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Rutherford (1911)
(the nucleus)

Atoms are the fundamental

building blocks of matter,

serving as the basic units that
make up all elements and
substances in the universe.

These microscopic particles

Bohr (1913)

are the foundation of (energy levels)
chemistry and play a crucial
role in understanding the

nature of our physical world.

Schrédinger (1926)
(electron cloud model)
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DISCOVERY OF ELECTRONS
Gases are normally bad conductors of electricity. However, under reduced pressure and/or at a
high potential difference they conduct electricity. The liberation of energy from the passage of
electric charge between two points (which are at different potentials) in a medium is
called electrical discharge. Usually, the medium is a gas, often the atmosphere, and the
potential difference is large. Some common examples of electrical discharges are lightning and
the crackling sounds produced when synthetic clothes are separated in dry weather. Arc
welding, fluorescent lamps, neon advertising signs, and mercury and sodium lamps are some
other examples.

Electrical discharge through gases is studied by using a
specially designed glass tube commonly called a discharge tube.
Itis a cylindrical glass tube with a metallic electrode at each end,
as shown in Figure 2.1. These electrodes are connected to a
high-tension power supply. Air from the tube is pumped out =
through a side tube connected to a vacuum pump. Using such a
tube, Sir William Crookes found that gases conduct electricity

Inducton coil

at low pressures, hence the tube came to be known as | Fig. 2.1
Crookes tube.
@ At low pressures, a gas conducts electricity (under a suitable voltage) because the mean free

path of the electrons becomes longer, so they attain higher speeds before collision with an atom
and are more likely to cause ionization. Table 2.1 shows the mean free path of an electron in

various gases at different pressures.
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o Hydrogen 1.83x10 1.4x10 1.4x10 0.14
~

N Oxygen 9.95x107® 7.56 x107° 756x107° 0.076
E Nitrogen 9.44x1077 7.17 x107® 7.17 x107° 0.017
X,

§ ® When high voltage of the order of 10000 V is applied between the electrode of the tube , the
o following phenomena are observed at different pressure:

8 < 1. At normal pressure (1 atm), no current flows between the electrodes.

€ 2. Ata pressure of about 20 mmHg, violet streamers of light pass between the cathode and
the anode (Figure 2.2), accompanied by a crackling sound.

—_—

Fig. 2.2

¢ 3. Atabout5 Iﬁ:-l'an, the streamers of light change into a column of light referred to as the
positive column. The colour of the column depends on the gas in the discharge tube. It is
pinkish red for air.

< 4. Atabout 2 mmHg, a dark region, called the Faraday dark space, appears near the cathode
and the cathode begins to glow, while the positive column diminishes in size. The glow at
the cathode is referred to as the negative glow (Figure 2.3).

~;Hh Faraday dark space -ﬂ_ﬂiﬁmm-}L

Fig. 2.3
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@ 5. At 1 mmHg, the positive column becomes shorter and the Faraday dark space grows in
size. Another dark space, called the Crookes dark space, appears between the negative glow
and the cathode (Figure 2.4). As the pressure is reduced to about 0.1 mmHyg, the Crookes
dark space expands and the positive column breaks up into a number of striations.

Crookes dark space Striations
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Fig. 2.4
® 6. Ataround 0.01 mmHg pressure or less, the Crookes L R
®  dark space fills the whole tube and the wall of the ~ —{[]. [
tube glows or fluoresces (Figure 2.5). The colour of ' ] '
the glow depends on the material of the tube. For Fig- 2.5

soda glass, it is yellowish green. As the pressure is reduced still further, the potential
difference needed to maintain the discharge rises, and below about 10~ mm of mercury
the tube usually becomes a good insulator again.

® @ William Crookes, ] ] Thomson and others who studied the conduction of electricity in a
discharge tube attributed the fluorescence of the walls of the tube to a radiation coming out of the
cathode and falling on the walls. They called it cathode rays. By applying mutually
perpendicular electric and magnetic fields across the discharge tube, Thomson was able to
determine the speed and the specific charge (¢/m or charge to mass ratio) of the cathode ray
particles. He found that their speed ranged between 0.1 and 0.2 times the speed of light and that
their specific charge was independent of the nature of the material of the cathode as well as the

gas in the discharge tube. This led him to believe that the cathode ray particles were umver§a}1;
Around the same time, it was experimentally found that certain metals, WhEﬂ‘ heated '{0 a hig
temperature or irradiated by ultraviolet light, emitted negatively charged partlclf.:s, which were
identical in nature to the cathode ray particles. This confirmed Thomson's surmise. He named
the particles electron' and suggested that they are fundamental constitutents of matter.

+ 3NINd13H

Later, the American physicist R A Millikan found that the charge on an electron is
1.602x 107" C.The accepted value of e/m at present is 1.76 x 10" Ckg -1,
From the known values of charge and specific charge of an electron, its mass (m) can be
determined as follows.
e _ 1e02x107" C

= =9.109x 107" kg.
e/m 176x10% Ckg™ &

SPRODELRTIFES OF CATHODE RAYS
@ 1. They are emitted normally from the cathode.

& 2. They travel in straight lines, which is proved by the fact that they produce a shadow of an
object placed in their way.

SOS0SQ6ELL L6+ [/ 0EL98S6E667 L6+

3. They exert mechanical pressure, so they must consist of material particles.
4. They produce heat when they are stopped.

9..They are deflected by an electric field in a direction which shows that they are negatively
charged.

They are deflected by a magnetic field.
They penetrate thin foils of aluminum, gold, etc.
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They affect photographic plates.

oW N,

They cause fluorescence and phosphorescence.

® ® © © © o e

10. They are independent of the material of electrode and the nature of the gas in the tube.
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As we have already discussed, the discovery of electrons implied the
existence of positively charged particles in the atom. Thomson suggested
that the atom is a positively charged sphere with a uniform charge
distribution and that electrons are embedded in the sphere like the seeds in a
watermelon or the plums in a pudding, as shown in Figure 2.6. This model is,
therefore, known as the watermelon model or plum-pudding model. The
arrangement of electrons is such that their mutual repulsion is balanced by
their attraction by the positive charge.

= P SINCE 2080)... rHYSICS
[ IT-NE&T-CBSE |

Spherical cloud
of positive charge

Electron

The Thomson model was successful in explaining chemical reactions and radioactive
disintegration. It also explained why only electrons are emitted when a metal is heated and not
positively charged particles. However, it suffered from the following limitations.

1. It failed to explain the origin of the characteristic lines observed in the spectra emitted by
hydrogen and other atoms.

The set-up for the experiment is shown in Figure 2.7. A radioactive source of a-particles
(a doubly ionized helium atom denoted by §He} such as polonium or 2;;: Bi, is enclosed in a thick
evacuated lead block with a narrow opening, which collimates the a-particles into a narrow
beam. The a-particles are allowed to fall on a thin gold foil of thickness 21x 10"7 m. After passing
through the gold foil, they strike a zinc sulphide screen. Each strike produces a momentary flash,
or scintillation. The screen and the detector (microscope) can be rotated. Thus, by counting the

: ANITd13H

1. most of the a-particles passed straight through When Rutherford and his associates plotted N(8),

the gold foil or were undeflected, the number of a-particles scattered, against8, the angle
. ) of scattering, they obtained curves such as the one
2. a few o-particles, about 1 in 8000 (or about shown in Figure 2.8. The curves showed that

0.125%), were deflected through 90° or more,

+ . . . A A |
o number of scintillations at different positions of the screen, the number of a-particles scattered
3 (or deflected from their initial path) at different angles can be determined.’
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3. some even retraced their path, i.e., suffered a deflection of nearly 180°.
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© S CONCLUSION:

1. As most of the a-particles passed undeviated through the gold foil, most of the space
within the atom must be empty.

Atomic Structures

2. The a-particles which retraced their path suffered a large repulsive force due to a region
of large positive charge. Thus, all the positive charge and the entire mass of the atom must
be concentrated in a very small region at the centre of the atom.

Figure 2.9 explains the scattering of the a-particles on
the basis of the Coulombian repulsion between them and

the positively charged nucleus. Particles like 1 and 1
pass through the atom at large distances from the

nucleus and hence travel almost undeviated. Particles S R— , (R
like 2 and 2’ or 3 and 3’, which pass closer to the nucleus, f—— ' s :'

experience a large repulsive force and are deflected by — %
large angles. Particles like 4 and 4’ which travel still
closer to the nucleus are deflected by much larger angles,
close to 180°, Finally, particles like 5, which approach the
nucleus head on, are slowed down by the strong
repulsive force, stop momentarily and retrace their path.

H

©® DISTANCE OF CLOSEST APPROACH:

The distance of closest approach is the closest that two Nucleus
charged particles can get to each other in a collision.
Consider an a-particle of mass m and initial velocity v

* ANITd]

. . . a-partcie
& moving towards the nucleus of an atom, as shown in
‘E Figure 2.10. As it approaches the nucleus, it experiences
éﬁ; a repulsive force, and its velocity and hence, its kinetic
\_'," & . - . ] ]
= energy progressively decrease. The decrease in kinetic Pl
E& energy appears as an increase in the electrical potential bt
g energy of the system (that is, the a-particle and the Fig. 2.10
— nucleus), as the total energy remains conserved. At a .
= certain distance r,, which is the distance of closest approach, the a-particle comes momentagly

to rest and then retraces its path. At this distance, the entire kinetic energy of the a-particle
appears as the electrical potential energy of the system.

The charge on the a-particle is +2e and that on the scattering nucleus is +Ze, where_ Z is the
atomic number of the scattering atom. The total initial energy of the system (c-particle plus

scattering atom) is

1

1 2
E,=— L
> Y

The total final energy of the system when the a-particle comes to rest is
1 (2e)(Ze)  2Ze*
7 ane, ra dne,r,

The application Of the principie of conservation of energy gives

_ 1, 2Ze
= = —mu° =
E; E." 2 Adme 1y
Ze?
= Ty =———3
e v

©® IMPACT PARAMETER AND TRACJECTORY OF ALPHA PARTICLE

The impact parameter is the perpendicular distance between
the velocity vector of the a-particle before it is deflected from its Denoted ‘b’
path and the centre of the scattering nucleus. itis ' —

CBSE-PHYSICS A = 2 stupny circLzR
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Rutherford derived the following expression for the impact
parameter in terms of the atomic number Z and the angle of
scattering 6.

0
Ze* cot — 2
1 2 [ Ze JC .0

= = ot="
4ne, E; 4neE; 2

Equation 2.4 shows that

" e

b o< cot —,

2

as the term within brackets is a constant. We can draw the following conclusions from
Equation 2.4.

1. If the irnpaét parameier is large, cot (8/2) is large, which means that the scattering angle
(0) is small. Thus, a-particles which travel far away from the nucleus, suffer a small
deflection.

2. If the impact parameter is small, cot (6/2) is small, which means that the scattering angle
is large. Thus, a-particles that come close to the nucleus, suffer a large deflection.

3. If the impact parameter is zero, cot (8/2) is zero, which means that the scattering angle is
180°. Thus, a-particles approaching the nucleus head on, retrace their path.

@ the trajectory of an a-particle depends upon the impact parameter.

©® RUTHERFORD MODEL OF THE ATOM
The scattering of alpha - particle led Rutherford to propose a model of the ATOM.

© FEATURES

: o i ntire
1. An atom consists of a central core where its entire positive charge and almost its e
mass is concentrated. This central core is known as the nucleus of the atom. :

i om
2. The size of the nucleus (diameter = 10~'° m) is very small compared to the size of the at

(diameter = 107'° m).
3. The nucleus is surrounded by electrons. The number of electrons is such
negative charge just balances the total positive charge on the nucleus.
ts just as planets revolve round
n is provided by the force of

that their total

]
Z
o
o
@)
O
70

4. The electrons revolve round the nucleus in circular orbi
the sun. The centripetal force necessary for their motio
attraction between the electrons and the nucleus.

In the case of the hydrogen atom, which has one proton in the nucleus with one electron
revolving round it, the force of attraction between the two charges is
2
£ ..25

2 ’
dne,r

S0S0S596€LL16* // 0E19856€667 16+ : ANI1d13H

F=

where r is the radius of the orbit and e, is the permittivity of vacuum. Since this .force provide_s
the centripetal force necessary to keep the electron revolving with a velocity vin a circular orbit

of radius r, )
e’ mo : ‘ ' e 2.6

dne,r’ r

© DRAWBACKS

The Rutherford model could explain the electrical neutrality of an atom and the empty space
within the atom indicated by the o-particle scattering experiment. However, it ran into the

HFZZ1628 - HIYOWYY NMOHD YNYHL X31dWOD 1ANOALYS
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1. In this model, an electron must move continuously round the nucleus in order not to be

drawn into the nucleus by the Coulombian attraction. However, according to Maxwell’s
equations of electromagnetism, an accelerated charge must continuously emit
electromagnetic radiation and since the revolving electron has a centripetal acceleration
towards the nucleus, it should continuously emit radiation at ali temperatures. If it did so,
its energy would gradually decrease. Consequently, the radius of the circle described by it
would gradually decrease until it fell into the nucleus. This is contrary to observation.
Thus, the Rutherford model fails to explain the stability of the atom.

2. It had been observed that when hydrogen gas is heated, it emits radiation of certain
definite frequencies. This could not be explained on the basis of the Rutherford model,
according to which the revolving electron should emit a continuous spectrum. Besides, it
should emit radiation at all temperatures, but hydrogen atoms emit radiation only when
heated (or supplied with extra energy through other means).

©® BOHR’S MODEL OF THE ATOM
According to quantum theory, radiation is emitted and absorbed in multiples of a basic unit, called quantum .
The enerav of each auantum is ..........

E=hv, v 2.7

where Jt is the Planck constant and v is the frequency of the radiation.

Bohr imposed a quantum condition on the value of the angular momentumn of an electron
orbiting a nucleus. He showed that the experimental observations could be explained only if one
assumed that the angular momentum is quantized. The Bohr model is based on the following
postulates.

1. An electron moves in a circular orbit around the nucleus.

2. It can only revolve round the nucleus in orbits in which its angular momentum is an
integral multiple of % or i/ 2x. These orbits are known as stationary orbits and as long as
an electron is in any one of these orbits, it does not emit radiation. This is known as the
Bohr quantization rule. According to this rule,

mu,r, =ih= "[ij' wheren=1,2,3,....

2n

3. In each of the stationary orbits, an electron has a definite value of energy. An electron can

jump from one stationary orbit to another. When it jumps from an orbit of higher energy

E, to an orbit of lower energy E,, it emits radiation of frequency v, which is given by the
Einstein—Planck equation

hv=E, —E,. . 2.8

An electron can also absorb energy from some source and jump from an orbit of lower
energy E, to an orbit of higher energy E,.

©® BOHR’S quantization rule And matter wave

The wave length of matter wave associated with a particle of mass m moving with velocity v is..
h
A=— a9

‘AMOHD YNVYHL X31dWOD 1aNOALYS ‘Y0014 ANT

According to the Bohr theory, when an electron revolves
in a stationary orbit round the nucleus, it does not emit
radiation. This means, the wave associated with it must
be stationary, as transfer of energy does not occur only -
in the case of a stationary wave. You know that for
stationary waves in a string, the length of the string is a
multiple of the wavelength. Similarly, for stationary
waves associated with an orbital electron, the
circumference of the orbit must be an integral multiple

Stationary wave associated
Wwith electron revolving round

||l Krzziezs - Haivowva

of the wavelength A, as shown in Figure 2.12. Thus, the the nucleus
condition for stationary waves associated with an Fig. 2.12
_orbita] electron is . i pep— |
) CBSE-FnvaiLs A € P STUDY CIRCLE
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2Ry = 1A = n(i)

_ muv

= nor = u(-h—J =nh, | e 2.10
2n

which is the Bohr quantization condition.

©® BOHR’S MODEL OF HYDROGEN ATOM
The hydrogen atom has only one proton in its nucleus with an electron revolving round it in a circular orbit.

© RADII OF STATIONARY ORBITS:

Consider an electron revolving round a nucleus of positive charge Ze (Z is the atomic number)
with a constant speed v, in a circular orbit of radius r,. The centripetal force necessary for the

circular motion is prov1ded by the Coulomb attraction between the nucleus and the revolving
electron. Hence,

(Zee _ mo; ...211
4ﬂeur:' r, '
Ze?
: = r, = m .. 212
S 2
= = mr, vl = Ze” ... 2.13
m 4re,

The angular momentum of the electron is mwv,r, which, according to the Bohr quantization
rule, must be an integral multiple of 1/2r. Hence,

muv,r, = n[—f’—} . e 2,14
2n

where n is a positive integer.

Dividing Equation 2.13 by Equation 2.14,

S0S069684L16* // 0E19856E66716+

Ze?
v, = : .. 215
" 2eqnh
Substituting this value of v, in Equation 2.12,
2
€h 2
= n-, ... 2.16
" [mrrZez]
which shows that the radii of the orbits are proportional to n?, and increase in the ratio

1:4:9:16: ... . The parameter n is called the principal quantum number.

The penod of revolution of an electron in the nth orbit is

2mr,
Tn = ’

n
Inserting the values of r, and v, in the preceding equation,
242 2; 3
h 2e, nh 2eph 3
nmZe® Ze wmZ e
The frequency of revolution in the nth orbit is

_1 ﬁm_ZL 1
Vo=, T 22 )n?
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quation 2.16, the radius

For hydrogen, Z = 1. Inserting the values of the physical constants in E
of the first orbit(n =1) is ’

r, = 0.053 nm.
This is known as the Bohr radius and is usually denoted by a,, i.e.,
e’ .. 217
ag = 7 =
nhie
The radius of the nth orbit of hydrogen is, therefore,
... 2.18

r” =anrfz-

To get the radius of the nth orbit of hydrogen-like ions, such as Ht_?+z Li*" and Be™" _(WhiCh tqo
have only one electron revolving around the nucleus), we just substitute the appropriate atomic
number in the following equation.

2

Hn-a
po= %, ...219

Z

@ Energy of STATIONARY ORBITS

Using Equation 2.13, the kinetic energy (KE) of an electron revolving around the nucleus with a
constant speed v,, in an orbit of radius 7, is

Ze®
8neyr

"

KE=K, = %mvﬁ = e 2.20

: ANI1d13H

The potential energy of the electron is equal to the product of the electric potential at the site of
the electron and the charge on the electron. Hence,
Ze Ze*

(—e)=- - e 2.
dne,r, ) dne,r, P 2.21

PE=U, =

The total energy of the electron in the nth orbit is, therefore,

En EKn+uu = Ze! - ze’ == Ze” . 222
8ne,r, 4dme,r, 8ne,7,
Substituting for r, from Equation 2.16,
' £ __ mZ2et _
" SEghzﬂz | een 2,23

S0S0S96€44716* // 0E19856£667 16+

The total energy of the electron is thus negative, which indicates that the electron is bound to th-e
nucleus. The innermost orbit, for which n =1, has the lowest (that is, the
and is known as the ground state. All the other states with high
excited states.

most negative) energy
er energies are called

Equations 2.15 through 2.23 give various parameters of the atom when the electron is in the
nth orbit or the atom is in the nth energy state.

@ For hydrogen , Z=1, inserting the value in equation 2.23

4 .
E =—-" _ 1366V, - 224

~ Belh?
where one electronvolt (eV) is the energy that an electron acquires in moving througha p otential
difference of 1 V and equals 1.6 x 107" J.

The energy of the electron in the nth orbit is, therefore,

E, = E_J,2 __ 13.26 eV ... 2.25
hn n
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accel From Equation 2.25, the energy of the electron in the nth orbit is proportional to 1/n*. The energy
in the second orbit (n.=2)is E, =E, /4 =—3.4 eV, in the third orbit (n =3)is E; =E,/9=-15¢€V,
and so on. Thus, the energy of the electron increases (becomes less negative) with increase in the
principal quantum number.

The energy of an electron in the nth orbit of a hydrogen-like ion with Z protons is

E :ZZE' - ... 2.26

" n?

@ Origin of SPECTRAL LINES

We kru:-_v.f\:r that for any system to be stable, its potential energy must be the minimum. When no
energy is supplied to an atom from outside, its energy is the minimum and its electrons occupy
.the innermost orbits in accordance with the Bohr-Bury scheme, which has the following rules.

1. The maximum number of electrons that can be accommodated in a given orbit is given by
the formula 2n?, where n is the principal quantum number of the orbit.

2. The outermost orbit can have at most 8 electrons, and the one next to the outermost
(penultimate) can have at most 18 electrons, if permissible in accordance with Rule 1.

3. It is not always necessary for an orbit to be completely filled before the next higher orbit
starts to be filled. -

In the minimum-energy state, there is no available state of lower energy to which an electron |
can jump, so there can be no emission of radiation. When energy is supplied by some external
source, some of the electrons absorb energy and jump to higher energy orbits. They remain in the
excited state for about 107 s and then jump back to lower energy orbits in order to achieve
equilibrium and in the process, radiate energy.

Let an electron jump from the mth orbit of energy E,, to the nth orbit (m > 1) of energy E, . The
energy difference, E,, —E,, between the two orbits is emitted as a photon of radiation of

m

frequency v, given by

Em — ‘En
V= '___E_ . e 2.27
The corresponding wavelength, A, is given by
1_V_Em_En >
A ¢ he ] . - 2:28
where c is the velocity of electromagnetic radiation.
Substituting for E,; and E,, in Equation 2.28,
1 mzze*(i 1) 2(1 1)
—=——5|—5—-——5|[=RZ°| —5—-——|. ‘ ... 2.
A Beihlc\n®* m? n* m? = 229
where - me* ‘
8elh3c’ . ... 230

is a cor_lstal:'tt, knovv_n as the Rydberg constant. Substituting the values of the pPhysical constants
appearing in Equation 2.30, the value of the Rydberg constant comes out to be 1.09737 x 107 m1,
In terms of the Rydberg constant, the energy of the atom in the nth state is

RheZ? :
E,=——7D"—- . 2.31
71 .
From Equation 2.24,
4
Rhe = m;? 7 =13.6eV.
8egh

The rydberg = —13.6eVisa unit, often used to express the energy of an atom.
For hydrogen, Z =1, so Equation 2.29 reduces to

1 1 1
—=pr[= ). el 2.
A (112 1;:2] 232

Wl'Een el?ct}"ons in hydrogen atoms jump to the first orbit from other orbits of higher energy, they
emit radiation of wavelengths
1 1 1 ’
—=R| = —-——1, ... 2.33
A (12 m? ) .

where m=2,3,4,.... This series of lines in the spectrum of hydrogen was first observed by
Lyman. Hence, it is called the Lyman series. '
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When electrons jump to the second orbit from orbits of higher energy, the wavelengths of the
lines are given by

1 1 1

—=R|=-—],

B (22 mz) .. 2,34
where'm=3,4,5,... . This series of lines is called the Balmer series. Similarly, transitions from
higher states to n =3 produce the Paschen series, to n =4 produce the Brackett series, to n =5
produce the Pfund series, to 17 =6 the Humphreys series, and so on. All these series have been
detected and the wavelengths of the emitted radiations are found to be in excellent agreement

with the Bohr theory for the hydrogen spectrum. Figure 2.13 shows the transitions
corresponding to the series of lines of the hydrogen spectrum. . ;

n=ao
5]
5 I ¥
1 11 Pfund series
3 i * V¥ Brackett series
1 Paschen series

Balmer series

Yy
1 -
Lyman series

Fig. 2.13

lonization Energy of an ATOM

When an atom loses an electron, the remaining orbital electrons no 1
charge of the nucleus, so the atom acquires a net positive char
Similarly, when an atom gains an electron by some means,
and is known as a negative ion. The process by which an
called ionization.

0 longer balance the positive
ge and is known as a positive ion.
it acquires a net negative charge,
atom is converted into an ion is

In any atom, the revolving electrons are bound to the nucleus by an attractive force and their
energy is negative. If the requisite amount of energy is supplied to the atom, these electrons may
be completely detached from the nucleus or be moved to an infinite distance from the nucleus.

T_he minimum energy required to remove the electron in the hydrogen atom from the first
orbit to infinity is called the ionization energy, E. , of the hydrogen atom (or a hydrogen-like ion).
It is equal to the difference in energy between the orbits 7 =1 and 1 = = (11 = - means that the
electron is completely detached from the nucleus). Thus, :

E,=E_—E,.
Using Equation 2.23, the preceding equation becomes ' ,
2,4 2.4 '
E, ﬁ_’”z_e[l_l}=£’*’_. ...2.35
Begh® Lo 1 8 h?

Inserting Z =1 and the values of the physical constants in Equation 2.35, the ionization energy of
the hydrogen atom turns out to be '

Ef' =13.6 eV. ... 2.36
Equation 2.36 is in agreement with the experimentally measured value. If more than +13.6 eV is
supplied, the rest of the energy appears as the kinetic energy of the electron.

The potential difference through which an electron should be accelerated to acquire the
ionization energy is called the ionization potential. The ionization potential of the hydrogen
atom in the ground state is, therefore, 13.6 V.
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The energy required to take an atom from its ground state to an excited state is known as the

excitation energy of the excited state.

The energy of a hydrogen atom in its ground state is -13.6 eV, and in its first excited state
(when its electron is in the second orbit) is -3.4 eV. The hydrogen atom in the ground state,
therefore, needs [-3.4 eV — (-13.6 eV)]=10.2 eV of energy to reach its first excited state. In other
words, the excitation energy of the hydrogen atom in the first excited state (n = 2)is, 10.2 eV.

= P SINCE 2001... rHYSICS
[ IT-NEET-CBSE |

The potential difference through which an electron must be accelerated to acquire the
excitation energy is called the excitation potential. The excitation potential of the hydrogen atom
in its first excited state is, therefore, 10.2 V.

> LIMITATION OF BOHR’S ATOMIC MODEL

The Bohr theory was able to explain the presence of particular wavelengths in the emission and
absorption spectra of hydrogen corresponding to the transitions between various discrete orbits,
as indicated by Equation 2.28. However, it could be applied to only one-electron systems such as
the hydrogen atom or hydrogen-like ions. Besides, it failed to explain the fine structure
(components with slightly different wavelengths) of the lines in the hydrogen spectrum as also
the intensities of the spectral lines. What is more, the existence of certain stationary orbits has no
theoretical basis. It is difficult to understand why the accelerated electron should not emit
radiation in certain orbits. The theory also arbitrarily used two concepts—the particle (photon)
nature to explain the emission and absorption of radiation and the wave nature to explain the
propagation of radiation.

Attempts were made to revise this simple theory to make it more compatible with
experimental observations and results. The principal modification was to assume that electrons
revolve in elliptical orbits, and extra quantum numbers were assigned to limit the eccentricity of
each orbit. These modifications, due to Wilson and Sommerfeld, though partially successful,
were completely superseded in 1925 by the quantum mechanical model.

SOLVED EXAMPLES

EXAMPLE 1 The energy of an electron in an excited hydrogen atom is —3.4 eV. What is its
angular momentum? Given, I1 = 6.626176 <10 >* J 5.

Solution The energy of an electron in the sith orbit of the hydrogen atom is

13.6
‘En = 2 €
1

V.

- Inserting the value of E,,

—-3.4 eV:—1—3éé eV = n=2,
H

S0S0S96E4L16* // 0£19856£667 16+  INITdIFH

According to the Bohr quantization rule, the angular momentum of the revolving
electron is
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-34
}710?*:}—1&:23(6'626176XIO 15:2.1102x10_3‘1]s.
21 2x3.14

EXAMPLE 2 The wavelength of the first line of the Lyman series for hydrogen is identical to
that of the second line of the Balmer series for some hydrogen-like ion X.
Calculate the energy of the first four levels of X. Also, find its ionization potential.
Given that the ground state binding energy of the hydrogen atom is 13.6 eV.

Solution The wavelength of the first line of the Lyman series for hydrogen is
1 1 1 3R
gy - § [ N
Ay [12 22 ] 4

The wavelength of the second line of the Balmer series of X is

2
Loz L 1)- %R,
Ao 22 47 16
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where Z is the atomic number of X.
Itis givén that
Ay=h, = Z?=4 = Z=2
Hence, X is the singly ionized helium atom. The energy of the nth state of X is

2
E, = 13.622 eV = — 13.62>< 4 eV — 542.4 eV,
n n n
Insertingn=1, 2, 3, 4, we get the energies of the first four levels of X as
E =—- —51454 eV=-544eV; E, =— 5—:‘;4 eV =—13.6eV;
E;=-— Eﬁ—f eV=-604eV; E;=— 5‘:54 eV=-34eV.
EXAMPLE 3 Suppose that the potential energy of a system comprising an electron and a proton

separated by a distance r is given by —(ke?)/3r>. Use the Bohr theory to obtain the
energy levels of such a hypothetical hydrogen atom.

Solution The potential energy is
2
U=— ke - =
3r 1
The force between the electron and the nucleus is then

> _ U _ ke*
m or r?
g" The negative sign shows that the force is attractive. This force supplies the centripetal
? force necessary for the circular motion of the electron. If v,, be the velocity of the
M electron, ) )

muo ke

Ll = T R {1]
I‘" Tn

The application of the Bohr quantization rule gives
nh

U F, = o (2)
s1h
= . Ty = (3)
2mmr,,
Using Equation 3, Equation 1 gives
_ an*mke?
T = n2p2 4)
The kinetic energy of the electron in the rnth orbit is
2
E, = lnmf ke s
2 2,

where we have used Equation 1.

The potential energy of the electron is

. 2
E,=U=- ke <
3r,
The total energy of the electron in the rith orbit is, therefore,
2 2 2 2 2 6
E=Ek+EP=kea+ --—kes :kea_k83:k€3= h nﬁ'
n 3rn‘ ; 2rr] 3?"" 6rn 384“ 6m 3k 284

EXAMPLE 4 In a head-on collision of an «-particle with a gold nucleus (Z =79), the distance of
closest approach is 39.5x107"° m. Calculate the energy of the o-particle.

HIFZZ 1628 - HIYOWYE AMOHD YNYHL X31dWOD IANONLYS 40014 ANZ

Solution The distance of closest approach, r,, is given by
1 »2 2
To = 2ze = E= 1 [2ze” ).
ine, E dne, | g
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Thus, Emax _  13.6eV _4
3

Emin 13.6}<§ ev

— Jin"’”max =i — Vmax :i.
hvmin 3 Vmin 3
EXAMPLE 6 Calculate the angular momentum of an electron in the hydrogen atom when the
energy is —=1.51 eV,
Solution The energy of an electron in the nth orbit of the hydrogen atom is
13.
E=-— 326 eV.
n

Substituting E = —1.51 eV in the preceding equation,

" 13.6 » 136
-1.51=-— S = # =E=9.OD = n=3.

b

The angular momentum of the electron in the nth orbit is given by

I - nh

2n -
Substituting 7 = 3 in the preceding equation, |
=30
21
EXAMPLE 7 A doubly ionized lithium atom is like a hydrogen atom with an atomic number

Z = 3. Find the wavelength of radiation required to excite the electron in Li2* from
the first to the third Bohr orbit. The ionization energy of the hydrogen atom is

13.6 eV. [IIT]
Solution The energy of the nth orbit of a hydrogen-like atom is
i 2
E, = —13.6[—2]-
n
The energies of an electron in the first and third Bohr orbit of Li*" is
2 2
E, = —-13.6[%) eV=-1224¢V; E; = 13.6( 3—2J eV =_13.6 eV.
1 3

Thus, the energy required to transfer an electron from the first orbit to the third
orbit is '

AE=E;—E, =—13.6 eV —(—122.4 eV) = 108.8 eV.
If this energy were supplied by photons of frequency v (= ¢/ 1),

A 108.8eV  1088eV

=113.97 A.

The electron in a hydrogen atom makes a transition #; — 1, where n, and n, are

AMOHD YNYHL X31dWOD |dNOALYS ‘40014 ANT

EXAMPLE 9
the principal quantum numbers. Assume the Bohr model to be valid. The time
period of the electron in the initial state is eight times that in the final state. What
are the possible values of n; and 1,? [1IT]
Solution The time period of an electron in a Bohr orbit of principal quantum number » is
2,3 3
T )
T= jﬁ}—!— n :bToc_rI3 =>_1_—_"_lq. §
oz e’ T, n; S
: >
Given, T; = 8T,. Using this in the preceding equation, : =
3 .
8L =”+,, = 1y =21,. S
T, n; _ 8
Thus, the possible values of #; and n, are E
. m=2,n=1 m=4,n=2n=6n=>3 and s0 on. -L
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POINT TO REMEMBER

® An atom ‘is electrically neutral." Therefore, " it

contains an equal number of positive and negative
charges.

Thomson visualized the atom as a positively
charged sphere that has a uniform charge
distribution, with the negatively charged electrons
embedded in it. His model is also known as the
watermelon model or the plum-pudding model.

The Thomson model was successful in explaining
processes like chemical reactions and radioactive
disintegration, but failed to explain the origin of
the spectral lines of hydrogen and other atoms that
were experimentally observed, as also the
large-angle scattering of o-particles from thin
metal foils, as observed by Rutherford.

In the Rutherford model, all the positive charge
and the entire mass of the atom is concentrated in a
very small region at the centre of the atom, called

the nucleus, with the electrons revolving around it
in different orbits.

The Rutherford model failed to explain the
stability of the atom and the characteristic line
spectra of.the atoms of different elements.

Objective Questions

I

Choose the correct option.

1. In the Bohr model of the hydrogen atom,
(a) theradius of the nth orbit is proportional to n*
(b) the total energy of the electron in the nth
orbit is inversely proportional to n _
(c) the radius of the nth orbit is proportional to
1/n. .
(d) the radius of the nth orbit is proportional to

1/Jn.

. 2. If the energy required to remove one of the

electrons from a neutral helium atom'is 24.6 eV,
the energy (in eV) required to remove both the

electrons from a neutral helium atom is [1IT]
(a) 38.2 (b) 40.2
(c) 51.8 (d) 79.0 .

3. The ratio of the frequencies of the long

wavelength limits of the Lyman and Balmer
series of hydrogen is
(a) 27:5 (b) 5:27
(© 4:1 (d) 1:4

4. The ratio of the minimum wavelength and the
maximum wavelength in the Balmer series is

(a) 5:9 (b) 5:36
(©) 1:4 (d) 3:4.
CBSe-PHYSICS

PHYSICS
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"The distance of closest approach is the closest that

two charged particles can get to ‘each other in a
collision. ; : ; e
The impact parameter is the perpendicular
distance of the velocity vector of the c-particle,
before it is deflected from the centre of the
scattering nucleus.

In the Bohr model, an electron can revolve round
the nucleus without emitting radiation only in
those orbits in which its angular momentum is an
integral multiple of ## or h/2n. These orbits are
known as stationary orbits. The radii of stationary
orbits are proportional to n.

In each stationary orbit, an electron has a definite
value of energy, which is inversely proportional to
n%. An electron can jump from one stationary orbit
to another. When an electron jumps from an orbit
of higher energy to an orbit of lower energy, it
emits radiation.

The energy required to take an atom from its
ground state to an excited state is known as the
excitation energy of that excited state.

5. During which of the following transitions light of

the lowest frequency is emitted?
(a) n=1ton=2 (b) n=2ton=6
(c) n=2ton=1 (d) n=6ton=2

6. The transitions of electrons fromn=4,5, 6, ... to
n= 3 correspond to the [CET]
(a) Lyman series (b) Balmer series
(c) Paschen series (d) none of these

7. Which of the following has discrete values
according to the Bohr theory? [CET]
(a) Kinetic energy
(b)  Potential energy
(c) Linear momentum
(d) Angular momentum

8. For an electron in the Bohr model,

- (a) Kkinetic enrgy > potential energy
(b) kinetic energy < potential energy
(c) kinetic energy = potential energy
(d) none of these

9. The electron in-a hydrogen atom makes a
transition from an excited state to the ground
state, Which of the following statements is true?

nr

- (a) Tts kinetic energy increases and its potential
and total energies decrease.
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RORT kinetic energy decreases, potential energy

10.

11.

12.

13.

increases and total energy remains the same.
(c) Its kinetic and total energies decrease and its
potential energy increases.
Its kinetic, potential and total energies
decrease.

(d)

As per the Bohr model, the minimum energy

(in eV) required to remove an electron from

the ground state of the doubly ionized Li atom

(Z=3)is [IIT]

(a) 1.51 (b) 13.6

(c) 40.8 d) 1224

An o-particle of energy 5 MeV is scattered

through 180° by a fixed uranium nucleus. The

distance of closest approach is of the order of
[AIEEE]

(@ 1A (b) 1079 em

(¢) 10 em (d) 107 em

In which of the transitions depicted in Figure

2-Q1 will the photon have the greatest energy?

[AIEEE]
n=4
’l I n=3
n=2"
' ) n=1
1 1] 11l v
Fig. 2-G1
(a) 1 S b) 1I
(c) 1 (dy Iv

The energy of an electron in the lowest orbit
(n=1) in the hydrogen atom is -13.6 eV. How
much energy would be required to ionize a
hydrogen atom which is already in the first
excited state?
(a) 34eV

(c) 13.6eV

(b) 102 eV
(d) 1.9eV

II. Fill in the blanks.

1.

The Thomson atomic model is also known as the

The central core of an atom containing positive
charge is called the ...... .

3. Most of the space in an atom is ...... .

CBS&e-

. correctly explained the spectrum of the
hydrogen atom.

. The radius of the nth orbit in a hydrogen atom is

proportional to ...... .

PHYSICS

PHYSICS
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. The energy of the nth orbit in a hydrogen atom is

proportional to ...... .

The value of the Rydberg constant is ...... .

. Trydberg=...... eV.

9. An electron can revolve in only that orbit in

10.

11.

which its angular momentum is an integral
multiple of ...... .

When an electron makes a transition from a
higher-order orbit to a lower-order orbit, energy
is ...aen .

When an electron makes a ftransifon from
a lower-order orbit to a higher-orbit, energy
I8 covien s

Very-Short-Answer Questions

1.

What is the Bohr quantization condition for the
angular momentum of an electron in the second
orbit? [CBSE]
What do you understand by the term ‘distance
of closest approach”?

3. What is impact parameter?

8.

11.

. Which series in the hydrogen spectrum lies in the

ultraviolet region? [CBSE]

. Which series of the hydrogen spectrum lies in the

visible region of electromagnetic spectrum?[CBSE]

. What is the ionization energy of the hydrogen

atom?

. What does the negative energy of the electron in

the hydrogen atom signify?

Write the expression for the Rydberg constant.
What is its value?

. What is the Bohr radius?
10.

The wavelengths of some of the spectral lines in
the hydrogen spectrum are 9546 A, 6463 A and
1216 A. Which of these belong to the Lyman
series? [CBSE]
Figure 2-Q2 shows the stationary orbits of
the hydrogen atom. Mark the transitions
representing the Balmer and Lyman series.
[CBSE]
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Short-Answer Questions
1. State the postulates of the Bohr theory of the

hydrogen atom. ) [CBSE]
2. Calculate the radius of the smallest orbit of the
hydrogen atom. [CBSE]

3. Derivean expression for the energy of an electron
in any orbit of hydrogen. [CBSE]

4. What were the observations made by Rutherford
in the experiment on the scattering of a-particles?

5. Derive an expression for the distance of closest
approach in Rutherford’s a-particle scattermg
experiment.

6. Draw a labelled diagram of the Geiger—Marsden
experiment on the scattering of a-particles. How
is the size of the nucleus estimated in this
experiment? [CBSE]

Long-Answer Questions

1. Describe the Rutherford atomic model. What are
its drawbacks? [CBSE]

2. Give an account of the structure of an atom
according to Bohr.
3. Give an account of the Bohr theory of the

hydrogen atom and explain the energy level
dJagram of the hydrogen atom.

- - —_ -

S ATTTTTT T TE R sy TS A AR

4. How does the Bohr theory account for the
observed spectrum of hydrogen? What are the
limitations of this theory?

5. State the Bohr postulate for the permitted
orbits of the electron in a hydrogen atom. Use
this postulate to prove that the circumference of
the nth permitted orbit can contain exactly
n wavelengths of the de Broglie waves associated
with the electron in that orbit. [CBSE Sample Paper]

Numerical Problems

1. Find the radius of the first Bohr orbit of
the electron in the hydrogen atom.
Given, h=6.62x10"% erg, m,=9.11x1028 g,
e =4.804x107"" esu

2. The first member of the Balmer series of
hydrogen has a wavelength of 6563 A. Calculate
the wavelength of the second member. [BIT]

3. Find the ratio of the wavelengths of the first and
the second members of the Lyman series of the
hydrogen spectrum.

4. The radius of the first orbit of the hydrogen atom

is 0.53 A. What will be the radius of the second
orbit of the Li** ion?

rHYSICS

Atomic Structures
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5. Calculate the frequency of the photon which can

excite an electron to -3.4 eV from —13.6 eV,

6. The energy of an electron in the nth orbit of the
hydrogen atom is given by E,, = -13.6/n* eV. How
much energy is required to take an electron from
the ground state to the first excited state? [CBSE]

7.  Find the wavelength of the first Lyman line when
the clectron makes a transition from the second
orbit to the first. In what region of the
electromagnetic spectrum does this line lie?

8. Determine the maximum wavelength that can be
absorbed by hydrogen in its ground state.

9. The ground state energy of the hydrogen atom is
—-13.6 eV. If an electron makes a transition from
the energy level —0.85 eV to the energy level
-3.4 eV, calculate the wavelength of the spectral

series does this

wavelength belong? [CBSE]

10. The ionization energy of the hydrogen atom is

-13.6 eV. Calculate the wavelength of the photon
which excites a hydrogen atom that is initially in
the ground state to the r = 4 state. [MNR]

11. A hydrogen-like atom (atomic number Z) is in a

line emitted. To which

higher excited state of quantum number n. The
excited atom can make a transition to the first
excited atom can make a transition to the first
excited state by successively emitting two
photons of energies 1020 eV and 17.00 eV.
Alternatively, it can make a transition to the
second excited state by successively emitting
two photons of energies 4.25 eV and 595 eV.
Determine the values of n and Z (ionization
energy of hyclr_qgen atom = 13.6 eV).

12. What is the angular momentum of an electron in

the third orbit of an atom? [CBSE]

13. Show that the speed of an electron in the

innermost orbit of the hydrogen atom is 1/137
times the speed of light in vacuum.

14. The energy of an electron in the nth orbit is

given by E, = ~13.6/n” eV. Calculate the energy
required to excite an electron from the ground
state to the second excited state. [CBSE Sample Paper]

15. The ground-state energy of the hydrogen atom is

-13.6 eV. {(a) What is the kinetic energy of an
electron in the 2nd excited state? (b) What is the
potential energy of an electron in the 3rd excited
state? (c) If the electron jumps to the ground state
from the 3rd excited state, calculate the
wavelength of the photon emitted. [CBSE]
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16. The energy levels of an element are represented E, = _E._t’:e_vl n=1,2,3,....
in Figure 2-Q3. Identify the transition which n*
corresponds to the emission of a spectral line of Using this expression show that (a) the electron in
wavelength 102.7 nm. [CBSE] the hydrogen atom cannot have an energy of
Al —0.85 eV -6.8 eV, and (b) the space between the lines
-1.58V (consecutive energy levels) of the observed
Bl ¢ spectrum decreases as n increases. [CBSE]
“ . —34eV 18. The ground-state energy of an atom is 13.6 eV.
The photon emitted during the transistion of an
b electron fromn = 3 ton =1 of this atom is incident
l on a photosensitive material of unknown work
-13.6 eV . e '
Fig. 2-Q3 function. If the photoelectrons emitted from the
material have a maximum kinetic energy of 9 eV,
17. The energy of an electron in the hydrogen atom calculate the threshold wavelength of the
may be expressed as material. [CBSE]
T
m
=
o
=
=z
m
+
)
0
0
S
D z
@
2 o
= =
P O
S O
= _;U
+ w
0 E
: Ay
3 S
S =
O
tn
S Q
o =
[S) =
(& m
~><
—
s
—_
Z
>
ANSWERS 0O
T
Objective Questions Numerical Problems Q
L 1 (a) 2. (d) 3. (b) 4. (a) 1. 0.5282x107% cm 2. 4861 A 3.32:27 i
g- E:)) lg- (;) 7. (d) 8. (a) 4. 070 A 5.2.47 x10"° Hx 6. 10.2 eV =
13: @) - (d) e e L2 (@) : 7. 122 nm, ultraviolet region 8. 122 nm ;
IL 1. plum-pudding model 2. nucleus 9. 4870 A, Balmer series 10. 974 A ©
3. empty 4. Bohr 5. n2 6. 1/12 1. n=6,7Z =3 12. 3.15x107* ] s =
7. 1.097 %107 m-1 8. 13.6 14. 12.09 eV 15. (a) 1.51 eV (b) -1.70 eV (c) 970 A =
9. f1 (or h/2m) 10. emitted 16. Transition D, energy change =121 eV oo
11. absorbed 18. 4x107 m 3
o
=
=
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