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Preface

We collected and solved 120 good problems on pho-
toelectric effect and wave-particle duality for Einstein’s
Noble Prize Centenary Year Celebrations (ENOPCYC).

This book provides a collection of good problems and
their solutions. We have tried to select questions that
improves your problem solving skills, test your concep-
tual understanding, and help you in exam preparation.

The book also covers relevant concepts, in brief. These
are enough to solve problems given in this book.

There are separate chapters on questions, answers and
solutions. The questions are arranged in increasing or-
der of complexity. The multiple choice questions are of
single option correct or multiple options correct type.

Solution are provided in the last chapter. If you can’t
solve a problem, give it a retry before referring to the so-
lution. This will help you identify the critical points in
the problems, which in turn, will accelerate the learning
process. To us, every problem, is a valuable resource to
unravel a deeper understanding of the underlying physi-
cal concepts. We believe that getting the right answer is
often not as important as the process followed to arrive
at it.

If a student seriously attempts all the problems in this
book, he/she will naturally develop the ability to ana-
lyze and solve complex problems in a simple and logical
manner using a few, well-understood principles.
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We would be glad to hear from you for any sugges-
tions/corrections on the improvement of the book.

This work would not have been possible without the
constant support of our wives Reena and Nandini and
children Akshaj, Viraj and Maitreyi.

Jitender Singh, jsinghdrdo@gmail.com
Shraddhesh Chaturvedi, shraddhesh8@gmail.com
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CHAPTER 1

Key Concepts

1.1 Radiations

Energy flux S is the rate of transfer of energy through
a surface. Let a plane wave is moving in a direction k
and a surface of area A is placed normal to its direction
of motion. The energy flowing through this surface per
unit time (i.e., Power P) is given by

P=SA. (1)
Energy flux and intensity are often used interchange-
ably.

The frequency v of radiation is related to its wavelength
A by

v =g, (2)
where ¢ = 3 x 10® m/s is the speed of light.
The radiation can be viewed as a stream of photons

moving with a speed c in the direction k. The energy
of a photon of radiation frequency v is given by

E = hu, (3)
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where h = 6.63 x 10734 J.s is Planck’s constant. A
convenient unit of photon’s energy is electronvolt (eV).
To convert energy from joule to electronvolt, divide it by
electron’s charge ¢ = 1.6 x 107! coulomb. It is worth
memorizing hc = 1240 nm - eV which gives

he 1240

EFE=—=——"—¢V. 4

A A (in nm) ¢ )
Photons flux n is the number of photons crossing a unit
area in a unit time. It is related to the energy-flux by

n=S8/E. (5)

The linear momentum of a photon of radiation wave-
length A is given by

p="h/X (6)

1.2 Einstein’s Equation

In photoelectric effect, a photon of energy hv gives its
entire energy to an electron. The electron comes out
of the metal after doing a work ¢ against the binding
force of the metal (¢ is called work function). It also
loses some energy due to collision with atoms etc. The
maximum kinetic energy of the ejected photoelectrons
is given by

Kpax = hv — ¢ (7)

The cut-off (or threshold) frequency v, is the frequency
at which K.« = 0. The radiation of frequency less
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than v, cannot eject photoelectrons. Its value is given
by

The stopping potential is the negative potential applied
to the collector to stop photocurrent. It is given by

Vo = Kmax/e. (9)

1.3 de Broglie Wavelength

The de Broglie wavelength of a particle of momentum p
is given by

A= h/p. (10)

If a particle moves with a relativistic speed then its
energy FE is related to momentum p by

E” = (po)® + (m®), (1)

where m is the rest mass of the particle and mc? is its
rest mass energy.



CHAPTER 2

Questions and Solutions

Radiation Energy

Q1. A 2mW laser operates at wavelength of 500 nm.

The number of photons that will be emitted per second

is [Given h = 6.6 x 1072* J-s and ¢ = 3.0 x 10%® m/s.]
(2019 m)

(A) 5x 10" (B) 1.5x 10'°

(C) 2x 10 (D) 1 x10'¢

Sol. The energy emitted by a laser of power P = 2 mW
intimet=1s1is

Faource = Pt =(2x 1073)(1) =2 x 1072 J.
The energy of a photon of wavelength A = 500 nm is

—34 8
5o, he_ (66x10 )(21510)
A 500 x 10

=3.96 x 10717 J.

The energy emitted by a laser in one second is equal to
the total energy of photons4emitted by it in one second
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i.e., Fsource = nE. Substitute values to get number of
photons emitted per second as

Esource _ 2 X 10_3
E 39 x1071

n= ~ 5 x 10,

Ans. A O

Q2. A 4 kW radiation source produces 10*° photons
per second. The radiation belong to a part of the spec-
trum called (2010 m)
(A) X-rays (B) ultraviolet rays

(C) microwaves (D) y-rays

Sol. The energy emitted by the source in one second
(Esource) is equal to the total energy of photons emitted
by it in one second i.e., Fsource = nE. Thus, energy of
each photon is

ESOHYCC Pt (4 X 104)(1)

E— == 4 x 10716 .
n n 1020

The energy of a photon is related to the wavelength A
of radiation by E = he/A. Thus, wavelength of the
radiation is

_ he  (6.63 x 107%)(3 x 10°%)

-10
I3 1 10-10 =5x10 m.

A

The wavelength A = 5x 1079 m = 5 A falls in the
X-rays range of electromagnetic spectrum.

Note: A convenient unit of photon energy is electron-
volt (eV). To convert energy from joule to eV, divide
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the energy in joule by the charge of an electron (e =
1.6 x 10719 C). Thus, photon energy in this problem is

E (in joule) 4 x1071°
e S 16x 1071

E = = 2500 eV.
The energy of a photon of wavelength A\ is easily ob-
tained by using the relation

_ hc _ 12400eV-A
A A(inA)

The order of magnitude of photon energy in microwave
range is peV, in visible range is eV, for X-rays is keV
and for gamma rays is MeV.

Ans. A [

Q 3. A source emits X-rays of wavelength 1 nm and an-
other source emits visible light of wavelength 500 nm.
The radiated power of each source is 200 W. The ratio
of the number density of photons of X-rays to the num-
ber density of photons of the visible light is (2020 m)
(A) 1/250 (B) 500 (C) 250 (D) 1/500

Sol. This question was asked in JEE Main. Usually,
number density is used for numbers per unit volume.
The use of number density of photons in this question
creates ambiguity. If radiation source emits parallel
rays (a plane wavefront) then number density is same
throughout the radiated volume. However, if source
is a point (spherical wavefront) or a line (cylindrical
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wavefront) then number density depends on the dis-
tance from the source. The question is silent on the
type of radiated wavefronts of the two sources.

Let us find the number of photons emitted per second
by the two sources. The energy emitted per second by
each source is Egource = Pt = (200)(1) = 200 J.

The energy of each X-ray photon is E, = hc/)\, and
the number of photons emitted per second by the X-
ray source is

n — ESOHI‘CG — ESOUI'CEALL'
v E, he

Similarly, the energy of each visible light photon E, =

he/ A, and the number of photons emitted per second

by the visible light source is

Esource ESOUI’CQAU
Ny = = .

FE, he

The ratio of the number of photons emitted per second
by the X-rays source to the number of photons emitted
per second by the visible light source is

Ne g 1

Ny Ay = 500

Note that the number of photons emitted per second by
a monochromatic source is directly proportional to its
power. Two sources of equal power emit photons flux
proportional to their wavelengths.

Ans. D [
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Q4. If a semiconductor photodiode can detect a pho-
ton with a maximum wavelength of 400 nm, then its
band gap energy is [Given h = 6.63 x 1073* J-s and
c=3x10°m/s.] (2020 m)
(A) 1.5eV (B) 1.1eV (C) 3.1eV (D) 2.0eV

Sol. In a photodiode, an incident photon gives its en-
ergy to a valence band electron. If energy received by
the electron is more than the band gap energy then it
jumps to the conduction band. Thus, a photodiode can
detect a photon only if photon’s energy is more than
the band gap energy AF.

r—— Conduction Band

YT | aE

—&— Valence Band

In other words, the band gap energy is equal to the en-
ergy of a detected photon of the maximum wavelength
ie.,

he ~ 1240 nm-eV

AFE = =
Amax 400 nm

=3.1eV.

Ans. C O

Q 5. The power of a point source is 1.0 W. It emits two

spectral lines with wavelengths 0.70 pm and 0.40 pm

whose intensities are in a 1:2 ratio, respectively. The

photon flux at a distance 1.0 m from the source is
(2020 m)

(A) 24 x 10" m=2s7!  (B) 2.0 x 101" m~2s!

(C) 1.2x10"" m=2s=t (D) 1.0 x 10" m—2s~!
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Sol. Let Ay =0.70 pum and Ay = 0.40 pm. The photon
energy for these wavelengths are By = he/A\ and Ey =
hC/A2.

Let n; and ny be photon flux of two spectral lines at
a distance r from the point source. The ratio of the
intensities of these lines is given by

L mE

72 = n2E2 1.e.,

5= o
2 ngAl

The number of photons emitted per second in these two
spectral lines is equal to the number of photons crossing
a spherical shell of radius r in one-second i.e., N3 =
4mr?n; and Ny = 4nr?ny. The total energy crossing a
spherical shell of radius r in one second is equal to the
power of the source P =1.0 W i.e.,

P=NE|,+ NxE, ie.,

1.0 = dmrhe [ 22 4 2 9
™ c<>\1+)\2 ()

Solve equations and to get

= 127r2he’
2= 6mr2he’

Thus, photon flux at a distance » = 1.0 m from the



Chapter 2. Questions and Solutions 10

source is

A1+ 2

127r2he

_ 0.7 x 107% +2(0.4 x 107°)

© 12 % 3.14 x (1.0)2 x (6.63 x 10734)(3 x 10%)

=2x10"m 271

n=mny+ng =

Ans. B O
Radiations Momentum

Q 6. Photon of frequency v has a momentum associ-
ated with it. If ¢ is the velocity of light, the momentum
is (2007 m)
(A) hv/c (B) v/e (C) hve (D) hv/c?

Sol. The wavelength of a photon of momentum p is
given by A = h/p. The wavelength is related to fre-
quency by ¢ = vA. Thus, momentum of a photon of
frequency v is

Ans. A

Q 7. Light is incident normally on a completely absorb-
ing surface with an energy flux of 25 W/cm?. If the sur-
face has an area of 25 cm?, the momentum transferred
to the surface in 40 min time duration will be (2019 m)
(A) 6.3 x 107" N-s (B) 1.4 x 107% N-s
(C) 5.0x107® N-s (D) 3.5 x 107% N-s
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Sol. The momentum flux (i.e., momentum per unit
area per unit time) of a radiation of energy flux S is
given by S/c, where ¢ is the speed of light. Since ra-
diation is completely absorbed by the surface, its total
momentum is transferred to the surface. Thus, momen-
tum transferred per second to a completely absorbing
surface of area A = 25 cm? by a radiation of energy flux
S =25 W/cm? is (S/c)A. The momentum transferred
to the surface in time ¢t = 40 min is

p= <S> At = (25)<25)(408X 60) 51073 N-s.
c 3 x 10

Aliter: Let us see radiation as a stream of photons.
Let v be the radiation frequency. The energy and mo-
mentum of each photon are hv and hv/c, respectively.
The total energy absorbed by the surface of area A in
time ¢ is ' = SAt. Thus, the total number of photons
absorbed by the surface are

_E SAt
n_hu_ hv

The momentum transferred to the surface by n photons,
each of momentum hv/c, is

(hl/> SAthvy  SAt
p=n|—|)="——=""7.

c hv ¢ c

Ans. C

Q 8. Sunlight of energy density 50 W/m? is normally
incident on the surface of a solar panel. Some part of
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incident energy (25%) is reflected from the surface and
the rest is absorbed. The force exerted on 1 m? surface
area will be close to [Given ¢ = 3 x 10® m/s] (2019 m)
(A) 15x 108N  (B) 20x 1078 N
(C) 10x 108N (D) 35 x 1078 N

Sol. Instead of energy density, the question should have
used the term energy flur S = 50 W/m? (energy cross-
ing per unit area per unit time normal to the surface).
The energy falling per second on a solar panel of area
A =1 m? in one-second is

E = SA=(50)(1) = 50 J.

Out of the energy E, 75% is absorbed (E, = 0.75E)
and 25% is reflected (E, = 0.25F). The momentum
transferred per second to the surface (i.e., force exerted)
by the absorbed radiation is F, = E,/c.

The reflected radiation carry the same momentum as
the incident radiation, but in the opposite direction.
Thus, the momentum transferred per second by the re-
flected radiation is F,. = 2(E,/c). It is similar to the
momentum transferred in an elastic collision when a
light ball of mass m strikes a stationary heavy ball of
mass M (> m).

Thus, force exerted on the solar panel is

E. 2B, SA
F:Fa+Fr:?+ . :(0.75+2><O.25)7

_A29600) _ g, 18y,
3 x10

Ans. B O
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Q9. A light wave of intensity 0.2 W/cm? falls on a
plane mirror surface of reflection coefficient 0.8. The
angle of incidence is 45°. The pressure exerted by the
radiation on the mirror is

(A) 6 x107° N/m? (B) 8.5 x 107% N/m?

(C) 85x 1078 N/m? (D) 6 x 107® N/m?

Sol. The intensity (or energy flux) of the incident light
is S; = 0.2 W/em? = 2000 W/m? and that of the re-
flected light is S, = 0.85; = 1600 W /m?.

The radiation pressure on the mirror is equal to the nor-
mal force exerted by the radiation on unit area. The
tangential force exerted by the radiation will not con-
tribute to it.

The momentum flux of incident radiation is S;/c and
that of the reflected radiation is S,./c. Both makes an
angle 6 = 45° with the mirror surface.

Consider an area A of the mirror. The radiations lying
in a cross-sectional area A cos@ will fall on the area A.
The momentum transferred per second to the mirror by
incident radiation is A cos 6(S;/c). The normal compo-
nent of this momentum is A(S;/c) cos? f. Its direction
is into the mirror.
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The momentum carried by the radiations emanating
from the area A is Acosf(S,/c). The normal com-
ponent of this momentum is A(S,/c)cos?6. By mo-
mentum conservation, the momentum transferred per
second to the mirror is A(S,/c) cos? # and its direction
is into the mirror.

Thus, normal component of the momentum transferred
per second to A = 1 m? area of the mirror (i.e., radia-
tion pressure) is

p = A(S;/c) cos? 45° + A(S,/c) cos? 45°
(1)(2 x 10%)(0.5)

3 x 108
=6x107% N/m?.

= (1+08)

We encourage you to solve this problem by considering
light as a stream of photons.
Ans. A

Photoelectric Effect: Conceptual Questions

Q10. An early study on photoelectric effect was car-
ried out by a German physicist W. Hallwachs. He stud-
ied the effect of UV light on a charged electroscope.
Which of the following option(s) is (are) not correct?
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(A) The leaves of a negatively charged electroscope con-
verges when it is illuminated with UV radiations.

(B) The leaves of a positively charged electroscope
don’t show noticeable effect when it is illuminated
with UV radiations.

(C) The leaves of a neutral electroscope don’t show no-
ticeable effect when it is illuminated with UV ra-
diations.

(D) UV radiations can eject electrons from the surface
of all metals.

Sol. The electroscope used by W. Hallwachs was fitted
with a zinc plate as shown in the figure. The work
function of Zn is 4.3 eV. The ultraviolet radiations of
wavelength less than 290 nm can emit electrons from
the zinc surface.

N A |

before during after

Initially, the electroscope was negatively charged.
Its leaves are diverged. Then, zinc plate is illuminated
by UV radiations. These radiations eject photoelectrons
from the zinc surface. The electroscope gets discharged.
The leaves converge.
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In a neutral or positively charged electroscope, the
leaves of an electroscope don’t show appreciable effect
when it is illuminated by UV radiations. The ejection
of photoelectrons from the zinc plate make the elec-
troscope positively charged. These positive charges at-
tracts the ejected photoelectrons and the process stops.

To eject a photoelectron, the energy of incident
photon shall be more than the work function of the
metal. Hence, UV radiations can eject photoelectrons
only from metals having work function less than the
energy of UV photon e.g., from metals like sodium, alu-
minium, zinc etc.

Ans. D [0

Q11. The maximum kinetic energy of photoelectrons
emitted from a surface when photons of energy 6 eV
falls on it is 4 eV. The stopping potential is (1997)
(A) 2V (B) 4V (C) 6V (D) 10V

Sol. In photoelectric effect, stopping potential is de-
fined as the potential required to stop the photoelec-
trons with maximum kinetic energy. Thus, the stop-
ping potential is 4 V. Note that the work function in
this case is ¢ = 2 eV.

Ans. B O

Q 12. The dimension of stopping potential V4 in pho-

toelectric effect in units of Planck’s constant h, speed

of light ¢, Gravitational constant G, and ampere A is
(2020 m)

(A) h=2/3c=1/3G4/3A-1  (B) h2/3cP/3G1/3A-1

(C) h2G3/2c1/3A1 (D) hoc°G—t1A-!
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Sol. The dimensions of given parameters are: stop-
ping potential [Vo] = [MLZT3A~1], Planck’s constant
[h] = [ML2T~1], speed of light [c] = [LT~!] and Gravi-
tational constant [G] = [M~*L3T~2].

The dimensions of stopping potential can be writ-
ten as [Vo] = [h]"[c]Y[G]*[A]" for some constants z,y, 2
and w. Substitute dimensions of various parameters to
get

ML2T3A~ = [ML2T~1)" [LT1)Yx
M~IL3T=2)" [A]Y.

Use principle of dimensional homogeneity to get z =
0,y =5, 2z =—1and w = —1. Thus, dimensions
of stopping potential in terms of given parameters are
Vo = [hOC5G_1A_1].

Ans. D [

Q 13. Photoelectric effect supports quantum nature of

light because (1987)

(A) there is a minimum frequency of light below which
no photoelectrons are emitted.

(B) the maximum kinetic energy of photoelectrons de-
pends only on the frequency of light and not on
intensity.

(C) even when the metal surface is faintly illuminated,
the photoelectrons leave the surface immediately.

(D) electric charge of the photoelectrons is quantized.

Sol. According to Einstein’s quantum theory of the
photoelectric effect, light constitutes of photons. The
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energy of each photon is E = hv, where v is frequency
of light. The photoelectrons are ejected when a pho-
ton of energy greater than work function (¢) collides
with an electron on metal surface. Maximum kinetic
energy of ejected photoelectrons, K.x = hv — ¢, de-
pends on the frequency of incident radiation and not
on intensity. The photoelectrons are ejected if photon’s
energy is greater than the work function, irrespective of
the intensity of light. The numbers of photons striking
the metal surface per second and the number of photo-
electrons ejected per second depend on the intensity of
incident radiation.

Ans. A, B, C [

Q 14. The threshold wavelength for photoelectric emis-
sion from a material is 5200 A. Photoelectrons will
be emitted when this material is illuminated with
monochromatic radiations from a (1982)
(A) 50 W infrared lamp

(B) 1 W infrared lamp

(C) 50 W ultraviolet lamp

(D) 1 W ultraviolet lamp

Sol. The emission of the photoelectrons from a metal
surface depends on the frequency (wavelength) of inci-
dent radiation and not on its intensity. The wavelength
of incident radiation should be less than or equal to
the threshold wavelength of 5200 A. The wavelength
of ulraviolet radiation is less than 5200 A. Hence, the
ultraviolet lamp of 50 W as well as 1 W will emit pho-
toelectrons.
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Ans. C, D [

Q 15. The time taken by a photoelectron to come out
after the photon strikes is approximately (2006 m)
(A) 107's (B) 107*s (C) 107'%s (D) 1076 s

Sol. The photoelectric effect is an instantaneous phe-
nomenon. The time delay between incidence of photon
and emission of electron is of the order of 107!* s. This
observation could not be explained by the wave theory.
It supports the quantum nature of the light.

Ans. C [

Q 16. The photoelectric process requires a bound elec-

tron. If a free electron absorb a photon then

(A) linear momentum is not conserved.

B) angular momentum is not conserved.

C) energy is not conserved.

D) the energy and linear momentum are not conserved
simultaneously.

~ o~ —

Sol. In photoelectric effect, an electron absorb a pho-
ton and comes out of the metal surface.

In solid-state physics, the ‘free electron model’ is
used to explain electrical and thermal properties of met-
als. In this model, the valence electrons are free to move
in the spaces between ions. These ‘free electrons’ are
responsible for high electrical and thermal conductivi-
ties of metals. However, these ‘free electrons’ are not
‘free’ in real sense. They are bound by the metal. An
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energy (equal to the work function) is required to do
work against the binding forces of the metal.

A free electron (i.e., an isolated electron) cannot
absorb a photon as it is not possible to satisfy the
energy and linear momentum conservation simultane-
ously. This can be proved using a few formulas of spe-
cial theory of relativity.

Ans. D [

Q17. The kinetic energy of an ejected photoelectron
varies from zero to a maximum value. The distribution
function f = dN/dK indicates photoelectrons lying in
various energy ranges. The number of photoelectrons
having the kinetic energy from K to K + dK is given
by fdK. The distribution function for a photoelectric
effect experiment is given in the figure. Select the cor-
rect option(s)?

aX (x10'2 eV—1)

(3.5,3.0 x 1012)

(A) the stopping potential is 5 V.

(B) the stopping potential is 3.5 V.

(C) the saturation photocurrent is ~ 1.6 pA.
(D) the saturation photocurrent is a 0.48 pA.
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Sol. The maximum kinetic energy of photoelectrons
is Kmax = 5eV. Thus, stopping potential is Vy =
Kpax/e =5 V.

The saturation current flows when all the ejected
photoelectrons reach the collector. The total number of
photoelectrons ejected per second is given by the area
under the curve. You can count the number of squares
to get the area under the curve. There are approxi-
mately 40 squares each of area 0.25 x 1012, Thus, total
number of photoelectrons ejected per second is

5
N = / fdK ~ 40(0.25 x 10'?) = 103,
0

The charge flowing per second i.e., saturation current is
is =eN = (1.6 x 1071)(10"%) = 1.6 pA.
Ans. A, C [

Q 18. The classical electron radius is obtained by com-
paring its electrostatic energy and rest mass energy. It
is given by

1 e

= =282 x 1071 m.
" 4dmeg mec? m

Let light of intensity 500 W /m? falls normally on a disc
of radius r. Assume light is classical wave and it is
completely absorbed. The time required to accumulate
1.0 €V of energy is approximately

(A) 107%s (B) 1077 s (C) 10*s (D) 10" s
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Sol. The area of the disc is

A=mr® =3.14(282 x 107%)% = 25 x 1072 m?.
The energy absorbed by the disc per second is
P =1A=(500)(2.5x 107%%) = 1.25 x 1072¢ J/s.

Thus, time required to accumulate energy £ = 1.0 eV =
1.6 x 10719 J is

E 16x107%
t=== """ —1.28 x 107 s = 148 days.
P 125x10° % XS as

In photoelectric effect, the intensity of incident light
and the energy of photoelectron are of the same order
as given in this problem. In the classical picture (elec-
tron as sphere and light as wave), the time required for
an electron to get sufficient energy for its ejection is
huge. This is not in agreement with the experimental
observations. In the quantum picture of light, a pho-
ton (or energy quanta) interacts with an electron and
gives its energy to the electron. The electron is ejected
almost instantaneously.

Ans. B O

Einstein’s Equation

Q 19. In a photoelectric emission process the maximum
energy of the photoelectrons increases with increasing
intensity of the incident light. (true/false) (1986)
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Sol. The maximum kinetic energy of the photoelectron
ejected from the metal of work function ¢ is given by,
Kax = hv — @, where v is the frequency of the incident
radiation. The maximum kinetic energy Ky, ,x depends
on the frequency of the incident radiation and not on
its intensity. It is an important argument in support of
quantum nature of light.

Ans. F [

Q 20. The kinetic energy of photoelectrons emitted by
a photosensitive surface depends on the (1981)

A
B

intensity of the incident radiation.
frequency of the incident radiation.
stopping potential

work function

(A)
(B)
(©)
(D)
Sol. An incident photon of energy hv gives its energy
to an electron. After receiving this energy, the electron
may lose some (or all) of its energy due to collision
with atoms (@colision)- Also, an electron that comes out
of the surface loses a part of its energy in doing work
against the binding forces (¢). Thus, kinetic energy of

an ejected photoelectron can be written as
K = hv — ¢ — ¢collision-

The kinetic energy of the ejected photoelectrons depend

on the frequency v as well as on the work function ¢.
If an electron don’t lose its energy due to collision

(i.e., Peollision = 0) then it is ejected with the maximum
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kinetic energy. The maximum kinetic energy of photo-
electrons emitted by a photosensitive surface is given
by Kmax = hv — ¢.

Ans. B, D

Q 21. The maximum kinetic energy of electron emit-
ted in the photoelectric effect is linearly dependent on
the ...... of the incident radiation. (1984)

Sol. The maximum kinetic energy of the ejected photo-
electrons is linearly dependent on the frequency of the
incident radiation i.e., K,ax = hv — ¢. Here, linearity
shall not be confused with proportionality. Doubling
the frequency will not double the maximum kinetic en-
ergy.

Ans. Frequency [

Q 22. The work function of a substance is 4 eV. The
longest wavelength of light that can cause photoelectron

emission from this substance is approximately  (1998)
(A) 540 nm (B) 400 nm (C) 310 nm (D) 220 nm

Sol. In photoelectric effect, the wavelength A\ of inci-
dent photon, work function ¢ of the material, and the
maximum kinetic energy K.« of the ejected photo-
electron are related by

he/A = ¢ + Kax.
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The longest wavelength corresponds to K. = 0. Sub-
stitute the values in the above equation to get
he  (6.63 x 1073%) (3 x 10®)

Aoy = € — 310 nm.
ax = g Ax16x10° 0 i

Ans. C

Q 23. The work functions of sodium and copper are
2.3 eV and 4.5 eV, respectively. The ratio of the cut-off
wavelengths of the sodium to that of the copper is close
to (2002 m)
(A) 1:2 (B) 4:1 (C)2:1 (D) 1:4

Sol. The cut-off wavelength (i.e., the maximum wave-
length of radiation that can eject photoelectrons) for a
metal of work function ¢ is given by A. = he/¢. Thus,
the ratio of the cut-off wavelengths of the sodium to
that of the copper is

>\c, Na hc/d)Na o ¢Cu o 4.5 ~ 9

)\c, Cu B hc/¢C‘u B ¢Na N ﬁ -

We encourage you to calculate cut-off wavelength for
sodium. Can visible light eject photoelectrons from the
sodium surface?

Ans. C O

Q 24. The threshold frequency for a metallic surface
corresponds to an energy of 6.2 eV, and the stopping
potential for a radiation incident on this surface of 5 V.
The incident radiation lies in (2006 m)
(A) X-ray region (B) ultraviolet region

(C) infrared region (D) visible region
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Sol. The work function of the metal is equal to the
energy of a photon of threshold frequency v i.e, ¢ =
hvy = 6.2 eV. The maximum kinetic energy of the pho-
toelectron is equal to the change in its potential energy
when subjected to a potential difference Vj i.e., Kpax =
eVy = 5eV. By Einstein’s equation, Ky.x = hv — ¢,
the energy of a photon of incident radiation is

hv = Kpax + ¢ =5 +6.2=11.2 V.

The photon of energy F = 11.2 eV (or wavelength
A\ = he/E = 12400/11.2 = 1107 A) lies in UV region
of electromagnetic spectrum.
Exercise: Electrons in a photoelectric effect experiment
emerge from an aluminium surface (¢ = 4.2 V) with a
maximum kinetic energy of 1.3 eV. What is the wave-
length of the light? Ans. 2255 A.

Ans. B [0

Maximum KE of Photoelectrons

Q 25. Light of wavelength A eject photoelectrons from
a metal surface with maximum kinetic energy K. When
wavelength is changed to )\, the maximum kinetic en-
ergy of photoelectrons increased to 2K. Which of the
following relation is correct?

(A) M < \/2 (B) N > \/2

(C) A< XN <A/2 (D) N=)/2

Sol. Let ¢ be work function of the metal. Substitute
given values in Einstein’s equation, Ky.x = he/\ — ¢,
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to get

K =he/\— ¢, (1)
2K = he/N — 6. (2)

Eliminate ¢ from equations and to get

N
i
1_|_hc//\

(3)

Note that %/)\ > 0 and % < 1 from equation .
Use these inequalities in equation to get M < X\ and

N> \/2.

Kmax
B

Note that decreasing the wavelength by half will
increase the maximum kinetic energy by more than

twice.
Ans. C O

Q 26. When the wavelength of radiation falling on a
metal is changed from 500 nm to 200 nm, the maxi-
mum kinetic energy of the photoelectrons becomes three
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times larger. The work function of the metal is close to
(2020 m)
(A) 0.52¢eV (B) 1.02eV (C) 0.81eV (D) 0.61 eV

Sol. Substitute values of the maximum kinetic energies
and wavelengths in equation K. = he/A — ¢ to get

he _ 1240 nm - eV

K=——-¢= — ¢ =248 —
A1 500 nm ¢ 2
(1)
he 1240 nm - eV
K=—-¢p=—-—— —¢=06.20— 0.
3 Ao 200 nm $=620—¢
(2)

Divide equation by and then solve for ¢ to get
the work function ¢ = 0.62 eV.
Ans. D [

Q 27. In a photoelectric effect experiment the thresh-
old wavelength of light is 380 nm. If the wavelength of
incident light is 260 nm, the maximum kinetic energy
of emitted electrons will be (2019 m)
(A) 1.5eV (B) 3.0eV (C) 4.5eV (D) 15.1eV

Sol. The work function of a material is equal to the
energy of a photon of threshold (or cut-off) wavelength
Ae = 380 nm i.e., ¢ = he/A.. The maximum kinetic
energy of emitted electron when illuminated with light
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of wavelength A = 260 nm is given by

he he  he
Km Xx—= N Q9= — 1
& A ¢ A Ae
_ 1240 nm - eV 7 1240 nm - eV 151V
260 nm 380 nm
Ans. A [

Q 28. The magnetic field associated with a light wave
is given, at the origin, by

B = By [sin (3.14 x 107 ct) + sin (6.28 x 107¢t)] .

If this light falls on a silver plate having a work function
of 4.7 eV, what will be the maximum kinetic energy of
the photoelectrons? [Given ¢ = 3 x 108 m/s and h =
6.6 x 10731 J - (2019 m)
(A) 6.82¢V (B) 12.5eV (C) 8.52eV (D) 7.72 eV

Sol. The magnetic field at the origin

B = By [sin (3.14 x 107 ct) + sin (6.28 x 107ct)]
is the superposition of two fields

B = By + By = Bysin (2mv1t) + By sin (27wst) ,
of frequencies

v1 = (0.5 x 107)(3 x 10%) = 1.5 x 10'® Hz, and
vy = (107)(3 x 10%) = 3 x 10*® Hz.



Chapter 2. Questions and Solutions 30

Thus, the incident radiation consists of two frequencies:
v1 = 1.5 x 10" Hz and v, = 3 x 10'5 Hz. The energy
of photons of these radiations are

By = hvy = (6.6 x 10734)(1.5 x 10'%) J
6.6 x 10734)(1.5 x 10*°
_ (0610 T)IS5XI0T) _ 5y,
1.6 x 10

E2 = hl/2 =12.4¢€V.

The energy of photons of each radiation is more than the
work function ¢ = 4.7 eV. Hence, both radiations will
eject photoelectrons from the silver plate. The maxi-
mum kinetic energy of photoelectrons ejected by these
radiations are

Kmax,l = El - (/I) =62-47=15 eV,
Kmax,Q = E2 - ¢ =124 —-47="7.7¢€V.

The maximum kinetic energy of all photoelectrons emit-
ted from the silver plate is the maximum of Ky, 1 and
Kmax,2 i-e., Kmax = Kmax,2 = 7.7 €eV.

Note that the stopping potential depends only on
the higher frequency v5. However, the contribution of
each frequency to the saturation current is equal. Show
that the saturation current will become half when v is
reduced from 1.5 x 10*® Hz to 10! Hz.

Ans. D [

Q 29. The surface of a metal is illuminated with the
light of 400 nm. The maximum kinetic energy of the
ejected photoelectrons was found to be 1.68 eV. The
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work function of the metal is [Given he = 1240 eV - nm]
(2009 m)
(A) 3.09eV (B) 14leV (C) 1.51eV (D) 1.68 eV

Sol. Substitute the given values in Einstein’s equation
Knax = he/ X — ¢ to get the work function of the metal

_ E 1240 eV -nm

N B = — 50T —1.68=1.42¢V.

¢
Ans. B O

Q 30. In a photoelectric experiment, the collector plate
is at a positive potential of 2.0 V with respect to the
emitter plate made up of copper (¢ = 4.5eV). The
emitter is illuminated by a monochromatic light of
wavelength 200 nm. Let Ky, and Kp.x be the min-
imum and the maximum kinetic energies of the pho-
toelectrons at the emitter and K¢, and K,  be the
minimum and the maximum kinetic energies of photo-
electrons at the collector. Which of the following op-
tion(s) is (are) correct?

(A) Kupin =0 (B) Kmax = 1.7V
(C) Kiin=2eV (D) K§,=3TeV

Sol. The energy of a photon of wavelength 200 nm is
E = he/X\ =1240/200 = 6.2 eV.

The energy received by an electron from a photon is
6.2 eV. The electron may lose its entire energy to the
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metal due to collision with atoms. Thus, the minimum
kinetic energy of the photoelectron at the emitter is

Kmin =0.

An electron may not lose any energy if it skips colli-
sion. However, to come out of the metal, it need to
do work against the binding forces of the metal. This
work is equal to the work function ¢ = 4.5 eV. Thus,
the maximum kinetic energy of the photoelectrons (at
the emitter) is

Kipax =he/A—¢=62—-45=17¢€V.

The collector plate is at a positive potential of V=2V
with respect to the emitter. Thus, each photoelectron
gains a potential energy U = eV = 2 eV while travelling
from the emitter to the collector. Hence, the minimum
and the maximum energy of photoelectrons at the col-
lector are

Cin = Kain +U=0+2=2¢V,
Koy = Kuax + U = 17T +2=37eV.

max
Ans. A, B, C,D [

Q 31. The maximum kinetic energy of photoelectrons
is 2.8 eV. When the wavelength of the light is in-
creased by 50%, the maximum kinetic energy decreases
to 1.1 eV. Which of the following is (are) correct?

(A) The work function is ¢ = 2.3 eV.

(B) The work function is ¢ = 4.6 eV.

(C) The initial wavelength of light is 244 nm.

(D) The final wavelength of light is 344 nm.
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Sol. Substitute given values in Kax = he/A— ¢ to get
2.8 = he/A — o, (1)
1.1 = he/1.5X\ — ¢. (2)
Solve equations and to get the initial wavelength

of light A = 244 nm and the work function ¢ = 2.3 eV.
Ans. A, C I

Maximum Velocity of Photoelectrons

Q 32. Two identical photocathodes receive light of fre-
quencies v; and vy. If the velocities of the photoelec-
trons (of mass m) coming out are respectively v; and

Vs, then (2003 m)
(A) vf =03 = 22 (11 — 1)

(B) vy + vy = [2h(V1+1/ )]1/2

(C) v? + 03 = 2h(1/1 +13)

(D)

D V1 — Vg = [2h (V1 2)] 1/2

Sol. Note that v; and vy are the mazimum velocities of
the photoelectrons for the incident frequencies v; and
Vo, respectively. The qualifier mazimum should have
been mentioned in the question. Substitute given pa-
rameters in equation K.x = hv — ¢ to get

%mvl - hl/l d)v (1)
émvg hvy — ¢. (2)
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Subtract equation from and simplify to get
2 o 2h

v — U5 = R(Vl — 9).
Ans. A O

Q 33. Radiation of wavelength J, is incident on a pho-
tocell. The fastest emitted electron has speed v. If
the wavelength is changed to 3\/4, the speed v’ of the
fastest emitted electron will be (2016 m)
(A) v >v(4/3)7  (B) v' < v(4/3)
(C) v =wv(4/3)2 (D) o' =wv(3/4)

Nl= Nl
Nl NI=

Sol. The fastest emitted electron will have the maxi-
mum kinetic energy. Thus, Kpax = mv> /2 for the wave-
length A and K. = mv’ 2 /2 for the wavelength 3\ /4.
Substitute these values in equation Kyax = he/A— ¢ to
get

gm? =" g, (1)
1 2 hc
3= v @)

Subtract equation from and simplify to get

9 2he

/
v v? 4+ D (3)
From equation ,
2h 2
c:v2+—¢>v2. (4)

m m
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Use inequality (4) in equation to get

v’—\/v2+2hc>\/1)2+02—\/zv
- 3Am 3 V3~

Ans. A O

Q 34. A metal surface is illuminated by light of two
different wavelengths 248 nm and 310 nm. The max-
imum speeds of the photoelectrons corresponding to
these wavelengths are v; and wvg, respectively. If the
ratio v : vo = 2 : 1 and he = 1240 eV - nm, the work
function of the metal is nearly (2014)
(A) 3.7eV (B) 3.2eV (C) 2.8eV (D) 2.5eV

Sol. The maximum kinetic energy of ejected photoelec-
trons is given by

1 h
Knax = gmvz = Tc - ¢ (1)

Substitute the values in equation to get

1, 1240
- - - 2
St = ot = 0, (2)
1, 1240
2" = g O ®)

Divide equation by and use v1 /vy = 2 to get
¢ =3.7eV.
Ans. A [
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Q 35. Surface of certain metal is first illuminated with
light of wavelength Ay = 350 nm and then, by light of
wavelength Ao = 540 nm. It is found that the maximum
speed of the photoelectrons in the two cases differ by a
factor of 2. The work function of the metal (in V) is
close to (2019 m)
(A) 1.8 (B) 2.5 (C) 5.6 (D) 1.4

Sol. The photoelectrons of the maximum kinetic en-
ergy (Kmax) have the maximum speed (vmax) given by
Koax = %mvmaXQ. The maximum speed of the pho-
toelectrons decreases when wavelength of the incident
light is increased. Let v; and vy be the maximum speeds
of the photoelectrons for wavelengths A; = 350 nm and
A2 = 540 nm, respectively. Substitute these values in

equation Kpyax = he/A — ¢ to get

1, he 1240

- - _ b= 1

K W e N (1)

1 5 he 1240

imUZ — )\72 (725 - 540 ¢, (2)
Vo = 111/2. (3)

Solve equations f to get ¢ = 1.8 eV.

FEzercise: The surface of a metal is illuminated al-
ternately with photons of energies £ = 4eV and
FE5 = 2.5 eV respectively. The ratio of maximum speeds
of the photoelectrons emitted in the two cases is 2. The

work function of the metal is? Ans. 4.5 eV.
Ans. A 0
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Q 36. The relativistic expression for electron’s kinetic
energy is recommended if the speed of photoelectron is
greater than 10% of the speed of light. For photoelec-
trons ejected from an aluminium surface (¢ = 4.2 eV)
what is the smallest wavelength of an incident photon

for which classical expression may be used?
(A) 4800 A (B) 480 A (C) 48 A (D) 48 A

Sol. We need to find the wavelength A of an incident
photon that eject electron from aluminium with the
maximum speed v = 0.1c¢ = 0.1 x3x10% = 3 x 10" m/s.
The kinetic energy of the electron is

1 1
Kax = 5mvz = 5(0.1x 10731)(0.1 x 3 x 10%)* J

1091 x10731)(0.1 x 3 x 108)2
_ 3 ) ? v

1.6 x 1071°
= 2560 eV.

Use equation Kyax = he/X\ — ¢ to get the wavelength

he 12400 A eV

- =48A.
Kpax + ¢ 2560 + 4.2

A:

This wavelength lies in X-rays region of the electromag-
netic spectrum. Thus, non-relativistic expression for
electron’s kinetic energy may give erroneous results for
high energy photons. Note that the photon energy is
much larger than the work function.

Ans. D [J



Chapter 2. Questions and Solutions 38
Stopping Potential

Q 37. In a photoelectric effect experiment, the poten-

tial difference between the emitter and the collector is

such that the fastest photoelectrons can fly only one-

half of the distance between the emitter and the collec-

tor. If the distance between the emitter and the col-

lector is reduced by half without changing the applied

voltage then the fastest photoelectrons will

(A) reach only the midpoint i.e., it fly only one-half of
the distance between the emitter and the collector.

(B) fly only only-fourth of the distance between the
emitter and the collector.

(C) fly only three-fourth of the distance between the
emitter and the collector.

(D) reach the collector.

Sol. For simplicity, let us assume the emitter (cathode)
and the collector (anode) as two parallel plates of a
capacitor. Also, assume that photoelectrons travel in a
direction perpendicular to the plates. The collector is
at a negative potential Vj relative to the emitter.

£ £
- A

S
S
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In the first case, the plates are separated by a
distance d. The electric field between the plates is
E = Vp/d. The repelling force on the electron is
F = eE = eVp/d. The fastest photoelectron loses its
kinetic energy in travelling half the distance i.e.,

Kiax = (eE)(d/2) = eVp/2. (1)

In the second case, the distance between the plates is
reduced to d/2. The electric field between the plates
increases to E = Vp/(d/2) = 2V /d. The repelling force
on the electron is F' = eE = 2eV,/d. The fastest photo-
electron loses its kinetic energy in travelling a distance
x given by

Kpax = Fx = 2eVoz/d. (2)

Eliminate K. from equations and (2) to get
& = d/4. Thus, photoelectron can fly only half of the
distance between the plates. Note that the stopping
potential is independent of the distance between the

emitter and the collector.
Ans. A

Q 38. The electric field of a light wave is given as

E =103 cos (2”_7 — 27 % 6 X 1014t> iNJC.
5x 10
This light falls on a metal plate of work function 2 eV.
The stopping potential of the photoelectrons is
(2019 m)
(A) 20V (B) 0.712V (C) 048V (D) 248V
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Sol. Given electric field is of a plane electromagnetic
wave travelling in the z-direction. The expression for
the electric field for these waves is

E(x,t) = Egcos (2ra/\ — 2mwt) .

Compare above equation with the given expression of
electric field to get the wavelength A = 5 x 10~ " m =
5000 A and the frequency v = 6 x 10'* Hz. Note that
c=vA=3x10%m/s.

The maximum kinetic energy of the photoelectrons
is given by

he 12400 A - eV
Kpax =~ —¢=—————-2eV=048¢V.
A 5000 A
The stopping potential is Vj = Kpax/e =048 V.
Ans. C [

Q 39. The maximum kinetic energy of photoelectrons
liberated from the surface of lithium (¢ = 2.39 V) by
electromagnetic radiation whose electric field at the ori-
gin varies with time as

E = Ep [1 + cos(6 x 10')] cos(42 x 10'4).

(A) 0.17eV (B) 0.38¢V (C) 0.78 eV (D) 1.44 eV

Sol. The electric field at the origin varies with time as
E= Eo(l + coswyt) cos wat
= E(cos wat + cos wi t cos wat)

= E_"O cos wat—+ % cos(wy +ws)t+ % cos(wg —w1 )t.
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It is the superposition of three waves of frequencies

Wy — W1 42 — 6

nm=— = —— X 10* = 5.73 x 10* Hz,
™ Y8
42
vy = ;—2 = 5 10" = 6.60 x 10" Hz,
Y3 Y3
6+ 42
V3 = wl;“& - ;r % 10 = 7.64 x 10 Hx.
Y5 s

Since v3 is the highest frequency, the photons of this
frequency are most energetic. These photons eject elec-
trons with the maximum kinetic energy

Kmax - hVS - ¢
6.63 x 1073%)(7.64 x 104
_ X )(_19>< )_2.39
1.6 x 10

=3.17-2.39=0.78 V.

We encourage you to compare the contributions of vy,
v, and v3 on the photocurrent. It is interesting and
challenging, give it a try!

Ans. C [

Q 40. The stopping potential for photoelectrons emit-
ted from a surface illuminated by light of wavelength
A= 4910 A is 0.71 V. When the incident wavelength is
changed the stopping potential is found to be 1.43 V.
The new wavelength is

(A) 2437 A (B) 3820 A (C) 1910 A (D) 9889 A

Sol. The maximum kinetic energy of photoelectrons is
related to the stopping potential Vy by Knax = eVp.
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Thus, the maximum kinetic energy of photoelectrons
when surface is illuminated by light of wavelength
A = 4910 A is 0.71eV. Its value is 1.43 eV for the
new wavelength \'. Substitute these values in equation
Kinax = he/ X — ¢ to get

he 12400 A - eV
YT 4910 A ¢ (1)

he 12400 A - eV
1.43eV:Y—¢:T_¢' (2)

Subtract equation from and solve to get the new
wavelength \' = 3820 A.
Ans. B [0

Q 41. When a certain photosensitive surface is illumi-
nated with monochromatic light of frequency v, the
stopping potential for the photo current is —V,/2.
When the surface is illuminated by monochromatic light
of frequency v/2, the stopping potential is —Vy. The
threshold frequency for photoelectric emission is

(2019 m)
v (B)

Qi

v (C) 2v (D)

[SJ[°]

v

Sol. The stopping potential is the negative potential
applied to the collector (relative to the emitter) to stop
the maximum kinetic energy photoelectrons from reach-
ing the collector. The maximum kinetic energy of pho-
toelectrons is related to the stopping potential V|, by
Kmax = eVp.

The maximum kinetic energy of the photoelectrons
when the surface is illuminated by light of frequency v
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is eV/2 and the maximum kinetic energy of photoelec-
trons is eV when the surface is illuminated by light of
frequency v/2. Can you smell something fishy? The
maximum kinetic energy of photoelectrons decreased
when frequency is increased!

The threshold (or cutoff) frequency v, is the min-
imum frequency that can eject photoelectrons. It is
related to the work function as ¢ = hv..

Let’s substitute given values in Kyax = hv — ¢ to
get

eVo/2 = hv — hug, (1)
eVo = hv/2 — hu,. (2)

Divide equation by and solve to ge v, = 3v/2.
Now, you can clearly see the problem. The light
of frequency v or v/2 cannot eject photoelectrons. In
these cases, the stopping potential does not make sense
as electrons are not even ejected. Sometimes, questions
are framed with a mechanical mindset without giving
any thought about the physics principles.
Ans. See solution []

Q 42. When radiation of wavelength A is used to illu-
minate a metallic surface, the stopping potential is Vj.
When the same surface is illuminated with radiation of
wavelength 3\, the stopping potential is Vj/4. If the
threshold wavelength for the metallic surface is nA then
value of n will be (2020 m)
(A) 3 (B)5(C)7 (D)9
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Sol. The maximum kinetic energy of photoelectrons is
related to the stopping potential Vy by Knax = eVp.
The maximum kinetic energy of the photoelectrons
when the surface is illuminated by radiation of wave-
length A is eV} and its value is eV /4 when the surface
is illuminated by radiation of wavelength 3\.

The threshold (or cutoff) wavelength A. is the max-
imum wavelength that can eject photoelectrons. It is
related to the work function ¢ as ¢ = he/ ..

Substitute given values in equation K.y = he/A—

¢ to get

eVo = he/ A — he/ A, (1)
eVo/4 = he/(3X) — he/ .. (2)

Divide equation by and solve to ge A\, = 9.
Ans. D [

Q 43. In a photoelectric experiment, the wavelength of
the light incident on a metal is changed from 300 nm to
400 nm. The decrease in the stopping potential is close
to (2019 m)
(A) 05V (B) 1.5V (C) 1.0V (D) 2.0V

Sol. Let Vi and V5 be the stopping potentials for the
wavelengths A\; = 300 nm and A2 = 400 nm, respec-
tively. Substitute these values in Kp.x = eV =
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he/X — ¢ to get

he 1240 nm - eV
= —_— — -_—_— - 1
V= T T 300 mm ’ (1)
he 1240 nm - eV
= — — = - — 2
Vo=3, "¢ 400 nm 2)

Subtract equation from and solve to get the
decrease in potential V3 — Vo = 31/30 ~ 1 V. Note
that the stopping potential decreases when the wave-
length is increased. We encourage you to show that
AVy/Vo = —AM/ X for small change in the wavelength.

Ans. C [

Q 44. The ultraviolet light of wavelength 200 nm falls

on an aluminium surface (¢ = 4.2 eV). Which of the

following option(s) is (are) correct?

(A) The kinetic energy of the fastest emitted photoelec-
trons is 2.0 eV.

(B) The kinetic energy of the slowest emitted photo-
electrons is zero.

(C) The stopping potential is 2.0 V.

(D) The cut-off wavelength is 295 nm.

Sol. The energy of an ultraviolet photon of wavelength
A =200 nm is

he 1240 nm - eV
A 200 nm

The fastest emitted photoelectron has the maximum
kinetic energy given by

Kpox=EFE—-¢=62-42=20¢eV.
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The minimum kinetic energy of the emitted photoelec-
trons is Ky, = 0.

The stopping potential Vj is related to the max-
imum kinetic energy of the photoelectron by Ky.x =
eVy. Thus, the stopping potential is

Vo = Kmax/e = 2.0 eV/e = 2.0 V.

The cutoff wavelength A. is related to the work function
by ¢ = he/A.. Thus, the cutoff wavelength for the
aluminium is

he _ 1240 nm - eV

)\C = — =
o) 4.2eV

=295 nm.

UV light covers a wavelength spectrum from
100 nm to 400 nm. It is subdivided into three regions as
(i) UVA from wavelength 315 nm to 400 nm, (ii) UVB
from 280 nm to 315 nm and (iii) UVC from 100 nm to
280 nm. Can you see why UVC lamp is used in photo-

electric effect demonstration from an aluminium plate?
Ans. A, B, C,D [

Graph Based

Q45. The work functions of silver and sodium are
4.6 eV and 2.3 eV, respectively. The ratio of the slope
of the stopping potential versus frequency plot for silver
to that of sodium is ....... (2013)
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Sol. In photoelectric effect, the stopping potential (V4)
is related to the frequency (v) of incident radiation and
work function (¢) of the material by
h
V() = -V — ?
e e
Thus, the slope of V versus v plot is h/e, a universal

constant.
Ans. 1

Q 46. According to Einstein’s photoelectric equation,

the plot of the kinetic energy of the emitted photoelec-

trons from a metal versus the frequency of the incident

radiation is a straight line whose slope (2004 m)

(A) depends on the nature of the metal used.

(B) depends on the intensity of the radiation.

(C) depends both on the intensity of the radiation and
the metal used.

(D) is the same for all metals and independent of the
intensity of the radiation.

Sol. In photoelectric effect, the stopping potential Vj
is related to the frequency v of incident radiation and
work function ¢ of the material by
h
V() = -V — ?
e e
Thus, the slope of Vi versus v plot is h/e, is a universal
constant. It is the same for all metals and independent
of the intensity of the radiation.
Ans. D [
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Q47. In a historical experiment to determine Planck’s
constant, a metal surface was irradiated with light of
different wavelengths. The emitted photoelectron en-
ergies were measured by applying a stopping potential.
The relevant data for the wavelength (A) of incident
light and the corresponding stopping potential (V5) are
given below:

A (pm) Vo (Volt)

0.3 2.0
0.4 1.0
0.5 0.4

Given that ¢ = 3x 108 m/s and e = 1.6 x 107 C,
Planck’s constant (in units of J-s) found from such an
experiment is (2016)
(A) 6.0x 1073 (B) 6.4 x 1073
(C) 6.6 x1073* (D) 6.8 x 1073

Sol. In photoelectric effect, the stopping potential (V)
is related to the wavelength of incident radiation by

eVo = he/\ — ¢, (1)

where ¢ is the work function of the metal. From equa-
tion 7 1/X versus Vy graph is a straight line with a
slope hc/e and intercept —¢/e on Vj axis.
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Vo (eV)
2.0 .
1.0
0.4 1 —1
0.0 7 x (hm)
0.5 0.4 0.3
-2.0

Substitute the values of V;; and A in equation
to get three equations in two unknowns, hc/e and
¢/e. Solve any two of the three equations to get
h =64x1072"J.s and ¢ = 2.0eV. We encourage
you to find A and ¢ if second reading is erroneously
measured as (0.4 um, 1.1 V) instead of (0.4 um, 1.0 V).

Ans. B [0

Q 48. A historical experiment was done by R. Millikan
to disprove Einstein’s equation Ky,,x = hv — ¢. His
experimental results are shown in the figure. Which of
the following option(s) is (are) correct?
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Vo (V)

A
3 4

2 4

T T T T T T T T T

O 1 2 3 4 5 6 7 & 9 10 11 12
v (x10'4 Hz)

—>

(A) The experimental results are in agreement with
Einstein’s equation.

(B) The Planck’s constant deduced from the graph is
h=64x10"""Js.

(C) The work function deduced from the graph is ¢ =
2.24 eV.

(D) The graph intersect Vp-axis at Vj = —2.24 V.

Sol. The relation between frequency v and stopping
potential Vy is a straight line. The line intersect the
frequency axis at v, = 5.6 x 10'* Hz. It passes through
the points (8.0 x 10'*,1) and (10.5 x 10'*,2) and its
slope is

AV 2-1
Av 105 x 10 — 8 x 10
=4x 107" V/Haz.

S =
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Thus, the equation of the line is

Vo =4.0x 1075 (v — 5.6 x 10'%)
=4.0x 10" %y —2.24. (1)

Write Einstein’s equation in terms of the stopping po-
tential (Kpax = eVp)

Vo = (h/e)v — ¢e. (2)

Compare equations and to get Planck’s constant
and the work function

h=es=(1.6x107"7)(4.0 x 107'%)
=6.4x 1073 J -5,
¢ =e(2.24) J =224 eV.

Substitute ¥ = 0 in equation to get intercept
on the V| axis as V) = —2.24 V. Note that the graph
intersect the Vj axis at Vp = —¢/e.

Albert Einstein was awarded Nobel Prize in 1921
for his services to theoretical physics, and especially for
his discovery of the law of the photoelectric effect.

R. Millikan was awarded Nobel Prize in 1923 for
his work on the elementary charge of electricity and on
the photoelectric effect.

Ans. A, B, C,D [

Q 49. Given figure shows a few data points in a pho-
toelectric effect experiment for a certain metal. The
minimum energy for ejection of electron from its sur-
face is (2020 m)
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Vo (V)

i C(6,V.)

B(E’.M
0 /‘5 6 ~ (10 Ha)
A5, Va)

(A) 1.93eV (B) 2.59¢V (C) 2.27¢V (D) 2.10 eV

Sol. The stopping potential is zero at the threshold (or
cutoff) frequency i.e., Vo(v.) = 0. From given figure, the
stopping potential is zero at the point B. The frequency
at this point is v, = 5.5 x 1014 Hz. The energy of a
photon of this frequency is

E = hv, = (6.63 x 1073%)(5.5 x 1014) J

~ 6.63x107*" x 5.5 x 10"

T =228 eV.

Thus, minimum energy for the ejection of photoelec-
trons is ¢ = hv, = 2.28 eV.
Ans. C [

Q 50. In a photoelectric effect experiment, the graph
of stopping potential V' versus reciprocal of wavelength
obtained is shown in the figure. As the intensity of
incident radiation is increased (2020 m)
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Vo

0
1/
(A) Straight line shifts to left
(B) Straight line shift to right
(C) Slope of the straight line get more steep
(D) Graph does not change

Sol. The stopping potential Vj is related to the wave-
length A of the incident radiation by

The graph of Vj wversus 1/X is a straight line with a
constant slope hc/e and material dependent intercept
¢/e. The graph does not depend on the intensity of the
incident radiation.
Note: The intensity of incident radiation can be in-
creased either by increasing the wave amplitude or by
increasing the wave frequency. Here, we assumed that
intensity is increased without varying the frequency.
Ans. D

Q 51. For photoelectric effect with incident photon
wavelength A, the stopping potential is V. Identify
the correct variation(s) of Vp with A and 1/A.  (2015)
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(A) (B)

Vo Vo

AN DN

(c) 'o (D) "o
/.

A

1/ 1/
Sol. In photoelectric effect, the stopping potential Vj
is related to the wavelength of incident radiation by

eVo = he/\ — ¢, (1)

where ¢ is the work function of the metal. From equa-
tion 7 1/X versus Vy graph is a straight line with a
positive slope hc/e. The equation can be written as
(eVo + @)\ = he.
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Thus, A versus Vy graph is hyperbolic in nature.
The details of two graphs are shown in the figures.
Ans. A, C I

Q52. The graph between 1/\ and stopping potential
(V) of three metals having work functions ¢, ¢o and
¢3 in an experiment of photoelectric effect is plotted
as shown in the figure. Which of the following state-
ment(s) is (are) correct? (Here A is the wavelength of
the incident ray.) (2006)
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4

metal-1 metal-2 metal-3

Ll Lo

0.001 0.002 0.004

(A) ¢p1:02:¢3=1:2:4.

(B) p1:¢2:03=4:2:1.

(C) tan@ is directly proportional to he/e, where h is
Planck’s constant and c is the speed of light.

(D) The violet colour light can eject photoelectrons
from metal 2 and 3.

Sol. The energy of incident photon hc/) is equal to
the sum of minimum energy required to emit the pho-
toelectron (work function ¢) and kinetic energy K of
the ejected photoelectron. The stopping potential V'
converts the kinetic energy K of ejected photoelectron
into potential energy eV thereby stopping its motion.
Thus, he/A=¢+ K =¢+ eV ie,

At V =0, ¢ = he/A, which gives
é1 = 0.001he,  éy = 0.002he,  ds3 = 0.004he.

Hence, ¢1 : ¢2 : ¢35 = 1 : 2 : 4. The slope of V—%
graph (which is a straight line) is tanf = hc/e. The
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wavelengths corresponding to ¢1, ¢2 and ¢3 are

A1 = 1/0.001 = 1000 nm,
A2 = 1/0.002 = 500 nm,
A3 =1/0.004 = 250 nm.

The wavelength of violet colour light is close to 400 nm.
Thus, violet light cannot eject the photoelectrons from

metal 3.
Ans. A, C [J

Q 53. The stopping potential V; (in volt) as a function
of frequency (v) for a sodium emitter, is shown in the
figure. The work function of sodium, from the data
plotted in the figure, will be (2019 m)

Vo (V)

v(10' Hz)

4 6 8 10

(A) 1.82eV (B) 1.66 eV (C) 1.95eV (D) 2.12eV

Sol. The work function ¢ is equal to the energy of a
photon of cutoff frequency v.. The stopping potential
is zero at the cutoff frequency i.e., Vy(v.) = 0. From
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given figure, the cutoff frequency is v. = 4 x 10'4 Hz.
Thus, the work function of the sodium is

¢ = hv. = (6.63 x 10734)(4 x 10*4) J

6.63 x 1073%)(4 x 10™
_ (663107 )E X 107) oy _ ) g6 ey,
1.6 x 10

Ans. B O

Photocurrent

Q 54. The figure shows the variation of photocurrent
with anode potential for a photosensitive surface for
three different radiations. Let I, I, and I. be the in-
tensities and f,, fp and f. be the frequencies for the

curves a,b and c respectively. Then, (2004)
I
L
c/ba
v

(A) fa:fb and Ia#lb (B) fa:fc and I, = 1.
(C) fa:fb and I, = I (D) fb:fc and I, = 1.

Sol. In photoelectric effect, the cut-off voltage depends
on the frequency of incident radiation and saturation
current depends on its intensity. The cut-off voltages
are equal for a and b but different for ¢ which gives
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fa = fo # fe- The saturation currents are equal for b
and ¢ but different for a which gives I, # I, = I.
Ans. A [0

Q 55. When a monochromatic point source of light is
at a distance of 0.2 m from a photoelectric cell, the cut-
off voltage and the saturation current are 0.6 V and
18.0 mA, respectively. If the same source is placed
0.6 m away from the photoelectric cell, then, (1992)
(A) the stopping potential will be 0.2 V.

(B) the stopping potential will be 0.6 V.

(C) the saturation current will be 6.0 mA.

(D) the saturation current will be 2.0 mA.

Sol. The intensity of a point source at a distance r
varies as I = Iy/r?, where I is a constant. Thus, in-
tensities of the light falling on the photoelectric cell are

I = 1/(0.2)?, I, = I/(0.6)2.
Since saturation current is proportional to the intensity

I, . (02)?

2= 18 = 2 mA.
LT 062" m

19 =

The cut-off voltage depends on the frequency of incident
light and not on its intensity. Thus, the cut-off voltage
is 0.6 V in both the cases.

Ans. B, D [J

Q 56. A metal surface is illuminated with a monochro-
matic radiation of frequency ;7 and of the energy flux S.



Chapter 2. Questions and Solutions 60

The photocurrent i is measured for various values of
applied potential V. The experiment is repeated with
radiation of frequency vo (> 1) but of the same energy
flux S. Which of the following graphs best represent
the results of these experiments?

(A) . B
— 2N
/]
VoVi O 14 Vo Vi O 1%
7 i
(© R 2
i
Vo Vi O \% ViVa O \%

Sol. The stopping potential is related to the maximum
kinetic energy of photoelectrons by
Vo = @ — ﬁ v — ?
e e e

Since vo > vy, we get stopping potential |Va| > |V;].

The saturation current is proportional to the num-
ber of ejected photoelectrons, which in turn is propor-
tional to the number of incident photons. The energy
of a photon of frequency v is F4y = hvy. The photons
flux (numbers of photons striking per unit area per unit
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time) of this frequency is

_S5_ 5
_El_hl/l'

ni

The energy of a photon of frequency vy is Fy = hus.
The photons flux for this frequency is

S S

HQZE:TI/Q

Since vy > v1, we get n; > no. Hence, saturation cur-
rent is more in case 1.

Note that equal energy flux (or intensity) does not
means equal photon flux (and hence saturation current).
Many books state “saturation photocurrent increases
with increase in the intensity of the radiation”. This is
true only if frequency is constant.

Ans. C [

Q57. The frequency and the intensity of a beam of

light falling on the surface of a photoelectric material

are increased by a factor of two. This will

(A) increase the maximum kinetic energy of ejected
photoelectrons, as well as photocurrent by a fac-
tor of two.

(B) increase the maximum kinetic energy of ejected
photoelectrons and would increase photocurrent by
a factor of two.

(C) increase the maximum Kkinetic energy of ejected
photoelectrons by a factor of two and have no effect
on photocurrent.
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(D) increase the maximum kinetic energy of ejected
photoelectron by more than twice and will have
no effect on photocurrent.

Sol. The maximum kinetic energy of ejected photoelec-
trons is related to the frequency of incident radiation by
Kax = hv — ¢. Thus, the maximum kinetic energy of
photoelectrons in two cases are

Kmax,l =hv — ¢a (1)
Kmax,Q - h(2l/) - ¢ (2)

Eliminate v from equations and to get
Kmax,Q = 2—Kvmaux,l + d)

Since work function ¢ > 0, the maximum kinetic energy
of the photoelectrons is increased by more than twice.

The energy of a photon of frequency v is Fy = hv
and that of a photon of frequency 2v is EFy = 2hv. The
photon-flux (number of photons striking per unit area
per unit time normal to the surface) of the radiations
of intensities I; = I and I, = 21 are

I 1
nGg = — = —
! E1 hl/’
L, 2 I
Nng = =

Ey 2w W

Thus, photon-flux remains same when the frequency
and the intensity are both doubled. Thus, the satu-
ration photocurrent will not change.

Ans. D [
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Q 58. The anode voltage of a photocell is kept fixed.
The wavelength A of the light falling on the cathode is
gradually changed. The plate current 7 of the photocell

varies as follows (2006 m)
(A) (B)
©) (D) ?

o; A OA I\

Sol. The photocurrent 7 is proportional to the numbers
of electrons ejected per unit time, which in turn is pro-
portional to the numbers of photons incident per unit
time. The number of photons incident per unit time
depend on the intensity and wavelength of the incident
light.

The energy of each photon is E = he/\. Let n
be the number of photons incident per unit time per
unit area. The energy incident per unit time per unit
area (i.e., intensity I) is given by I = nhc¢/A. Thus, the
number of photons incident per unit time per unit area
is

n = I\/(he).

The question is silent on the intensity I of the light. If
the wavelength A is varied without varying the intensity
then n (and hence photocurrent 4) shall vary linearly
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with the wavelength. None of the given options show
straight line dependence.

The photocurrent will become zero when the wave-
length of light is increased beyond a threshold (or cut-
off) wavelength A.. The photons of wavelength greater
than A\. cannot eject electrons because their energy is
less than the work function.

Ans. See solution []

Q 59. In a photoelectric experiment set-up, photons of
energy 5 eV falls on the cathode having work function
3 eV. If the saturation current i4 = 4 pA for intensity
I4 = 107" W/m?, then plot the variation of photocur-
rent 7,, against the anode voltage V,, for photon intensity
I, =107 W/m? and I =2 x 107°> W/m?. (2003)

Sol. In photoelectric effect, maximum kinetic energy of
the ejected photoelectrons is given by

Knax=hv—¢=5—-3=2¢eV.

ip(pHA)

Thus, anode potential to stop these photoelectrons
is 2V (stopping potential). The saturation current is
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proportional to the intensity of incident light. Thus,
Ipia (2x107°)(4)
1B =

fry = = 8 A
Ta 105 a

Ans. See solution [

Q 60. Photoelectric effect experiments are performed
using three metal plates p, ¢ and r having work func-
tions ¢, = 2.0 eV, ¢, = 2.5 eV and ¢, = 3.0 eV, respec-
tively. A light beam containing wavelengths of 550 nm,
450 nm and 350 nm with equal intensities illuminates
each of the plates. The correct I-V graph for the ex-

periment is [Take he = 1240 eV-nm.] (2009)
(A) ! a (B) !
r
P
\% \4
(€) ! a (D) !
p
r
\% 14

Sol. The photon energy for wavelength X is given by
E = he/ . (1)
Substitute the values in equation to get the photon

energies for three given wavelengths as
E; =1240/550 = 2.25 eV,
Ey =1240/450 = 2.75 eV,
E5 =1240/350 = 3.54 eV.
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The energies Fp, F>, and E3 are sufficient to emit the
photoelectrons from metal p, E5 and E3 are sufficient
to emit the photoelectrons from metal ¢, and Ej3 is suf-
ficient to emit the photoelectrons from metal r. Thus,
the saturation current, I, > I, > I.. The stopping
potential V' is related to work function ¢ by

V = he/(e)) — ¢/e. (2)

Since ¢, < ¢4 < ¢, equation gives the stopping
potential V, >V, > V.
Ans. A [0

Q61. A beam of light has three wavelengths
4144 A, 4972 A and 6216 A with a total energy of
3.6 x 1073 W /m? equally distributed amongst the three
wavelengths. The beam falls normally on an area 1 cm?
of a clean metallic surface of work function 2.3 eV. As-
sume that there is no loss of light by reflection and
that each energetically capable photon ejects one elec-
tron. Calculate the number of photoelectrons liberated
in two seconds. (1989)

Sol. The energies of the photons for wavelengths A\; =
4144 A, Ny = 4972 A, and \3 = 6216 A are

er = he/A = 12420/4144 = 3.0 eV,
es = he/Ay = 12420/4972 = 2.5 eV,
e3 = hefAs = 12420/4216 = 2.0 €V.

A photon ejects the photoelectron from a metal of
work function ¢ = 2.3 eV if its energy is greater than
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¢. Thus, only the photons of wavelengths A1 and A
eject the photoelectrons from the given metal. To-
tal intensity, I = 3.6 x 1073 W/m?, is equally divided
among the three wavelengths. Thus, the intensities
of the wavelengths A\ and Ag are, Iy = I = I/3 =
1.2 x 1072 W/m?2. The energies falling on an area
A =1cm? = 107* m? for wavelengths \; and \o in
time t = 2 s are

By=0LAt=(1.2 x 107%)(107%)(2)=2.4 x 1077 J,
Ey=TAt=(1.2 x 1073)(107%)(2)=2.4 x 1077 J,

and the number of photons corresponding to these en-
ergies are

E 24 %1077

np=—= - s =5x 10",
er 3.0x1.602x 10
E 24 %1077

ny = =2 x 10 — 6 x 10",

ca  25x1.602x 1019

Since each photon of wavelength A; and Ay ejects one
photoelectron, total number of photoelectrons ejected
from the metal are n, = ny + no = 1.1 x 102.

Ans. 1.1 x 102 O

Q 62. The results of a photoelectric effect experiment
are shown in the figure. Which of the following is (are)
correct?
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i(nA)
10

| | | ‘ | | — V (V)
2 3

(A) The stopping potential is 2 V.

(B) The saturation current is 10 pA.

(C) The number of photoelectrons ejected per second
is 6.25 x 10'3.

(D) The wavelength of incident radiation is 620 nm.

Sol. The stopping potential is the negative potential
applied to the collector that stops movement of pho-
toelectrons. The photocurrent is zero at the stopping
potential. Thus, stopping potential in this experiment
is Vo = 2 V. The maximum kinetic energy of photoelec-
trons is Kpa.x = eVy =2 eV.

The saturation current is the maximum value of
photocurrent. It flows when the collector is given a suf-
ficiently high positive potential. The saturation current
in this experiment is iy = 10 pA.

At saturation, all ejected photoelectrons reach the
collector. Thus, the number of electrons ejected per
second is equal to the number of electrons flowing in
the circuit per second, which is

is 10 x 1076

n=-=_————-=625x10"
e 16x10
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We cannot find the wavelength of incident radiation and
work function of the material from the given data.

We encourage you to analyse the phenomenon
when applied voltage is increased from —2 V (stopping
potential) to 1V (saturation). Why the curve has a
slow rise and not a steep rise? Try to correlate this
with the velocity distribution of ejected photoelectrons.

Can you explain why the photocurrent at V' = 0 is
less than the saturation current i.e., why i(V = 0) < i,?
Hint: Think about the direction in which photoelec-
trons are ejected, geometrical shape and distance of the
collector plate, and the role played by the electric field
that exist between two plates.

Ans. A, B, C [

Q63. A metal cathode of work function 3.3 eV is il-
luminated with 15 uW of light having a wavelength of
300 nm. The efficiency of converting photons to photo-
electrons is 12%. The current measured in the experi-
ment is

(A) 435 uA  (B) 4.35 uA
(C) 362.5 uA (D) 36.25 pA

Sol. The energy of a photon of wavelength 300 nm is
E = he/XA =1240/300 = 4.13 eV.

The photon energy is greater than the work function
¢ = 3.3 eV. It can eject an electron from the metal.
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The incident power is P = 15 x 1075 W. The num-
ber of photons incident per second is

P 15 x 1076
= = =92.27 x 10'3.
T E T 113 x16x10° 10

The efficiency of converting photons to photoelectrons
is 7 = 12%. Thus, the number of electrons ejected per
second is

ne = nn, = (0.12)(2.27 x 10"3) = 2.72 x 10'2.

The current measured in the experiment (photocurrent)
i.e., charge flowing per second is given by

i =ene = (1.6 x 10719)(2.72 x 10'?)
=4.35x 1077 A =43.5 pA.

Ans. A O

Photoelectric Effect: Miscellaneous

Q 64. A silver sphere of radius 1 cm and work function
4.7 eV is suspended from an insulating thread in free-
space. It is under continuous illumination of 200 nm
wavelength light. As photoelectrons are emitted, the
sphere gets charged and acquires a potential. The maxi-
mum number of photoelectrons emitted from the sphere
is Ax10% (where 1 < A < 10). The valueof Zis.......

(2011)
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Sol. The silver sphere gets positively charged due to
emission of photoelectrons. This positively charged
sphere attracts (binds) the emitted photoelectrons. The
emitted photoelectrons cannot escape if their kinetic en-
ergies (hc/A—¢) are less than or equal to their potential

energies ( 47350 "T‘)z) Thus, in limiting case,
he 1 ne? (1)
A T dweg T

Substitute the values of various parameters in equa-

tion ,

1242 - n(9x10%) (1.6 x 10717)
200 1072 ’

to get n = 1.04 x 10”. [We have used hc = 1242 eV-nm.]
Exercise: Up to what maximum potential an isolated
copper sphere (¢ = 4.47eV) can be charged when
irradiated by electromagnetic radiation of wavelength
A =140 nm? Ans. 4.39 eV.

Ans. 7 O

Q65. Two metallic plates A and B each of area
5 x 10~* m?, are placed parallel to each other at sep-
aration of 1 cm. Plate B carries a positive charge of
33.7 x 10712 C. A monochromatic beam of light, with
photons of energy 5 eV each, starts falling on plate A
at t = 0 so that 10'% photons fall on it per square metre
per second. Assume that one photoelectron is emitted
for every 10° incident photons. Also assume that all the
emitted photoelectrons are collected by plate B and the



Chapter 2. Questions and Solutions 72
work function of plate A remains constant at the value
of 2 eV. Determine, (2002)

(a) the number of photoelectrons emitted up to ¢ =
10 s.

(b) the magnitude of the electric field between the
plates A and B at t = 10 s.

(c) The kinetic energy of the most energetic photoelec-
trons emitted at ¢ = 10 s when it reaches plate B.

[Neglect time taken by the photoelectron to reach plate
B. Take ¢y = 8.85 x 107'% C?/N-m?]

Sol. The number of photons striking the plate A of area
A=5x10"*m? in a time interval of 10 s is

n, = (10*%) (5 x 107*) (10) = 5 x 10*3,

and the number photoelectrons emitted by this plate in
10sis

ne =n,/10° =5 x 107.

The positive charge on plate A due to emission of the
photoelectrons is

qa=en.=(1.6 x 1071%)(5 x 107)=8.0 x 10712 C,

and, the charge on plate B after collecting n. photo-
electrons is

gp=33.7x10712 —8.0 x 10712=25.7 x 1072 C.

The direction of electric field between the two plates is
from plate B to plate A. The magnitude of this electric
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field is

_qs/A  qa/A _gB—qa
260 260 2A60

- (25.7 — 8) x 10712

~2(5x 107%) (8.85 x 10712)

E=Ep —E4

=2x10° V/m.

In photoelectric effect, the maximum kinetic energy of
emitted photoelectrons is given by

Kmax =hv —¢=5—2=3eV.

These electrons are attracted by plate B. The gain in
potential energy of the photoelectron is

U=qFEd=eEd=e(2x10%)(1072) = 20 eV.

Thus, kinetic energy of the most energetic photoelec-
trons when these reach plate B is Kyax + U = 23 eV.
Ans. (a) 5 x 107 (b) 2 x 10° N/C (c) 23 eV [

Q66. In a photoelectric experiment a parallel beam
of monochromatic light with power of 200 W is inci-
dent on a perfectly absorbing cathode of work function
6.25 eV. The frequency of light is just above the thresh-
old frequency so that the photoelectrons are emitted
with negligible kinetic energy. Assume that the photo-
electron emission efficiency is 100%. A potential dif-
ference of 500 V is applied between the cathode and
the anode. All the emitted electrons are incident nor-
mally on the anode and are absorbed. The anode ex-
periences a force F =n x 107* N due to impact of the
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electrons. The value of nis ....... [Mass of the elec-
tron m, = 9 x 1073 kg and 1.0 eV = 1.6 x 10719 J.]
(2018)

Sol. The frequency of incident light is just above the
threshold frequency. Hence, the energy of each pho-
ton is equal to the work function (E, = ¢ = 6.25€V)
and the kinetic energy of emitted photo-electron is zero
(Keo = 0). The energy incident per second on the cath-
ode is incident power P = 200 W. Thus, number of
photons incident per second is

N, = P/E, = P/¢.

The photo-electron emission efficiency is 100%. Thus,
number of photo-electron emitted per second is equal
to the number of photons incident per second i.e.,
N. = N,. These photo-electrons are accelerated by a
potential difference V' = 500 V. Thus, gain in potential
energy of each photo-electron is AU = eV = 500 eV.
By conservation of energy, kinetic energy of the photo-
electron when it reaches the anode is

K, = K.+ AU = 500 eV.

The linear momentum of photo-electron of mass m. and
kinetic energy K. is given by

Pe =V 2m K.

The photo-electron transfer its entire linear momentum
to the anode (absorbed by the anode). Thus, gain in
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linear momentum of the anode by absorbing one photo-
electron is

Apg = pe.

The force on the anode is equal to the increase in its
linear momentum per second. Since N, photo-electrons
strikes the anode per second, the force acting on the
anode is given by

Fy = N.Ap, = Nepe (. Apa = pe
= Nppe = (P/$)pe (. Ne=Np,=P/¢
= (P/¢)v2m.K, (v pe = V2m K,
= (P/¢)/2mceV (- Ke=eV

=24 x 107* N.

Ans. 24 O

Q67. When a beam of 10.6 eV photons of inten-
sity 2.0 W/m? falls on a platinum surface of area
1.0 x 107* m? and work function 5.6 eV, 0.53% of the
incident photons eject photoelectrons. Find the number
of photoelectrons emitted per second and their mini-
mum and maximum energies (in eV). [Take 1eV =
1.6 x 10719 J ] (2000)

Sol. The energy of each photon is

hv =10.6 eV = 10.6 x 1.6 x 1079
=16.96 x 10719 J. (1)
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The intensity I = 2 W/m? is the energy falling on 1 m?
area in one second. Thus, the energy of photons falling
on area A = 1.0 x 10~* m? in one second is

E=TA=2x10x10"*=2x10"%J/s. (2)

The equations and give the number of photons
falling in one second as

E 2x 1074

= =_—_"""" =118 x 10
" T 16,96 x 1010

The number of photoelectrons emitted in one second is
0.53% of n, i.e.,

ne =n, x 0.53/100 = 6.25 x 101,

Maximum kinetic energy of emitted photoelectrons is
related to work function ¢ by hv = ¢ + Ky,

Ko = hv — ¢ = 10.6 — 5.6 = 5.0 V.

Minimum kinetic energy of photoelectrons can be zero
i.e., Kmin = 0.
Ans. 6.25 x 10, zero, 5.0 eV [J

Q 68. A monochromatic point source S radiating wave-
length 6000 A with power 2 W, an aperture A of diam-
eter 0.1 m and a large screen SC are placed as shown in
the figure. A photoemissive detector D of surface area
0.5 cm? is placed at the centre of the screen. The effi-
ciency of the detector for the photoelectron generation
per incident photon is 0.9. (1991)
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SC

¥

6m

(a) Calculate the photon flux at the centre of the screen
and photocurrent in the detector.

(b) If the concave lens L of focal length 0.6 m is inserted
in the aperture as shown, find the new values of
photon flux and photocurrent. Assume a uniform
average transmission of 80% from the lens.

(c) If the work function of the photoemissive surface
is 1 eV, calculate the values of the stopping poten-
tial in the two cases (without and with the lens in
aperture).

Sol. The energy of each photon is

_he _ (6.63 x 107%*) (3 x 10%)
TN 6000 x 1019
=3.315x 10717 J.

E

The number of photons emitted per second by the
source of power P =2 W is
P 2
No=—=-—"—-=6.03x10".
°T B 3315x10° 9
The aperture does not obstruct radiations falling
on the detector. Also, aperture size is much larger than
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the wavelength. Hence, presence of aperture does not
change the number of photons falling on the detector
i.e., we can neglect diffraction effects.

The photon flux (number of photons per unit area
per unit time) at the detector placed at a distance r =
6 m from the source S is

N 6.03 x 108

= = :1.33 1016
T i T 4(3.14) (6)2 .

The number of photons incident on the detector of
area A per second is

Np =nA = (1.33 x 10'%)(0.5 x 107%)
=6.67 x 10",

The number of photoelectron emitted per second with
a detector efficiency n = 0.9 is

N, =nNp = 6.00 x 101,

The photocurrent is charge of emitted photoelectrons
per second i.e.,
i=eN,=1.6x 107" x 6.00 x 10"
=9.60 x 107% A.
Now, a concave lens of focal length 0.6 m is inserted
in the aperture. It diverges the beam. An observer on

the screen see the beam as if it is coming from a new
point source S’ (image of S). The lens formula,

1/v—1/u=1/f,
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with v = —0.6 m and f = —0.6 m gives position of S’
as v = —0.3 m.

A SC
/
e S ME. Db
0.3m
" 0.6m  54m
I 6m 71

Let us focus on the radiations coming to the detec-
tor. The situation is shown in the figure given below
(not to the scale). The radiations falling on the portion
AB of the lens reaches the detector CD. From triangles
S’AB and S’CD, length AB = CD x 0.3/5.7. Thus, for
a symmetrical detector of area A, the area of shaded
portion AB of the lens is

Ap = A(0.3/5.7)> = 0.5 x 1074(0.3/5.7)*
=1.39 x 107" m?.
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0.3m 0.3m L[ 5.4m

The incident flux on the lens placed at a distance
r1 = 0.6 m from the source S is No/(47r?). Thus, num-
ber of photons reaching the shaded portion of the lens
(and hence reaching the detector) is

N ~ 6.03 x 10" x 1.39 x 1077
s A 4 % 3.14(0.6)2
=1.85 x 10'".

Ng,

The number of photons transmitted by the lens per sec-
ond that reaches the detector is

Nj, =TNp =0.8x 1.85 x 10'" = 1.48 x 101,
The photon flux at the detector is

, Nj 148 x 10"

- =7 996 x 10,
"TTA T 05x108
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The number of electrons emitted per second by the de-
tector is

N! =nNp, =1.33 x 10"},
and the photocurrent is
i’ = eN. =213 x107% A.

The maximum kinetic energy of emitted photoelec-
trons is given by

he 3.315 x 10719
Kiax = \ o= 6% 10-1 1=1.06 eV.
Thus, the stopping potential is 1.06 V. It is same in
both the cases.

We encourage you to find the illuminated area of
the screen (i) with aperture and (ii) with lens. The lens
increases illuminated area by almost 4 times and hence
other quantities reduces in the same proportion.

Ans. (a) 1.33 x 101 s7'm=2,9.60 x 107% A
(b) 2.96 x 10" s7'm=2,2.13 x 107% A
(¢) 1.06 V in both cases. [

Q69. A beam of electromagnetic radiation of inten-
sity 6.4 x 1075 W /cm? is comprised of wavelength A =
310 nm. It falls normally on a metal (work function
¢ = 2 eV) of surface area 1 cm?. If one in 10% photons
ejects an electron, total number of electrons ejected in
1sis 107, then z is....... (2020 m)
(A) 5 (B) 7 (C)9 (D) 11
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Sol. The energy falling on the metal surface of area
A =1 cm? in one-second is

P=TA=(64x10"°)(1)=6.4x 107° W.
The energy of a photon of wavelength A = 310 nm is

he _ 1240 nm - eV
A 310nm
=4x16x107°=64x10"1°J.

E: :4eV

The number of photons falling per second on the metal
surface is

The energy of each photon is greater than the work
function ¢ = 2 eV. Since one in 10% photons eject an
electron, the number of photoelectrons ejected in one
second is

4
p 11
e ™= TT5 — T — 10
e T 108 T 108
Ans. D O

Q 70. A metal plate of area 1 x 10~ m? is illuminated
by a radiation of intensity 16 mW/m?2. The work func-
tion of the metal is 5 eV. The energy of the incident
photons is 10 eV and only 10% of it produces photo-
electrons. The number of emitted photoelectrons per
second and their maximum energy, respectively, will be
(2019 m)
(A) 10 and 10eV ~ (B) 10'% and 5 eV
(C) 10" and 5 eV (D) 10 and 5 eV
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Sol. The energy falling on the metal plate of area A =
10~* m? in one-second is

P=TA=(16x10")(10"*) = 1.6 x 107¢ J.

The energy of each photon is £ = 10 eV. The number
of photons falling per second on the plate is

P 1.6 x 1076
ny=—=———--=10"%
FE 10 x 1.6 x 10

Since 10% of the photons eject the photoelectrons, the
number of electrons ejected per second is

ne = 0.1n, = 0.1(10'?) = 10*".

The energy of each photon is more than the work fuc-
ntion of the metal ¢ = 5eV. The maximum kinetic
energy of the photoelectrons is

Kpnox=FE—¢=10—-5=5¢V.
Ans. C O

Q 71. Radiation of wavelength A = 310 nm falls on a
photocell operating in the saturation mode. The sen-
sitivity of the photocell is 4.8 mA/W. The number of
photoelectrons produced by each incident photon is
(A) 0.003 (B) 0.02 (C) 0.03 (D) 0.2

Sol. The sensitivity of photocell is 4.8 mA/W. It
means a current i = 4.8 mA flows for every 1 W of
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incident radiation. The number of electrons ejected per
second for 1 W of incident radiation is
i 48x1073

ne:7:7_19:3><1016
e 1.6x10

The energy of a photon of wavelength A = 310 nm is

_@ _ 1240 nm - eV

- _ -19
E_)\_ 310 om =4eV=64x10""1J.

The number of photons incident per second to get a
radiation power P =1 W is

n 252;:1.56x1018.
P E  64x1071

Thus, the number of photoelectrons produced by each
incident photon is

. 1 16
ne _ 3x107 002

T, T 156 x 1078

Ans. B O

Q 72. Radiation, with wavelength 6561 A falls on a
metal surface to produce photoelectrons. The elec-
trons are made to enter a uniform magnetic field of
3 x 107* T. If the radius of the largest circular path
followed by the electrons is 10 mm, the work function
of the metal is close to (2020 m)
(A) 0.8eV (B) 1.1eV (C) 1.8¢V (D) 1.6 eV
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Sol. The maximum kinetic energy of photoelectrons
ejected by photons of wavelength A = 6561 A from a
metal of work function ¢ is

Kmax = hC/)\ - (b (1)

The maximum kinetic energy photoelectrons have the
maximum linear momentum given by

mv = \/2mK ax. (2)

In a uniform magnetic field B = 3 x 10~* T, the elec-
trons with the maximum momentum will travel in a cir-
cular path of largest radius 7 = 10 mm. The magnetic
force evB on the electron provides centripetal accelera-
tion i.e.,

evB =mv?/r, ie.,

muv = eDBr. (3)
Solve equations f for ¢ to get
hc he m2v?  he €2B%*r?
:77Kmax:77 =5
¢ A A 2m A 2m
~(6.63 x 107%%)(3 x 10°)
B 6561 x 1071

(1.6 x 10719)2(3 x 1074)2(10 x 1073)2
2(9.1 x 10731)

=1.1¢€V.

Ans. B O
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Q 73. Two metal plates are placed inside a vacuum
tube. Electromagnetic radiations of frequency v are
incident on the left plate (work function ¢ < hv). The
fastest photoelectron travel from the point A to B in a
straight line, pass through a hole at B, and then move
in a circular arc from B to C. There is a uniform mag-
netic field B in the region of curved path. Which of the
following option(s) is (are) correct?

hv
(Fﬁ B >,>
C
(A) The time taken by the electron to travel from B to
C is mm/(2eB).

(B) The radius of the circular path is \/@ .

(C) The radius of the circular path is %.

(D) The directoion of magnetic field is into the paper.

Sol. The energy of the fastest electron is equal to the
maximum kinetic energy of the ejected photoelectrons

Knax = hv — ¢
Its speed is given by
2(hv — @)

m

v =
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The electron covers one quadrant of a circle (of radius r)
from B to C. The magnetic force on an electron of charge
g=—-e=-16x10""Cis F = —e# x B. The direc-
tion of F' is towards the centre of the circle. Hence, the
direction of magnetic field B should be into the paper.

The magnetic force F' = evB provides centripetal
acceleration for circular motion of the electron i.e.,
evB = mv?/r, which gives

mv  m [2(hv—¢)
r=—=—4/ —=.
eB eB m
The time taken by the electron to travel from B to C is

/2 mm

v 2eB’

Note that time is independent of the electron’s velocity.
Ans. A, B, D [

Q 74. Photoelectrons are emitted when 400 nm radia-
tion is incident on a surface of work function 1.9 eV.
These photoelectrons pass through a region containing
a-particles. A maximum energy electron combines with
an a-particle to form a He™ ion, emitting a single pho-
ton in this process. He™ ions thus formed are in their
fourth excited state. Find the energies (in eV) of the
photons lying in the 2 eV to 4 eV range, that are likely
to be emitted during and after the combination. [Take
h=414x 10" eV s] (1999)



Chapter 2. Questions and Solutions 88
Sol. The energy of incident photon is

h 6.63 x 1073* x 3 x 108
g XX _3leV.
A 400 x 1079 x 1.6 x 10

In photoelectric effect, maximum kinetic energy of the
ejected electron is

Kpax =he/A—¢=31-19=12¢V.

The combination reaction is, He+e — He™ + hv, where
hv represents the emitted photon. The ion He™ is hy-
drogen like with Z = 2. The principal quantum number
in fourth excited state of He™ is n = 5. The energy in
nt" levels of He™ is

13.622
E,=— ) (1)

n2

Substitute the values in equation to get By =
—54.4eV, Ey = —13.6eV, E3 = —6.04eV, Ey =
—3.4 eV and E5 = —2.2 ¢V. Using energy conservation
in combination reaction

EHe + Ee = EHe+ + Ehw

with EHe = 0, Ee = Kmax =1.2 eV, EHe+ = E5 =
—2.2 eV, we get

En, =12—(—2.2)=34¢V.

After combination, He' can de-excite to the lower
states by emitting photons as shown in the figure.
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Es=—-2.2eV

L FEy=—-3.4eV
! FE3=—6.04eV
—— Y + Fy=-13.6eV
' E1=-55.4eV

The energy of these transitions are AFs .4 = E5—
E4 = 1.2 eV, AE54)3 = 3.84 eV, AE54)2 = 114 eV,
and AFs_.1 = 53.2 eV, out of which AFs_.3 = 3.84 ¢V
lies in the range of 2 eV to 4 eV. There is a possibil-
ity that He' makes multiple transitions during the de-
excitation i.e., it can make transition 5 — 4 and then
4—30r4—2or4—1andsoon. We encourage you
to verify that only AE, ,3 = E4y — E3 = 2.64 €V is less
than 4 eV.
Ans. During combination 3.4 eV. After
combination 3.84 eV, 2.64eV. [

Q 75. Light from discharge tube containing hydrogen
atoms falls on the surface of a piece of sodium. The ki-
netic energy of the fastest photoelectrons emitted from
sodium is 0.73 eV. The work function for sodium is
1.82 eV. Find, [Given, ionization potential of hydrogen
is 13.6 eV ] (1992)

(a) the energy of the photons causing the photoelec-
trons emission.

(b) the quantum numbers of the two levels involved in
the emission of these photons.

(c) the change in the angular momentum of the electron
in the hydrogen atom in the above transition.
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(d) the recoil speed of the emitting atom assuming it
to be at rest before the transition.

Sol. In photoelectric effect, the kinetic energy of the
fastest photoelectrons is given by Ky .x = F — ¢. Thus,
the energy of incident photon is

E=Kpx+¢=073+182=2.55¢€V.

The photons are emitted when electron makes a
transition between the two energy levels. The energy of
n'™ level in hydrogen atom is

E,=——¢V. (1)

Substitute the values of n in equation to get
E1 = —13.6 GV, E2 = —-34 eV, E3 = —1.5 eV, E4 =
—0.85 eV, etc. The energy gap between n = 4 and
n=2is AE = E,— FEy = 2.55 eV. Thus, the transition
between these levels emits a photon of energy 2.55 eV.

The angular momentum of the electron in n'" en-

ergy level is
L, =nh/(2r).

Thus, the change in angular momentum for n = 4 to
n = 2 transition is AL = Ly — Ly = —h/m7.

The linear momentum of the atom-photon system
is conserved. Initially, linear momentum is zero i.e.,
p; = 0. Finally, linear momentum of the photon is E/c,
linear momentum of the hydrogen atom is mwv, and of
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the total system is py = E/c + mv. Using, p; = py, we
get

E 2.55 x 1.6 x 10719
=== —
me 1.67 x 10727 x 3 x 108
= —0.814 m/s, (recoil).

Ans. (a) 2.55eV (b) 4 =2 (c) —2 (d) 0.814 m/s
0

Q 76. Two metal plates are placed inside a vacuum
tube. Electromagnetic radiations of frequency v are
incident on the left plate (work function ¢ < hv). A
power supply maintains a potential difference V' be-
tween two plates and a photocurrent i flows in the cir-
cuit. Assume that photoelectrons move parallel to the
line AB and the plates are perpendicular to AB. The
force F' applied by the incident photoelectrons on the
plate B satisfies

(A) F=1%2m(hw —¢+eV)]/?
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(B) F > i[2m(hv — ¢+ eV)]/?
(C) F < i[2m(hv — ¢+ eV)]/?
(D) F = £ 2m(hw — ¢)}'"

Sol. The number of photoelectrons striking the plate B
per second is

n=ile.

The maximum kinetic energy of the ejected photoelec-
trons is

Kmax =hv — ¢

All photoelectrons are not ejected with the maximum
kinetic energy. They have a distribution of energy vary-
ing from zero to Kpax. Let K be kinetic energy of a
photoelectron at the plate A. After ejection, the elec-
tron is accelerated by a potential difference V. Thus,
kinetic energy of the electron at B is

Kp=K+e¢eV.

The momentum of the photoelectron just before striking
the plate B is

pB = \/QmKB = \/Qm(K—i—eV)

< v/2m(Kmax + €V)

= 2m(hv — ¢ + €V).
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Thus, the force on the plate B due to incident photo-
electrons is

F =npp < é\/Zm(hl/—qH—eV).
Ans. C [

Q 77. There is a vacuum photocell whose one electrode
is made of cesium (¢pcs = 1.89 V) and the other of cop-
per (¢pcy = 4.47eV). The electrodes are shorted out-
side the cell. The maximum velocity of photoelectrons
approaching the copper electrode when the cesium elec-
trode is subjected to radiation of wavelength 220 nm is

(A) 6.4x10°m/s  (B) 3.2x 10° m/s
(C) 1.14 x 10°m/s (D) 1.14 x 10° m/s

Sol. The maximum kinetic energy of photoelectrons
ejected from the cesium electrode (emitter) when illu-
minated with radiations of wavelength A = 220 nm is

K$, = he/A — s = 1240/220 — 1.89
=5.63 —1.89 = 3.74 eV.

The ejected electrons move towards the collector. The
emitter (made of cesium) and the collector (made of
copper) are shorted from outside the cell. For elec-
trodes made up of dissimilar metals, shorting creates
a potential difference between them. This potential dif-
ference is known as contact potential. To understand
contact potential, we need to use a few concepts from
solid state physics.



Chapter 2. Questions and Solutions 94

The valence electrons in metals are free to move
but they cannot come out of it. They lie in a potential
well. The potential well has closely spaced energy levels
(band). The electrons are filled in these energy levels.
The highest filled energy level is called Fermi level. The
energy required to remove an electron from the Fermi
level is equal to the work function ¢. The depth of the
well is equal to ¢+ Ep, where EF is called Fermi energy.

iR

EFilled energy levels= Ep

Empty energy levels %

Energy

The work function and Fermi energy of dis-similar
metals are different. For example, work function for
cesium is ¢cs = 1.89 €V but that for copper is ¢pcy =
4.47 eV. Fermi level of cesium is 1.89 eV below the zero
energy reference and Fermi level of copper is 4.47 eV
below the zero energy reference.
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0 0
$Cs
I z B ¢Cu

EF,CS

Cesium Er,cu

Copper

When these metals comes into contact, the elec-
trons in high energy levels of cesium find lower energy
levels of copper empty. Thus, electrons start moving
from cesium to copper. The filled energy levels in ce-
sium starts depleting from the top and empty energy
levels of copper starts filling from the top. This process
continues till the highest filled energy level of cesium
and copper have the same energy i.e., both metals have
the same Fermi level. This movement of electrons from
cesium to copper leads to a net positive charge on ce-
sium and a negative charge on copper. These charges
create a potential difference between cesium and cop-
per, with cesium at higher potential and copper at a
lower potential. The potential difference is related to
the difference in work functions of the two metals by

Ves — Veu = (dcu — dcs)/e.



Chapter 2. Questions and Solutions 96

$cu — Pcs
¢ ¢ ¢Cu
dCs

Cesium

Copper

The photoelectrons are de-accelerated by the nega-
tive potential of copper. The loss in their kinetic energy
is equal to e(Vos — Vo). The maximum kinetic energy
of photoelectrons when they reach the copper electrode
is

KI?I;X KI(rjlsax - e(VCs - VCu)
= he/A — ¢cs — (bcu — des)
= he/A — ¢poy = 5.63 —4.47 =1.16 V.

The velocity of fastest photoelectrons at the copper elec-

trode is
/2Kggx 2(1.16)(1.6 x 10719)
9.1 x 1073¢

= 6.4 x 105 m/s.

Ans. A O

Q78. A vacuum photocell of zinc electrode (¢ =
3.74 €V) is subjected to electromagnetic radiation of
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wavelength 262 nm. Its photoelectric current is can-
celled if an external decelerating voltage 1.5 eV is ap-
plied. The contact potential of collector relative to the
zinc electrode is

(A) 1V (B) 05V (C) 1.5V (D) -1V

Sol. The maximum kinetic energy of photoelectrons
ejected from the zinc electrode when illuminated with
radiations of wavelength A = 262 nm is

K2 = he/\ — ¢ = 1240/262 — 3.74
=4.73-3.74=0.99 eV ~ 1 eV.

Let the collector has a positive contact potential
V. relative to the emitter. This positive potential will
accelerate the electrons towards the collector. Thus,
the maximum kinetic energy of the electrons when they
reach the collector is
Ko = K+ eVe = (1+ Vo) V.
Hence, an external decelerating voltage (1 + V¢) is re-

quired to stop the photocurrent. Its value is given as
1.5 Vie.,, 1+ V.= 1.5, which gives V. =0.5 V.
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The collector is at a positive contact potential V., =

0.5 V w.r.t. the emitter. Its polarity is opposite to the
polarity of external applied voltage.

Ans. B [

de Broglie Wavelength: Particle

Q79. The de Broglie wavelength of a ball of mass 100 g
moving with a speed 100 m/s is

(A) 6.63m  (B) 6.63 A

(C) 6.63fm (D) 6.63 x 1073 m

Sol. The de Broglie wavelength of a ball of mass m =
100 g = 0.1 kg moving at a speed v = 100 m/s is
h h  663x107%

Azfz

— = = 6.63 x 107% m.
p mv (0.1)(100) 8 o

The wavelength associated with ordinary object (like
the ball here) is extremely small. These low wavelengths
are difficult to observe. The momentum of an object
need to be very small for its wavelength to be observ-
able. The extremely small value of Planck’s constant
makes ordinary objects to look like particles rather than
waves.

Ans. D O

Q 80. If the kinetic energy of a free electron doubles,
its de Broglie wavelength changes by the factor
(2005 m)

(A) 1/2 (B) 2 (C) 1/v2 (D) V2
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Sol. The de Broglie wavelength of a particle of mass
m moving with a momentum p (kinetic energy K =
p?/(2m)) is given by
A=t
p 2mK
Thus, increasing the kinetic energy from K to K’ = 2K
will decrease the wavelength from A to X' = 1/v/2.
Exercise: Calculate de Broglie wavelength of an elec-
tron of kinetic energy K = 100 eV? Ans. 1.2 A.
Ans. C [

Q 81. A particle moving with kinetic energy K has de-
Broglie wavelength A. If energy AK is added to its
kinetic energy, the wavelength become \/2. Value of
AK is (2020 m)
(A) 2K (B) 4K (C) 3K (D) K

Sol. The de Broglie wavelength of the particle is A
when its kinetic energy is K. The wavelength is re-
duced to X = \/2 when its kinetic energy is increased
to K’ = K + AK. Substitute these values in de Broglie
wavelength expression A = h/v2mK to get

h
A= omK’ M
S e)
2 /2m(K + AK)

Divide equation by and solve to get AK = 3K.
The kinetic energy of a particle need to be increased
four times to reduce its wavelength by half.
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Ezxercise: What amount of energy should be added to
an electron to reduce its de Broglie wavelength from 1 A
to 0.5 A.

Ans. C @

Q 82. An electron of mass m. and a proton of mass m,,
are accelerated by the same potential difference. The
ratio of the de Broglie wavelength associated with an
electron to that associated with a proton is

(A) 1.(B) mp/me (C) me/my (D) \/my/me

Sol. The charge on an electron and a proton are of
the equal magnitudes. Thus, when an electron and a
proton are accelerated by the same potential, both gains
equal amount of kinetic energy (say K). The de Broglie
wavelength of these particles are

A = h/\V/2moK,
Ap =h/\/2m,K.

Thus, Ae/A, = /mp/me = /1836 = 43. For equal ki-
netic energies, a lighter particle has larger wavelength.
Ans. D [

Q 83. An a-particle and a proton are accelerated from
rest by a potential of 100 V. After this, their de-
Broglie wavelengths are A, and X, respectively. The
ratio A\p/Aq, to the nearest integer, is ....... (2010)

Sol. The de Broglie wavelength of a particle with mo-
mentum p is given by

A=h/p.
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The momentum and kinetic energy of a particle of mass
m are related by

p=Vv2mK.

The kinetic energy of a charge g, accelerated through
potential V| is given by K = ¢V. Thus,

A=h/V2mK = h/\/2mqV,

which gives

ﬁ _[2maqeV  [2-4u-2e-100
M\ 2myq,V V2 Tu-1e-100

=v8=28=~3.

Ans. 3 O

Q 84. The potential energy of a particle varies as,

| Ey for0<z<1,
U(x)—{ 0 forz>1.

For 0 < x <1, the de-Broglie wavelength is A\; and for
x > 1, the de-Broglie wavelength is Ay. Total energy of
the particle is 2Fy. Find Ay /Xs. (2005)

Sol. The de-Broglie wavelength of a particle of mass
m, momentum p and kinetic energy K is given by

A=h/p=h/V2mK.
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The total energy is U + K = 2Ey. The kinetic energy
and de-Broglie wavelength of the particle in the region
0<zxz<1are

Ky =2Ey—-U=2Ey— Ey = Ey,

A= h/m7 (1)
and in the region x > 1 are

Ky =2Fy—U =2Ey — 0= 2E,,

Xy = h/\/4mEj. (2)

Divide equation by to get A1 /A2 = /2.
Ans. V2 [

Q85. An electron of mass m and initial velocity v =
Vol 4] is placed in an electric field £ = —Epk. If Ag is
initial de-Broglie wavelength of electron, its de-Broglie

Wavelength at time ¢ is given by (2020 m)
A) X/ 1+6Et B) Xo/ 2+emEz 22
)\0/ 1+6E2t2 AO\[/ 1+8Et2

Sol. Initial velocity of the electron is vp = wvg? + voJ,
its momentum is py = mwvgt + muvgj and its de Broglie
wavelength is

h h
A =—— = : (1)
Dol v2mug
The force on an electron of charge ¢ = —e in an electric

field E = onk is F = qE = eEOk The acceleration of
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the electron is

The electron moves with a constant acceleration a. Its
velocity at time ¢ is given by

—

U =1+ dt =uv9l+voj+

The magnitude of its momentum at time ¢ is

. e2E3t?
1] = m |5] = V2mugy /1 + 22

The de Broglie wavelength of the electron at time ¢ is

B h
Pl 2mvgy /1 + gﬁng
Mo .
= e (using (1))
L+ 2m20v(2)

Ans. C O

Q 86. An electron of mass m and magnitude of charge
le| initially at rest gets accelerated by a constant electric
field E. The rate of change of de-Broglie wavelength of
this electron at time t is [ignore relativistic effects]
(2020 m)

(A) —mhm B) 5 (©) —rfm O v
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Sol. The force on an electron moving in an electric field
E is F = |e|E. Tts acceleration is a = |e|E/m and its
velocity at time ¢ is

v=u+at =0+ |e|Et/m = |e|Et/m.
The de Broglie wavelength of the electron at time ¢ is

h h

 mou |e|Bt’

The rate of change of de Broglie wavelength with time
tis

dA h

dt — |e|Et?

We encourage you to plot time-wavelength (¢-A) graph.
Notice how wavelength varies with time when an elec-
tron is accelerated in a uniform electric field. When the
electron speed increases close to the speed of light, the
non-relativistic relation between momentum and energy
gives erroneous results.

Ans. A

Q 87. A particle is moving 5 times as fast as an elec-
tron. The ratio of the de-Broglie wavelength of the par-
ticle to that of the electron is 1.878 x 10~*. The mass
of the particle is close to (2020 m)
(A) 9.1 x1073% kg (B) 9.7 x 10~ *® kg
(C) 1.2x107 8 kg (D) 4.8 x 107" kg
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Sol. Let m. be the mass and v, be the velocity of the
electron. The de Broglie wavelength of the electron is
given by

h

MeVe

Ao =

Let m, be mass of the particle. The velocity of the
particle is v, = 5v. and its wavelength is

h h

MUy My

Ap =

The ratio A,/ e is

2o _ My g78 51074,
Ae DMy

Substitute m, = 9.1 x 1073! kg in the above equation
to get m, = 9.7 x 10728 kg.
Ans. B [

Q 88. A thermal neutron has a kinetic energy k7" where

T = 300 K is the room temperature. Such neutrons

are in thermal equilibrium with normal surroundings.

Which of the option(s) is (are) correct?

(A) The kinetic energy of thermal neutron is 25 meV.

(B) The speed of the thermal neutrons is of the order
of 2000 m/s.

(C) de Broglie wavelength of thermal neutron is 1.8 A.

(D) Thermal neutrons are used to study the atomic
structure of materials.
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Sol. The kinetic energy of a thermal neutron is

K =kT = (1.38 x 1072%)(300) J = 4.14 x 10~2* J
414 x 1072

Note that the kinetic energy of a thermal neutron is of
the order of 25 meV. The speed of thermal neutrons
have a Maxwellian distribution. The speed correspond-
ing to the kinetic energy kT is

29K\"? /2 x4.14 x 10721\"/?
v=[ — —
M, 1.67 x 10°27

= 2200 m/s.

The de Broglie wavelength of the thermal neutron is

_h 6.63 x 10734
V2m, K \/2(1.6 x 10-27)(4.14 x 10~2T)
=18x107"%m=18A.

Note that de Broglie wavelength of thermal neutrons
is of the order of atomic separations in solid mate-
rials. The thermal neutrons will undergo diffraction
when passing through the material. These diffraction
patterns are used to study the atomic structure of the

material.
Ans. A, B, C,D [

Q 89. A particle is moving with a speed much smaller
than the speed of light. If the speed of the particle is
increased by 1%, its de Broglie wavelength will
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(A) decrease by 1% (B) increase by 1%
(C) decrease by 2% (D) increase by 2%

Sol. The de Broglie wavelength of a particle of mass m
moving with a speed v is given by

A= —.
muv
The speed of the particle is increased by 1% to a new
value v/ = v + 0.01v. The new wavelength is
N
mv’ mou(l+0.01) mo
~ (1 — 0.01) = 0.99\.

(1+0.01)7"

Thus, de Broglie wavelength decreased by 1% when
speed of the particle is increased by 1%. We encour-

age you to derive the expression AA/A = —Av/v.
Ans. A [

Q 90. The figure shows variation of de Broglie wave-
length A with the kinetic energy K for two particle - an
electron and a proton. Which of the following option(s)
is (are) correct?

o

A

> K
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(A) Curve A is for an electron and B is for a proton
(B) Curve A is for a proton and B is for an electron
C) For equal K, the wavelength of a lighter particle is
greater than that of a heavier particle.
(D) For equal K, the wavelength of a heavier particle
is greater than that of a lighter particle.

Sol. The de Broglie wavelength of an electron of mass
m. and kinetic energy K is given by

The de Broglie wavelength of a proton of mass m, and
kinetic energy K is given by

The ratio Ae/A\, = \/mp/me = /1836 =~ 43 is a con-
stant. For equal kinetic energy K, the wavelength of a
lighter particle is greater than that of a heavier particle.
Execrcise: Calculate the de Broglie wavelengths of an
electron and proton moving with kinetic energy 1.0 eV.
At what value of kinetic energy will their wavelengths
be equal to 1.0 A.

Ans. B, C @

Q91. An electron is moving with a momentum
1.0 keV/c. The amount of energy to be added to the
electron to make its wavelength equal to 0.50 A is

(A) 0.38keV  (B) 0.6 keV

(C) 1.2 keV (D) 0.38 MeV
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Sol. The momentum of an electron of de Broglie wave-
length A = 0.50 A is

p="h/A
and it kinetic energy (using non-relativistic formula) is
_r_
2m  2mA?’

The kinetic energy of an electron having momentum
po =1.0keV/cis

2
Ky = pi()_
2m

Thus, energy that should be added to an electron of rest
mass energy mc? = 511 keV is

wo_n

2mA2  2m

_ L (heY (o)

T 2me? \ A 2mc?

1 (12.4keV-A>2 (1)2
2

~ 2(511) 0.5 A (511)
= 0.6 keV.

AK =K — Ky =

We encourage you solve the problem using relativitstic

formula for energy E? = p?c? + m?2c?.
Ans. B (or A) O

de Broglie Wavelength: Electron-Photon
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Q92. A potential difference V is applied to an X-ray
tube. The de Broglie wavelength of an electron of mass
m accelerated in this X-ray tube is A\ and the minimum
wavelength of generated X-ray spectrum is A\,. If V
is in volt and wavelengths are in A then which of the
following option(s) is (are) correct?

(A) A\ =1227/VV  (B) A, = 12450/V

(C) Ae/Ap x VV (D) Ae/Ap xV

Sol. The kinetic energy of an electron accelerated
through a potential V' is K = eV. Its de Broglie wave-
length is given by

h h h _12.27
P V2mK  \2meV  VV
The photons of cut-off wavelength in X-ray spectrum

have same energy as the energy of electron i.e., £ =
he/Xp, = eV, which gives

h  he he 12450

P p  E eV A% 2)
Note that the energy E' and the momentum p of a pho-
ton are related by E = pc. Divide equation by
to get

Ae =

(1)

Ae eV_WA
Ap  V2me2 10127

A typical voltage of 25 kV is applied in X-ray tube.
For this voltage, we get A, = 0.08 A, Ap = 0.5 A and
Ae/Ap = 0.15.

Ans. A, B, C [
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Q93. An electron (of mass m) and a photon have the
same energy F in the range of a few eV. The ratio of
the de Broglie wavelength associated with the electron

and the wavelength of the photon is (2020 m)
1/2 1/2
(4) () ®) < (3)

(©) clemB)* (D) L(£)"

Sol. The de Broglie wavelength of an electron of energy
E is given by A\, = h/v2mE and the wavelength of a
photon of the same energy is A, = he/E. The ratio of
these two wavelengths is

From the above equation, de Broglie wavelength of an
electron of energy FE is equal to the wavelength of a
photon of the same energy if £ ~ 1 MeV. Note that
mc? = 0.511 MeV.

The question state that the energy F is in the range
of a few eV. This statement is not redundant. The defin-
ing equation for de Broglie wavelength is A = h/p. The
momentum of a particle moving with a non-relativistic
speed is related to its energy E by p = v2mE. This
relation is not true for particles moving with a relativis-
tic speed i.e., a speed close to the speed of light. For
example, p = E/c, for a photon moving with the speed
of light.

Ezercise 1: The de Broglie wavelength of an electron is
the same as the wavelength of a X-ray photon of energy
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50 keV. What is the kinetic energy of electron? Ans.

2.5 keV.

Exercise 2: Using non-relativistic formulas, calculate

the speed and de Broglie wavelength of an electron of

energies (i) 1 eV (ii) 1 keV (iii) 1 MeV and (iv) 1 GeV.
Ans. D

Q 94. A proton has kinetic energy E = 100 keV which
is equal to energy of a photon. Let A; be the de-Broglie
wavelength of the proton and Ay be the wavelength of
the photon. The ratio A1/\y is proportional to  (2004)
(A) E° (B) EY/? (C) E-! (D) E~2

Sol. The de-Broglie wavelength of a particle of mass
m, momentum p, and kinetic energy E is given by

A = h/p=h/V2mE. (1)
The wavelength of a photon of energy FE is given by

Ao = he/E. (2)
Divide equation by to get

M /s = /E/(2me?).

We encourage you to calculate \; and A for the given
energy.
Ans. B [

Q 95. An electron and a photon each have a wavelength
of 4 A. Which of the following option(s) is (are) correct?
(2020 m)
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(A) Kinetic energy of the electron is 9.4 eV

(B) Energy of the photon is 3100 eV

(C) Momentum of the electron is 1.6 x 10724 kg m/s.
(D) Momentum of photon is 1.6 x 10724 kg m/s.

Sol. The particles of same wavelength will have equal
momentum. Thus, the momentum of an electron and a
photon of same wavelength A =4 A is

h  6.63x 10734 —24
p=5= W:l.%x 10~** kg m/s.

The energy of a photon of wavelength A = 4 A is

_he 12400 A-eV
DY\

The kinetic energy of an electron of de Broglie wave-
length A =4 A is

b BN (e
T o2m 2m 2me?
2

(3100) =94¢eV.

~ 2(0.511 x 10)

E, — 3100 eV.

Note that the particles of same wavelength will have

equal momentum but different energies.
Ans. A, B, C,D [

de Broglie Wavelength: Collision
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Q 96. A particle of mass M at rest decays into two par-
ticles of masses m; and msy having non-zero velocities.
The ratio of the de-Broglie wavelengths of the particles,
A1/ Ao is (1999)
(A) ma/ms (B) ma/my (C) 1 (D) yma/y/imt

Sol. The particle of mass M is at rest. Thus, the linear
momentum of the system is zero before decay.

Before After

Let p and ps be the linear momenta of the particles
after decay. As there is no external force in decay pro-
cess, the linear momentum of the system is conserved
ie.,

P+ 2 =0,

which gives |pi| = |p2|. Hence, the de-Broglie wave-
lengths of two particles of mass m; and my are equal
ie.,

Ans. C [

Q97. A nucleus A, with a finite de Broglie wavelength
A4, undergoes spontaneous fission into two nuclei B



Chapter 2. Questions and Solutions 115

and C of equal mass. B flies in the same direction as
that of A, while C flies in the opposite direction with a
velocity equal to half of that of B. The de Broglie wave-
lengths Ap and A¢ of B and C are respectively

(2019 m)
(A) Aa,2Xa (B) 24,4
(C) AasAa/2 (D) Aa/2, A4

Sol. The linear momentum of nucleus A moving with
de Broglie wavelength A4 is

pa = (h/Aa)i.

Before ! After
8 ()
-
v vp  vC
M } m m

The nuclei B and C are of equal mass m. Let vg
and ve be the speeds of nuclei B and C. These speeds
are related by v¢ = vg/2. The momentum of these
nuclei are

ﬁB = muvp /Za

Po = —muci=—(mvp/2)i.
The momentum of the system is conserved. The mo-
mentum before the fission, p; = (h/A4) 1, is equal to the

momentum after the fission, p; = pp + pc = mvg/21.
Solve p; = py to get

mvp = Qh//\A
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Thus, momentum pp = mvg = 2h/A4 and pc =
mvp/2 = h/Aa. The de Broglie wavelengths of these
nuclei are

A =h/pp =Aa/2,
Ac = h/pc = Aa.

Ans. D O

Q 98. Particle A of mass m4 = m/2 moving along the
z-axis with velocity vg collides elastically with another
particle B at rest having mass mp = m/3. If both
particles move along the z-axis after the collision, the
change A\ in de-Broglie wavelength of particle A, in
terms of its de-Broglie wavelength (A\g) before collision
is (2020 m)
(A) AX=5X/2 (B) Ax=4)

(C) AX=2Xo (D) AX=3X\g/2

Sol. Let us consider particles A and B together as a
system. The linear momentum of the system before the
collision is

D; =pa+ 0B =(m/2vet+ 0= (mug/2) 1.

Before ! After
O ORROSO
>
|
m/2 m/3 i m/2 m/3

Let v’y and vz be the speeds of A and B after the
collision. The linear momentum of the system after the
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collision is
Py =P+ 0 = (m/2)vi+ (m/3)vpi.

The momentum of the system is conserved i.e., p; = py,
which gives

3vg = 30y + 2v. (1)

The kinetic energy of the system is conserved in an elas-
tic collision i.e.,

1m Im ,2 1m ,2 .
55'[}8 = 5*7]‘{4 + §§UIB 5 1.e.,
302 = 307 + 20,7 (2)

Solve equations (1)) and (2) to get v/y = vo/5 and vz =
6’1}0/5.
The de Broglie wavelength of the particle A before
the collision is
h h 2h

)\ e )\ =— ==,
4 0 pa  (m/2vg  mug

and that after collision is

. h h h 10h

M= = = /D) (00/5)  mo

- =5)\g.
Py (m/2), ’

The change in wavelength of the particle A is
AN =Xy —Aa =5\ — Ao = 4.

Ans. B O



Chapter 2. Questions and Solutions 118

Q99. Two particles A and B moves at right angle to
each other. Their de Broglie wavelengths are A4 and
Ap. The particles suffer perfectly inelastic collision.
The de Broglie wavelength A, of the final particle, is

given by (2019 m)
(A) 1/X2=1/04+1/04 (B) A=+VAalp
(C) A=(Aa+2Ap)/2 (D) 2/A=1/A4+1/Xp

Sol. Let us consider the particles A and B together
as a system. The momentum of the system before the
collision is

Py

2
Pa

The particles combine together in a perfectly in-
elastic collision. The final momentum of the system is

ot

PB

4444444:> [

ﬁf =pri+ Py J-
The momentum of the system is conserved i.e., p; = py,
which gives p, = h/A4 and p, = h/Ap. The momen-
tum of the final particle is p = ,/p3 +p2. Substitute
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expressions for momentum in terms of de Broglie wave-
length to get

1 p* p: oD 1 1

AR TR TR R v
Ans. A [

Q 100. A particle P is formed due to a completely in-
elastic collision of particles A and B having de Broglie
wavelengths A4 and Ap respectively. If A and B were
moving in opposite directions, then the de Broglie wave-

length of P is (2019 m)
(A) 2225 (B) 2422 (C) Ax— Az (D) Aa+An

Sol. Let us consider the particles A and B together
as a system. The momentum of the system before the
collision is

Pi =pa+pp = (h/Aa)i— (h/AB)1.

Before

The particles A and B combine together in a per-
fectly inelastic collision. The momentum of combined
particle will be towards 7 if p4 > pp otherwise it will be
towards —2. The final momentum of the system when

pa > pB s

pr = pi,
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where p > 0. The momentum of the system is conserved
i.e., p; = pf, which gives

p="h/Aa—h/AB.

Note that Ay < Ap when pg > pp. The de Broglie
wavelength of the particle P is
h h AaAB

)\:—: = .
p h/)\Afh/AB )\Bf)\A

The final momentum of the system when p4 < pp
is
Py = —pi.
The conservation of momentum, p; = py, gives
p=(h/Ag = h/Aa).

Note that A4 > Ap in this case. The de Broglie wave-
length of the particle P is
h h AAAB

)\:7: = .
p  h/AB—h/Aa  Aa— A

The results of above two cases can be combined as

A

EERVCV I B ves il DY PYE
|)\A—/\B| Noha’ if Aq < AB.

Ans. B O
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Q 101. Two identical non-relativistic particles A and B
move at right angle to each other, having wavelengths
A4 and Ap, respectively. The de Broglie wavelength of
each particle in their centre of mass frame is

AaA AaA 224
(A) >\A+)‘B (B) )\AA_;.)J\BB (C) \//\%+i23 (D) \//\2:+§2B

Sol. The momentum of particles A and B in the lab
frame are given by

pa = (h/Aa)1, pe = (h/AB)J.
Lab frame CoM frame
Y ﬁB,cm
B
B ~
B A\
A Ua €z VA,cm

Let m4 and mp be the masses of A and B. The veloci-
ties of these particles are

_ h . L h .

maia ’ B mpBAp
The velocity of the centre of mass is given by

. maUa +mpUp

VUem =
ma +mp
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The velocities of A and B in the centre of mass frame
are given by
mp

ﬁA,cm = UA - 17cm = m(ﬁA - 173)7
A B
- - i ma - -
UB,cm:vB*vcm:*mi_'_m ("UA*’UB).
A B

The momentum of A and B in the centre of mass frame
are

— - mamp -
PA,cm = MAVA cm = 7(17,4 - UB)a
ma +mp
- - mamp -
PB,cm = MBUB,cm = — 7(’1),4 — ’UB).
ma +mp

Note that the momentum of A and B in centre of mass
frame are equal in magnitude but opposite in directions.
The momentum of the system is zero in the centre of
mass frame.

The de Broglie wavelength of two particles in the
centre of mass frame are equal. These are given by

h _ (mA+mB)/\A>\B

A= — .
|pA,cm| \/ m%Ai —+ m2B/\23
If particles are identical then m 4 = mp and the wave-
length is given by
2 4B
VAL AL
Ezercise: A neutron with kinetic energy K = 25 meV
strikes a stationary deuteron. Find the de Broglie wave-

lengths of both particles in the centre of mass frame.
Ans. D [
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Q 102. Consider a collision between an X-ray photon of
initial energy 50 keV and an electron at rest, in which
the photon is scattered backward and the electron is
knocked forward. The change in wavelength of the pho-
ton is

(A) 0.024 A (B) 0.048 A (C) 0.511 A (D) 0.248 A

Sol. Before collision, the energy of striking photon is
Ey = 50 keV and its momentum is pg = Ep/c. The
momentum of the electron is p.g = 0 (because it is at
rest). The collision of a photon with a free electron is
a relativistic phenomenon. It is known as Compton Ef-
fect. We need to use relativistic relation between energy
and momentum to get energy of the electron as

Eoo = /p?c? + (mec?)? = moc?.

The quantity E.g = m.c?> = 511 keV is known as the
rest mass energy of an electron.

Before i After

!

!
AW - @ W -6 Pe
po Mme p Me

|

After collision, let the momentum of backscattered
photon be p and the momentum of knocked forward
electron be p.. The energy of the photon is F = pc and
that of the electron is (using relativistic relation)

E. = \/p2c? + m2c*.
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The conservation of momentum and energy gives
po = Eo/c = pe —p, (1)
Ey = pc+ +/p2c? + m2ct. (2)
Solve equations and to get

_ Egmec
p= 2FE + mec?’

The wavelength of photon before the collision is

h h
)\027:763
po  Eo

and the wavelength of backscattered photon is

5= h h(2Ep + mec?)
T p Eymec

The increase in wavelength of the photon is given by

AN=X— )=

MmeC
2he 2% 12400 A -eV

- S = = =2x0.024 A.
MeC 511 x 10° eV

Note that change in wavelength of a photon when it is
backscattered from a free electron (at rest) is a constant.
The quantity h/mcc is known as Compton Wavelength
and its value for an electron is 0.024 A.

Ans. B [
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de Broglie Wavelength: Experiments

Q103. A beam of electron is used in a Young’s double
slit experiment. The slit width is d. When the velocity
of electron is increased, (2005)
(A) no interference is observed

(B) fringe width increases

(C) fringe width decreases

(D) fringe width remains same

Sol. The de-Broglie wavelength of an electron of mass
m and velocity v is given by

A = h/(mv). (1)

The fringe width in Young’s double slit experiment is
related to wavelength A and screen distance D by

8 =AD/d. (2)
Eliminate A from equations and to get
B = hD/(mvd).

Thus, both A and 8 decrease when velocity v is in-

creased.
Ans. C O

Q 104. Consider the following statements:
Statement 1: Davisson-Germer experiment established
the wave nature of electrons.
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Statement 2: If electrons have wave nature, they can
interfere and show diffraction.
Which of the following option is correct? (2012 m)
(A) Statement 1 is false, Statement 2 is true.
(B) Statement 1 is true, Statement 2 is false.
(C) Statement 1 is true, Statement 2 is true, State-
ment 2 is the correct explanation for statement 1.
(D) Statement 1 is true, Statement 2 is true, State-
ment 2 is not the correct explanation of State-
ment 1.

Sol. Both statements are true and statement 2 is the

correct explanation for statement 1.
Ans. C [0

Q 105. Davisson and Germer demonstrated wave prop-
erties of electrons by diffracting them from crystals.
The law governing the diffraction from a crystal is ob-
tained by requiring that electron waves reflected from
the planes of atoms interfere constructively.

i
|
|
|
|
|
——-————0--\ N/ -———— -
}
——————————-¥-———— - - —— - -
Crystal planes

If a strong diffraction peak is observed when elec-
trons are incident at an angle ¢ from the normal to the
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crystal planes with distance d between them, de Broglie
wavelength A of electrons can be calculated by the re-
lationship [n is an integer] (2008 m)
(A) 2dcosi =nX\ (B) 2dsini = nA

(C) dcosi =nA (D) dsini =nA

Sol. The path difference between waves scattered from
the successive planes is

Az = AB+BC =dcosi+dcosi = 2dcosi. (1)

B Crystal planes

The path difference shall be an integer multiple of
the de Broglie wavelength for constructive interference
ie.,

Az = n), (n is an integer). (2)
Eliminate Az from equations (1)) and (2)) to get
2dcosi = nA.

Substituting i = 90° — ¢ gives the well known Bragg’s
relation,

2dsin ¢ = nA.
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Ezercise: The electrons accelerated by a potential V'
are diffracted from a crystal. If d = 1 A and i = 30°,
then V is equal to?

Ans. A O

Q 106. In an experiment, electrons are made to pass
through a narrow slit of width d comparable to their
de Broglie wavelength. They are detected on a screen
at a distance D from the slit (see figure). Which of
the following graphs can be expected to represent the
number of electrons N detected as a function of the
detector position y? [y = 0 corresponds to the middle
of the slit] (2008 m)

K-

ERERE
|
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(A) y (B) y

e

Sol. In this experiment, the electrons shows their wave
nature by undergoing diffraction through a single slit.
The number of electrons N detected at position y of
the screen is equivalent to the intensity at that point.
Thus, the graph should be similar to intensity pattern
in a single slit diffraction.

Options (A) and (B) don’t represent diffraction
pattern. Option (D) is excluded because width of the
central maxima shall not be less than d.

Ans. C [

Q 107. The mean separation between free electrons in
a metal is approximately [ = 2 A. The metal is in ther-
mal equilibrium at 27 °C. The de Broglie wavelength of
the electron is A. Which of the following is correct?
(A) A>1 (B) A<l (C) A=l (D) A=31

Sol. The average kinetic energy of an electron when
metal is in thermal equilibrium at an absolute temper-
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ature T is
1 3
K= imvfms = ikT'

The momentum of the electron is given by
p=V2mK = V3mkT.

The de Broglie wavelength of the electron at tempera-
ture T'=27°C =300 K is

_ b h
P VBmkT

- 6.63 x 104
V/3(9.1 x 10731)(1.38 x 10~2%)(300)
=6.2x10"m=62A.

The de Broglie wavelength of electrons is much larger
than the mean separation between free electrons in a
metal.
Exercise: Calculate the de Broglie wavelength of He
atom in helium gas at STP and compare it with the
mean separation between atoms.

Ans. D

Q 108. The diameter of a nucleus of an atom is of the
order of 10~ m. For an electron to be confined within
a nucleus, its de Broglie wavelength would have to be
less than or equal to the nucleus diameter. The kinetic
energy of the electron for it to be confined in the nucleus
would be

(A) 511 keV (B) 124 MeV (C) 15 GeV (D) 124 GeV
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Sol. Let de Broglie wavelength of an electron confined
in a nucleus is equal to the nuclear diameter i.e., A\ =
10~ m. The momentum of the electron is

h  6.63x 10734 _
P=5= W:&GSX 1072% kg m/s.

We need to use relativistic formula of energy if the value
pe > me? = 0.511 MeV. The value of pc is

pe = (6.63 x 10720)(3 x 10%) = 1.989 x 1071 J
=124.3 MeV.

Thus, pe > mc? and we need to use relativistic formula
for the electron’s energy

E =+/(pc)? + (mc?)? =~ pc = 124.3 MeV.

The kinetic energy of the electron is given by
K =E —mc® =124.3 — 0.511 ~ 124 MeV.

This is a huge energy. The electron cannot be confined
within a nucleus. You can get the same result by using
Heisenberg’s uncertainty principle.

We encourage you to calculate kinetic energy of the
electron using non-relativistic formula K = p?/(2m)
and compare it with the value we obtained. Also, cal-
culate the speed of the electron.

Ans. B [

Q 109. The resolving power of an electron microscope
operated at 16 kV is R. The resolving power of the
electron microscope when operated at 4 kV is

(A) 2R (B) V2R (C) R/2 (D) R/V?2
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Sol. The resolving power R of a microscope is inversely
proportional to the wavelength A. The de Broglie wave-
length of an electron accelerated by a potential differ-
ence V is

h h 1227 i
P V2meV VvV
Thus, resolving power of an electron microscope is pro-

portional to the square root of the operating voltage V'
ie.,

A=

R=kVV, (for some constant k).
Substitute given values to get R = kv/16000 and
R’ = kV/4000 = (1/2)kV/16000 = R/2.
Ans. C [

Q 110. The smallest dimension (resolving power) that
can be resolved by an electron microscope is equal to
the de Broglie wavelength of its electron. What accel-
erating voltage would be required for the electrons to
have the same resolving power as could be obtained us-
ing 100 keV gamma rays?

(A) 12400V (B) 1240V (C) 9791V (D) 54V

Sol. The de Broglie wavelength of the electron shall
be equal to the wavelength of gamma rays for the elec-
tron microscope to have the same resolving power as
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that of the gamma rays microscope. The wavelength of
gamma-rays of energy K = 100 keV is

:}g:mzo.uzlk (1)
The wavelength of an electron accelerated by a potential
difference V is given by
_ h _ 12.27 . @)
V2meV VV

Substitute A and A, from equations and in the
equality A = A to get the potential difference

Ae

12.27\?
V= <0.124> = 9791 V.

Which microscope i.e., the electron microscope or the
gamma rays optical microscope seems more practical?
Ans. C [

Q111. A parallel stream of monoenergetic electrons
falls normally on a single slit of width ¢ = 1.0 pm. A
screen is located at a distance D = 50 cm from the
slit. The half-width of the central diffraction maximum
formed on the screen is Ay = 0.18 mm. The speed of
the incident electrons is

(A) 1.01 x 10° m/s (B) 1.01 x 10° m/s

(C) 2.02x10°m/s (D) 2.02 x 105 m/s

Sol. The first minimum of a diffraction pattern by a
single slit is obtained at a position given by

A=asinf =~ a(Ay/D)
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IW Ay

| E

The momentum of an incident electron is related
to its de Broglie wavelength by p = mv = h/\. Thus,
the velocity of the incident electrons is

h hD

v:m:maAy

(6.63 x 10734)(0.5)
(9.1 x 10731)(107)(0.18 x 1073)
=2.02 x 10° m/s.

Ans. D O

Q 112. Two narrow slits are separated by a distance
d = 50 um. A screen is placed at a distance D = 1.0 m
from the slits. A parallel beam of electrons accelerated
by a potential difference V' = 25 volt falls normally on
the slits. The distance between two consecutive maxi-
mum of the pattern formed on the screen is

(A) 245 pm (B) 347 pm (C) 4.90 um (D) 6.90 um

Sol. This is a Young’s double slits experiment with a
beam of electrons instead of the light.
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RRRR

The kinetic energy of an electron when it is accel-
erated by a potential difference V is K = eV. The
de Broglie wavelength of incident electrons is

@ B h B h
p VomK \/2meV'

The distance between consecutive maxima is equal
to the fringe width of interference pattern. The fringe
width is given by
_AD WD

d dv2meV
(6.63 x 10734)(1.0)

B

(50 x 107%)/2(9.1 x 10731)(1.6 x 10~ 1°)(25)
=49%x10°m=49 wm.

Ans. C

Q113. In the Davisson-Germer experiment, the elec-
trons are accelerated by 54 V potential difference.
These electrons are diffracted from a nickel crystal. The
first maximum in the diffraction pattern was observed
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at detector angle of # = 50°. The lattice spacing d is
related to the de Broglie wavelength of electron A and
the detector angle § by Bragg’s relation

nA = 2dsin ¢ = 2dsin(90° — 6/2),

where n = 1 for the first maximum. The lattice spacing
in the nickel crystal is?

(A) 1.65A (B) 0.91A (C) 045A (D) 1.23A

Sol. The de Broglie wavelength of an electron acceler-
ated through a potential V' = 54 volt is

B ﬁ B h B h
p VoemK  V2meV
12.27 12.27
= A="""A=166A.
vV /54
Electron 4705
beam % %,
(&} ©
1 o,
0

77777777777/77777777777
///////////////////////
27207227227777 222272277

Nickel Crystal
Substitute given values in Bragg’s relation to get
the lattice spacing in the nickel crystal as

i A ~1.66
~ 2sin(90° — 0/2)  2sin65°

=0.91A.
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We don’t stress on memorising numbers. The historical
experiments like that of Davisson and Germer are a few
exceptions.

Ans. B [

de Broglie Wavelength: Miscellaneous

Q 114. Consider an electron in a hydrogen atom re-
volving in its second excited state (having radius
4.65 A). The de-Broglie wavelength of this electron is
(2019 m)
(A) 35A (B) 6.6 A (C) 129A (D) 9.7 A
Sol. The perimeter of the n'" Bohr’s orbit is n times
the de-Broglie wavelength of the electron in that orbit
(see figure) i.e.,

27r, = NA, (1)

where 7, is the radius of nt" Bohr’s orbit.

In the second excited state of hydrogen atom, n = 3
and r, = 4.65A. Substitute these values in equa-
tion to get A =9.7 A.

Ans. D [
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Q115. A proton is fired from very far away towards
a nucleus of charge @@ = 120e, where e is electronic
charge. It makes a closest approach of 10 fm to the
nucleus. The de-Broglie wavelength (in units of fm) of

proton at its start is ....... [Take the proton mass
my, =5/3x 107" kg, hfe =4.2x 107 Js/C, = =
9 x 10° m/F, 1 fm = 10~ m.] (2012)

Sol. Let initial and final kinetic energies of the proton
be K; and K and corresponding potential energies be
U; and Uy. When proton is far away from the nucleus
(r — 00), its potential energy is

1 120e?
U; = lim 0" _
r—oo 4mweg T

At closest distance, the proton comes to rest momen-
tarily, giving Ky = 0. The potential energy at closest
distance is

1 120e2
f_47T€0 a

where a is the distance of closest approach. Since elec-
trostatic force is conservative, total energy is conserved
ie.,, K; +U; = Ky + Uy. Substitute the values to get

1 1202
dmey a

Ki=Us =
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The de-Broglie wavelength of the proton is given by

)\__ﬁ B h B ﬁ 4mega
Cpi 2m,K; e 240m,

—42x 10715 < 10 1077 )1/2
o 9%10° x 240 (5/3)x 10727

=7 fm.

Ans. 7 O

Q116. Light of wavelength Ay falls on a cathode plate
inside a vacuum tube as shown in the figure. The
work function of the cathode surface is ¢ and the an-
ode is a wire mesh of conducting material kept at a
distance d from the cathode. A potential difference V'
is maintained between the electrodes. If the minimum
de Broglie wavelength of the electron passing through
the anode is A, which of the following statement(s)
is(are) true? (2016)

Light

¥
‘

g oo »)% -
lectrons

\%
_¢}+

(A) A decreases with increase in ¢ and App.
(B) . is approximately halved, if d is doubled.
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(C) For large potential difference (V > ¢/e), A, is ap-
proximately halved if V' is made four times.
(D) Ac increases at the same rate as Apn for Apn <

he/ .

Sol. In photo-electric effect, the maximum kinetic en-
ergy of the photo-electron ejected at the cathode, is
given by

Kmaxg: = hC/)\ph - ¢a

where App, is the wavelength of the incident light and ¢
is the work function of the material. The ejected photo-
electrons are accelerated from the cathode to the anode
by a potential V. Thus, the maximum kinetic energy
of the photo-electron at the anode is

Kmax,a - Kmax,c + eV = hc/)\ph - ¢ + eV.

The linear momentum of the electron of mass m and
kinetic energy K is given by p = v2mK. Thus, the
minimum de-Broglie wavelength of the electron at the
anode is

2’rnl(max,a»
B h
V2m(he/Apn — ¢+ €V) .

(1)

The wavelength ). increases with increase in ¢ and App
as denominator of equation decreases with increase
in ¢ and Apn. Also, Ac is independent of d. The order
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of magnitudes of he/Apn and ¢ is almost same. Thus, if

V > ¢/e then equation (1] reduces to \e = h/v2meV .
Hence, A\, is approximately halved if V' is made four

times.
b Aph

The equation is not linear in Apy and A.. Thus,
the rates of increase of A, and Ay will be different. This
can be verified by differentiating equation . You are
encouraged to show that the slope d./d\py is different

at different values of App.
Ans. C [

Q117. A photoelectric material having work-
function ¢¢ is illuminated with light of wavelength
A (A < he/go). The fastest photoelectron has a
de Broglie wavelength A\;. A change in wavelength of
the incident light by A results in a change A\g in 4.
Then the ratio A\;/AM\ is proportional to (2017)
(A) A3/A2 (B) Aa/A (C) AY/A (D) AZ/N2

Sol. Here, ) is the wavelength of incident light and A4 is
the de Broglie wavelength of the fastest photoelectron.
The fastest ejected photoelectron has the maximum ki-
netic energy which is given by

hc
Kmax - T - ¢O- (1)
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The de Broglie wavelength of the photoelectron having
2
kinetic energy Kyax = 42— is given by
h h

M=o = —— 2
¢ p Qmeax ( )

where m is the mass of the electron and p is its linear
momentum. Eliminate K.« from equations and
to get

h? hc

WZT*%- (3)

Differentiate equation to get

h? he
which gives
Adg _ meAg
A h A\2°

Ans. (D) O

Q 118. When photons of energy 4.25 eV strike the sur-
face of a metal A, the ejected photoelectrons have max-
imum kinetic energy Tx eV and de-Broglie wavelength
A4. The maximum kinetic energy of photoelectrons
liberated from another metal B by photons of energy
4.70 eV is Tp = (T4 — 1.50 V). If the de-Broglie wave-
length of these photoelectrons is Agp = 2\ 4, then,
(1994)
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(A) the work function of A is 2.25 eV.
(B) the work function of B is 4.20 eV.
(C) Ta = 2.00 eV.
(D) T = 2.75 eV.

Sol. In photoelectric effect, maximum kinetic energy
of the ejected photoelectrons is given by T' = hv — ¢.
Thus,

Ta =4.25— ¢4, (1)

Tp = 4.70 — ¢5. (2)
Given,

Tg =Ty — 1.50, (3)

A B/V2mTy [Ty 1 @

Ag h/V2mTy VNV Ta 2

Solve equations and to get Ty = 2eV and
Tp = 0.5eV. Substitute T4 in equation (1) to get
¢4 = 2.25 eV and substitute T in equation to get
(]53 =4.2 V.

Ans. A, B, C [

Q 119. In a photoelectric effect set-up, a point source
of light of power 3.2 x 1072 W emits mono-energetic
photons of energy 5.0 eV. The source is located at
a distance of 0.8 m from the centre of a stationary
metallic sphere of work function 3.0 eV and of radius
8.0 x 1072 m. The efficiency of photoelectrons emission
is one for every 10° incident photons. Assume that the
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sphere is isolated and initially neutral and that photo-
electrons are instantly swept away after emission.
(1995)

(a) Calculate the number of photoelectrons emitted per
second.

(b) Find the ratio of the wavelength of incident light to
the de-Broglie wavelength of the fastest photoelec-
trons emitted.

(c) It is observed that the photoelectrons emission
stops at a certain time t after the light source is
switched on. Why?

(d) Evaluate the time ¢.

Sol. Let n be the number of photons emitted per sec-
ond, each with energy E, = 5eV. The power of the
source, 3.2 x 1072 W, is equal to the energy of n pho-
tons i.e.,

n(5x 1.6 x1071?) =3.2x107%,

which gives n = 4 x 10'® photons/s.

-

The number of photons per unit area at a distance
d = 0.8 m from the source is nq = 45z. The photons
lying in the area 7r? strike the sphere. Thus, number
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of photons striking per second on the sphere of radius
r=8x10"3mis

1y = ng(rr?) = nr? 4 x10" (8 x107%)?
s T4 4% (0.8)2
= 10" photons/s.

Since one photoelectron is emitted for every 10° inci-
dent photons, the number of emitted photoelectrons per
second is ngy x 107% = 10° /s.

The wavelength of incident radiations is related to
the photons energy by

he/Xp, = E,. (1)
The kinetic energy of the fastest photoelectrons is given
by

Knax =hv—¢=50-3.0=2¢eV.

The de-Broglie wavelength of the fastest photoelectrons
is

Ae = h/p=h/v2mKpax. (2)
Divide equation by to get
Ap he/E, _eV2mKpax

X h/\2mEKpax By
3% 10%/2(9.1 x 10731)(2 x 1.6 x 10~ 19)
- 5x 1.6 x 10719

— 286. (3)
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The sphere becomes positively charged due to emis-
sion of photoelectrons. The emission stops when the
potential on the sphere is equal to the stopping poten-
tial, which is 2 V. Let ¢ be charge on the sphere when
emission stops. Equating potential on the sphere to the
stopping potential,

1
-9

dmeg T

we get ¢ = (4meg)2r = 1.78 x 107'2 C. Number of pho-
toelectrons emitted till the sphere accumulates charge
q is

3

1.78 x 10712
N=1- - —19
e 1.6x10

Since the number of photoelectrons emitted per second
is 10° /s, required time is t = N/10° = 111 s.

Ans. (a) 10° /s
(b) 286 (c) Emission of photoelectrons is stopped when
its potential is equal to the stopping potential required
for the fastest moving electrons. (d) 111s [

=1.11x 10".

Q120. X-rays of wavelength 1A falls on photo-
sensitive surface of a metal. The minimum de Broglie
wavelength of ejected photoelectrons is

(A) 1.1A (B) 0.11 A (C) 123A (D) 1.23A

Sol. The energy of X-ray photon of wavelength A = 1 A
is

he 12400 A eV

E=—
A 1A

= 12400 eV.
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The de Broglie wavelength is minimum for photoelec-
trons of the maximum kinetic energy. The maximum
kinetic energy of photoelectrons ejected from a metal of
work function ¢ is given by

K =F — ¢ =12400 — ¢ ~ 12400 eV.

Note that work function of metal is of the order of a
few eV, which is negligible in comparison to the energy
of X-ray photon. The de Broglie wavelength of an elec-
tron of kinetic energy Kiax is

6.63 x 10734
V/2(9.1 x 10731)(12400 x 1.6 x 10~19)
=0.11x107"%m = 0.11 A.

Ans. B O
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