive surfaces P and . There
is no photoemission from surface P,
Photoemission occurs from surface { but
photoelectrons have zero kinetic energy.
Explain these observations and find the
value of work function for surface (.
Delhi 2017

(i) Write the important properties of photons
which are used to establish Einstein's
photoelectric equation.

(i) Use this equation to explain the concept of
(a) threshold frequency and

(b) stopping potential. Delhi 2015

Write Einstein's photoelectric equation and
mention which important features in
photoelectric effect can be explained with the
help of this equation. The maximum kinetic
energy of the photoelectrons gets doubled
when the wavelength of light incident on the
surface changes from i, to A ,. Derive the
expressions for the threshold wavelength i,
and work function for the metal surface.

All India 2015

In case of photoelectric effect experiment,
explain the following facts, giving reasons.
(a) The wave theory of light could not explain
the existence of the threshold frequency.
(b) The photoelectric current increases with
increase of intensity of incident light.
CBSE 2020

If the frequency of light incident on the cathode
of a photo-cell is increased, how will the
following be affected? Justify your answer.

(a) Energy of the photoelectrons.

(b) Photocurrent. CBSE 2020

State the main implications of observations
obtained from various photoelectric
experiments. Can these implications be
explained by wave nature of light? Justify your
answer. CBSE SQP

NUMERICAL PROBLEMS

57. The photoelectric cut-off voltage in a certain

experiment is 1L.5V. What is the maximum
kinetic energy of photoelectrons emitted?

NCERT

58.

59.

61.

62.

64.

65.

67.

The work function for a certain metal is 4.2 eV.

Will this metal give photoelectric emission for

incident radiation of wavelength 330 nm?
NCERT

The maximum Kinetic energy of photoelectrons
emitted from a surface, when photons of energy
6 eV fall on it is 4 eV. What is the stopping

potential (in volt) for the fastest photoelectrons.

In an experiment on photoelectric effect, the
slope of the cut-off voltage versus frequency of
incident light is found to be 4.12 x 107 V-s,
Calculate the value of Planck’s constant. NCERT

Find the
(i) maximum frequency and

(ii) minimum wavelength of X-rays produced
by 30 kV electrons. NCERT

(i) An X-ray tube produces a continuous
spectrum of radiation with its short
wavelength of 0.45 A. What is the maximum
energy of a photon in the radiation?

(ii) From your answer to (i), guess what order of
accelerating voltage ( for electrons) is

required in such a tube? NCERT

The threshold frequency for a certain metal is
3.3x 10" Hz. If light of frequency 8.2x 10" Hz is
incident on the metal, predict the cut-off

voltage for the photoelectric emission. NCERT

If radiation of wavelength 5000 A is incident on
a surface of work function 1.2 eV, find the value
of stopping potential. Given, h =6.62x 107 3 J.s.

Light of frequency 7.21 x 10" Hz is incident on a
metal surface. Electrons with a maximum speed
of 6 x lﬂsmjs are ejected from the surface.
What is the threshold frequency for

photoemission of electrons? NCERT

Consider a metal exposed to light of
wavelength 600 nm. The maximum energy of
the electron doubles when light of wavelength
400 nm is used. Find the work function in eV.
NCERT Exemplar

In an accelerator experiment on high energy
collisions of electrons with positrons, a certain
event is interpreted as annihilation of an

electron-positron pair of total energy 10.2 BeV
into two y-rays of equal energy. What is the
wavelength associated with each y-ray?

(1 BeV=10" eV)



68. Aluminium and calcium have photoelectric
work functions of 4, = 4.28 eV and 4., = 287 eV,
respectively.

(i) Which metal requires higher frequency light
to produce photoelectrons? Explain.

(ii) Find out the minimum frequency that will
produce photoelectrons from each surface.

69. The work functions for the following metals are
given, Na=275eV,K =230eV,Mo = 4.17 eV,
Ni = 5.15 eV. Which of these metals will not give
photoelectric emission for a radiation of
wavelength 3300 A from a He-Cd laser placed
1 m away from the photocell? What happens if
the laser is brought nearer and placed 50 em
away? NCERT

70. In the study of a photoelectric effect, the graph

between the stopping potential V and frequency
v of the incident radiation on two different

metals Pand Qis shown below.

4 6
-2 v (x 10" Hz —

(i) Which one of the two metals has higher
threshold frequency?
(ii) Determine the work function of the metal
which has greater value.
(iii) Find the maximum kKinetic energy of
electron emitted by light of frequency
83 10" Hz for this metal. Delhi 2017

71. Astudent performs an experiment on
photoelectric effect, using two materials A and
B. A plot of V,,,,, versus v is given in the figure.
(i) Which material A or B has a higher work
function?

Waap (V)

st g st V(< 10°Ha
(ii) Given the electric charge of an electron
= 16x 10™ C, find the value of h obtained
from the experiment for both 4 and B.

Comment on whether it is consistent with
the Einstein’s theory. NCERT Exemplar

72. The work function of caesium metal is 2.14 eV.
When light of frequency 6 x 10" Hz is incident
on the metal surface, photoemission of
electrons occurs. What is the

(i) maximum kinetic energy of the emitted
electrons,

(ii} stopping potential and
(iii) maximum speed of the emitted
photoelectrons?

73. When light with a frequency 547.5 THz
illuminates a metallic surface, the most
energetic photoelectrons have 1.260 x 107° ] of

NCERT

kinetic energy. When light with a frequency of
738.8 THz is used instead, the most energetic
photoelectrons have 2480 x 107 J of kinetic
energy. Using these experimental results,
determine the approximate value of Planck's
constant.

74. Monochromatic radiation of wavelength
640.2 nm (1 nm =10~ m) from a neon lamp
irradiates a photosensitive material made of
calcium or tungsten. The stopping voltage is
measured to be 0.54 V. The source is replaced
by an iron source and its 427.2 nm line irradiates
the same photocell. Predict the new stopping
voltage. NCERT

75. Amercury lamp is a convenient source for
studying frequency dependence of
photoelectric emission, since it gives a number
of spectral lines ranging from the UV to the red
end of the visible spectrum. In our experiment
with rubidium photocell, the following lines
from a mercury source were used

A, =3650 A, A,=4047 A, i =4358 A,
A, =5461A, L.=6907A

The stopping voltages respectively were

measured to be

V=128V, V=085V,

Ve =074V, V,, =016V, Vi,=0
Determine the value of Planck's constant h, the

threshold frequency and work function for the
material. NCERT

76. What is the energy associated in joule with a

photon of wavelength 4000 A?



77. What is the energy of a photon in eV 3. (d) Photocurrent varies linearly with intensity. The
corresponding to the visible light of maximum photocurrent is directly proportional to the number of
wavelength? photoelectrons emitted per second. This implies that, it

is a straight line passing through origin.

78. The energy flux of sunlight reaching the surface 4. (a) Given, work function = 2eV

: 2
of the earth is 1.388 x10° W/m? How many Biieriy 6€ thcideit phioton = 4 eV
photons (nearly) per square metre are incident
?
on the ea.r[h per sec_ond' Assume that the From Einstein’s equation of photoelectric effect,
photons in the sunlight have an average MR
wavelength of 550 nm. NCERT 2
34eV =2eV+k

79. There are two sources of light, each emitting k=34eV-20eV =14eV
with a power of 100 W. One emits X-rays of 5. (b)3:4:
wavelengh 1nm and‘ the other visible light at From Einstein’s photoelectric equation, maximum Kinetic
500 nm. Find the ratio of number of photons of energy of emitted electrons,

X-rays to the photons of visible light of the K. =Kv-v,)
. max 0
given wavelength. NCERT Exemplar e R Pk s ook,

80. A100 W sodium lamp radiates energy v is frequency of incident radiation
uniformly in all directions. The lamp is located and v, is threshold frequency of metal surface.
at the centre of a large sphere that absorbs all For metal A,
the sodium light which is incident on it. @ h( v]

= V—_-—
The wavelength of the sodium light is 589 nm. - 2
(i) What is the energy per photon associated o~ K _hv 0
with the sodium light? R} vy
(ii) At what rate are the photons delivered to Similarly, for metal B,
the sphere? NCERT P ’{ v]
— = V——
81. How many photons per second does a 100 W (8 3
bulb emit if its efficiency is 10% and wavelength = K _2hv (ii)
of light emitted is 500 nm? e LT
82. Light of intensity 10~ Wm™ falls on a sodium So, from Egs. (i) and (ii?. the ratio of the maximum .kinetic
2 z energy of electrons emitted from A to that from B is
photocell of surface area2 cm”. Assuming that, given as
the top 5 layers of sodium absorb the incident ' Ay
energy, estimate the time required for Kindii 2
photoelectric emission in the wave picture of X = Zhv
radiation. The work function of the metal is e
given to be about 2eV. What is the implication 1 3 3
of your answer? -3 X o
Effective atomic area=10""m?
NCERT or Kiuna i Kimags =3:4
6. (d) When a beam of electrons of energy E is incident
HINTS AND SOLUTIONS on a metal surface kept in an evacuated chamber
electrons can be emitted with maximum energy E; (due
to elastic collision) and with any energy less than E,
L (d Ha.lllwac}_m and Lenard a]sclchser\red that when when part of incident energy of electron is used in
ultraviolet light fell on the emitter plate, no electrons liberating the electrons from the surface of metal.
were emitted at all when the frequency of the incident 7. (d) We know that, E = hv and

light was smaller than a certain minimum value, called
the threshold frequency. This minimum frequency

E=mc* (Einstein mass energy equation)

depends on the nature of the material of the emitter
plate.

2. (c) When the wavelength of incident light is L € 4,
then the electrons will come out of the metal surface.

me? = hv = m= hv/c?

_(he/h) _ h

Moving mass, m
e c? ch




8.

10.

11.

12,

13.

14.

15.

(b) Given in the question,
Energy of a photon, E =1 MeV = E =10° &V

Mow, he =1240 eVnm
Mow, = h_r

A

he 1240 eVnm
—} he—m—

E  10° eV

=1.24 10~ nm

{c) The photoelectric current in a photocell is related to

the distance of source of light as

1
[ oc—
7
I _ r
: h
d
Here,r, =d.r, -Ea.m:lfI =
4\
I [_] 1
—= 22 =— or [,=41
I, (dy 4
{c) The photo electric current in a photocell is related to

the distance of source of light as

f“—z

{a) Cathode ray particles when strike the electrons of
glass atom, the electrons of glass atom are excited and
maove to higher energy levels. On de-excitation, they fall
to their ground state and release energy. As energy
levels are characteristics of glass, glow depends on glass.
() Sensitivity of a photoelectric materials greatly
depends on its surface characteristics. When emitter
plate is coated with a materials of low work function,
photoemission occurs even at low frequency.

{a) We know that, intensity is energy per unit area per unit
time.

{a) The number of photoelectrons emitted per second is
directly proportional to the intensity of incident
radiation and kinetic energy of photoelectrons depends
on frequency of incident radiation.

(b) Work function is the minimum energy required to
eject the photoelectron from photosensitive metal. Hence

16.

17.

18.

19.

20.

21

for metal to be photosensitive, the work-function should
be small.

Work function = hv,
where, ¥, is the threshold frequency.

(c) In a photon-particle collision such as photon-electron
collision, the total energy and total momentum are
conserved. However, the number of photons may not be
conserved in a collision. The photon may be absorbed or
a new photon may be created.

{c) Photocell is a technical application of the
photoelectric effect. It is a device which converts light
energy into electric energy. It is also called an electric
eye. Photocell are used in the reproduction of sound in
motion picture and in the television camera.

(i} (c) Energy of the incident photons,
E, =106V

=106x% 16x 107"

E =1696% 10" "]

{if) (b) Energy incident per unit area per unit time
(intensity) = 2 ]
. Number of photons incident on unit area in unit
time

L}

2

1696 107 °
Therefore, number of photons incident on given area
{1.0% 107 *m*)
= (L18x 10°) (L.0% 107 %) = 1.18% 10"
(iii) (b) As, only 0.53% of incident photons emit
photoelectrons.
Number of photoelectrons emitted per second (n),

=118x 10"

0.53
n=|—|(1.18% 10") = 6.25x 10"
100

(iv) (a) K__, = E; — work-function =({10.6— 5.6) = 5.0 eV

(v) (d) K_,, =0 kinetic energy of photoelectrons varies
from 0 (KE)_,,,. Hence, minimum possible KE of any
photoelectron is zero.

Intensity It is the number of photons passing through
an area in a given interval of time. Its 5] unit is
watt/steradian.

In photoelectric effect, we can observe that most
electrons get scattered into the metal by absorbing a
photon.

Thus, all the electrons that absorb a photon does not
come out as photoelectron. Only a few comes out of
metal whose energy becomes greater than the work
function of metal.

The value of threshold frequency is more than 10" Hz.

Since, work function is given as,
W, = hv,
= W, =wv,
As work function of metal X is higher than metal ¥, so
metal X has higher threshold frequency than metal Y.



24.

25.

26.

27.

28.

29.

30.

3L

We know that,
he he
Ay=— %:—}
"ty [ ko
}vn‘:L

i
Hence, metal B has lower threshold wavelength.

The photocurrent increases linearly with the intensity of
incident radiation.

Curves 1 and 2 correspond to similar materials, while
curves 3 and 4 represent different materials, since the
value of stopping potential for the pair of curves

{1 and 2) and (3 and 4) are the same. For given frequency
of the incident radiation, the stopping potential is
independent of its intensity. So, the pairs of curves

{1 and 3) and (2 and 4) correspond to different materials
but same intensity of incident radiation.

Metal A has higher value of work function because the
slopes of both materials are constant and the intercept
of the line depends on work function.
As, Ko, =hv—-W,
Kpax + W,
h
Wy, > W, and K is same, hence v, > v,.
We know that,

Ko =eVy=hv—vy)

Here, v=y
ely = hivy —vy)
=3 eVy=0

Vy=0
Hence, stopping potential becomes zero when frequency
of incident radiation is equal to threshold frequency.

All the electrons in the photo-sensitive material do not
belong to the highest level of energy. The energies of
the free electrons in the material belongs to many
different closely spaced levels. So, the energies of the
photoelectrons emitted from the material are distributed
over a certain range.

Since,

F
I
Sl], —]=[

JQ} ﬁ

| Iy
P
Stopping
potential
™,
=Vp 0 Collector plate —

= Retarding potential potential

33.

35.

Variation of photoelectric current versus potential for
different intensities.
According to first statement, when the materials which
absorb photons of shorter wavelength has high energy
of the incident photon on the material and low energy
of emitted photon of longer wavelength.
But in second statement, the energy of the incident
photon is low for the substances which has to absorb
photons of larger wavelength and energy of emitted
photon is high to emit light of shorter wavelength.
This means in this statement material has to supply the
energy for the emission of photons. But this is not
possible for a stable substances.
For a given frequency, intensity of light in the photon
picture is determined by

[ < Energy of photons _ nx hv

T Axt

where, n is the number of photons incident normally on
cross-sectional area A in time £

area ¥ time

Refer to text on page 440.
The number of photons of beam A =n,

The number of photons of beam B = ng
According to the question, n, = 2n,
Let v, be the frequency of beam A and vy be the
frequency of beam B.
Intensity = Energy of photons
= [ e (hv) % Number of photons
[y _navy
Ty myvy
According to the question, [, = I
ng 1

Va
NaV, =ngVy or T=T=E
B A

So, Vg =2V,

36. The intensities for both the monochromatic radiations

are same but their frequencies are different. It
represents

(1) the number of electrons ejected in two cases are same

because it depends on the number of incident
photons.

(ii) As,KE_, = hv—o, = he/h — o,

[Einstein’s photoelectric equation]
2 The KE ,, of violet radiation will be more.

37. (i) Here, it is given that, an electron absorbs 2 photons

each of frequency v, then v' = 2v
where, v’ is the frequency of emitted electron.

Given, E_. =h—1d,
Now, maximum energy for emitted electrons,
Epae = h(2V) — &,
= 2hv — &,

(ii} The probability of absorbing 2 photons by the same

electron is very low.
Hence, such emission will be negligible.



38.

39.

40.

41.

42,

The variation of stopping potential with the frequency
of radiation, incident on a metal plate is a straight line
AB as shown in the figure.

Take two points C and D on the graph.

L] Vi Wa
Frequency of radiation (v) —

The corresponding frequency of radiation is v,, v, and
stopping potential is V,, V,.

Then, eV =hv, — b, and eV, = hv, — &,
e(V,=V)=hiv,-v)
or h:M
Va— WV,

Thus, Planck’s constant can be determined.
During photoelectric emission, the
momentum of incident photon is
transferred to the metal. At microscopic
level, atoms of a metal absorb the photon \_r_
and its momentum is transferred mainly Ligh
to the nucleus and electrons.

Elactron

Metal

The excited electron is emitted. Therefore, the
conservation of momentum is to be considered as the
momentum of incident photon transferred to the
nucleus and electrons.

Given, A =4125nm =4125x10° m

h 663 % 107 % 3 % 10*
E=X= eV

Aooa1zsx10”t x1ex107®

=301 eV

From the given question, work function (&) of the
following metals are given as

Na—192,K— 215
Ca — 3.20, Mo — 4.17
As the given energy is greater than the

work function of Na and K only, hence these metals
shows photoelectric emission.

Refer to text on page 438 (Photoelectric Effect and Wave
Theory of Light)

From Einstein’s photoelectric equation,

K =IEH‘I‘ULI=HU—UD}

where, h = Planck’s constant,

v = frequency of incident light
and v, = threshold frequency of the photosensitive
surface.

So, for photoemission to takes place, v > v,.

As the wavelength of light incident is same for all the

three surfaces, so

(a) threshold frequency of surface A is higher than the
frequency of incident light, as no emission takes
place.

(b) threshold frequency of surface B is equal to the
frequency of incident light, as photoelectrons are just
emitted.

(c) threshold frequency of surface C is lower than the
frequency of incident light, as the emitted
photoelectrons have some kinetic energy.

(Ve )y = (W )g = (Vg e

43. (i) Refer to the text on pages 435 to 437.

(i) Refer to the text on page 438,

44. (a) The variation of stopping potential (V,) for the

photoelectron versus [%] graph is as shown below

Vo B
[ S
C
Vy femems :
i
' >10
o 1, i

Take any two points C and D on the graph as shown
above.
According to Einstein’s photoelectric equation, we

can write, el = h_r -ty A1)
Ay
where, ¢, is the work function of metal A.
and eV, =0 _ g, ...{ii)
Ay
Subtracting Eq. (i) from Eq. (ii), we get
1 1
= e{V—V}:hf{———]
FA} *y A

eV, - V) _elVy-Vi)h,d,

E[L_L]- e(h, —h,)
ha Ry

or h=

Thus, Planck’s constant can be determined from
graph.

Note Since, h is a constant, so it will be same for both
metals A and B.

(b) Stopping potential (V) for the electrons emitted will
not be affected by the increase in distance between
light source and the metal surface A. This is because
V, is independent of the intensity of the incident light
but depends only upon the frequency (or wavelength)
of incident light. So, increase in the given distance
affects only the intensity of the light but not the
frequency. Thus, V, remains same.



45. (i) Since, we know that, to eject an electron, a photon
must have energy at least as great as work function
{W,) and thus the minimum or cut off frequency to
W,
eject an electron is f, = —%
n
If the incident light has the frequency below this cut
off frequency, electrons are not ejected from the metal
surface, so we have to increase the value nffreqjency.

Le. decrease the value of wavelength [as U=% .

(ii) (a) is the best explanation.

46. (i) Since, photoelectric current depends intensity of
incident radiation and does not depend on the
frequency of incident radiation. Therefore, when
frequency of incident radiation is increased to double,
then photoelectric current remains same. This is
shown in the following graph

Photoslecttic curent

vy =v \I2='2\- Frequancy
{ii) Kinetic energy of emitted photoelectrons,

K=%mv§u=h\! = Kev

Hence, on increasing the frequency of incident
radiation to double, kinetic energy of emitted
photoelectrons also will increase to double. This is
shown below

|

K

Vo
/ — Fraquency (v)
Wﬂ

where, v, = threshold wavelength.
47. For the graph, refer to text on page 437.

(i) From the graph for the same value of v , stopping
potential is more for material B.

As, V=£(v—un}
[

oo Vis higher for lower value of v,. Here vy < v, s0
V=V,

(ii) Slope of the graph is given by h which is constant for
€

all the materials. Hence, slope of the graph does not
depend on the nature of the material used.

48.

49.

5L

52,

Cut-off voltage and threshold frequency
Refer to text on pages 436 and 437.

Graph between stopping potential (V) and
frequency (v).

Refer to text on page 437.

For cut-off frequency, refer to text on page 437.

Given that threshold frequency of metal is f and
frequency of light is 2 f. Using Einstein’s equation for
photoelectric effect, we can write

1
h{zf—f}:Emtrf (i)
Similarly, for light having frequency 5 f, we have
1
Msf—f}=5mv§ .. (i)
Using Eqgs. (i) and (ii), we find
f_v
4f v:
= i = l- = ﬁ- = l-
vy 4 v, 2

50. Refer to the text and graph on page 437.

(1) Refer to text on page 438.
(i) Energy of incident photon is less than work function
of P but just equal to that of Q.

(i) For Q,
. hv
Work function, &, = —(eV)
€

_66x107" x10"
16x107"
=41eV

(i) Refer to text on page 474.
(ii) Since, Einstein’s photoelectric equation is given by

KE . =imvi =hv—hv, =eV,
2

{a) For a given material, there exist a certain minimum
frequency of the incident radiation, below which
no emission of photoelectron takes place. This
frequency is called threshold frequency (vgh
Above threshold frequency, the maximum kinetic
energy of the emitted photoelectron or equivalent
stopping potential is independent of the intensity
of the incident light but depends only upon the
frequency of the incident light.

(b) If the collecting plate in the photoelectric
apparatus is made at high negative potential, then
most of the high energetic electrons get repelled
back along the same path and the photoelectric
current in the circuit becomes zero. So, for a
particular frequency of incident radiation, the
minimum negative potential for which the electric
current becomes zero is called cut-off or stopping

potential (V).



53. Einstein's photoelectric equations and its features

Refer to theory on pages 438 and 439.
According to the photoelectric equation,

Km:=l2'mvfm=m_¢ﬂ
Ky, = :i— 0 i)

Let the maximum kinetic energy for the incident
radiation (of wavelength A ,)be K7 _ .

= K =:—Z—¢u (i1}
From Eqs. (i) and (i), we get

he he .

—_— = —_—— K = 2 K

™ by ™ %] [ K e max]

—

54. (a) Refer to text on page 438.

55. (a)

Refer to text on page 436.

The energy of photoelectrons in a photocell is given
by,
E= h—f= W= E==v

A

Above the threshold frequency, the maximum kinetic
energy of the emitted photoelectrons or equivalent
stopping potential is independent of the intensity of
the incident light but depends upon only the
frequency (or wavelength) of the incident light.

Photoelectric Effect and Wave Theory of Light

Huygens' wave theory of light could not explain the

photoelectric emission due to the following main

IEas0ns

(i) According to the wave nature of light, the free
electrons at the surface of the metal absorb the radiant
energy continuously.

The greater the intensity of radiation, the greater
should be the energy absorbed by each electron. The
maximum kinetic energy of the photoelectrons on the
surface is then expected to increase with increase in
intensity.

But according to experimental facts, the maximum
kinetic energy of ejected photoelectrons is
independent of intensity of incident radiation.

(ii) According to wave theory of light, no matter what the

frequency of radiation is, a sufficiently intense beam
of radiation should be able to impart enough energy
to the electrons, so that they exceed the minimum
energy needed to escape from metal surface.
A threshold frequency, therefore should not exist
which contradicts the experimental fact that, no
photoelectric emission takes place below that
threshold frequency, no matter whatsoever may be its
intensity:.

57. Given, cut-off voltage,
Vu =15V

Maximum kinetic energy is given by,
KE__ =el, =15eV
=15%1.6x107"

=24x107"]

So, if the frequency of light incident on the cathode is 58. Given, ¢, = 4.2V
;::::::rnls;d_ the energy of photoelectrons increases —42x16x10™ ]

(b) As, photoelectric current/photocurrent of the = 672107
photocell is independent of frequency of the incident and A =330nm =330x%10 " m
light, till intensity remains constant. So, when the b
frequency of light incident on the cathode of Energy of incident photon, E = ae
photo-cell is increased keeping other factors same, !
the photoelectric current remains the same. 6.63% 107 %= 3% 10°

56. Main implications of observations obtianed from various B 330% 10°%

photoelectric experiments given as = 6.027% 107"

(i) For a given material and a given frequency of incident As fincident photon E < é. he
radiation, the photoelectric current or number of ERETEY Of incident photan ®o, hence no
photoelectrons  ejected per second is directly photoelectric emission will take place.
proportional to the intensity of the incident light. 59. We know that, hv = hv, + eV

(if) For a given material, there exists a certain minimum where,

1 2
frequency of the incident radiation below which no eVo = Emv -

emission of photoelectrons takes place. This

=4eVor eV, =4eV
frequency is called threshold frequency.

Vi, =4V



60. Given, slope of graph,
tan B =4.12x107" V-5

&
=

Charge on electron, ¢ =1.6 = 1w*c

Vo

Slope of graph of cut off voltage versus frequency is

tanﬁ:i
v
We know that, hv = eV or E:ﬂ
v ¢
=412 x 107"

h
e
h=16x 107" % 4.12 % 107"
= 6592 % 10745

61. (i) Energy = eV = hv
_ eV _1ex107 x30x10°

o V=—= = =7.24 x10" Hz
h 6.63 =107
(i) As, c=VLh
3% 10
- Wavelength, A = = —————; = 00414 nm
v 7.24 %10

62. (i) As given in the question,
M =045 A =045% 107" m

The maximum energy of an X-ray photon is,
he

M i
_ 663 %107 x3x 10 ]
0.45 % 107
_ a6Ix3Ix107"
045 % 16 % 107"
=276%10%eV
= 276 keV
(i1} In X-ray tube, accelerating voltage provides the energy
to the electrons which produces X-rays. For getting
X-rays, photon of 27.6 keV is required such that the
incident electrons must possess kinetic energy
27.61 keV.

Energy = eV =E, eV = 27.6 keV
V=276 kV =30kV

So, the order of accelerating voltage is 30 kV.

E . =h_ =

eV

63. Using the formula for kinetic energy,

_ hiv—w,)

- €

663 107 (8.2x 10" - 3.3x 10')

1L6x107"

Cut-off voltage , V,

=203V

64. Given, A =5000A =5%10" m
and b, =12eV =12x16x10""] =192x107"]

h h
We know that, eV, = hv—hv, = ae
A A
hc
[r‘1 ¢D B }I‘_:I
a
he B, _662x107 x3x10° 192x107"
eh e Lex10¥xs5x107  1ex107™
= 24825—-1.2=128V

65. Given,
v=721x 10" Hz, m=91x 10" kg

Vo =6 10° m/s

Let v, be the threshold frequency.
Use the formula for kinetie energy,

KE =Llmvi_ =hv—hv,
2

= he/h — &,

x9.1 %107 x(6x10°)* = 6.63 X107 (v—v,)

ba | =

363 9.1 % 107"
2% 663 107H

v, =474 x 10" Hz

or V—v, = = 2.47 x 10" Hz

66. Given, for the first condition, A = 600nm
For the second condition, A =400nm

Ko

= 2K
he

he
Here, Klp=—-t = 2K_,=—-—
ere =0 ==t

- 2[1240 a ¢) _ [1240 B ¢]
600 400
1240
= h=——=103eV
1200

[rhe = 1240 eV-nm]

67. Total energy of 2 y-rays = 10.2 BeV= 10.2x 10° eV
~ Energy of each y-rays,
1
E==(102x 10° x 1.6 x10” )] =8.16 x 107°]

As energy of y-rays, E = hv = ﬁf

he 663 x 107" x 3 x 10*

Sk =243% 10" m

E 816 % 107"
68. Given, by =4.28eV, b, = 287eV
Also, b= hv,
¢.|'|.1 =428V = fl'h"w

4.28x16x107"

=V = — = 103x10"Hz
662x107H
287 x 16 x 107"
Similarly, vy, = ——————=693x10""Hz
662 %10



(i) Alumininm requires higher frequency of light to
produce photoelectrons, ie. 103 %10 Hz

(ii) Ca has minimum frequency, i.e. 693 x 10" Hz that will
produce photoelectrons from each surface.

69. Energy of the incident radiation of wavelength A,

‘ _he _ (663 % 107) x (3 x 10*)

Aoo3300 x 107" < 1ex107

=376 eV

This energy of the incident radiation is greater than the
work function of Na and K but less than those of Mo
and Ni. 5o, photoelectric emission will occur only in Na
and K metals and not in Mo and Ni.
If the laser is brought closer, the intensity of incident
radiation increases. This does not affect the result
regarding Mo and Ni metals, while photoelectric current
from MNa and K will increase in proportion to intensity.
70. (i) Since, Q has greater negative intercept, it will have
greater ¢ (work function) and hence higher threshold
frequency.
(it) To know work function of Q, we put
V =0 in the following equation.

e [
— =£—E=h ¢=h\:’
[ [
d=66x107" x6x10" ]
66 3 6 % 1072
= ——eV=125eV
16 % 10

(iii) From the equation, vi =¢
¢ 3Ix10® 30
= A=—= == %10m
v gxio" 8

0 _ 30
=3 X 10° x 107" m =— «10%A = 3750 A

12375 - 12375 eV =33 eV
Ay 3750
- Maximum KE of emitted electron = 33 — 25 eV
=03 eV
T1. (i) Refer to Q. 56.
Thus, work function of B is higher than A.
(ii) For metal A, slope = E ;:4
e (10— 5)x10
2xe _ 2x16x107"
5% 10" 5 % 10"
=64 x107% Js
h 25
For metal B, slope = —= ———
e (15—10) x10
25xe  25%16x107"
or h= =
5% 10" 5% 10M

Energy =

or h=

=8%x107™ -5

Since, the value of h from experiment for metals A and
B is different. Hence, experiment is not consistent
with theory.

72. Given, work function of caesium metal, ¢, = 2.14 eV
Frequency of light, v = 6 x 10" Hz
(i) Work function, ¢, = 214 eV, v =6 = 10" Hz

e Ko = hv— o,
=663 %107 x 6 x 10" — 214
—2i)
663 % 6 % 10
=—_HEV—214
16 % 10

=248 - 214 =034 eV
(i) Let stopping potential be V.
We know that, KE _, =eVj

= 0.35eV = el
: V, =035V
(iii) Maximum kinetic energy, KE_ = ]Em'u:m
1 3
035eV = Emvm
where, v___ is the maximum speed and m is mass
{whe max 18 th i speed and the
of electron)
035% 2% léx 107"
9.1% 107" =V [Ve=16x107"7]
1
= vi, =0123 x 10"
= Vi = 35071355 m/s

=3507 km/s
T3. Refer to Q. 59.
h=6377 %107 J-s
74. Here, for neon lamp, A = 640.2 nm = 640.2 X 107 m
VD =054 V
he
We know that, eV, = . y

s Work function, ¢, = h_c - eV,

_ 663 %107 %3 x10°
640.2 X 107
=(3.1 x 107" —0.864 x 107"} ]

—16% 107" % 0.54

2.236 x 107°"*

= 2.236 x 107" ] = -
1.6 % 10

eV Z1.4eV

For iron source, A =427.2 nm = 427.2 x 10 m

—%54 ]
eV, _he _ - 6.63 % 10 xixm Y —
A 427 2 %10
= (4656 % 107" — 2.236 x 107%) |
= 242 % 107 "]
242 x 107"
o Stopping potential, V = ——
(3
242 x 107"
16 = 10



75. Given, the following wavelengths from a mercury
source were used

A, =3650A=3650%10"" m
hy=4047 A=4047 10" m
Ay =4358 A=4358 10" m
b, =5461 A=5461 x 107" m
Ay =6907 A =6907 x107" m

The stopping voltages are as follows:

V, =128V, Vy, =095V, Vi, =074V
Vau=016Vand V=0

Frequencies corresponding to wavelengths,
&
3 %10
V, == = 8219 x 10" Hz
Ay 3650 %107

Similarly,

v, =7412%10" Hz, v, = 6.884x10" Hz

v, =5493x10" Hz, v, =4.343 % 10" Hz

As we know that, eV, = hv — ¢,

v, = _%
[4 [

As the graph between V) and frequency v is a straight

line.

The slope of this graph gives the values of i
e

Ch_ V=V 1.28 — 016 112
e

L1z x16x107
2.726 x 10"

h =6573 %107 ]

As v =5x10"Hz [given]

average
. Work function, &,= hv, =6.573x 107 x 5 x 10
=32.865% 10 ] = 2.05 eV

T6. Wehave,E:hU:b:-—f

_ 663x107 x3x10°

4000 x 107"

T7. Maximum wavelength of visible light
{ie. of red light) is 7800 A.

E =496%107"7 |

he 12400 (eV-A)

oo Energy of red light, E=—=————— = 1.6 eV

Y 7800 (A)
T78. Energy of a photon, E = ’;-_':

oo Number of photons incident per square metre per
second,
_ ph_(1.388x 10°)x 550% 107°

n=l_F
E he  he  (6.63% 107%)x (3% 10%)
A

= 384 x 10" photons/m®-s

79. Suppose wavelength of X-rays is A, and the wavelength
of visible light is 4 ,.
Given, P=100W, L, =1nm, i, =500 nm

Also, n, and n, represent number of photons of X-rays
and visible light emitted from the two sources per

second.

SDI £=P=nlh_r=n2£
t Ay Ay

- mo_omo oo A1
Ay Ay n, A, 500

80. Refer to example 4 on page 475.
(i) E=211eV (i) n=3x10"photon / s
81. Here, A =500nm =5%10" m
Energy of one photon
_he _663x107% x3x10°
S 5%107
=398%107" ]
A bulb of 100 W supplied 100 ] of energy per second.
. Energy released per second as visible photons

100

- Number of photons emitted per second as visible light
10

T 398x107"
82, Here, I=10"* Wm™>, A=2x10"* m*

=25%10"

n=5t="7
b, =2eV=2x16x10 "]

Sodium has one conduction electron per atom and
effective atomic area = 107" m?
Number of conduction electrons in five layers

_ 5% Areaof one layer _5x 2x10”? 10"

B Effective atomic area 1w
Incident power, P = Intensity x Area
=W xRl P =2x10T W

According to wave picture, the incident power is

uniformly absorbed by all the electrons continuously.

Hence, energy absorbed per second per electron
Incident power

- Number of electrons of five layers

-4
S2X10 o w*w

lﬂ"

2 Time required for photoelectric emission will be,
ta Energy required per electron for ejection

Energy absorbed per second per atom

_2x16x107"

2x 107"

=1.6x10"s



| TOPIC 2|
Matter Wave

Wave thmr}r of :l:ctmmagncric radiations :xpla.im:d the
phenomenon of interference, diffraction and polarisation

of light.

On the other hand, quantum theory of clectromagnetic
radiations successfully explained the photoclectric effect,
Compton effect, black body radiation, X-rays spectra, etc.

From phum:lcctric and Compron effects, it is clear thar a
particle (photon of radiation) is colliding against another
particle (electron). It is due to this reason it was concluded
that, in phntnc|cctric effect and Compron effect, the
radiation possesses particle nature.

It means radiation sometimes behaves as a wave and
sOMetimes as a partich:. Therefore, Louis Victor dc-Bn:rch
suggested that the particles like clectrons, protons,
neutrons, e¢tc., have dual nature, i.c. they can have parricle
as well as wave narture.

MNote Matter cannot exist both as a particle and as a wave
simultaneoushy. At a particular instant of time, it is either the one or
the other aspect, i.e. the two aspecis are complementary o each
other.

WAVE NATURE OF
PARTICLES:
(DE-BROGLIE HYPOTHESIS)

According to de-Broglie, a wave is associated with moving
material particle which controls the particle in every respect.
The wave associated with moving material partir.:lc is called
matter wave or de-Broglie wave whose wavelength is called

h
de-Brogliec wavelength which is given by A= —

my
where, m and v are the mass and velocity of the particle and
b is Planck’s constant.
According to Planck’s quantum theory, the energy of the
phatan is given hy

E=h=—
A (

L

According to Einstein's theory, the energy of the photon is
given b}-’
E=me’

el 1)
Therefore, from Eqgs. (i) and (i), we get

A=

.1.:_ or
mc

| E

\"-"I'Il:rf, ‘!J =mc 1s momentum DF a Pth‘Dn.

If a material particle of mass m is moving with velocity »,
then momentum of the particle, p = mv.

ﬁccurding to d:-Bmg“: h}-’pn thesis, the wav:l:ngth of wave
associated with moving material particle becomes

[ki:i

P‘ my

which is the expression for de-Broglie wavelength.

From the above expression fallawing observations we made
1

(i) The de-Broglic wavelength A e<—. If the particle
v

moves faster, then the wavelength will be smaller and
vice-versd.

(ii) If the particle is at rest (¢ =0), then the de-Broglic
waw:l:ngth is infinite (A = =). Such a wave cannot
be visualised.

(iii) The de-Broglic waves cannot be electromagnetic in
nature because electromagnetic waves are produced

by motion of charged particles.

(iv) The wavelength of a wave associated with moving
particle defines a region of uncertainty, within which
the whereabouts of the particle are unknown.

These facts lead to Heisenberg's uncertainty principle.
According to this principle, it is not possible to measure
both the position and momentum of a particlc at the same
time exactly. There is always some uncertainty (Ax) in the
specification of position and some uncertainty (Ap) in the
spcciﬁcatian of momentum. The pmduct of Ax and Ap is

of the order of A, (with fi= i},
2r

h
i.t.jirﬁpzﬁ=z—.
T

Common Features of Matter Waves

Some common fearures of matter waves are as given below
(i) Matter waves can travel in vacuum and hence thc}r are
not mechanical waves,

(i) Marter waves are probability waves, amplitude of
which gives the prahabi“t}.r of existence of the parti::l:
at the pnint.lfat a point, the Jmplitudc of the wave is
A, then probability of the particle being found in a
small volume &V around that point is| 4 |2 dV.



EXAMPLE |1| An electron and a photon each have a
wavelength 1.00 nm. Calculate

(i) their momenta,

(ii) the energy of the photon and

(iii) the kinetic energy of electron. NCERT
Sol. Given, L =1 nm = 1x 107 m, h=6.63x 107 J.g

c=3x10°mfs, p=7, E=2, K="

(i) Momentum of the photon, Pp= ;
34

6.63 x 10 —
= —663x 107 kg-m/s
1x 107
Momentum of the electron, p, = T
6.63x 1074 s
=27 = 663x 107 kg-m/s
i
1 x 10
(ii) Energy of the photon,
he 663 %107 x3x10° -
E=2_ = = 1.99 % 107"
s 110

(iii) Kinetic energy of the electron,

Pt (663x1077)°

=11

=241%107"]
2m,  2x91x10

K=

EXAMPLE |2| A proton and an electron have same
de-Broglie wavelength. Which of them moves fast and
which possesses more kinetic energy? Justify your answer.
Sol. Kinetic energy of particle of mass m having momentum
pis given by

2
K=P—::t p=2mkK
Zm

The de-Broglie wavelength, i = At
ju 2mK
h .
p=7 -Ai)
hz
and K=—— (i)
2mi?

If A is constant, then from Eq. (i), we get
p = constant, ie. mov, =mv,
Yy m,

or @ =—=—ul
V‘

Mg

or v, < v,

If & is constant, then from Eq. (i), K = L
m

K
L= cyork, < K.
K, m, r
It means that the velocity of electron is greater than that
of proton. Kinetic energy of electron is greater than that

of proton.

Relation between de-Broglie
Wavelength (L) and Temperature (7")

From kinetic theory of matter, the average kinetic energy of
a particle ar a given temperature 7 kelvin is given by

K= é kT
2
where, # = Boltzmann constant.

If a particle of mass m is moving with velocity 2, then its
kineric energy is,

K= l my”
2
Momentum of partic|c 15
p=mr=+2mK
= 1’2.»2 * %&T = 3mkT
= de-Broglie wavelength, A = L] =L
J A3mkT

EXAMPLE |3| Find de-Broglie wavelength of neutron
at 127° C. Given, mass of neutron =1.66 x 10~ % kg,
Boltzmann constant, k= 1.38x 1072 mol~* K,

and Planck’s constant, h =6.63 % 107 J-s.

Sol. Here,
T=127"C=127+ 273=400 K
Energy of neutron at127° C,

3 3 _
E=ZkT=2x138 %1072 x 400
z 2
=828% 107 |

A=
;2}!‘!’.5

6.63% 1078

J2 %166 x 1077 x 8.28 x 107

= 1264 x10 " m
=1.264 A

de-Broglie Wavelength of an Electron

Let an clectron of charge e having mass m be accelerated
from rest through a potential difference V, then

e 3
Gain in kinetic energy of an electron = 5 my

Work done on the electron =&V

2
—my” =V



=

2eV

m

»=

Momentum is given hy p=mv=x2eVm

The wavcl:ngd'l associated with maoving clurg: 1s given by

r=tot

> oV -4

b

If accelerared chargl: is clectron, then A Zﬁ

2eVim,

WhCIC, m, = mass DF CICCIIIDIL

Substituring the numerical values of b, m_ and e in Eq. (i) we

EC[

A 6.63x 107
2x9%107 x1.6x 107" x V
12.2
122 10m
N
12.27
=——A4A
N
1.227
= nim

NG

EXAMPLE |4| Determine the de-Broglie wavelength
associated with an electron, accelerated through a
potential difference of 100 V.

Sol. Given, potential difference (V) =100V

12.27 1227
. de-Broglie wavelength (L) =T= = 1.227A
vV ilm

In this case, the wavelength associated with an electron
is of the order of wavelength of X-rays.

TOPIC PRACTICE 2 |

OBJECTIVE Type Questions

1. The de-Broglie wave of a moving particle does
not depend on
(a) mass
{c) velocity

(b) charge

(d) momentum

2. The de-Broglie wavelength of a particle of KE,

K is L. What will be the wa\reler}?h of the
i

particle, if it's kinetic energy is i

{a) A
(c) 3

(b) 2h
(d) 4k

4.

A proton, a neutron, an electron and an
o-particle have same energy. Then, their
de-Broglie wavelengths compare as

@A, =h,>A >k, DA, <A, =A,>A,
@A, <hp=r, >y (DA, =4, =k, =k,

Which of the following figures represent the
variation of particle momentum and the

associated de-Broglie wavelength? CBSE 2020
P P
! I
(a) (b)
— e
P P
(c) (d)
— —_—

The kinetic energy of a proton and that of an
o-particle are 4 eV and 1 eV, respectively. The
ratio of the de-Broglie wavelengths associated
with them, will be
(a) 2:1

(c)1:2

(b)1:1
(d)4:1

VERY SHORT ANSWER Type Questions

6.

8.

10.

1.

What consideration led de-Broglie to suggest
that material particles can also show wave
property?

Are the matter waves electromagnetic in
nature?

Show graphically the variation of de-Broglie

wavelength & with the potential V¥ through

which an electron is accelerated from rest.
Delhi 2011

Write the expression for the de-Broglie
wavelength associated with a charged particle
having charge ¢ and mass m, when it is

accelerated by a potential V. Delhi 2013

A photon and an electron have the same
de-Broglie wavelength, which one has higher

total energy?

A proton and an electron have same kinetic
energy. Which one has greater de-Broglie
wavelength and why? All India 2012



12. A photon and a proton have the same
de-Broglie wavelength A. Prove that the energy
of the photon is (Zmic/h) times the kinetic
energy of the proton. CBSE 2019

13. Aparticle with rest mass my is moving with

velocity c. What is the de-Broglie wavelength
associated with it?

14. Plot a graph showing variation of de-Broglie
wavelength (3.) associated with a charged

. I .
particle of mass m, versus W where V is the

potential difference through which the particle
is accelerated. How does this graph give us the
information regarding the magnitude of the
charge of the particle?

SHORT ANSWER Type Questions

15. Why is the wave nature of matter not more
apparent to our daily observations?

16. Show that the wavelength of electromagnetic
radiation is equal to the de-Broglie wavelength
of its quantum (photon). NCERT

17. Aproton and an «-particle are accelerated
through the same potential. Which one of the
two has

(i) greater value of de-Broglie wavelength
associated with it and
(ii) less kinetic energy?
Give reasons to justify your answer.
Delhi 2014

18. The two lines marked A and B in the given
figure, show a plot of de-Broglie wavelength i
versusw, where V is the accelerating potential

for two nuclei H and *H.

A

W

(i) What does the slope of the lines represent?

(ii) ldentify, which of the lines corresponded to
these nuclei. All India 2010

19. Assuming an electron is confined to al nm
wide region, find the uncertainty in momentum
using Heisenberg uncertainty principle

(Ax x Ap = h). You can assume the uncertainty in
position Ax as 1 nm. Assuming p = Ap, find the
energy of the electron in eV. NCERT Exemplar

LONG ANSWER Type I Questions

20. An electron, c-particle and a proton have the
same de-Broglie wavelengths. Which of these
particle has

(i) minimum kinetic energy?

(ii) maximum kinetic energy and why?

In what way has the wave nature of electron
beam exploited in electron microscope?

21. Electrons are emitted from the cathode of a
photocell of negligible work function, when
photons of wavelength A are incident on it. Derive
the expression for the de-Broglie wavelength of
the electrons emitted on terms of the wavelength

of the incident light. All India 2017 C

22. (a) Explain de-Broglie argument to propose his
hypothesis. Show that de-Broglie
wavelength of photon equals

electromagnetic radiation.

(b) If deuterons and alpha particle are
accelerated through same potential, find the
ratic of the associated de-Broglie
wavelengths of two.

NUMERICAL PROBLEMS

23. Aparticle is moving three times as fast as an
electron. The ratio of the de-Broglie wavelength
of the particle to that of the electron is
1.813% 107", Calculate the particle's mass and

identify the particle. All India 2011

24. de-Broglie postulated that the relationship,
h= L] is valid for relativistic particles. Find out

the de-Broglie wavelength for an (relativistic)
electron whose kinetic energy is 3 MeV.

25. The wavelength of light from the spectral
emission line of sodium is 589 nm. Find the

kinetic energy at which
(i) an electron and

(ii) a neutron would have the same de-Broglie
wavelength? NCERT

26. What is the

(i) momentum (ii) speed and
(iii) de-Broglie wavelength of an electron with
kinetic energy of 120 eV? NCERT



27.

28.

29.

30.

31

32.

33.

34.

35.

(i) Determine the de-Broglie wavelength of a
proton whose Kinetic energy is equal to the
rest mass energy of an electron. Mass of
proton is 1836 times that of electron.

(ii) In which region of electromagnetic
spectrum does this wavelength lie?
All India 2011

What is the de-Broglie wavelength of
(i) a bullet of mass 0.040 kg travelling at the
speed of 1.0 km/s
(ii) a ball of mass 0.060 kg moving at a speed of
L0 m/s
(iii) a dust particle of mass 1.0x 107 kg drifting
with a speed of 2.2 m/s? NCERT

Obtain the de-Broglie wavelength of an
electron of kinetic energy 100 eV. Mass of
electron=9.1x 10" " kg,e = 1.6x 107" C,

h=663%10"* J-s.

The wavelength of light from the spectral
emission line of sodium is 580 nm. Find the
kinetic energy at which the electron would have
the same de-Broglie wavelength. CBSE 2019

(i) For what kinetic energy of a neutron will
associated de-Broglie wavelength be
1.40% 107" m?

(ii) Also, find the de-Broglie wavelength of a
neutron, in thermal equilibrium with matter,
having an average kinetic energy of (3/2) kT
and temperature is 300 K. NCERT

Calculate the
(i) momentum and
(ii) de-Broglie wavelength of the electrons
accelerated through a potential difference of
56 V. NCERT

Find the ratio of the de-Broglie wavelength,
associated with protons, accelerated through a
potential of 128 V and o-particles, accelerated
through a potential of 64 V. Delhi 2010C

A proton and an g-particle have the same
de-Broglie wavelength. Determine the ratio of
(i) their accelerating potentials

(ii) their speeds. All India 2015

An electron microscope uses electrons
accelerated by a voltage of 50 kV. Determine the
de-Broglie wavelength associated with the
electrons.

36.

37.

38.

39.

40.

41.

42.

Taking other factors, such as numerical
aperture, etc., to be same, how does the
resolving power of an electron microscope
compare with that of an optical microscope
which uses yellow light?  NCERT, All India 2014

Crystal diffraction experiments can be
performed using X-rays or electrons accelerated
through appropriate voltage. Which probe has
greater energy? (For quantitative comparison,
take the wavelength of the probe equal to 1 A,
which is of the order of interatomic spacing in
the lattice.) (m, = 9.1 x 10™* kg) NCERT

An electron is accelerated through a potential
difference of 64 V. What is the de-Broglie
wavelength associated with it? To which part of
the electromagnetic spectrum does this value
of wavelength correspond?

Compute the typical de-Broglie wavelength of
an electron in a metal at 27°C and compare it
with the mean separation between two
electrons in a metal which is given to be

about 2 x 10" m, NCERT

Find the typical de-Broglie wavelength
associated with a He atom in helium gas at room
temperature (27° C) and 1 atm pressure and
compare it with the mean separation between
two atoms under these conditions. NCERT

The de-Broglie wavelength associated with an
electron accelerated through a potential
difference V' is & . What will be its wavelength
when the accelerating potential is increased

to 4 V?

An electron gun with its collector at a potential
of 100 V fires out electrons in a spherical bulb
containing hydrogen gas at low pressure

(~107 mm of Hg). A magnetic field of 283 x10™ *
T curves the path of the electrons in a circular
orbit of radius 12.0 em. (The path can be viewed
because the gas ions in the path focus, the
beam by attracting electrons and emitting light
by electron capture, this method is known as
the fine beam tube method.) Determine e/m
from the data. NCERT

(i) Estimate the speed with which electrons

emitted from a heated emitter of an
evacuated tube impinge on the collector
maintained at a potential difference of 500 V
with respect to the emitter. Ignore the small
initial speeds of the electrons.



The specific charge of the electron, ie. its
e/m is given to be 1.76 x 10" C/kg.

(ii) Use the same formula you employ in (i) to

L. (b) de-Broglie wavelength, i = L5

obtain electron speed for a collector
potential of 10 MV. Do you see what is
wrong? In what way is the formula to be
modified? NCERT

HINTS AND SOLUTIONS

h
pomv

5o, the de-Broglie wavelength does not depend on
charge.

2. (c) de-Broglie wavelength, i =

h .
Jzmk -

\'u"henﬂ'heKEisg,ﬂmn

, h 3h

G

3 [usingEq. (i)

3. (b) We know that the relation between A and K is given

Since, m, =m, hence k , =k,
As, Mg > m,, therefore A, < i,
As, m, < m,, therefore L, > A,
Hence, ho<h,=h,<Ah,

(b) The de-Broglie wavelength is given by

A= hip = ;JJL =h
This equation is in the form of yx = ¢, which is the
equation of a rectangular hyperbola. Hence, the graph
given in option (b) is the correct one.

(b) The de-Broglie wavelength associated with a particle
is given by

Given,

P i
Ay [k, [T ey
o YmK, N1 L™ ]

6. The following considerations led de-Broglie to suggest
that material particles can also show wave property
(i) The Einstein’s mass-energy relationship E = mc”, ie.
matter can be converted into energy and wvice-versa.
(ii) Wave nature loves symmetry, hence from symmetry,
consideration particles like electrons, protons should

exhibit wave nature when in motion.

7. No, matter waves are not electromagnetic in nature,
because electromagnetic waves are only associated with
accelerated charged particles, but de-Broglie wavelength

A =i i.e. associated with momentum
P

B. We know that, & = :I}-
Vv

de-Broglie
wavelength (i)—

O Elactric patential (V) —

= AV = constant |- constant =

9. de-Broglie wavelength,
L

P N :E ZmgV

10. Total energy of an electron, E, = me*

Total energy of a photon, E, = th

de-Broglie wavelength of electron of mass m moving
with velocity v,

1
Jame |

_ h
mv
h
= ms=—
hv
2 he*
oo Energy of an electron, E, = me® = —
v
he?
Ea = }u'l.-' = i
E, he
A
As ¢ == v, therefore the total energy of electron is more
than the total energy of photon.
11. de-Broglie wavelength,
L= L1 , where K = kinetic energy

P 2mK

1
For given KE, b = —
£l »\I"E



12,

13.

14.

15.

Since, electrons have smaller mass, i.e. h, > A .
For given kinetic energy, electrons have greater

de-Broglie wavelength as these have smaller mass.

h
Energy of photon, E, = Tf

Energy of electron (moving particle),

de-Broglie wavelength associated with the moving
particle is

h=hiporp=hik
(WA 1 B

E, :
2 m 2 m

E.,_= hefh _ 2mhc

E,. 1 MK h
23%m

de-Broglie wavelength,
ho heft— vl
mv myv
2.2
fe -0
MyC

.ﬁ!!].—f

The de-Broglie wavelength is given by

A= h
- ;izmq'i-’
1

= l:w

A=

h
slope = V2mg

14V
Thus, it gives a straight line graph.

h
v = = slope of graph
JZrnq

Knowing the mass of particle (m) and slope of graph, we

can caleulate charge (g) on a particle.

The de-Broglie wavelength associated with a body of

h
mass m, moving with velocity v is given by A = —
mv

Since, the mass of the objects used in our daily life
is very large, hence the de-Broglie wavelength

associated with them is quite small and is not visible.

Hence, the wave nature of matter is not more
apparent to our daily observations.

16. The momentum of an electromagnetic wave of

frequency v, wavelength A is given by

==

F:

or o=

‘1‘:|:r'1|.=:"

de-Broglie wavelength of photon,
a=k
P
Thus, wavelength of electromagnetic radiation is equal to
the de-Broglie wavelength.

17. (i) The de-Broglie wavelength of a particle is given

b= :izm'lr’ﬂq

S0, potential V, is same.
Since, o-particle and proton both are accelerated
through the same.

1

oo
Jmg

Mpdp
My e
As, charge on ot-particle = 2 % charge on proton
p _1
qu =2g, > -E==
! Ju 2
Mass of w-particle = 4 x mass of proton

Aa
or —
ITl"I:"

m 1
mu=4)<mp = L=
4

=

ie proton has greater de-Broglie wavelength than
that of a-particle.
(ii) KE = g (for same accelerating potential)

The charge of an «-particle is more as compared to a
proton. So, it will have a greater value of KE . Hence,
proton will have lesser KE

18. de-Broglie wavelength of accelerating charged particle is
given by

A= . =9]LJ_= L

JomaV Jomg

h
(i) The slope of the lines represents
4 2mg

where, h = Planck’s constant, g = charge and
m = mass of charged particle.
{ii) ,H* and ,H* carry same charge (as they have same

atomic number).
1
AV =<
Jm
The lighter mass, ie. ,H2 is represented by line of

greater slope, i.e. A and similarly, , H* by line B.



19. Here, Ax=1 nm=10" m, Ap=? As, AxAp=h

_h_h _ 66x107™]s
AP " omAx C Ix (@20 ) m
= 1.05 x 10" ® kg-m/s
2 A 2
Energy(£)=p5=(—2% [ p=Ap]
_ (105 x107%)°
T 2x91x107"

_ ( 1.05% 1075 )*
2% 9.1x 107" x 1.6x 107*°
=38x 107 eV

20. de-Broglie matter wave equation,

k-—-v_

where, K is kinetic energy and m is mass of particle.
hz

[ Sl
2m

K= [for same wavelength A ]

where, m., m, and m,, are masses of electron, proton and
o-particle, respectively.
Also, K, K, and K, are their respective kinetic energies.
m, > m,>m,
= mym,>mm,>mm
= K.>K,>K,
(i) o-particle possesses minimum kinetic energy.
(ii) Electron has maximum kinetic energy.
The magnifying power of an electron microscope is
inversely related to wavelength of radiation used.

Smaller wavelength of electron beam in comparison
to visible light increases the magnifying power of

P

microscope.
21. We know that, he ol e
A ke 2
Neglecting the work function, we get
he 1 2
—=—mv
2
. L h
de-Broglie wavelength is given by, &, = —
mv

hfh hl
3 hf

22 (a) de-Broglie Hypothesis According to de-Broglie, a

wave is associated with moving material particle
which controls the particle in every respect. The wave
associated with moving material particle is called
matter wave or de-Broglie wave whose wavelength
is called de-Broglie wavelength which is given by
h
h=—

mwv

where, m is mass of the particle, v is velocity of the
particle and h is Planck’s constant.

This means the mass and radiation are symmetrical in

nature.
According to de-Broglie equation, wavelength,
h
Yty
P
where, p = momentum of photon.
hv
= MC = —
c
-
hv v

which is equal to the wavelength of an
electromagnetic radiation.

(b) The de-Brogile wavelength of a particle is given by

A ;JZmV‘,q

1
Since, V, is same, so A -==7—
0 mq
For deuteron, g, = + e, m, =2m,
For a-particle, g, =+ 2e, m, = 4

ll o mu‘la JZex4m

A q,md ex2m
=2:1
23. Given, Ve =3 Vaecon (1)
and A = 1B13X 1070 A,
As, A= 8L [de-Broglie equation]
my
s Mparice _ A deceran XV deceron

My in Am X ¥ paride
b MW
T 1813% 107 * x A decrron X 3V dlecaron
Mpumice = 1839 Myran [given][from Eq. (i)]
=1839%9.1x107*
=1.673x1077 kg

. Particle is either a proton or a neutron.

24, de-Broglie wavelength,

A= h
zmK
Substituting the given values, we get
A =358%10"m
25. Given, wavelength of light,
=589 nm=>589x 10~ m

Mass of electron, m, =9.1x 107 kg
Mass of neutron, m, =1.675% 107 kg

Planck’s constant, h= 6.63x 107% J-s



X h
(i) Using formula, A -m
Kinetic energy of electron,
I (6.63x 107%)*
2h*m, 2x(589x 107 ) x 9.1x 107"

=6.96% 1077 ]
(ii) Kinetic energy of neutron,
K (6.63x 107%)*
Ky=— myes =)
2h°m, 2x(589x 107 )" X 1.675% 10
381x 1072 ]
26. Given, kinetic energy = KE= 120 eV

(i) Momentum, p = .JZ eVm = JZ KE-m

K. =

[“KE=eV]
=42 120X 1.6 107 x 9.1x 107"

=5.91x 10 g-m/s
(if) We know that momentum, p = mv

p _591x107
or Ve ——
m  91x107"
=6.5x10° m/s
(iii) de-Broglie wavelength associated with electron,
12.27 12.27

I=s A= A
Jv 120
=0.112% 107m =0.112nm

27. (i) de-Broglie matter wave equation is given by

A=lat
p NemK
p=2mK
where, m = mass of proton and
K = kinetic energy of proton.
According to the question, kinetic energy of proton,
K =myc* [usingEinstein’s mass-energy relation]
= h= 2
;; 2m (m,c:2 )
h
2¢c-yfm-m,
= A [ m=1836m,]
32 c-m, Jl 836
e 6.63 x 107
T 1418 X (3X10°) X 9.1 X107 x 42.8
=4x10"" m
(if) This region of electromagnetic spectrum is y-ray.
28. (i) Given, mass of bullet, m = 0040 kg

Speed of bullet, v = 1000 m/s

h _ 663x 107
de-Broglie wavelength, A = —=———
mv  0.040x 1 X 10

=166 %107 m

(ii) Mass of the ball, m = 0.060 kg and speed of the ball,

v=1m/s
A L=6.63x10"‘
mv 0.060 x 1
=11x10% m

(iii) Mass of a dust particle, m=1x10"" kg and speed of
the dust particle, v = 2.2 m/s
L M _ 663X 107
mv 1x 107 x 2.2

=30x10" m
29. Refer to Q.28 on page 461, A =12x10"’m
30. Given, A =59 nm = 590x 10" 'm
h h
de-Broglie wavelength (L) = —=
p mE

where, m is the mass of electron.

Thus, 590 X 10° = 8626 X 107>
V2x911x107 x E

_ 6626 x10%

= f2x911x10* x E .
=0112x10" %

=  2x911x107* x E=(0112 x10"5)?

_ 000012544 x10%°
T 2xo11x107

=6884 1075 ]

=5 E

31 (i) Refer to Q. 26 on page 460.

= 'S
KE = 6714 x 10" ], using K = ——
J o 2ma’

(i) Kinetic energy associated with temperature,

KE=%kT =%(1.38x 1072) % 300

=621%x107" )

[ - absolute temperature, T =300 Kand
Boltzmann’s constant, k=138x10"" J/K]

KE=621x10"""]

de-Broglie wavelength associated with kinetic energy,
A h 6.63 x 107

© Jem KE - [ox1675x107 x 621 x107"
=145x107"" m=145A
32. Given, potential difference, V =56V

(1) Use the formula for kinetic energy,

2eV
=V2

1
eV=—mv’ =
2

2eV
= v= 1’—
m

m



where, m is mass and v is velocity of electron.
Momentum associated with accelerated electron,

p=mv= mwfﬂ = J2eVm
m

=2 x 16x107 x56 x 9 x 107"
=402 x107* kg-m/s
(i) A = 0.164 nm; refer to example 4 on page 459.

33. de-Broglie wavelength is given by

h h
A= =
UZmK :;quV
1
mqV

['.’ K= qV]
= A o<

Ratio of de-Broglie wavelengths of proton and at-particle
is given by

Ay [magaVe [&][q_« [V_]
ha  \mpq,V, my )\ 9, )V,
Here, L T 4, 9o _
my 9
= —Vg-= gi = -1-
VP 128 2

[ at-particle is 4 times heavier than proton
and it has double the charge than that of proton)

X 1
= —_—= 44X 2X—-=2
u 2

34. (i) The de-Broglie wavelength of a particle is given by
12.27

b= A
;V

[where,V is the accelerating potential of the particle]

?"F =h, [given]
- 1227 _12.27
:in :;‘Va
v
= L=
VI!
(i1} The de-Broglie wavelength of a particle is given by
h
h=—
mwv
i.# = h and JLE = h
my. v, MV
We know that, m,=4 m,
- Ap=ha [given]
h h
myv,  dmy v,
v
= £ =4
vﬂ

35. A =00548A,; refer to Example 4 on page 459.

Resolving power of a microscope, R = Haind

From the formula, it is clear that, if other factors
remain same, then resolving power is inversely
proportional to wavelength of the radiation used.
Wavelength of moving electron is very small as
compared to that of yellow light, so it has greater
resolving power than optical microscope.

Given, wavelength of X-rays, A =1A=10""m
Mass of electron, m, =911 x 10" kg
As, A= 5 or KE= L

' 2mKE 23°m
_ (6.63 x 107%)?
T 2x (107 x9.11x107" x1.6x107"
= 150.78 eV

36.

he 663x107 x3x 10°
- Energy of photon=—= — Ty
A 1x107" x1.6%x10

=124 x10* eV
Thus, for the same wavelength, a X-ray photon has
greater kinetic energy than an electron.

37. Given that, V =64V
Now, from the de-Broglie equation,
212274 1227A
7\7- 364
REEN
8
=0.153nm

This wavelength belongs to the X-ray part of the
electromagnetic radiation.

38. Given, temperature,
T=27T"C=27+273=300K
Separation, between two electrons,
r=2x10"m

Momentum p = .3m kT

=3%9.11x107™" x 138 x 107 x 300
[~k=138x107"]/K]
= 1.06 x 10~ kg-m/s
de-Broglie wavelength, A = E - 663 % 11]::
o106 x 10
= 626x107" m

Mean separation, r= 2 x 107 m

A 62ex107W

=313
roo2x1"

We can see that de-Broglie wavelength is much greater
than the electron separation.

[~V =64V]



39. Mass of helium atom,
_ Atomic weight _ 4 %10
Avogadro’s number 6 » 107

Boltzmann constant, k =1.38 x i 1 mol™ K™

de-Broglie wavelength, A = .
mkT
. s T=21°C 1
= ;‘63 At =(27 + 2?3}K|
Jn‘““ﬂ 138x107° %300 |  =300K |
610
=073%x107"" m
MNow, pV =RT = kNT
kT
ar _— —
N p
V 13 kT (T ]
Mean separation, r = [—) =|—
N P
]
_[138 %107 x 300]
1.01 x 10°
=34 %107°m
Loo073x 107
—=———=0.021
ro 34x% 10

40. % refer to example 4 on page 459.

41. Given, potential at anode, V =100V
Magnetic field, B= 283 %107 " T
Radius of circular path, r=12ecm =012 m
[: m, =9.1x10™ kel
Kinetic energy, KE = lmvz Me = o
2 and e =1.6 % 107°C

So :

eV =—mv
2

_ 1 _
= 16x10" xlﬂn:;x‘?.l 107 xv?

42,

,_ 2x1ex107"
T
= 5.93 % 10° m/s
Ag, the angle between v and B is 90°.
The magnetic force (F,, = evB) is balanced by the

centripetal force.
2

ie. evB = my
r
or e v _ 593x10°
m Br 283x10%x0.12

- Specific charge of an electron,

£ o174 10" Clkg
m
(i) Given, potential difference, V =500V
Specific charge of the electron,
efm =176 10" Clkg

Kinetic energy of an electron,

KE=lmv2 =gV
2

= v= ’ix 2V i)
¥

= 176 x 10" x 2500
=1.326 % 10" m/s
(i) Potential, V =10 MV =10" V

Again from Eq. (i), v= .I'EV
m

= 2 %176 10" x 107

=1.8762 % 10" m/s

This speed is greater than the speed of light, which is
not possible. As v approaches to ¢, then mass
My

2
lv

T r
c

m =



SUMMARY

Electron Emission The phenomenon of emission of electrons
from metal surface is called electron emission.

Work Function It is the minimum energy required by an electron
to just escape from metal surface, so as to overcome the
attractive pull of the ions.

Photoelectric Effect It is the phenomenon of emission of
electrons from the metal surface, when the radiations of suitable
frequency falls on it.

Hertz's Observation He observed that high voltage sparks
across the detector loop were enhanced when the emitter plate
was illuminated by UV light from an arc lamp.

Hallwachs and Lenard’s Observations They also observed that
UV light falls on the emitter plate, no electrons were emitted at all
when the frequency of incident light was smaller than a certain
minimum value is called threshold frequency.

Effect of Intensity of Light on Photoelectric Current For a fixed
frequency of incident radiation photoelectric current increases
linearly with increase in intensity of incident light.

Effect of Potential on Photoelectric Current For a fixed
frequency and intensity of incident light, photoelectric current
increases with increase in potential applied to the collector.

Effect of Incident Photon Energy and Kinetic Energy
1
Kmax = 5 MV e = (¥ = 80)

This equation is called Einstein's photoelectric equation.
Relation between Stopping Potential and Threshold
Wavelength The relation between stopping potential and

1 11
e\p=hCc|———

i e

Particle Nature of Light Photon Photoelectric effect gave the
evidence that light consists of packets of energy and these

threshold wavelength is

packets of energy are called light quanta, that are associated
with photons.

Characteristic Properties of Photon

Photons has zero rest mass.

Photons travel in a straight line.

Photons may show diffraction under given conditions

The inertial mass of a photonis m = %

Photocell It is a device which converts light energy into
electrical energy.

Dual Nature of Radiation Wave theory of electromagnetic
radiations explained the phenomenon of interference,
diffraction, etc, whereas quantum theory successfully
explained the photoelectric effect, Compton effect, etc. So,
Louis de-Broglie suggested that the particles like electrons,
protons, etc. have dual nature of radiation.

Wave Nature of Particles (de-Broglie Hypothesis)
According to de-Broglie, a wave is associated with moving
material particle which control the particle in every respect.
The wave associated with moving material particle is called
matter wave. It is given by,

h h

A= —

p mv

Relation between de-Broglie Wavelength and
Temperature It is given by
h

=TT

de-Broglie Wavelength of an Electron It is given
h

by }‘:W



CHAPTER
PRACTICE

OBJECTIVE Type Questions

1. Work-function is

{a) maximum possible energy acquired by an
electron

{b) energy of electrons in valence shell

{c) minimum energy required by an electron to
move out of metal surface

{d) maximum energy which is given to electron to
move it out of metal surface

2. The work function of platinum is 6.35 eV. The
threshold frequency of platinum is
(a) 1532 % 10" Hz
(b) 1532 x 10" Hz
(c) 1532 % 10" Hz
(d) 1532x10" Hz

3. With the increase in potential difference of
emitter and collector, the photoelectric
current
(a) increases
(b) decreases
(c) remains constant
{d) increases initially and then become constant

4. The photoelectric threshold frequency of a
metal is v. When light of frequency Gv is
incident on the metal, the maximum Kinetic
energy of the emitted photo electron is
(a) 4hv {b) Shv
(c) 3hv (d) (3/2) hv

5. Light of wavelengths i , and &, falls on two

identical metal plates A and B respectively.
The maximum kinetic energy of
photoelectrons is K ; and K respectively,
then which one of the following relations is
true? (L 4 =20 5)

(a) K, «:K—; (b) 2K, =K,

() K, =2K, (d) K,>2K,

All photons present in a light beam of single
frequency have

(a) same frequency but different momentum

(b) same momentum but different frequency

(c) different frequency and different momentum
(d) same frequency and same momentum

The linear momentum of a 6 MeV photon is
(a) 001eVsm™
(b) 002eV sm™
(c) 003 eV sm™
(d) 004 eV sm™

A photocell converts

{a) change in current into change in light intensity

{b) change in intensity of light into change in current

{c) change in current into change in voltage

{d) change in intensity into change in potential
difference

The de-Broglie wavelength (1) of equal mass

particles depends upon the mass in the following
way

{a) h e=m
() heem™

(b) A == m'"
(d) e ™

VERY SHORT ANSWER Type Questions

10.
1.

12.

13.

increased, keeping other factors constant.

Define the term stopping potential in relation to
photoelectric effect.

Show graphically the variation of photoelectric
current with frequency of the incident photons.

Two metals M, and M, have work functions 2 eV
and 4 eV, respectively. Which of the two has a
higher threshold wavelength for photoelectric
emission?

The frequency v of incident radiation is greater
than threshold frequency v, in a photocell. How
will the stopping potential vary, if frequency v is



14.

The de-Broglie wavelength associated with an
electron accelerated through a potential
difference V is A . What will be its wavelength
when the accelerating potential is increased to
5V?

SHORT ANSWER Type Questions

15.

16.

17.

18.

19.

20.

What are the energies of photons at the

(i) violet and (ii) red ends of the visible
spectrum? The wavelength of light is about
390 nm for violet and about 760 nm for red.

An electron is accelerated through a potential
difference of 250 V. What is the de-Broglie
wavelength associated with it? To which part of
electromagnetic spectrum does this wavelength
correspond?

The de-Broglie wavelength of a body moving with
speed vis A . On its way, it losses some of its mass
and gains twice the speed. Kinetic energy also
increases to twice of its initial value. What will be
the new value of de-Broglie wavelength?

For what kinetic energy of a neutron, will the
associated de-Broglie wavelength be
2.64 x107m?

The de-Broglie wavelength of a particle of
kinetic energy K is A. What would be the
wavelength of the particle, if its kinetic energy

were —?
4

Ultraviolet light of wavelength 200 nm is
incident on polished surface of iron.
Work function of the surface is 4.71 eV.
Calculate its stopping potential.

LONG ANSWER Type I Questions

21.

Write Einstein’s photoelectric equation relating
the maximum Kinetic energy of the emitted
electron to the frequency of the radiation
incident on a photosensitive surface. State
clearly, the basic elementary process involved
in photoelectric effect.

Define the terms threshold frequency and
stopping potential in the study of photoelectric
emission. Explain briefly the reasons, why wave
theory of light is not able to explain the
observed features in photoelectric effect?

23.

24.

L (¢
6.

10.

1L
12,

13.

14.

Light of wavelength 2500 A falls on a metal

surface of work function 3.5 eV. What is the

kinetic energy (in eV) of

(i) the fastest and

(ii) the slowest electrons emitted from the
surface? If the same light falls on another
surface of work function 5.5 eV, what will be
the energy of emitted electrons?

Light of wavelength 2000 A falls on a metal
surface of work function 4.2 eV.
(i) What is the kinetic energy (in eV) of the
fastest electrons emitted from the surface?

(ii) What will be the change in the energy of the
emitted electrons, if the intensity of light
with same wavelength is doubled?

(iii) If the same light falls on another surface of
work function 6.5 eV, what will be the energy
of emitted electrons? CBSE SQP (Term-II)

ANSWERS

2. (a) 3. (d) 4. (b) 5. (a)

(d) 7. (b) 8. (b 9. (¢)

For a particular frequency of incident radiation, the
minimum negative (retarding) potential V, given to plate
A for which the photoelectric current becomes zero, is

called cut-off or stopping potential.
Refer to plot on page 437.

We know that, he

E 0= hvo = —

0
Thus, A, or threshold wavelength is inversely
proportional to the energy or work-function. So, metal
M, has higher threshold wavelength for photoelectric
emission.

We know that, %mvzm =eVy=h(v-v,)

Here, the frequency of the incident radiation is greater
than the threshold frequency. Therefore, the value of
stopping potential (V, ) increases with increase in
frequency (v) of the incident radiation and KE will also
increases.

Refer to Q. 3 on page 461.

A
A=
3



15. We know that, F = 1—rjaule

_ hc
Lx16x10?
—34 i}
663107 %310
hy = — —=317eV
390 %107 %1610
-5 &
6632107 x3x10
R = B — =163eV
760107 %1610

16. Refer to Q. 37 on page 461.

h
17. Hint j =
szK

de-Broglie wavelength remains same.
18. Refer to the Q. 31 (i) on page 461.

or E eV

[Ans. 495 A]

h h
19. As we know, de-Broglie wavelength, k = —=
P JEmK
B2
Hence, K, = = .A1)
Zm A

If according to the question, K, = Lo
4

hz
Ky=—r
235
K h N
T‘ = m i)
F4
From Eqs. (i) and (ii), we get
K]
T K 2mi]
K, 2mh, W
1A
4 A
= 1_1 = l
r, 2

Hence, wavelength of the particle double the wavelength
when kinetic energy is L} th.
4

20. Given, i = 200nm = 200 % 10~ m
KE_ =hv—
KE_ . =el,
eV, =hv— o
eV, = ’;L—f -
66 % 10~ x 3% 10°
200 x 107
Vy =619 — 417 =148 = 1L.50V
21. Refer to the text on page 438.
22, Refer to the text on pages 436, 437 and 438
23. Refer to Q. 72 (iii) on page 447.
24. Wavelength of light, A = 2000 A=2x10""m
Work function, ¢, =4.2 eV
h= 663 %107 Y J-s
(i) Using Einstein's photoelectric equation, kinetic

energy of fastest electron,

Km=fw—¢u=hi—¢u

L 16x1070V, = —471 %16 %107

(663 % 107* x 3 % 10°
2x1077 x16x 107"

=62 eV-42eV
=2.0eV
(ii) Since the energy of emitted electron does not depend
upon intensity of incident light, hence the energy of
emitted electrons remains unchanged.
(iii) For this surface, electrons will not be emitted as the
energy of incident light
(6.2 V) is less than the work function
(& = 6.5 eV) of the surface.

- 4.2] eV



