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Preamble

These lectures, entitled Spectroscopy, are a set of lessons directed
to second-year students of the L-M-D system, Physics specialty. The
content of these lessons was prepared in accordance with the official
program and was presented in a simple manner that allows the student
to easily understand and grasp issues related to understanding wave-
particle duality, atomic spectroscopy, and induced reactions.

It is divided into six chapters. The first chapter is entitled Wave-
Particle Duality, to familiarize the student with the concept of the black
body radiation, the photoelectric effect, the Compton effect, and de
Broglie waves. The second chapter gives information related to the
planetary model of the atom, followed by the third chapter, which deals
with atomic spectroscopy, which it covers the topic of ionization
potential, excited state of the atom, atomic spectra, Ritz principle and
Heisenberg uncertainty principle. The fourth chapter is entitled: Atoms
with multiple electrons. The fifth chapter explains the absorption and
stimulated emission (laser effect). Finally, the sixth chapter is an
introduction to molecular physics, which deals with diamolecules. All
of these chapters are supported by illustrative diagrams and practical

examples.

Dr. Meftah Nassima
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Chapter 1 Wave-Particle Duality

I-Introduction:

The journey of wave-particle duality began in the late 17" century when Sir
Isaac Newton formulated his laws of motion and gravity, providing the
foundation for classical mechanics. Newton's laws successfully described the
motion of macroscopic objects, planets, and celestial bodies, but as scientists
delved deeper into the microscopic world, they encountered phenomena that
defied classical explanations.

In the early 19% century, Thomas Young conducted a groundbreaking
experiment known as the double-slit experiment with light. By shining light
through two closely spaced slits onto a screen, he observed an interference
pattern, similar to what one would expect from waves. This experiment
presented the first hints of light's wave-like nature. Fast forward to the mid-19t
century, and James Clerk Maxwell's equations unified electricity and magnetism,
predicting the existence of electromagnetic waves. This further solidified the
wave theory of light and offered a comprehensive description of its propagation.
However, the wave theory encountered significant challenges in explaining
certain phenomena. One such phenomenon was the photoelectric effect, which
puzzled scientists for decades. In 1905, Albert Einstein proposed that light could
also behave as a stream of discrete particles, later known as photons, to explain
the photoelectric effect. This revolutionary idea laid the groundwork for the
wave-particle duality concept.

Shortly after Einstein's proposal, French physicist Louis de Broglie presented
his doctoral thesis in 1924, which introduced the concept that particles, like
electrons, could also exhibit wave-like properties. De Broglie suggested that if

light could sometimes behave as particles (photons), then particles should, in
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turn, exhibit wave-like behaviors, challenging the classical notion of particles as
point-like objects.

To test de Broglie's hypothesis, experiments were conducted with electrons and
other particles, leading to the famous double-slit experiment with electrons.
Astonishingly, the results mirrored those observed with light, confirming the
wave-like nature of particles at the quantum level.

Max Planck, Niels Bohr, Werner Heisenberg, Erwin Schrodinger, and other
pioneering scientists further developed the theory of wave-particle duality,
culminating in the formulation of quantum mechanics in the 1920s. Quantum
mechanics provided a comprehensive framework for understanding the behavior
of matter and radiation at the atomic and subatomic levels, reconciling wave-like
and particle-like behaviors. Since its inception, the concept of wave-particle
duality has sparked countless experiments and discussions, revealing the
enigmatic and non-intuitive nature of the quantum world. This revolutionary
concept continues to shape our understanding of the fundamental building
blocks of the universe and has paved the way for numerous technological
advancements in the fields of electronics, telecommunications, and quantum
computing.

In this chapter, you will learn about the energy quantum, a concept that was
introduced in 1900 by the German physicist Max Planck to explain blackbody
radiation. We discuss how Albert Einstein extended Planck’s concept to a
quantum of light (a “photon”) to explain the photoelectric effect. We also show
how American physicist Arthur H. Compton used the photon concept in 1923 to
explain wavelength shifts observed in X-rays. After a discussion of Bohr’s model

of hydrogen, we describe how matter waves were postulated in 1924 by Louis-
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Victor de Broglie to justify Bohr’s model and we examine the experiments
conducted in 1923-1927 by Clinton Davisson and Lester Germer that confirmed
the existence of de Broglie’s matter waves.
II-Black body radiation (2«¥) awal) gladi):

The phenomenon of black body radiation is the first phenomenon that
classical physics could not explain and one of the pillars of modern physics. To
understand the phenomenon, the electromagnetic radiation spectrum must first
be identified, as well as what is meant by the black body.

II -1- The electromagnetic radiation spectrum ((ruhlita s ¢Sl cisdall):

o Radiation is an electromagnetic waves consisting of vibrating perpendicular
electric and magnetic fields (Figure (I-1)), with propagation direction is
perpendicular to both fields and their speed is the speed of light (3.108 m/s).

T~

Magnetic Field (B)

A
Ny

Propagation
Direction

A

Electric Field (E)
=

Wavelength (A) " 2225 N

Figure (I-1): Electromagnetic wave structure.

Also, these waves travel in the material medium, as in a vacuum, and transfer
energy with them. According to the classical theory, now these waves are
characterized by reflection, refraction, interference and diffraction. Also, these
waves agree in speed (v), but differ in frequency (v) and wavelength (A), Where:

V=A%V I-1)
o The electromagnetic (EM) spectrum includes all possible frequencies of

electromagnetic radiation (Figure (I-2)). The electromagnetic spectrum extends
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from low frequencies such as the frequencies used in radio, through medium
frequencies such as the frequencies of visible light rays, to high frequencies such

as X-rays, and ends with gamma rays.

Visible Light
700nm 600nm 500nm 400nm

Gamma

Radio waves Microwaves Infrared Ultraviolet X-rays

<—LONGER WAVELENGTH (meters) SHORTER—>

I I D A D D D D D D D D D B
10 1* 1 10 102 10° 10° 10° 10¢ 107 10% 10° 10%° 10 10%2 103

Figure (I-2): The electromagnetic radiation spectrum
IT -2- Black body definition (25«¥) awall iy a3):;

A black body is an idealized physical object that absorbs all incident
electromagnetic radiation (light) that falls onto it, regardless of the wavelength
or frequency. It is called a "black" body because it perfectly absorbs all radiation
without reflecting or transmitting any of it. Additionally, a black body is also an
ideal emitter of radiation. Black bodies also emit radiation, based on their
temperature.

In practice, true black bodies do not exist, as real-world objects typically
reflect or transmit some amount of radiation. We can construct a close perception
of a black body in the form of a small hole in the wall of a closed container known
as a cavity radiator, as shown in Figure (I-3). The inner walls of a cavity cooler
are so rough and blackened that any radiation entering through a small hole in
the cavity wall becomes trapped inside the cavity. At thermodynamic
equilibrium (at a temperature T), the cavity walls absorb as much radiation as

they emit. Furthermore, inside the cavity, the radiation entering the hole is
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balanced by the radiation coming out of it. The blackbody emission spectrum can
be obtained by analyzing the light emitted from the crater. Electromagnetic
waves emitted by a black body are called black body radiation. The black body is

actually achieved through a small hole in the hollow radiator wall.

Figure (I-3): A hole in the wall of a hollow body.
So, anybody that has a temperature is either a glowing body or a non-luminous
body.

1- Incandescent bodies: They are bodies that emit light and heat, such as the

sun, lamp filament, and stars.
2-Non-glowing bodies: they emit thermal radiation, such as the Earth.

II-3- Black body radiation (2s«¥) awad) gladil):

A fundamental concept in physics and thermodynamics, refers to the
electromagnetic radiation emitted by an idealized object known as a black body.
Electromagnetic radiation is emitted from all objects at any temperature at which

it is present and is called thermal radiation. The amount of this heat radiation

emitted by the body increases with an increase in temperature and decreases
with a decrease in it. Also, objects exchange heat between them and the
surrounding medium if the temperatures differ between them, so if the
temperatures are equal, then in this case the body is in thermal equilibrium. The
distribution of radiation emitted by the body at a certain temperature as a

function of wavelength was a puzzling issue for scientists, as they did not find a
6
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scientific explanation for the practical models that explain the relationship of
radiation distribution with wavelength, and the classical theory was not able to
find an explanation for it until the beginning of the twentieth century.

It was known that heat causes the molecules and atoms of a solid to vibrate. The
scientist Maxwell said that these objects emit electromagnetic waves at the speed
of light. That is, when a non-glowing body is heated, the energy resulting from
the vibration of the particles of the particle is released in the form of
electromagnetic waves of different wavelengths. According to Planck's law,
which describes black body radiation, the spectral distribution of emitted
radiation is solely dependent on the temperature of the black body as indicate

Planck curve (Figure (I-4)).

Classical theory (5000 K)

Spectral radiance (kW - sr=t - m=2- nm-?)
[}

(o} 0.5 1 1.5 2 2.5
Wavelength (um)

Figure (I-4): Two-dimensional plot of the spectrum of a blackbody with

different temperatures.

This is a curve showing the relationship to the distribution of the intensity of
radiation emitted by the black body as a function of wavelength in nanometers.
The region marked from blue to red shows the visible part of the electromagnetic

spectrum.
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We ca seen from the above plot that:
The most intensely emitted radiation by an object has a wavelength A that is
inversely proportional to the temperature. Higher temperatures will emit intense
radiation at shorter wavelengths, and the colour will shift to the blue spectrum.
The spectrum of radiation has the following characteristics:

v" The spectrum is continuous.

v" The spectrum peak moves to shorter wavelengths as the temperature

increases.

v" The spectrum is 0 at 0 — this is the result of the quantisation of energy.

v" The spectrum values at larger wavelengths are smaller.
II-4- Theories to explain blackbody radiation spectra (awall i sl oy i
3 ga¥):
I1-4-1-Wien’s displacement law (4133 ¢ ¢y 5i8):
The peak of the wavelength distribution shifts to shorter wavelengths as the
temperature increases as shown in the Figure (I-5). This behavior is described by

the following relationship, called Wien’s displacement law:

AmaxT =2.898+1073m. K

5x 1014 ¥ T
Lol de Wien
. AT =
Where Amax is the wavelength at ax 1o "
. . N 8000K
which the curve peaks and T is the g _— | X
absolute temperature of the surface <
B 2Kk i
. . . . . m
of the object emitting the radiation. =
1x 10" 5

0 200 400 600 800
Longueur d'onde (nm)

Figure (I-5): Wien’s displacement law
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The wavelength at the curve’s peak is inversely proportional to the absolute
temperature; that is, as the temperature increases, the peak is “displaced” to
shorter wavelengths (Figure I-5).

Application:

A hot body glows with yellow radiation with a wavelength of 589nm.
-Calculate the body temperature.

Response: We have:

2.9.1073 2.9.1073

= = 4923.6K
A 589100 10236

AmaxT =2.898 %103 = T =

So, the body temperature is 4923. 6K.
> Wien’s displacement law mean that at room temperature, the object does
not appear to glow because the peak is in the infrared region of the
electromagnetic spectrum. At higher temperatures, it glows red because
the peak is in the near infrared with some radiation at red end of the visible
spectrum, and still at higher temperature, it glows white because the peak
is in the visible so that all colors are emitted.

I1-4-2- Stefan-Boltzmann’s Law (b i sl ¢ 38);

Stefan-Boltzmann's law states that the energy released by a black body per unit
area (The area under the spectrum curve) is proportional to the fourth power of
the body's degree of gravitational force (Figure (I-6)):
E(T) = 0eAT* I-3)
E(T): is the energy of the blackbody radiation per unit area.
o: is called Stefan constant = 5.67x108 Watt/m?K*
A: is the surface area of the object in square meters.

e: is the emissivity of the surface. For a back body, the emissivity is e=1.



Chapter 1 Wave-Particle Duality

T: is the surface temperature in Kelvin.

i 6=56710
P=al * (WK

Puissance (W.m?2)

T* (K%
Figure (I-6): Plot reveals Stefan-Boltzmann's law

I1-4-3- Rayleigh-Jeans law (Jia-L)s 1 5):;

A successful theory for blackbody radiation must predict the shape of the curves
in the figure (I-3), the temperature dependence expressed in Stefan-Boltzmann’s
law, and the shift of the peak with the temperature described by Wien’s law.
Early attempts to use classical ideas to explain the shapes of the curves in Figure
(I-3) failed.

Let’s consider one of these early attempts. To describe the distribution of energy
from a black body, we define I(A, T) dA to be the intensity, or power per unit
area, emitted in the wavelength interval dA. The result of a calculation based on

a classical theory of black body radiation known as the Rayleigh-Jeans law is:

ankBT
I(A,T)ZT (1_4')

An experimental plot of the back body radiation spectrum, together with the
theoretical prediction of Rayleigh-Jeans law, is shown in figure (I-6). At long
wavelengths, the Rayleigh-Jeans law is in reasonable agreement with
experimental data, but at short wavelength, major disagreements are apparent.

Where kg is Boltzmann’s constant.

10
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As A\ approaches zero, the function I (A, T) given by Equation (4) approaches

infinity. Hence, according to classical = The classical theory
(red-brown curve) shows

thEOI’y, not Ol'lly should short intensity growing without
bound for short wavelengths,

unlike the experimental data

wavelengths predominate in a black ;0 iive).

body spectrum, but also the energy
emitted by any black body should

became infinite in the limit of zero

Intensity

wavelength. In contrast to this

prediction, the experimental data

plotted in figure (I-7) show that A Wavelength

Figure (I-7): Comparison of the
experimental results and the curve
predicted by Rayleigh-Jeans law.

approaches zero, I (A, T) also approaches
zero. This mismatch of theory and
experiment was so disconcerting that
scientists called it the ultraviolet catastrophe.
I1-4-4- Planck hypothesis (i3 4 8):
In 1900, Max Planck developed a theory of black body radiation that leads to an
equation for I (A, T) that is in complete agreement with experimental results at
all wavelengths. Planck assumed the cavity radiation came from atomic
oscillators in the cavity walls in Figure (I-3). Planck made two bold assumptions
concerning the nature of the oscillators in the cavity walls:
1- The energy of an oscillator can have only certain discrete value Ex:

E, = nhf (I-5)
where n is a positive integer called a quantum number, £ is the oscillator’s
frequency, and A is a parameter Planck introduced that is now called Planck’s

constant.

11
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Because the energy of each oscillator can have only discrete values given by
equation (5), we say the energy is quantized. Each discrete energy value
corresponds to a different quantum state, represented by quantum number n.
When the oscillator is in the n=1 quantum state, its energy is Af,; when it is in
the n=2 quantum state, its energy is 2Af’; and so on,

2- The oscillators emit or absorb energy when making a transition from one
quantum state to another. The entire energy difference between the initial and
final states in the transition is emitted or absorbed as a single quantum of
radiation.

So, an oscillator emits or absorbs energy only when it changes quantum states. If
it remains in one quantum state, no energy is absorbed or emitted.

The key point in Planck’s theory is the radical assumption of quantized energy
states. This development marked birth of the quantum theory.

Example: A yellow lamp of 100 watts and with a wavelength of 5890A.
-Calculate the number of quanta (photons) issued by the lamp per second.

Response: According to the following equation:
_E nhv

t t

Thus, the number of quantas issued by the lamp per second is:

n_ P _PA_ 1005890 x 1071
t

— T T ha = 18
~hv  hc 6.6x1073%x 3 x 108 8.92 x 10 °quanta/s

I1-4-4-1-Planck's formula for energy distribution (48Ul &5 il €Dy disa):;
Planck generated a theoretical expression for the wavelength distribution that

agreed remarkably well with the experimental curves in Figure (I-3):

2mhc?

I(A,T) = 25 (ehe/2kpT 1) (I1-6)

12
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This function includes the parameter A, which Planck adjusted so that his curve
matched the experimental data at all wavelengths. The value of this parameters
is found to be independent of the material of which the black body is made and
independent of the temperature; it is a fundamental constant of nature, the value
of A, Planck’s constant is:
h=6,626x1034]. s I-7)
@ At long wavelengths, Equation (6) reduces to the Rayleigh-Jeans law, and
at short wavelengths, it predicts an exponential decrease in T (A, T) with
decreasing wavelength, in agreement with experimental results. When
Planck presents his theory. Most scientists did not consider the quantum
concept to be realistic. They believed it was a mathematical trick that
happened to predict the correct results. Hence, Planck and others
continued to reach for a more rational explanation of black body radiation.
Subsequent developments, however, showed that a theory based on the
quantum concept had to be used to explain not only black body radiation
but also a number of other phenomena at the atomic level.
ITI- Photoelectric effect (95451 Jsaiall):
ITI-1-Photon:

A packet or bundle of energy is called a photon. The photon has an energy E as:

_hc
A

where h is the Planck’s constant, v is the frequency of the radiation or photon,

E (I-8)
c is the speed of light (e.m. wave) and A is the wavelength.

ITI-2-Properties of photons:

i) A photon travels at a speed of light c in vacuum. (i.e. 3 x 10 m/s)

ii) It has zero rest mass. i.e. the photon cannot exist at rest.

13
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. ) E
iii) The kinetic mass of a photon is, m = iy

|
Il
>

. ) E
iv) The momentum of a photon is, P = .

v) Photons travel in a straight line.

vi) Energy of a photon depends upon frequency of the photon; so the energy of
the photon does not change when photon travels from one medium to another.
vii) Wavelength of the photon changes in different media; so, velocity of a
photon is different in different media.

viii) Photons are electrically neutral.

ix) Photons may show diffraction under given conditions.

x) Photons are not deviated by magnetic and electric fields.

ITI-3- Photoelectric effect:

Photoelectric effect is the process of emitting the electrons from a metal surface
when the metal surface is exposed to an electromagnetic radiation of sufficiently
high frequency (Figure (I-8)). For example, ultraviolet light is required in the

case of ejection of electrons from an alkali metal.

4
o

00 6 © @
©6 0 0 0

Figure (I-8): Photoelectric effect.

14
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In 1887, the scientist Hertz noticed that when exposing a surface of a
conductive material to an ultraviolet ray, electric sparks are generated more
easily.

v' However, the phenomenon needed a precise interpretation according to
different concepts, which Hertz and all the followers of the classical school at
the time failed to do.

v In 1905, Einstein presented a research paper that explained the practical
results of the photoelectric phenomenon, stating that light energy exists in
the form of quantities of energy called photons. His discovery led to a great
revolution in quantum physics.

v" The photoelectric effect requires the presence of photons of energy of about
1 MeV in elements with a large atomic number. The study of the photoelectric
effect led to advances in understanding the quantum nature of light and
electrons, and was instrumental in shaping the concept of wave-particle
duality. It also sheds light on Max Planck's earlier discovery of the
relationship between energy and frequency arising from energy quantization.

ITI-4- Photoemission mechanism (= gall &laiy) 4d)):

Photons have a specific energy proportional to the frequency of the light. In the

photoemission process, if an electron in a

. - Photqns \
material absorbs the energy of a single \ /
photon and its energy is greater than the ©

work coupling (electron binding energy)

_® Electrons
of the material, the electron will be —_— o
>
>
emitted. But if the energy of the photon is Materials *
very low, the electron will not be able to Figure (I-9): diagram describes the

Photoemission mechanism.

15
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break free from matter (Figure (I-9)). When the intensity of light increases, the
number of photons emitted increases, and this leads to an increase in the number
of emitted electrons, but it does not lead to an increase in the energy absorbed
per electron. From this we conclude that the energy carried by the emitted
electron does not depend on the intensity of the light falling on it, but only on
the frequency (energy) of this light. This relates the energy of the incident
photon to the energy of the emitted electron.

Electrons can absorb the energy of photons when exposed to a beam, but they
usually follow the "all or nothing" principle. All photon energy is absorbed and
used to free one electron from the atomic bond, otherwise the photon energy
would be emitted again. If the energy of a photon is absorbed, part of the energy
will free the electron from the atom, and the rest will work to increase the kinetic
energy of the free electron.

ITI-5- Experimental observations of photoelectric emissions:

The photoelectric effect theory explained experimental observations of the

emission of electrons from the surface of a I“Eiadv‘;"t

. . Anode Photoelectron
material exposed to light. —— How

Y

Cathode

For a particular metal, there is a minimum

frequency where when the surface of the metal

o\
is exposed to a frequency lower than that as W
shown in Figure (I-10), there will be no Resistor |
photoelectrons emitted. This frequency is Figure (I-10): Experimental

called the threshold frequency. When the frequency 2Pparatus of photoelectric

emissions
increased, and the number of incident photons

16



Chapter 1 Wave-Particle Duality

is kept constant, this will lead to an increase in the photon energy and thus an
increase in the kinetic energy of the emitted photoelectrons, and thus an increase
in the stopping voltage. The number of electrons also varies because the
probability that each photon will cause an electron to be emitted is associated
with the energy of the photon. Above the threshold frequency, the maximum
kinetic energy of the electron depends on the frequency of the incident light, but
it does not depend on the intensity of the incident light.
The number of emitted electrons is directly proportional to the intensity of the
incident light, for a specific metal and at a specific frequency of the incident
beam. Increasing the light intensity (while keeping the frequency constant)
increases the value of the photocurrent, and the cut-off voltage remains constant.
The time interval between the incidence of the beam and the emission of the
electron is a very small period of time, approximately equivalent to less than10-°
seconds. The direction of distribution of the emitted electrons reaches its
maximum value in the direction of polarization (the direction of the electric
field) of the incident light, if it is linearly polarized.
IT1-6- Mathematical description:
The maximum kinetic energy K4, of an emitted electron is given by:
Kinax = hf — @ I-9)

Where h is Planck’s constant, f is the frequency of the incident photon, ¢ gives
the minimum energy required to free an electron from the surface of a metal.
The work association is:

@ = hfy (I-10)
fo is the threshold frequency of the metal. Therefore, the maximum kinetic

energy of an emitted electron is:

Kpmax = h(f — fo) I—-11)
17



Chapter 1 Wave-Particle Duality

And since the kinetic energy is positive, then we have to get f > f, until the

photoelectric effect appears.

II1-7- Stopping potential (&Y 1)

If a light source illuminates plate A, and another plate B collects the emitted

electrons. We vary the voltage between “A” and “B” and measure the current

flowing in the external circuit between the two plates.

oIf the frequency and intensity of the incident light are constant, the

photocurrent will gradually increase with the positive voltage at the collector

plate until all the emitted photoelectrons are collected. At a certain point the

photocurrent will reach saturation and then it will not increase even if the

positive voltage increases. The saturation current depends on the intensity of the

illumination, and does not depend on the wavelength.

olf we apply a negative voltage to the “B” plate and gradually raise it, the

photoelectric current will decrease until it reaches zero, at a certain negative

voltage on the “B” plate. The smallest negative voltage applied to the plate “B”

such that it makes the photoelectric current become zero is called the cut-off

voltage.

1-For a given frequency of incident radiation, the cut-off voltage depends on the
intensity of the light.
2-For a certain frequency of incoming radiation, the cutoff voltage is related to

the maximum kinetic energy of the photoelectron that has stopped reaching
plate “s”. If we consider m is the mass and v is the maximum velocity of the

emitted photoelectron, then:

Konax = _m‘U?nax I-12)

18
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If g, it is the charge of the electron and V, it is the stopping voltage, then the

work done from the cutoff voltage is to stop the electron eV, so we get:

%mvrznax =q.Vy (I-13)
That is, the maximum speed of the emitted photoelectron is independent of the
intensity of the incident light.

The stopping voltage changes linearly with the frequency of the light, but it also
depends on the type of material. For any given material, there is a threshold
frequency that must be exceeded, which is independent of the light intensity, for

the emitted electron to be detected.

Application: A metallic surface is illuminated by UV light of wavelength

A=0.150um. It emits electrons with a maximum kinetic energy of 4.8eV.
_a) Calculate the extraction work Wo.

_b) What is the nature of the metal?

Response:

a- The extraction work Wo is:

hc 6.62X1034x3%x108
WO = E - EC = —=
A 0.15x1076x1.6x10~19

— 48 = W, = 2.6eV

b-Nature of the metal:

_hc 6.62x107%* x 3 x10°
7w,  35x1.6x10719

Ao =3.5x10"7 = 0.35um

The threshold wavelength corresponds to that of zinc; the metal is zinc.

IV- Compton effect (Gsimas Jsada)

IV-1- Introduction :

Compton effect is a phenomenon in which the scattering of a photon occurs as a

result of its collision with a free charged particle such as an electron. It is a

19



Chapter 1 Wave-Particle Duality

quantum phenomenon that confirms the particle nature of electromagnetic
radiation (photon), and this phenomenon cannot be explained by relying on
classical physics. This phenomenon was named after the physicist who
discovered it.

American physicist Arthur Holly Compton developed his theory by studying the
effect of scattering of X-rays by electrons. Compton's theory of X-ray scattering
gained its importance because it supported the particle nature of electromagnetic
radiation that Albert Einstein assumed and relied upon in explaining the
photoelectric phenomenon. Quantum mechanics contributed to finding an
explanation for the scattering phenomenon that occurs to the photon when it
collides with a free electron, while classical physics could not explain it.

» What happens in the Compton effect is what happens on the billiard table
where a photon collides with a free electron. The free electron gains kinetic
energy and the photon loses part or all of its energy. A photon's loss of energy is
a decrease in its frequency, meaning an increase in its wavelength!

> Compton explained the particle properties Hecatled Bisciron
P P p prop (Inoized Electron) Ee

of radiation through his scattering

experiment. The experiment found an  IncidentPhoton
hv

increase in the wavelength of the scattered —aca——P@f-1---t--nnnmmmee
radiation. He also discovered that the
scattered photon had deviated from its initial
angle (the angle of incidence) as shown in the Outgoing Photon
Figure (I-11). This scattering is the result of

» an elastic collision, and we know that the Figure (I-11): plot describes the

Comnton effect.
collision is of a particle nature, and

20



Chapter 1 Wave-Particle Duality

> here scientists were puzzled in explaining this collision based on the wave
theory of radiation.

IV-2- An experiment demonstrating the Compton phenomenon:

When X-rays of wavelength Ai fall on a free electron, the scattered X-rays
colliding with the free electron have a different wavelength, say Ar. Compton
found through his experiments (Figure (I-12)) that there is always an increase in

the wavelength of the scattered X-rays.

PISERTELCVAL XL T
1 J dlibs
3 | 2’ \‘\
w \
E ‘il N — A\ i
‘gi.'i.ll

lvl cusilall dalo: i sall
Figure (I-12): An experiment that Compton designed for his experiments on X-
ray scattering.

Depending on the characteristics of classical physics, it is not possible in any way
to explain the noticeable increase in the wavelength of radiation dispersed from
the free electron, and by using Einstein's hypothesis that the radiation energy
does not spread continuously, but spreads in the form of limited quantities of
energy called the photon, and that the energy of each photon depends at his
frequency. Since X-rays are only electromagnetic rays and they behave in the
Compton phenomenon as if they were separate particles of energy, i.e. photons,

it is easy to explain what is happening in the Compton experiment.
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Chapter 1 Wave-Particle Duality

» The Compton phenomenon explains the relationship between the
wavelength of an incident photon and the scattering photon after it
collides with a free electron.

» IV-3- Mathematical equation for the Compton phenomenon:
By applying the laws of conservation of energy and the momentum of the
colliding bodies before and after the collision, it is possible to find a relationship
that calculates the amount of change in the energy of the scattered radiation
(photon), or in other words, finding the change in its wavelength, as well as the
change in the energy of the electron movement after the collision (Figure (I-13)).
The mathematical equation describing the Compton phenomenon is given by the
equation below:

A —4; = 2.(1 — cos0) (I-14)
Where O is the angle of scattering, i.e. the angle between the incident ray and
the scattered ray and is given Ac which is defined by the Compton wavelength

which is equal to 2.43x102 meters.

h
A = (I-15) Compton scatterin Recoi
¢ mec p Q glectron /
where h is Planck's constant, me is @ JE = (mc')
. , Target ,a'r Pe = ¢
the mass of the electron, and c is the '”E"’e“‘ . elecon .’
photon 27 gt rest .* ‘i(b
speed of light in a vacuum. - T
VO E, hvoy b
» The above equation confirms that E hv. h ' ==
9 n ¢

Scattered

the scattering angle does not Dhoton

depend on the wavelengths of I y)
Aj=Ai=A=—"(1-cosf) f
radiation, but rather depends on the ' m.c

Figure (I-13): Plot describes the Compton

change in wavelength.
phenomenon
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V- De Broglie waves (15 2 g's4)) :

In the 20th century, physicist Louis De Broglie suggested that it was not just light
that could exhibit both wave and particle characteristics; he suggested that
particles with mass, such as electrons and protons, could also behave like waves.
He further proposed that certain relations describing the duality of light also
apply to matter.

Recall that the momentum of a photon, p, is given by:

_h (I1-16)
P=7

where h is Planck's constant and A is the wavelength of the photon. De Broglie

proposed that the same relationship is true for particles of matter. Rearranging

the equation above to isolate the wavelength,

_h _
A—p I-17)

gives the de Broglie wavelength of a particle, as a function of its momentum.
Recall that, for a particle moving at a speed much slower than the speed of light,
the momentum is equal to the product of the particle's mass, m, and its velocity,

v. Thus, the de Broglie wavelength can also be calculated using:

A= L (I1-18)
mv
This concept also applies to sets of particles or objects - even very large objects,
such as the objects we interact with in everyday life. Thus, any massive object
with momentum has a de Broglie wavelength. It should be noted that "massive"
refers to anything that has mass and not just very large objects.
The concept that a massive object behaves like a wave is often confusing because

we do not observe effects such as diffraction with everyday objects we interact

with. This is because the de Broglie wavelength of large objects is very small.
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% Example: Calculate the wavelength of the following objects:
-A ball with a mass of 2g is moving at a speed of 300 m/s.
- An electron accelerated under a potential difference of 104 volts.
It is given: e = 1,6 x 101%C, h = 6,63 x 1034j.s , me = 9,1 x 103! Kg

% Response: the wavelength of the:

—-34 o
1-The ball: we have A, = — = =210~ _ 11 % 10733 = 1.1 x 107234

mv  (2x10-3)300

1
2-The accelerated electron: we have E, = Emv2 =elV > mv =+2meV

Substituting in the De-Brogli expression we find:

h  h 6.62 x 10734
mv. \2meV /2 x (9.1 10731) x (1.6 X 10~19) x 10*
=0.12 x1071%n

12:

VI-Davisson-Germer experiment (s> 9 Cudld 43 525):;

The Davisson-Germer experiment demonstrated the wave nature of the electron,
confirming the earlier hypothesis of de Broglie. Putting wave-particle duality on
a firm experimental footing, it represented a major step forward in the
development of quantum mechanics. The Bragg law for diffraction had been
applied to x-ray diffraction, but this was the first application to particle waves.
Davisson and Germer designed and built a vacuum apparatus (Figure (I-14)) for
the purpose of measuring the energies of electrons scattered from a metal surface.
Electrons from a heated filament were accelerated by a voltage and allowed to

strike the surface of nickel metal.
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Figure (I-14): Davisson-Germer Experiment
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Chapter II

Planetary model of the atom
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Chapter II Planetary model of the atom

I- Introduction :

In 1897, Joseph John Thomson identified the electron as a negatively charged
elementary particle. Then he proposed “Thomson's model” where an atom
consists of electrons immersed in a cloud of positive charge to balance the
negative charge of the electrons. The latter are dispersed within the atom, but
with many possible structures to locate them. This model was refuted in 1909 by
Ernest Rutherford's gold leaf bombardment experiments, and in 1911 the latter
showed the existence of a very small positively charged nucleus, which later
prompted him to propose Rutherford's atomic model: an atom consists of
negative electrons. It rotates in circular paths around a positive dense nucleus,
like the planets of the solar system that revolve in a semi-circular direction
around the sun, then the electromagnetic force replaces the gravitational force
as the cohesion force of the system. However, Rutherford's planetary theory
clashed with the theory of accelerated electron radiation. Indeed, according to
experimental observations and Maxwell's laws, an electron undergoing
acceleration emits energy in the form of an electromagnetic field. Back at the
level of the Rutherford atom, the electron must describe a concentric spiral, not
a circle, only to end up colliding with the nucleus after a few million revolutions,

which is the equivalent of a nanosecond. So the orbitals are unstable.
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Chapter II Planetary model of the atom

=In 1913, the Danish physicist Niels Bohr (1885-1962) then introduced three
postulates to make this model compatible with the observations of the spectrum
of hydrogen: the first postulate supposes that there exist stable circular orbits for
the electrons, that is that is, once in one of these orbits, the electron does not
radiate any electromagnetic energy. It therefore does not decrease in a spiral and
can remain in this orbit indefinitely. In addition, each of them corresponds to a
well-defined energy of the electron (we then speak of the energy level of the
electron). According to the second postulate, the electron can pass from one
stable orbit to another, i.e. from one energy level to another, by absorption or
emission of a quantum of energy h again called a photon. The absorption of a
photon thus causes the electron to pass from a low orbit (close to the nucleus) of
low energy to a high orbit (far from the nucleus) of higher energy. The emission
of a photon corresponds to the reverse operation: the electron passes from a
distant orbit of high energy to an orbit close to the nucleus of lower energy, the
excess energy being expelled in the form of a photon.

Bohr then introduces a third postulate as simple as it is strange: for the hydrogen
nucleus, the quantification of the energy levels follows from the quantification

of the angular momentum.
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e However, the Bohr model could not explain the differences in the relative
intensity of the spectral lines, as well as the spectra of elements heavier
than hydrogen, as it was hardly limited to explaining the hydrogen atom.

e The Bohr model remains the basis for the study of energy levels, despite
the great deficit in many of the interpretations that objected to the model,
which was the basis for many scientific discoveries that were later
resolved.

II- The concept of atomic spectra (&Y CibkY) a 5¢da)

Atomic spectra are defined as the band of electromagnetic wavelengths that are
emitted by an excited atom when it returns to a steady state. What is meant by
the excited atom is that the atom obtains energy that works to transfer its
electrons from a lower energy level (stable) to a higher energy level (excited),
and when these electrons return to the stable level, the energy it has gained is
emitted in the form of light radiation, which is called the atomic spectrum and
these radiations, which make up the spectrum, are either visible or invisible.
II-1- Emission spectrum (<) <ish)

It is a set of frequencies of electromagnetic radiation that is emitted by an atom
or molecule that moves from a higher energy level to a lower energy level, and

the emitted energy is equal to the energy difference between the higher energy
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Chapter 1II Planetary model of the atom

level and the lower energy level, and each chemical element has its own emission

spectrum in order to distinguish it from the rest of the elements.

An atomic emission device is used to measure the intensity of light emitted at a

specific wavelength to determine the amount of element in the sample. There

are two types of emission spectrum as follows:

a)

b)

Continuous (continuous) spectrum (J«<iall «ihll) : It is a spectrum

consisting of uninterrupted light beams, Continuous Sec;r}lm

i.e. continuous frequencies, and appears in

Figure (II-1): continuous
the form of a strip without spaces or breaks spectrum.
without color as shown in the Figure (II-1), and contains the seven colors
of the spectrum (red, orange, yellow, green, blue, indigo, violet), A high
temperature must be available for the chemical element for this spectrum

to occur. Example: the solar spectrum.

Linear spectrum (non-continuous) (&3l <iuhll) : It is a spectrum consisting

Line Spectrum

of limited wavelengths (colors) (Figure (II- -

2)) such as (the spectrum of hydrogen H, the Figure (11_2: The non-

continuous spectrum
spectrum of neon Ne, the spectrum of mercury
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Hg), and it is produced through the excitement of atoms of one of these
elements, and these elements emit the energy they gained as a result of
excitation on Limited color light form.

II-2- Absorption spectrum (uabaia¥) cish):

It is defined as a bundle of wavelengths produced when light passing through it
is absorbed by an element or vapor of an element. This spectrum is produced
when white light passes through the vapor of the element, which produces
absorption spectrum lines, and these lines appear in the form of black lines.

I1I- Planetary model of the hydrogen atom (x> 904! 8,3 (S 581l 73 galll):
ITI-1-Experimental study of the emission spectrum of the hydrogen atom:

By comparing the spectrum of thermal radiation emitted by the black body and
the emission spectrum (emission) of the hydrogen atom, we note the following:
- The spectrum of thermal emission is continuous and contains all colors

-The emission spectrum of the hydrogen atom is not continuous, i.e. we
distinguish only some colored lines that correspond to specific wavelengths that
can be measured using a spectrophotometer.

Based on these experimental results, the scientist Palmer, in the year 1885, he
published an experimental relationship that allows calculating the wavelengths

of the spectrum of the hydrogen atom:
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2

A = Mo g

h = 364.56, m=34,5,...... (AI-1)
This relation was popularized by Rydberg in 1890 under the name of the Palmer-

Rydberg relation:

1 1 1
ZzRH<ﬁ_P>, n=3,4,5,... (H—Z)

Where Ry =1,09677 x 108 (m™) is Rydberg constant.

I11-2- Bohr model of the hydrogen atom ({5 8,3 Js: i sad):

In this model, Bohr assumes that the electron rotates in circular orbits around
the proton.

IT1-2-1-Bohr's postulates:

In 1913 Niels Bohr proposed his atomic model, which is based on classical
principles (Newton's second principle) as well as on the principle of energy
transmission by indivisible beams (quanta). This model replaced the Rutherford
model, the latter, which could not explain the discontinuous spectrum of
hydrogen, nor could it explain the survival of the electron in its orbit around the
nucleus (because in the classical theory, when a charge is in motion, it loses
energy and therefore the electron will fall on the nucleus) and to explain what
the Rutherford model could not explain Bohr proposed his model, which is based

on the following axioms:
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a) The first axiom: the axiom of orbits: The electron revolves around the
nucleus in allowed orbits characterized by the following:
- The kinetic moment of the electron in these allowed orbits is quantized
(quantization condition) according to the following relationship:
L =7Ap = mv, r,u

L=mv,r, = n- (I1r-3)

2
n is the principal quantum number (n=1,2,3,...)
m is the electron mass

T, is the radius of the orbit around the nucleus.

v, is the linear velocity in orbit. And h it is Planck's constant.

b) The second axiom: the axiom of the emission and absorption of

energy: Fach allowed orbit represents a specific energy level. Every
transition of an electron from one permitted orbit to another permitted
orbit is accompanied by the absorption or emission of an energy photon
according to the relationship.
|Ef — E;| = hv (11 — 4)
E; is the energy of the starting orbit.
E is the energy of the access orbit.

v is the frequency of the emitted or absorbed radiation.
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e The emission spectrum has colored lines on a black background (Figure

oo, [

Spectred’émission de "hydrogéne

Figure (II-3): The emission spectrum
e Absorption spectrum has black lines on a colored background Figure (II-

4).

Spectred’absorptionde "hydrosene

Figure (II-4): The Absorption spectrum.

IT1-2-2-Study of orbitals:

v =wa

'\ mv?
a
o Ze?

Ca 3
% /l a

charge q, = (—e) and his mass m,, it rotates at a linear i

Consider the hydrogen atom consisting of an electron -

speed around a proton of its charge q, = (+¢) and his
mass m, (Figure (II-5)). Figure (II-5): The hydrogen atom
The electron is under the influence of an electric attraction, the Coulomb force

that the proton exerts on it.

According to Newton's second principle :
- - = - — —
z Forr = mea, = F, =m,a, > F,n =m.a,n

1 e v? 1 e?
=m,—=r=
Arrey T2 cr 41Ty M V2

= F. =m,a, =
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According to the first axiom, the electrons can only rotate in permitted orbits

defined by the condition:

h

muv,n, = nﬂ (IT-5)
Thus: v, =n—2" -6
us: n o 2mmery ( )

It represents the linear velocity of the electron in its orbit.

1 e? 1 4m2e?m?r?
r = =%, =
Ame, (n h )2 " 4mey myn2h?
exT2mm,n,
goh®

=27, = n II - 7
"= retm. ( )

It is the permissible radius of the orbit.

For n=1, r; = 0.53A, It is called the Bohr radius and is usually denoted by the
symbol a,.

And we can write: r, = ayn? (Im—-28)
This relationship ensures that the radius is quantized.

I11-2-3-Energy study of the hydrogen atom (cu> 93¢ 33 4 g8l Al jal):
Consider the system that makes up the hydrogen atom (proton and electron).

The proton as a charge generates an electric potential around it Vp (7):

1 e I1-9
ey T ( )

V,(r) =
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Thus, the electron under the influence of this potential has electrical potential

energy:

Ep(r) = (_e)Vp(r) = -

1 e?
— (Il — 10)

41e

However, since the proton has a large mass relative to the electron, it can be
considered that the proton is stationary and the electron rotates around it with

kinetic energy E..

E p—
=—mv
€ 2
And we have the above:
1 e? X 1 e?
r= =>m, v’ = —
ArEy M2 € Aty T

Pl (L e\ 1 1 e\ 1.
= — = — — = = ——-——-- ) ——
c =M =5 ey T ¢ 2\ dmey 1 2P

It is the total energy of the system:

Er =E.+E L E,+E . E,>E . L e
= = —— = — = = —(— JR—
r=bet By =—gh b B =55 S =50 4n80r)
Er = 1 e Im-11
™ 8meyr ( )

Since the radius is quantized: r = r, = ry n? =

E, = 1 e In-12

" 8meyT, ( )
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This means that the energy is also quantized and each level relates to a specific
energy.

An energy must be given to the hydrogen atom at least equal to w = |E,| to
free an electron from orbital N number n.

If n=1 this work is called the work of exiting the hydrogen atom (photoelectric
effect).

IT1-2-4- Energy (s> soid) 8,4 d8Ual) & gicsa):

The term energy in terms of the radius of the orbit is given as follows:

E. = 1 ¢ I1—-13
" 8meyry, ( )
and radius.
thz 2
= II1-14
Ty P—— n ( )

Substituting the radius into the expression for energy, we get:

E, = me* 1 I1-15
" 8elh2n? ( )
If n=1: E; =—-13.6 (ev)

It is the energy of the basic orbital of the hydrogen atom (energy of the ground

state) and it is the energy of the layer K. Thus:

1
E,=-13.6 — (eV), n=123,.... (11 — 16)
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Planetary model of the atom

It is the bond energy of the electron in the hydrogen atom as a function of the

number n where the number n is called the main quantum number or primary

quantum number (Figure (II-6)).

e We note that the higher the number n, the closer the levels are to each

other until they become equal the form of a continuous spectrum after it

was a discontinuous spectrum in the values of n.

N Shell I'n (nm)
1 K 0,0529
2 L 0,2116
3 M 0,4761
4 N 0,8467

E(eV)
-13,6
-3,4 |

-1,51

-0,85

Figure (II-6): the basic orbital of the hydrogen

According to Bohr's second axiom: When an electron moves from one energy

level n; to another ny, it emits or absorbs a photon. This photon carries an energy

equal to the energy difference between the two levels.
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e If n,;itis greater than n, the emission of a photon, the atom loses energy

and we obtain an emission spectrum consisting of colored lines on a black

background (Figure (II-7)).

emissic émiasion
mission mission
olf n; it is less than n, th ion of Niveau i
i r the absorption o st — E, s
]
) . L (1% hy
a photon, the atom is excited, that is, it NN
Photon incident A E
gains energy, and we get an absorption — i
fondamental 1
A exciation.
spectrum consisting of black lines on a
background Figure (II-7): The emission of a photon
Thus, the energy of the emitted or absorbed photon is:
AE; ;= |E, — Ey| = |E;| — = 5| = hv (Il - 17)
f M

The wavelength related to this transition satisfies Rydberg's law:

1 1 1 Vl'—>f 1 1 Vi—>f 1 1
71 =RH — T3 =Ryl = —= = hc =hCRH — T 3
h hcR L2 I1-18
= hvi,r = hcRy |5 — = —
i-f H lezr niz ( )
Substituting in Bhor's transition law, we find:
E4
Substituting in Ei1, we get:
me4
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Transitions between energy levels of electrons are classified into several groups.
When an electron falls to a lower energy level (n), this transition has an assigned
group name. The following list the names of these groups (Figure (II-8)):

n=1: Lyman Series

n=2: Balmer series

n=3: Paschen series

n=4: Brackett series

n=5: Pfund series

m n
o NMm <t 8 MO8 <t Or~--8 Nor~----38 O r~----8
5 - : i T — 5
a- t vy v {  pfund-Serie—-}.
3. : i v v vy vy vy Brackett-Serie m=>5 12
H : m=4
2- v 4-210,20
i aPpPyYy©oe 10
Balmer-Serie %
m =2 =
L 8 ‘©
(=)
| -
0]
-6 5
(2]
o
=
- 4 8
i
=
<C
- 2
1- Y \' @
Lyman-Serie
m=1

Figure (II-8): The Transitions groups.
¢ Jonization energy is the smallest energy that can be applied to an atom to

remove an electron from the primary orbital.
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Chapter II Planetary model of the atom

e The ionization energy of the hydrogen atom is given in the form:
Eion =AEi o = |Ex, —E;| = |0 —E;| = |E;| = 13.6 eV
e The Bohr model can be reasonably applied to ionized atoms that contain
one electron after ionization like He*, Li **, with compensation the
charge (e) by the charge (Ze).
I11-3-Inability of Bohr's theory (us: &k jas):
The Bohr model is a simple model that could not explain some of the
observations:
e It could not explain the line spectrum of multi electron atoms.
e This model failed to explain the effect of magnetic field on the spectra of
atoms (Zeeman effect).
o The effect of electric field on the spectra could not be explained by Bohr's
model (Stark effect).
e The shapes of molecules arising out of directional bonding could not be
explained.
e The dual nature of electrons (both as wave and particle) and the path of
motion of the electron in well-defined orbits were not correct.

ITI- 4- Bhor-Somerformed model (e sa g =52 Figal ):

40



Chapter II Planetary model of the atom

Summerfield hypothesized that in each n orbital there are n elliptical
orbitals that have the same energy Enx.
This model explains the fine spectrum of Hydrogen atom. The important
postulates of Sommerfeld atomic model are:

1- The orbits may be both circular and elliptical.

2- When path is elliptical, then there are two axis — major axis & minor axis
(Figure (II-9)). When length of major & minor axis becomes equal then
orbit is circular.

3- The angular momentum of electron
moving in an elliptical orbit is (kh/2m).

Where k is an integer except zero.

Value of k=1, 2,3,4...... (n/k) = length n=d,k=4
Figure (II-9): Sommerfeld
of major axis / length of minor axis. atomic model
4- Sommerfeld suggested that orbits are made up of sub energy levels. These
are s, p ,d, f. These sub shells possess slightly different energies.

e Bohr gave a quantum number ‘n’, which determines the energy of

electron.
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Planetary model of the atom

e Sommerfeld introduced a new quantum number called Orbital or

Azimuthal Quantum number (1) which determines the orbital angular

momentum of electron.

o He proved that these elliptical orbits, in the presence of a magnetic

field, do not direct in any direction, but rather in specific (possible)

directions (21+1).

e This led to the emergence of a new quantum number m, which is the

magnetic quantum number, which takes values —l <m < +1.

Thus, Summerville's model was able to explain the waning of the spectral lines .

In 1924, Pauli discovered a new quantum number, spin, which takes two values

11
for the electron (— 5,5) :

According to the Bohr-Sommerfield model, we arrange the orbitals ¥, ; ,,, () in

the layer and below the layer as shown in the table:

Layer | sub-layer Magnetic quantum number | wave function | The quantity field
n | m Y
1 0 0 V1,00 ls
0 0 P20, 2s
2 . -1 Yo1-1 2px
0 V2,10 2py
1 Y211 2p-
0 0 V3,00 3s
. 1 -1 Y31,-1 3px
0 V31,0 3py
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1 Y311 3p-
-2 VY322
5 -1 P32,-1
0 VY320
1 VY321
2 VY322

Exercise:

If the wavelength of one of the spectral lines in the Brackett series of a hydrogen

atom is 4040 nm, Select the corresponding transition and calculate for the second

line in this series.

2-In the emission spectrum of the hydrogen atom, we consider transitions 1 and

2 represented on the following energy diagram:

Ey(eV)

3-If the wavelength of boundary transition 1 is 820.8 nm, determine the value

of n and then deduce the name of series 1 and 2, indicating the transition

occurring in each of them.
4-Calculate in A,nm to move 2.
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AE 2 ) )
5- Prove that A—El = ﬁ and then calculate this ratio.
2

6-Calculate AE, and AE, for the transitions 1 and 2.

Response:

1- Determine the transition corresponding to a spectral line with wavelength A
= 4040 nm in the Brackett series for an H atom (Z=1):

In the Brackett series we have: n1 = 4, so the resulting transition is:
(m1=4w-n2=7).

We have:

1 1 1 1 1 1 1
T=2Ry (5= = >

2 2 2 2 2
ny n; ns ny ARy n;

1 1
= 27 (040 x 10-9)(1.097 x 107) 2= °

The resulting transition is: (n =4 > n=15)
2-Calculation AE of the second line transition (n = 4 = n = 6) (in this series)

Brackett:

2
We have: AE = E;, — E, whereE, = % (—13.6eV)

1 1
= AE = (ﬁ - E) (—13.6) = 0.472eV

3-In the emission spectrum of the hydrogen atom (Z=1), we have transitions 1

and 2 represented on the energy diagram:
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1-Determine the value of n through the boundary transition 1 with a wavelength
equal to A1 = 820.8 nm. The transition corresponding to this lineis: (n=% > n =

?)

We have:

1 1 1 1 1

2 2
ng n; ny

n; = +/(1.097 X 107)(820.8 x 10~%) = n; = 3

Thus the value of n. Given in the chart is 3.

4-So, the series 1 and 2 are the Paschen series and the Brackett series,
respectively, and the transition occurring in each of them isn (n = o = n = 3)
and (n =5 » n = 4), respectively.

2-Calculate 1, in nm for transition 2 (n =5 = n = 4):

1 (1 1\ 1 (11
= =2Ry( 5~ |=>—-=1096x10"( 5~

2 2 2

A, = 40.41077m = 4040nm

: AEy _ A o
5-Proving that A—El = ﬁ and then calculate this ratio:
2

We have:

B = and ap, = €
=— an =—
1 Al 2 )-2

45



Chapter II Planetary model of the atom

hc
AEl_E_/lz AEl_AZ

AE, hc A1 AE,
A,
AE; 1 4040 _409
AE, 21 820.8

6-Calculate AE; and AE, : for transitions 1 and 2:
1
AE, =E, —E; = (0 —§> (-13.6) =1.51eV

1
AE, =E; —E, = ( (—13.6) = 0.306 eV

= )
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Atomic spectroscopy
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I-Introduction:

Atoms cannot rotate or oscillate, so electronic transitions occur only when they
absorb or emit energy and produce linear spectra. The atomic spectrum includes
the emission or absorption of atoms, meaning that there are two techniques
within the atomic spectra: the atomic absorption technique and the atomic
emission technique

1-1-Excitation potential:

Atomic spectra are defined as a bundle of electromagnetic wavelengths that is

emitted from an excited atom when it returns to a stable state (Figure (III-1)).

What is meant by an excited atom is that the atom obtains energy that works to
transfer its electrons from a lower energy level (stable) to a higher energy level
(excited), and when these return Electrons to the stable level, it emits the energy
it has acquired in the form of light radiation, which is called the atomic spectrum,

and these radiations that make up the spectrum can be either visible or invisible.

absorption emission

) exicted states
— ¥ ®

hv AE=hv AE=hv Sy%\g
LAY

— @ — ground state ——X——

Energy

Figure (ITI-1): The excitation potential
e A distinction must be made between excitation and ionization, which means
the definitive removal of an electron from the atom to become an ion. What
matters to us in studying the spectrum is that we do not make the atom, while
exposing it to external influences, reach the degree of ionization, otherwise we

will fail to detect the energy levels.
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I-2- The Frank-Hertz experiment (i — <Ll 8 4, %)

Bohr's theory showed that atomic electrons exist in specific or quantized levels
of energy, and Planck had assumed at the beginning of this century that the
vibrating electrons in the cavity behave in a way that indicates that they have
specific levels of energy. Frank and Hertz were able in 1914- that is, after one
year After the publication of Bohr's theory - experimental confirmation of the
existence of quantum levels of the atom.

¢So the point of the experiment:

Confirmation of Bohr's hypothesis that energy levels in an atom are quantized.
oThe idea of the experiment:

The experiment aims to study the interaction of electrons with gas atoms.

The following figure (III-2) shows the experimental tools:

1) A vacuum tube containing mercury gas (Hg) and inside it a filament F and

three electrodes:

a - Cathode C

collector plate

b- Anode A that has many holes and

. mercury -
- vapor - .

voltage V is positive with respect to

Cathode produces :

the cathode. electrons

c- The Plate P whose voltage V: is

Figure 3: Schematic diagram of the Frank and

small and negative with respect to _
Hertz experiment

anode A and is constant throughout
_ Figure (III-2): Schematic diagram of
the experiment. .
the Frank and Hertz experiment.
eExplanation of the experiment:
When we start to turn on the voltage at a certain value, we notice that thermal

electrons are emitted as a result of heating the cathode C by the filament F and
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they accelerate towards the anode A. I will now put the curve that shows the
relationship between the voltage difference and the current that the two

scientists reached after the experiment.

Strom / owL E.

1000 -

U i i i .I i i 1 i i i i
8] =1 10 15

Spannung /W

Figure (III-3): Current intensity as a function of voltage.
e And the question arises: Why in the graph do we notice that the current takes
high and low values?
olf the electrons had elastic collisions with the mercury atoms, the electrons
would reach the anode A with a movement energy equal to eV, then some
electrons would pass through the holes A and head towards the plate P, after
which any of the following would occur:
a- The electrons do not reach the plate P if their kinetic energy at A is not
sufficient to overcome the impeding voltage, as the impeded voltage Vr is the
voltage of the plate P.
b- The electrons reach the plate P if their kinetic energy at A is sufficient to
overcome the obstructing voltage “the plate voltage”.
oAt a certain value of the voltage V, the number of electrons that reach P is
calculated by measuring the electronic current I by the ammeter in the anode

circuit A and the plate P.
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eFigure (III-3) shows the results obtained by Frank and Herzl to change the
current I against the voltage V. It is noted in this figure that when we start to
increase the voltage from zero, the current also increases with it at the
beginning, but when the voltage becomes equal to 4.9 volt, the current
decreases sharply as the voltage increases, even if it is by slight amounts. After
about 5 volts, the current begins to increase again.

Explanation:

Because when the electrons gained a movement energy of 4.9eV, an interaction

occurred between the electrons and the mercury atoms, and this interaction did

not occur when the energy was less than that.

It means that at this energy the probability of the electron interacting with the

mercury atom becomes very large and that the interacting electron loses all its

kinetic energy in excitation of the atom and cannot reach the P-plate.

olf the voltage V is slightly greater than 4.9V, then the electrons with energy of
4.9V have come very close to anode A, and a large number of these electrons
have lost all their energy in the excitation processes near it. Then these
electrons accelerate again towards the anode A and reach its holes with
insufficient energy to overcome the impeding voltage Vr, the voltage of the
plate P, and therefore they will not reach the plate P, i.e. the current will
decrease sharply.

olIf the voltage is relatively greater than 4.9V, the excitation processes will occur
before the electrons approach the anode A and away from it, and there will
be a greater chance for the electrons that lost 4.9eV and then reach the anode
hole to have gained enough energy to overcome the impeding voltage Vr and

thus reach the plate P and increase current I again. In other words, the
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electron has excess energy after the elastic collision between electrons and

atoms, so that this energy enables it to reach the elevator.
The previous explanations agree with the presence of intermittent levels of
energy in the mercury atom, similar to the hydrogen atom. Assuming that the
difference between the first excitation level and the ground level of the mercury
atom is 4.9eV, the atom does not accept any energy less than 4.9V from the
electrons, which is called the “critical voltage or excitation voltage.” If this were
true, then the atom excited by 4.9 eV of energy should spontaneously return from

the first excitation level at the ground level by emitting a photon of wavelength.

B hc _ 1240eVnm
~AE 49eV

Frank and Hertz experimentally verified the existence of a wave line with a

~ 253.1nm (11 — 1)

wavelength of 253.7 nm emitted from mercury gas at V = 4.9 V. The wavelength
of this line corresponds to a difference in energy of 4.9 eV. It has also been
verified after the emission of any line of the spectrum when the energy of the
electrons is less than 4.9. eV.

eWhen V is increased to become greater than a sufficient value of 4.9V, the
current will increase until we get a second peak at V=9.8. For the first level of
excitement. By increasing the voltage, the excitation processes are repeated for
multiples of 4.9eV.

In general, the second peak represents one of two possibilities:

1- Excitation of the atom from the ground level to a level higher than the
excitation levels, and the electron loses energy equal to the energy difference AE
between the stability orbit and the orbit in which the electron settled, and the V

for this peak is greater than the V for the first peak...
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2- Excitation of two or more atoms to the same level of excitation of the first,
where the electron loses an energy of AE in each excitation, and the V of these
peaks is equal to multiples of the V of the first peak, and the second possibility is
predominant on the curve of Figure 4.

» The results of Frank Hertz's experiment were confirmed, which was
considered the first practical evidence of quantification of energy levels
in an atom. It also gives a direct measurement of the difference in energy
levels in the atom, by increasing the difference in the voltage of
accelerating the electrons to higher energies, where it was found that the
current continues to increase and suddenly decreases sharply, which
indicates that the energy of the electrons is absorbed by the mercury atom
to be raised to the first excitation level as well as to the level of The second
excitation, as in the figure below (Figure (III-4)) which shows a diagram

of the energy levels of a mercury atom..

2nd sxcited state

-1
>
|
E’: T st excited state
[ |
| [ o
= > | o
il |
=t
T "
Ground state

Figure (III-4): Energy level diagram of a mercury atom
This was verified by spectral analysis of the light emitted from the agitation of

mercury buttons.
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e Here is the summary of the experience:
The existence of intermittent energy levels has been achieved empirically with a
series of experiments initiated by Frank and Hertz, which have directly
demonstrated the existence of energy levels, and that these levels are actually
those suggested by watching the linear spectra.
IT- Atomic spectra (4 cibly)):
In the second half of the 19th century, scientists studied the spectra of several
gases when placed under low pressures and high temperatures. At these
conditions, the gas molecules disintegrate into their atoms, and the recorded
spectrum is the spectrum of the atoms that make up the gas. It was found that
these spectra are very complex for atoms with a large atomic number, and
relatively simple in the case of some elements such as hydrogen.
II-1- Hydrogen atomic spectrum (Cs> o4 ) isdall):
Inside a tube containing hydrogen gas and at low pressure, we apply a high
voltage difference where the hydrogen gas is excited, it glows and produces red
light as shown in Figure (III-5), and when the light beam passes through a prism,
it decomposes into its primary compounds to draw on the photographic plate

discontinuous discontinuous lines in the spectrum regions above Violet (UV),

visible (V) and infrared (IR).

86.2 nm

39

4101
434 0 nm
4861 /]

»Fach of the lines represents |

discharge lamp

— |656.2 NM

electromagnetic radiation with a (Hydrogen)

scatter prism \
N\

specific frequency and wavelength.

*In the year 1988, Balmer showed

the slits

that the wavenumber v of the j_“

Figure (ITI-5): The production of hydrogen
atomic spectrum
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» hydrogen spectral lines in the visible field can be expressed by the empirical

relation:

1 1
v =1.097.10° (? — ﬁ) cm™! ,n=3,4,5,... (11 — 2)

* Rydberg also generalized this relationship after discovering other lines in the

invisible field:

_ 1 1 1
v=—=RH( ——) (111 — 3)

A n? n2
where: n1 and n2 are natural numbers and, Ru is Rydberg's constant, Ru =
1,0967758 .10° cm™! (cgs), Ru = 1,0967758 .107 m! (MKSA).

While the energy of the emitted photon:

AE=hv=hE=her, (L _2 Il — 4
=nv = ),_ Chy n% n% ( )

*There are five series of hydrogen emission spectrum as shown in the following
table:

Table 1: Spectral groups of the hydrogen atom

Series Region of spectrum Equation for wavenumber(v)

Lyman series Ultraviolet V=R, _1__17 n=2345
' n

Balmer series Visible/ultraviolet szHl’_l" n=3.456
ki }

Paschen series Infrared szqu_iw n=4567
y 0

Breckett series Infrared V=Rairi~ n=567,8
¢ n

Pfund series Infrared e Rﬂé_l” n=67.8.
i
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II-2- Explanation of the hydrogen atom emission spectrum:
When electrons from the cathode collide with hydrogen molecules, they
disintegrate. And when these atoms are exposed to electric discharge and low
pressure, they are in a state of excitement or activation, as their electrons gain a
quantity of energy that transfers them to energy levels higher than their basic
levels, those excited electrons do not settle in their new levels (every sentence
prefers to be in a state stability), but soon loses part of its acquired energy to
return to its basic levels either in one step or it passes other energy levels with
the emission of light.
Note:
* An atom that is stable in energy means that its electrons occupy the lowest
energy levels.
* An active (unstable) atom means that its electrons occupy the highest
energy levels.

As shown in Figure (III-6), when an electron falls from any excited state to:

» Basic level: n2>1 and ni=1, where n is a natural number
It gives lines in the emission spectrum of the hydrogen atom specific to the
Lyman series.

» Basic level: n2>2 and n1=2, where n is a natural number
It gives lines in the emission spectrum of the hydrogen atom specific to the
Balmer series.

» Basic level: n2>3 and ni1=3, where n is a natural number
It gives lines in the emission spectrum of the hydrogen atom specific to the

Paschen series.
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A E A
lonization levelk-p . new
P |
| .
i !
| 1]
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Basic level =»1EYYYY YV ¥¥Y n=1
Lyman

Figure (III-6): Electronic transitions of the spectrum of the hydrogen atom.

» Basic level: n2>4 and ni=4, where n is a natural number
It gives lines in the emission spectrum of the hydrogen atom specific to the
Brackett series.

» Basic level: n2>5 and n1=5, where n is a natural number
It gives lines in the emission spectrum of the hydrogen atom specific to the Pfund
series.
On this basis, the emission spectrum of the hydrogen atom can be represented as
follows:
I1I-Rydberg-Ritz combination principle (J (8 5 fam):
The Rydberg—Ritz combination principleis an empirical rule proposed
by Walther Ritz in 1908 to describe the relationship of the spectral lines for all

atoms, as a generalization of an earlier rule by Johannes Rydberg for
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the hydrogen atom and the alkali metals. The principle states that the spectral
lines of any element include frequencies that are either the sum or the difference
of the frequencies of two other lines. Lines of the spectra of elements could be
predicted from existing lines. Since the frequency of light is proportional to
the wavenumber or reciprocal wavelength, the principle can also be expressed in
terms of wavenumbers which are the sum or difference of wavenumbers of two
other lines.

Another related version is that the wavenumber or reciprocal wavelength of each
spectral line can be written as the difference of two terms. The simplest example

is the hydrogen atom, described by the Rydberg formula:

! g, (E-2 (Il — 5)
A7 "M \n2 n2
Where 4 is the wavelength, Ry is the Rydberg constant, ni1 and n2 are positive

integers such that ni<nz. This is the difference of two terms of form:
Ry

" n?

I- Spectral lines broadening (sl Ja ghadl) [y ja):

T, (11 — 6)

In the Atomic Spectroscopy, the emission spectrum of a chemical element is
made up of discrete lines corresponding to the electromagnetic radiation emitted
by the electrons of its atoms when they “drop” from a

higher energy state to one of less energy (Figure (III-7)). J\f\.h )

For each transition between states, the energy of the

emitted photon is equal to the energy difference of the two E 1
states according to the Planck equation: Figure (ITI-7): The emission

of electromagnetic radiation

AE =E, —E; = hv (1 —7)
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which relate the energy of the transition with the frequency of the photon of
light emitted (h is the constant of Planck).

However, it can be verified experimentally, using high-resolution spectrometers,
that the width of the spectral lines in terms of wavelength is not infinitesimal
but it has a measurable value which depends on many factors. This phenomenon
is known as “spectral broadening” and is widely used and studied to deeply

understand the light emission phenomena (Figure (III-8)).

4 "One Color " in Reality A "One Color"in Theory

Intensity
Radiation
Intensity

AA

Radiation

B
A

M A &
Figure (ITI-8): Width of spectral line (laser radiation) in theory and in reality.

Physical phenomena that broaden the spectral lines are essentially the following:
» Quantum mechanical uncertainty, AE, of the energy value E of atomic
levels with not infinity lifetime: natural broadening.
> Thermal (doppler) broadening. It is due to the doppler shift caused by the
motion, relative to the observer, of the atoms which emit light
» Collisions among the excited atoms that induce the electronic transition
and consequent emission of light. This factor in practice results in a
shortening of the lifetime of the excited state, resulting in an increase in

energy uncertainty AE.
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VI-1- Natural broadening (sl o 2il):;

We have considered that the value of energy for each level is precisely defined,
which means that the value of uncertainty in determining this value is nil.
However, this contradicts the principle of uncertainty, because according to this
principle, the excited atom of level E2» must remain in this level for a final time
until the uncertainty in determining the value of the energy of the level is equal

to zero (Figure (I11-9)).

1
AE.At>h=hAv.At > h= Av > — (111 — 8)

We know that the time for an atom to remain in the excited state is indefinite. If
an atom is excited to an energy level, it will remain in it for a specific period of
time, then return to the ground level of energy and emit photons. In order to
overcome this contradiction between the principle of doubt and the limited
lifetime of the atom remaining excited, we assume that the energy levels have
amplitude and that the atoms are distributed with the greatest probability at the

frequency Vo as in the figure shown.

Power 1 Flucrescence
Line-shape

v :i V
075 Frequency

Figure (III-9): Emission line between wide (real) energy levels.

The spectral line amplitude due to the natural broadening of an energy level i

can be estimated by the following equation:
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1
Av; = I -9

VI-2- Doppler broadening (s o2 25):

Thermal broadening is due to the Doppler effect that occurs when the radiating
atoms have a movement relative to the observer. The random atomic movement
of the atoms is directly related to the temperature, which is why this broadening
mechanism is called thermal. As we know from the Maxwell-Boltzmann
statistics the speed of gas atoms follows a Gaussian profile and the mean energy
is on the order of kT, where k is the Boltzmann constant and T is the
temperature. Mathematically it can be shown that the spectral line broadening

profile is also Gaussian, with a value given by:

Avp = — |=— (111 — 10)

The equation shows that broadening increases with temperature and is higher
for light atoms. By doing the calculations you see that for hydrogen at the
temperature of 6000°K, the width of the Ha line is 0.036 nm.

We note also that the amplitude of broadening is directly proportional to the
original frequency of the emitted spectrum. Therefore, the Doppler phenomenon
affects large frequencies such as electromagnetic emission in the blue color range
or more. As for the frequencies in the red color range or less, the Doppler
phenomenon does not play a major role in the amplitude.

VI-3- Collision broadening (bl (i pill):

It is a homogeneous broadening to the spectral line caused by the exposure of the
radiating or absorbing atom to collision with its neighboring molecules and
atoms, for example in the case of gas, the atom collides with atoms or other

molecules similar or different to it as well as with neutral or charged particles
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and even with the walls of the container that contains it. The collision process,
whose time is very short, affects the radiation and causes a sudden change in
phase, which causes exposure to the spectral line, and its amount depends on the
average time between two collisions (t.). As for the shape of the spectral line
resulting from the atoms of the substance that suffer from the collision process,
it is also given by the Lorentz function, where the width of the line is at the

middle of the intensity:

Av

(111 — 11)

Where . is the time between collisions.
The prerequisite for this equation is that the time between collisions is much
greater than the time of the collision itself.
The spectral lines broadening is also divided into two types known as
homogeneous and inhomogeneous.

e The homogeneous broadening (itaiall 2y il
All atoms in an ensemble are broadened in the same way by the same amount.
Its origins are natural expansion, scattering by phonons in a crystal and
collisional broadening in a gas. The shape of the spectral lines in this case is

described by the Lorentz function, which is given by the formula:

2/(mAv)
1+ [2(vy —v)/Av]?

e The inhomogeneous broadening (u«ilaiall yuall (g aill) ;

gv,vg) = (111 — 12)

All atoms in an ensemble are perturbed by a different amount. Its origins are
Doppler broadening, Environmental variations: Composition or doping variation
or impurities, Lattice imperfections... The shape of the spectral lines in this case

is described by the Gaussian function, which is given by the formula:
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2 [In2
gv,vy) = A 7exp((—2(v0 —v)/Av)?In2) (111 — 13)

V- Heisenberg's uncertainty principle (£ ki iled Gl ¥ 1ase):

The Heisenberg uncertainty principle states that for an object with a small mass
that cannot be determined and at the same time its position and velocity, this
lack of accuracy is not due to an error in the measurement, but rather a
disturbance due to the measurement itself. For the electron, its path cannot be
determined, so we do not use the particle property of the electron, but we use

the property This principle is given by the following relation:

h
AxAp = oy (III - 14)
Whereas, p is the moment, which is the product of the mass m of the electron
multiplied by its velocity v, Ap represents the error in determining the value of
the moment, h is the Planck's constant, Ax is the error in determining the

location of the electron.

Application:

1-Mention Heisenberg’s “principle of indeterminacy” and write the
mathematical relationship that expresses it?

2-A bullet has a mass of 10 g and is moving at a speed of 1600 m/s. If its location
is known with an uncertainty of 0.1 cm, determine the minimum absolute
uncertainty and then the minimum relative uncertainty involved in calculating
its speed.

3-Same as the previous question for an electron accelerated under a potential
difference of 1200 volts and its location was determined with a uncertainty of

1A? Compare the results of questions 2 and 3.

Response:
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Heisenberg's indeterminacy principle or uncertainty principle: It states that it is
not possible to determine the location (x) and momentum (P) of an electron with
acceptable accuracy and at the same time, and it is expressed by the following

mathematical relationship:
AxAp > h I - 15
x = — f—
Pzo ( )
1- Determine the absolute minimum uncertainty and the minimum relative
uncertainty involved in calculating the bullet speed:

-Minimum absolute uncertainty Av for the bullet:

We have:
AxAp > % and we have too: P = mV = AP = mAV

Substituting in Heisenberg's expression we find:

h
mAVAx = o = AV = (III - 16)

T 2mmAx
Where: Ax = 0.1cm = 1073m

6.62 x 1073%

AV =
2% (10 x 10-3)(1073)

= 1.05x107%m/s

. : : A
2-Minimum relative uncertainty (71/) of the bullet:

Av  1.05x 1072
v 1600

3-Determine the absolute minimum uncertainty and the minimum relative

=6.5x 10733

uncertainty involved in calculating the electron speed:
The lowest absolute uncertainty (Av) for an electron; From the previous question

we have:

AV = 0.1158 X 107m/s

- 2mmAx

. . Av
-The lowest relative uncertainty (7) for an electron:
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We first calculate the speed V of the electron:

-19
We have: E, = %mV2 =eV=V= \/% = \/ZX(I'ZiOw_gflzoo = 2.05 x

10"m/s

The relative uncertainty is:

Av _ 0.1158 x 107 — 0.06
v  2.05x107

-Comparison between the results of questions 2 and 3:

We note that the absolute uncertainty and the relative uncertainty in the case of
the bullet are very small compared to the case of the electron, and therefore it
can be said that the uncertainty in the speed on the macroscopic scale has no
physical meaning, while in the atomic (microscopic) scale it has great
importance. The position of the electron is inaccurate, meaning it is not possible
to determine the position and speed of the electron with extreme precision and
at the same time, and this proves the validity of Heisenberg’s principle of

indeterminacy.
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Chapter IV:

Atoms with many

electrons
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I-Introduction

We have previously shown how the Bohr model viewed the electron as a particle
orbiting the nucleus in non-radiative quantum energy levels. This treatment led
to an analysis that combines the classical and quantitative concepts. While the
model achieved excellent successes in agreeing with some experimental results,
it was not able to explain the splitting of spectral lines. And these difficulties have
been removed when the complete quantitative model that relies on the

Schrodinger equation was used to describe the atom.

The potential energy of the hydrogen atom is written in the following form:
2
U(r) = —k, -
The steps used to solve the problem of the hydrogen atom are to substitute U(r)
in the Schrodinger equation and find appropriate solutions to the equation, also
U depending on the diagonal coordinate r. If the time-dependent Schrédinger

equation is expanded to three-dimensional coordinates, the result is:

ho(*Y %Y %Y

— + + +UyY =E IV—-1
2m<2x2 2y? Zzz> v=EY ( )

It is easy to solve this equation for the hydrogen atom if the rectangular

coordinates are converted to spherical coordinates. In spherical coordinates, the

point in space is represented by three variables, namely r, 6 and ¢, so r that is the

radial distance from the point of origin (r = \[ x? + y? + z?). As shown in the
Figure (IV-1), the angular coordinate 6 determines its angular position in relation
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to the coordinate z. And when the position ray is projected onto the plane (xy),
the angular coordinate ¢ will determine the projection of the angular position

with respect to the coordinate x.

#r, 8, o)

B

Figure (IV-1): The spherical coordinates

And when separating the dependence of time from the dependence of place in

the solutions of the Schrédinger

equation for one dimension, in this case we can separate the three variables of

place by writing (7, 8, ¢) as a product of functions for each variable alone:
P(r.0,¢) = Rf(0)9(9) = Rpi(M)Y (6, 9) (v -2)

where R, ;(r) is the diagonal function.

Y,,m(e, (p) are the spherical harmonic wave functions.

When using the boundary conditions on all of these functions, we will get three

different quantum numbers (n, 1, m) for each allowed state of the hydrogen atom.
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The first quantum number associated with the diagonal of the wave function R(r)
is called the principal quantum number and is denoted by the symbol (n). The
diagonal wave equation will lead to functions that give the probability of finding
the electron at a certain diagonal distance from the nucleus. It was found that the

energies of the allowed states of hydrogen are:

E,A = keY1 __13.6 /4 =1,2,3 IV-—3
nT\ g T T 2 eV, n=1,23,..... ( )

This result is in perfect agreement with that obtained in Bohr's theory.
II-Angular moments and shell filling:
II-1- Orbital angular momentum from the classical point of view:

Consider a particle of mass m moving in an elliptical orbit under the effect of a

central force (Figure (IV-2)). The angular momentum vector or angular angular

momentum or also orbital angular momentum L of . Moment
L cinétique
orbital
the particle in question has an amplitude given by:
R S
L = 7Ap = PAm? = L = mvr (IV — 4) \@f o
Moment
1 magnétique
il orbita

Figure(IV-2): The angular momentum of a
particle moving under the effect of a central

force

where r is the perpendicular distance between the direction of motion and the
center of the force, v is the speed of the particle. The direction of the vector L is

given by the usual right-hand rule.
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The moment of the force (torque or moment) exerted on the particle is given by
the variation of its orbital angular momentum:

dL

T=E

(IV —5)

However, given that the force applied to the particle is central (Coulomb force
for an electron orbiting a nucleus), the moment exerted will be zero. Thus, the
orbital angular momentum vector L of a particle orbiting under the action of a
central force will have a constant direction and amplitude at each point of the
elliptical trajectory. We then say that the orbital angular momentum is
conserved. Likewise, the component L. = L cos0 along the (Oz) axis will also be

constant during the elliptical movement.
II-2-Magnetic dipole moment (classical);

An electron moving in a circular path will produce a current loop. The current
loop will in turn produce a magnetic field similar to a magnet strip (Figure (IV-
3)). In the same way as for the "\ 't 7> R 57N

,’// VAN : \ A
magnet, a magnetic dipole moment v ,‘

1

I

|

pp will be associated with the | | T
\\ Nt /, \\\-/ A Yy

electron orbiting around the nucleus. ~\_ ~ N R ¥ Y

— . \_/ ~— \_/

{¢) Current loop (8) Bar magne

It is given by:
Figure (IV-3): The magnetic dipole moment

pL=—5—L (IV-6)
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»  Because of the negative charge of the electron, the direction of the

magnetic moment vector will be opposite that of the orbital moment vector L.
II-3- Magnetic potential energy (classical):

Suppose that an electron orbiting around a nucleus forming a current loop (or
equivalently the magnet bar) is placed in an external magnetic field B. The loop
will undergo a twist:
7 = u,AB (IV="17)
Who will try to align the magnetic moment vector L of the electron with the
direction of the magnetic field B. The electron + nucleus system placed in a
magnetic field then has a magnetic potential energy Es given by:
Egz =-u,.B (IV — 8)
By choosing the direction of the magnetic field B as the direction e, and using

eq. (IV-6) the magnetic potential energy for an orbiting electron is written:

e
L.B=Eg=

E. = e
5™ 2m, 2m,

L,B (Iv-9)
II-4- Zeeman's experience;:

An experiment measuring the interaction between an atom's internal magnetic
moment and an external magnetic field was carried out by Dutch physicist Pieter
Zeeman in 1896, before the emergence of quantum mechanics.

In Zeeman's experiment, an atom is subjected to an external magnetic field and
its emission spectrum is measured (through the measurement of the wavelengths
of the emitted light) and compared to the spectrum of the same atom measured

by absence of the magnetic field.
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Experiment shows that when the atom is immersed in an external magnetic field,
each spectral line (line) of the atom is divided into a set of discrete lines.
Furthermore, the change observed on the frequencies of the spectral lines is
proportional to the amplitude of the applied magnetic field. This was called the
Zeeman effect. The observation of these new spectral lines shows that an atom
subjected to an external magnetic field has additional energy levels.

» Before the emergence of quantum mechanics, it was impossible to find an

explanation for the results of Zeeman's experiment. Indeed, the explanation

of the Zeeman effect requires a wave analysis which predicts a quantification

of the orbital angular momentum.

II-5- Quantitative study:
II-5-1-Schrodinger equation for single atoms electron:
Consider a hydrogenoid atom composed of a nucleus with charge Z. and an

electron with charge (-e) interacting through the Coulomb potential:

U(r)=————— (IV — 10)

Where r is the distance between the two particles. From eq. (6), we can see that
U(r) depends only on r. It is therefore considered as a symmetrical central
potential. We will note m, the mass of the electron and M the mass of the
nucleus. The relative momentum (relative electron-nucleus motion) will be
designated by p while P will designate the total momentum associated with the
movement of the center of mass of the atom. The energy of the atom can be
separated into two parts: the kinetic energy of the center of mass given by
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P2/(m, + M)and the energy of relative motion (internal energy) given by the

Hamiltonian operator:

H= P’ Ze (IV —11)
- 2u (4mey)r
with a reminder:
m.M
= — IV—-—12
® m,+M ( )

The reduced mass of the two particles. In the center of mass reference frame (or
P =0) and in the position representation, the physical description of the nucleus-
electron system amounts to solving the stationary Schrdédinger equation

(independent of time).

Hy(r) = EY(r) (IV-13)

which results in the equation:

—h—zv2 __ e =E V- 14
2 (ameq)r Y(r) = Ey(r) ( )

or h=h/2m with h the Planck constant, V2 is the Laplacian and E represents the

set of possible energies for the atom in question.

Mathematically, the energies E correspond to the eigenvalues of the Hamiltonian

operator H .

The interaction potential given by eq. (IV— 10) being central, it will be

convenient to write the wave equation in terms of spherical coordinates:

Y(r) =y(r,0,9) (IV — 15)
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In this coordinate system, the radial and angular variables of the wave function

can be separated and the solution to equation (IV-14) can take the form:

tIjn,l,ml (1‘, 9! ¢) = Rn,l (r)Yl,ml(ex (P) (IV - 16)

Where ¢y, 1m, (r, 0, (I)) represents the special quantum state by the principal
quantum number n, the orbital moment quantum number / and the magnetic
quantum number m,. R, ;(r) represents the radial wave functions corresponding
to the state designated by the principal quantum number n and the orbital
moment quantum number l. The angular part is written as a function of the
spherical harmonics ¥, ml(G, @) corresponding to the quantum number of the

orbital moment ! and the magnetic quantum number m;.

Such wave functions describe the stationary state of the special system by the

combination (n; l; m;) with a quantized energy E,, given by equation (IV-14)

and an orbital angular momentum L whose amplitude is also quantized such as:
L=yJll+1)h (Iv-17)
II-5-2-Quantifying the magnitude of angular momentum orbital:

Recall that Bohr's theory is based on the quantification of the radius of the orbit
of the electron around the nucleus in the atom and consequently the
quantification of the amplitude of its orbital angular momentum expressed by

the equation:

L =nh (IV-18)
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A wave analysis shows that the orbital angular momentum does not have the
single value nh as predicted by Bohr's theory (Figure (IV-4)). It turns out that for
a given principal quantum number n (defining an energy level Ex) there are n

possible values for the amplitude L = |L|, given by:

L=Jll+1Dh (IV — 19)

where [ is an integer called the orbital Angular moment quantum number taking

the values1=0,1,2,3, ....,n-1.

=0 =1 =2 =3 (=4
L=0 L=Vk L=V6h L=\17h L= 0h

15
5 0—e {ﬁ-
~h

” N\ AN\
| N

/ [/
[/ /S [

Figure (IV-4): The different possible orientations of the orbital angular

momentum L for1=0; 1; 2; 3 and 4.

Particularly, for the minimum energy state corresponding to n = 1, the only

possible value of l is I = 0 and the orbital angular momentum is zero.

II-5-3-Quantification of the direction of angular momentum

orbital

Suppose that an atom with a single electron is subjected to a magnetic field B =

Be,. A wave analysis shows that the direction of the orbital kinetic moment
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cannot be arbitrary. L will be oriented such that the component L, following the
direction e, corresponding to the direction of the magnetic field takes values

discretized by the relation:
L, = mjh (IV — 20)
where m, is an integer called magnetic quantum number defined in the interval:
m=Ll-11-2,....——1-1),-L (Iv-21)
II-5-4-Interaction of an atom with a magnetic field external:

Explanation of the Zeeman effect:

The Zeeman effect can be described using a semi-classical model. This means that
we consider the electron as a particle orbiting classically around the nucleus and
the angular momentum as being a quantity following the results of quantum
mechanics. We learned previously that when an atom with a single electron is
subjected to a magnetic field, it acquires a magnetic potential energy Ep due to
the magnetic field given by equation (IV-10). Total energy of a single-electron

atom subjected to a magnetic field of magnitude B = B, will be given by:

e
Egyo=E,+Ez > Ep,o=E,+—L,B IV —-22)
2m,

where E,, is the energy quantified before switching on the magnetic field B.
Taking into consideration the quantification of the component L, given by eq.

(IV —16), the previous equation is written:

h
B IV — 21)

Ep.o =E,+m 2m
e
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7
l =1 Eo t 0 EO
. A
1 E(5)B  Figure (IV-5): Representation of
m,-
the Zeeman effect: subdivision of
an energy level E,, for a quantum
state with [ =1 in several energy
1=0- el LA A
Sans champ s it sublevels under the effect of the

- - external magnetic field.

Thus, in the presence of an external magnetic field each energy level E,, will be
divided into (21 + 1) sub-energy levels according to the 2I + 1 possible values
of m; (Figure (IV-5)). The separation between the sub-energy levels will be
proportional to the intensity B of the magnetic field to which the atom is

subjected. The factor:

_ eh _579x10-5ev_927x10-24]
- 2m, T 7 T

HUp (v -22)

is called the Bohr magneton (the Bohr magneton) or also the Bohr-Procopiu

magneton.

» Quantum mechanics then predicts that there are even more energy levels
when the atom is subjected to a magnetic field. For this purpose, additional
spectral lines will be detected on the emission spectrum of the atom as illustrated
in Fig.(IV—2). These predictions are in perfect agreement with the
experimental results leading to the Zeeman effect. The discrete subdivision of the

energy levels then constitutes experimental evidence for the quantification of the
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orbital kinetic moment following the predictions of quantum mechanics. If the
orientation of the orbital kinetic moment was not quantized, the L, component
could have taken any value (as in Bohr's theory) and the atomic spectrum would

have been continuous.
II-5-5- The spin of the electron:

In 1925, the physicists S.A. Goudsmit and G. E. Uhlenbeck suggested that the
electron has an intrinsic angular momentum called the spin of the electron
denoted S. This angular momentum of spin will give rise to a magnetic moment

of spin ug.

In the previous section we were able to show that for the orbital kinetic
moment characterized by the orbital quantum number [, the component L, in
the direction of the magnetic field can have 21 + 1 possible discrete values
following the 2l + 1 possible values of the magnetic quantum number ml
leading to 21 + 1 possible directions of the orbital kinetic momentum vector L.
In the same way, if we specify the angular momentum of spin § by a quantum
number of spin s, knowing that there are only two possible orientations
(following the results of the Stern-Guerlach experiment), we will have 2 = 2s +
1. This gives the unique value of s = 1/2. The amplitude of the spin angular

momentum will therefore be:

S=sGFDh=Lh (IV-23)

The S, component of the spin angular momentum along the €, axis will be given

by:
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! IV - 24
’2 ( )

N =

S,=msh, with: mg=—s5,5=—
The two spin orientations are generally called spin up for mg = 1/2 and spin down

formg = —-1/2.

The magnetic moment of spin of the electron pg is proportional to its intrinsic

angular momentum S through the relation:

e

= — S IV - 25
Us ds 2m, ( )

where the dimensionless constant gg =~ 2 is called the Landé factor (Landé factor

or spin g-factor).

» It should be noted that particles other than the electron, such as the proton

and the neutron, also have spin angular momentum.
II-5-6- Total angular momentum:

An electron in an atom has two angular moments: the orbital angular moment
due to its movement around the nucleus and the spin angular moment (intrinsic,
generally considered to be due to its movement around itself). The total angular
momentum is obtained from the vector addition of the two angular momenta of

the electron:

J=L+S (IV — 26)

Total angular momentum represents the change in total twist applied to the

atomic system. Its amplitude is quantified:

J=hJjGg+1) (Iv-27)
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where the quantum number j takes the values [ +s, l+s—1, ... l —s. The
component of the total angular momentum along the ez axis is also quantified as

follows:
Thus, we summarize the quantitative numbers adopted to build the atom:

1- The main quantum number n = 1,2, 3, ...., n, which represents the basic

energy levels without any fission and takes values.

2-The Orbital quantum number: 1 = 0,1,2,3, .....,n — 1. It represents the sub-
energy levels branching off from the basic levels. The quantum numbers of the

orbital quantum number are described with lowercase English letters, i.e.:

l=0,el=s
l=1,el=p
l=2,0l=d
l=0,l=s
l=4,0ol=g
3- The Orbital magnetic quantum number: m; = -1, -l +1,.....0,....,1 —

1, +1. It is another condition for the splitting of each state of the orbital quantum

number, thus increasing the number of branches of the original plane.

4- The spin magnetic quantum number: mg = ?%. It splits each state of the

orbital magnetic quantum number into two energy levels.
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III- Atoms with many electrons:

Unlike the hydrogen atom and hydrogen atoms composed of a nucleus and a
single electron, it is not possible to obtain an exact analytical solution to the
Schrodinger equation for atoms composed of a nucleus and two or more electrons
(system with more than two particles). Disruptive methods can be used in the
case of light atoms with two electrons (Helium) or three electrons (Lithium).
However, these methods become insufficient for a larger number of electrons.
Indeed, a detailed treatment of an atom with several electrons requires taking

into consideration:

i. The kinetic energy of electrons as well as their potential energies in the

attractive Coulomb electrostatic field of the nucleus.
ii. Coulomb electrostatic repulsion between electrons.

iii. The magnetic interaction of electron spins with their orbital moments (spin-

orbit interaction).

iv. Other effects such as the spin-spin interaction between electrons, different
attractive corrections, radiative and nuclear corrections due to the mass of the

nucleus, to its size, to the magnetic dipole moment..... etc.

In the following study, we will initially neglect the spin-orbit interaction (iii) as
well as all the small effects mentioned in (iv). Thus, we will only take into
consideration the attractive Coulomb interaction between each electron and the

nucleus (which we assume to have infinite mass) in addition to the force of
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mutual repulsion between the electrons. The Hamiltonian of the atom with N

electrons in the absence of an external field is written then in the form:

N 2 2 N 2

_ p? 1 ze*| 1 1 e

fi= Z 4= ha (IV — 29)
i=1

2m, A4mey r; 2i¢'—14n£0 T
]_

where r; represents the relative coordinate of electron i with respect to the
nucleus and r;; = |rl- - rj| is the distance between electrons i and j. Each term
of the first sum represents the Hamiltonian of a single electron. It is the second
sum, a term of mutual interaction between electrons also known as the
electrostatic interaction, which differentiates the Hamiltonian of atoms with
several electrons from that of the hydrogenoid atoms. The study of the bound
states of the system consists of finding the stationary solutions of the Schrodinger

equation (for the purely spatial wave function without the spin component):

ﬁll}(rl,rz,, .TN) - Ell)(rl,rz,, e s .TN) (IV - 30)

Or,

YP(ry,re, ... Ty) = I/11(7‘1)1/)2(7"2) ----V’N(TN) (Iv-31)

is the wave function of the many-particle system and E is the total energy of the

system.

As we have already alluded to, the analytical solution of the many-body
Schrédinger equation is very difficult and approximations must be used for the
study of many-electron atoms. The simplest approximation is the central mean

field approximation.
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The central mean field approximation consists of assuming that in an atom with
N electrons, each electron moves independently of the other (N-1) electrons of
the atom. Thus, the Schrédinger equation for the wave function mono-
electronic (r;) given by:

2

2m,

v —U@r)|¥(r:) = Eap(ry) (IV — 32)

In the mean central field approximation, since the potential acting on each
electron is central, the spatial part of the single-electron atomic orbitals (r) can

be decomposed:

Y() = R ()Y 1 (6, 9) (IV—33)
where the angular component Y,,ml(e, @) remains identical to the angular part

of the atomic orbitals of the Hydrogen atom. The radial part R',, ;(r) will be the

solution of the equation:

1d2 1d A% Il1+1)
2dr? rdr 2m, 1r?

+o—_ - ) R, () +U®@)R (1)
= EnR,n,l(r) (Iv-34)
Therefore, the radial solutions R’,, ;(1) from which we can arrive at the atomic

orbitals P(r) to describe the structure and dynamics of many-electron atoms

depends on the exact expression of U(r).
IV-Electronic structure of the atom:

Until now, we have studied quantum systems at several energy levels, but with

only one electron (hydrogenoids). We found that the behavior of the electron is
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described through the values of its four quantum numbers n, [, m;, m;. When
these four quantum numbers are known, we say that the state of the single-

electron system is specified.
IV-1-Pauli exclusion principle;

By analyzing spectroscopic data of atoms with several electrons, Wolfgang
Pauli concluded in 1924 that two electrons cannot occupy the same quantum
state. In other words, two electrons cannot have the same combination of
quantum numbers (n, [, m;, my). This is called the Pauli exclusion principle. This
principle allows the explanation of the electronic configuration of atoms and thus

of the periodic table of elements.

IV-2-Hund's rule;

Hund's rule states that: Every orbital in a subshell is singly occupied with
one electron before any one orbital is doubly occupied, and all electrons in

singly occupied orbitals have the same spin.
IV-3-Building an atom with electrons:

For simplicity, we build each basic level separately, as follows:

> The first energy level: It is usually called the K level and contains:

_1
n=1 1=0 m=0 m=7,
1. There are two energy levels here according to the magnetic quantum

number, and therefore the maximum capacity for electrons

according to Pauli's principle in this level is two electrons.
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2. This level takes the following notation 1s? for the electronic
distribution and means that we are in the first principal level and the
orbital state s where the orbital quantum number is equal to zero,
and the exponent 2 means the maximum electron accommodation
and is a complete and accurate description of the position of the

energy electron in the atom.

> The second energy level: It is usually called the L level and contains:

mo =O
m1 - —1, 0, +1

n=2, l=0,1, ml={

1. Each of the previous states of m,; values split into two states according

N | =

to the spin magnetic quantum number mg = +

2. According to the previous two conditions, the number of fission states
from the basic state is eight, and the number of energy levels ready to
receive electrons according to the Pauli principle is eight.

3. The electronic distribution of this level takes the following form:

252 2p°®

> The thrid energy level: It is usually called the M level and contains:

m0=0
3, 1=0,12  m={m=-10-+1
m, = —2,-1,0, +1, +2

n

1. Each of the previous states of m,; values split into two states according to

the spin magnetic quantum number m; = +

N | =
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2. According to the previous two conditions, the number of fission states
from the basic state is eighteen, and the number of energy levels ready to
receive electrons according to the Pauli principle is eighteen.

3. The electronic distribution of this level takes the following form:
3s% 3p°3d1°

> The fourth energy level: It is usually called the N level and contains:

mo == 0
{ml - _1, O,+1
o 1=0123, M= = —2,-1,0,41,+2
\ms = —3,-2,-1,0,+1, +2, +3

n

1. Each of the previous states of m,; values split into two states according to

N | =

the spin magnetic quantum number m; = *

2. According to the previous two conditions, the number of fission states
from the basic state is thirty-two, and the number of energy levels ready
to receive electrons according to the Pauli principle is thirty-two.

3. The electronic distribution of this level takes the following form:
4_32 4p64_d104_f14

And so on for the rest of the cases. The following table shows all cases:
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Table 1: Detailed table of all fullness states for sub-energy levels

The total number
s P d f g h k of electrons in
n Shell name
l=0 |I=1|1=2 =3 | 1l=4 l=5 l=6 the shell
N, = 2n?
1| 1s? 2 K
2| 2s% | 2p® 8 L
3| 3s% | 3p°| 3d'° 18 M
4| 4s? | 4p®| 4d10 | 4f14 32 N
5| 5s2 | 5p®| 5d10 | 5f1%| 5418 50 @)
6 652 6p6 6d10 6f14 6918 6h22 72 P
7 752 7p6 7d10 7f14- 7g18 7h22 7k26 98 Q,

IV-4-Quantitative structure of the atom with electrons:

Due to the difficulty of preserving the electronic distribution, which is subject to
anomalies, physicists and chemists have developed several diagrams that guide
the distribution process at energy levels. The diagram shown below in Figure
(IV-6) represents one of the easiest of these diagrams, which enables one to write
the electronic configuration of an atom, regardless of the sufficient number of

electrons.
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Figure (IV-6): The filling of the atomic orbitals is done following the order

given by the arrows.
IV-5-Atomic angular moments:

The orbital angular momentum of an atom is obtained through the vector sum

of the orbital angular momenta of the electrons.

L=YL, (1V — 35)

Similarly, the spin angular momentum of the atom is the vector given by the sum

of the individual spin angular moments of the electrons:
S =35 (IV —-36)
The total angular momentum of the atom is given by:
J =% (IV - 37)
In the same way as for single-electron atoms, the amplitudes of the angular

momenta are quantified in magnitude and direction by:
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IL| = h/L(L+1), |S|=h/S(S+1), |

=h /1(] +1), (IV — 38)

L,=Mh, S,=Mgsh, J,=M;h (IV — 39)

The magnetic quantum numbers of the atom are related to those of the

electrons by the following addition relations:
M=) (m),  Ms=)(m),  M;=M,+M; (v - 40)
i i

By knowing the values of M;, Mg and My, it is possible to deduce the values of
L,S and J from conditions:
M,=LL-1L-2,....,—L,
Mg=S5S8-1S-2,....,-5,

M]=]']—1,]—2,.....,_],

In spectroscopy, the value of L corresponding to the atomic state is designated

by a capital letter according to the following table:

Values of L 0 1 2 3

Symbol S P D F

IV-6-The ground state of an atom that has a single valence

electron;

IV-6-1- State of the Helium atom;
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Chapter IV Atoms with many electrons

The helium atom consists of a charged nucleus (—Ze) and two charged electrons
q = —e. The Schrodinger equation for the helium atom in the atomic mass unit

is given by the expression:

Z 1
————— S+ —+—tp=Ep (IV—41)

Where r; and r, are the positions of the first and second electrons, respectively,

and | rn — r2| is the distance between the first and second electrons, and the

: . : : 1 : :

electrostatic repulsion of the electrons is proportional to — , by neglecting this
12

repulsion and separating the wave function in the form:

Y(ry,ry) = I/’1(7"1)1/)2 (7'2) (IV—42)

Equation (35) is written in the form:

2

Vi Z _
"2 " (P1(r) = Eq(r1)
(V, Z _
<—7—r—2’1/’2(7‘2) = Ez,(12)

Where: E = E{ + E,

Both of these equations are similar to the Schrodinger equation for the hydrogen
atom, and using this approximation, where Z = 2, the ground state energy of
helium n =1 is obtained, considering the independence of the movements of
the two electrons from each other. The calculated energy value is not close to the
experimental value of the ground state of the helium atom, so this approximation

is very far from the results obtained experimentally, as it is expected that the
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energy of the fundamental level is close to the value of 108.8 eV, while the
experimental value is close to -79 eV, so more effective approximate methods

must be used.
IV-6-2- The state of alkali atoms:
The valence electron is at ns! where:

1

L=101=0, S=s

1 1 1
|L S|_]_|L+S|=>2_]_2=>] >

Therefore, the spectral symbol for the ground state of an alkali atom is:  2S1.

e Excited states of alkali atoms

1-The transition of a valence electron from layer s to layer p:

L
S=s=
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Chapter V Absorption and stimulated emission (Laser effect)

I-Introduction:

In 1917, Einstein laid the theoretical foundation for the operation of lasers by
studying the interaction of electromagnetic radiation with matter through the
following three transitional processes: Absorption process, Spontaneous
Emission and Stimulated Emission.

Einstein assumed that the atoms that make up matter are distributed into two
energy levels: Eo and E1, where the energy level Ei1 is known as the Ground State,

while the energy level E:2 is known as the Excited State. The previous three

transitions occur in matter between the two Eneyf .

Es stﬁ
energy levels at any temperature, and this is e e,
known as thermal equilibrium. g —
J The relationship between the number of E (G “~
atoms in energy levels at thermal equilibrium Es

Population Number N

is described by the Maxwell-Boltzman
Figure (V-1): The Maxwell-

equation for statistical distribution (Figure (V-1)). Boltzman distribution

N, =2y —hv V-1
1—90 o €Xp KT ( )

Where T is the temperature in Kelvin and there is a thermal equilibrium at T, g
is the statistical weight which represent the different ways of distribution of
atoms all have the same energy (degeneracy).

I-1- Absorption:

When a stable atom is bombarded with a photon of appropriate energy, this leads
to an increase in the speed of the electron’s rotational movement in its own orbit,

or it forces the electron to move from the stability level E; (fundamental level)
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to a higher energy level E,. Thus, the atom becomes in an excited state, and this
phenomenon is known as absorption.
As shown in Figure (V-2) and since the absorption process occurs if a photon is

available with an energy equal to the energy difference between the levels E1 and

E, that is:

E,—E, = AE = hv (V—2)
In this case, we say that the Absorption Transition
atom 1is excited and the E, | E,

electron is excited.
TN E,‘- El =hy

Incident Photon

1
Before Absorption After Absorption

Figure (V-2): Mechanism of the absorption process.
The absorption process depends on the number of atoms in volume unit (N) of
the level E, that is, the greater the N, the greater the absorption process. This
transition also depends on the parameter B, which expresses the probability of
the absorption process occurring. The rate of change in the E; level population
with respect to time is positive because the greater the rate of change, the greater
N,.
Since the absorption process occurs if a photon is available with an energy equal

to the energy difference between the levels E4 and E,, that is:

EZ_EI = AE = hv (V'3)
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If Ny and N, is the population of energy E, and E,, the number of atoms per
unit volume that makes upward transitions from the lower levels to the upper

level per second is called the rate of absorption tranmsitions (R,;p). It is

represented by:

dN,
Rapp = — . V-4)

dN; . :
Where — d—tl is rate of decrease of population at the lower energy level E;.

The rate of absorption transition can also be represented by the rate of the

increase of population at the upper energy level E; . i.e

dN,
Rapp = — (V-5)
From equation (V-4) and equation (V-5):
_dN,  dN;
Rapp = —— =~ (V-6)

The number of absorption transitions occurring within the material at any
instant will be proportional to the population in the lower energy level and the
number of photons per unit volume in the incident beam. The rate of absorption

can be expressed conveniently:

Ropp = B12N1p(v) v-=-7

Where p(v) Energy density of incident light, B4, is Einstein coefficient for
induced absorption and it indicates the probability of an induced transition from
level 1—2.

At thermal equilibrium, the population in the lower energy state is much larger
than that in the higher energy state. Therefore, as light propagates through the

medium. These lower energy state atoms get absorbed.
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I-2- Spontaneous emission:

Spontaneous emission is the process in which a quantum mechanical system
(such as a molecule, an atom or a subatomic particle) transits from an excited
energy state E, to a lower energy state E; (e.g., its ground state) and emits a

quantized amount of energy in the form of a photon (Figure (V-3)).

Spontaneous Emission Transition

@ E, E,

TN Ez- El =hvy
Emitted Photon

Y
: *—:
Before Spontaneous Emission After Spontaneous Emission

1

Figure (V-3): Mechanism of the Spontaneous emission process.
e The process in which an excited atom emits a photon all by itself and
without any external impetus is known as spontaneous emission.
The rate of spontaneous transition R, is given by:
dN, N,

»="d 1, V-8

Where T, is the spontaneous radiative lifetime of the upper state.
The number of emitted photons will be proportional to the population of the

excited energy state only and can be expressed as follows:

dN

Rsp = —d_tz = Ay1N; (V-9)
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Where A;, is known as the Einstein coefficient for spontaneous emission and is
a function of frequency and properties of the material. It indicates the probability
of spontaneous emission is independent of light energy.

We can deduce that from equation (V-8) and equation (V-9), the A, coefficient

is related to the spontaneous lifetime as:

1
Az = — (V-10)
Tsp

I-2-1-Important features of spontaneous emission:

1. The process of spontaneous emission isn't amenable for control from
outside.

2. It is essentially probabilistic in nature.

3. The light isn't monochromatic due to various line broadening processes.

4. Due to alack of directionality, the light spreads in all directions around the
source. The intensity of light decreases as the distance from the source
increases.

5. The light is incoherent.

6. An atom can radiate into any of the 4w steradians with any sense of

polarization.
I-3-Stimulated emission

If a photon with appropriate energy interacts with the excited atom, it can trigger
the atom to undergo a transition to the lower level and emit another photon. This
process is known as stimulated emission.

Thus the process of emission of a photon by an excited state atom through a

forced transition occurring under the influence of an external agent is called
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induced or stimulated emission (Figure (V-4)). The process may be represented
as:

A"+ hv—->A+2hv (V-11)
Where A is the lower energy state atom, A" is the excited or higher energy state
atom.
As a result of the stimulated emission process, we have two identical photons
created from one photon and one excited state. Thus we have amplification in

the sense that the number of photons has increased.

Stimulated Emission Transition

Incident Photo\nj‘

AR -E =hy
Emitted Photon

E E
1 1
Before Stimulated Emission After Stimulated Emission

Figure (V-4): Mechanism of the Spontaneous emission process.

The rate of stimulated emission of photons is given as by:
R = B21p(V)N, (V-12)
Where B, is Einstein coefficient for stimulated emission.

I-3-1-Important features of spontaneous emission:

1-The process of stimulated emission is controlled from the outside.
2-The photon emitted in this process propagates in the same direction as that of

the stimulated photon.
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3-The emitted photon has exactly the same frequency, phase, and plane of
polarization as the incident photon.

4-The light produced in the process is directional, coherence and
monochromatics.

The third equations mentioned above represent the different cases through
which electromagnetic radiation can interact with atoms of matter. In the case
of thermal equilibrium at temperature T, the number of atoms N in the energy

level E4 is constant, i.e:

dN,
N; = constant and dr
Therefore:
dN
d_tl = —A21N; + B;3N1p(v) — B13Nop(v) = 0 (V-13)
Hence:
N, (—A21 — Bz1,0(v)) + B1;Nip(v) =0
N, (A21 + Bz1P(U)) = BN, p(v)
We get:

& _ By;p(v)
Ny, Az +Bz1p(v)

(V—14)

Whereas the last three equations were derived from the condition of thermal

equilibrium, and therefore the Maxwell-Boltzmann equation is satisfied.

NZ 9> __hv
—= =22 KT V—-15
Ni 91 ( )

By comparing equation (V-14) with equation (V-15), we get the following

equation:
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Bizp(v) g2
=""e
Az + Byip(v) 94

(V — 16)

At high temperatures, the radiation intensity is large, and here the effect of the

spontaneous emission process can be neglected, as it is not affected by

temperature change .

When KT >> hv we get ¢,/g9, = N,/N; hence:
Bz _9:
By 91

From equation (V-14) we get:

—hv —hv
%e” Ayq + %BKT B21p(v) = B12p(v)
But:
gz _ B
91 Bz
g: v gz M g2
ZZeKT A,, + == eKT B v)=22B v
9 21 g le( ) g1 12p( )
We get:
Ayq
B_z1 =p(v) eKT -1
Azq 1
(e KT — 1)

Equation (V-19) called Einstein equation for black body radiation.

From the Bank equation of black body radiation:

_ 8mhv? 1
eKT —1

we get:
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A,y 8mhv?
B,, == (V-20)
The equation (V-17) and (V-20) are called Einstein relations. The second
relation enables us to evaluate the ratio of the rate of spontaneous emission to
the rate of stimulated emission for a given pair of energy levels.

» To evaluate the ratio between the spontaneous emission and the

stimulated emission:

A 1
p(v) B, R
_—hv
Where: R = (e KT — 1)

» Thus the ratio for the spontaneous emission to the stimulated emission can

be written as:

B Ay 1
By, p(v)

From the above, we conclude that the process of stimulated emission competes

(V—21)

with the processes of spontaneous emission and absorption, and in order to
enlarge a light beam with stimulated emission, we must increase the rate of this
process in relation to the other two processes. In order for this to be achieved,
the radiation intensity and the number of the E1 level must be increased, and this

is known as Population Inversion.
I-4-Population inversion:

Population inversion is the process by which a laser medium is excited to create
more atoms in higher energy state than in the ground state. This allows

stimulated emission to happen and produces a coherent and monochromatic
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beam of light. It is a fundamental principle in the operation of lasers. To achieve
population inversion, atoms must be continuously excited from a lower energy
level to a higher energy level and the process by which the atoms are excited to
a higher energy level is called pumping. The laser must be pumped at a suitable
wavelength to achieve this condition.

» Electrons within an atom occupy discrete energy levels. When an atom is
in the ground energy state, its electrons jump to higher energy levels.
When they return to their original energy levels, they release energy in
the form of light. This process is called spontaneous emission. If the atoms
are excited by an external photon, the process is known as stimulated
emission. The light output then obtained will be coherent and
monochromatic. In population inversion, more electrons in the ground
state are excited to higher energy levels. This state is necessary for lasing
action, as it allows stimulated emission to take place. In other words, a
population inversion occurs when the number of atoms in an excited state

is greater than the number of atoms in the ground state.
I-4-1-Condition for population inversion:

Let N1 be the number of atoms in the ground state E1 and N2 be the number of
atoms in the higher energy state E2. Generally, the atoms in the ground state will
be higher than that of the higher energy state and this is the thermal equilibrium
condition given by Ni>N2. But, for population inversion to occur, the number of

atoms in E2 must be greater than Eu. i.e., N2>N1 (Figure (V-5)).
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Excited State Excited State
E (GX0) E, Q00000
E. (CICXOXCA®) E. 000
Ground State Ground State
N;>N, N;<N;
General Population Inversion

Figure (V-5): Energy level diagram
However, we need three or more energy states to achieve population inversion.

The greater is the number of energy states the greater is the optical gain.
I-4-2-Three-level laser:

Consider a system consisting of three energy levels E1, E2, Es with N number of
electrons as shown in Figure (V-6).

We assume that the energy level of Ei is less than E2 and E3, the energy level of
E2 is greater than Ei and less than Es, and the energy level of Esis greater than
Ei and Ea.

Let us assume that initially the majority of electrons will be in the lower energy
state or ground state (E1) and only a small number of electrons will be in excited
states (E2 and Es).

When we supply light energy which is equal to the energy difference of E3 and
E1, the electrons in the lower energy state (E:1) gains sufficient energy and jumps

into the higher energy state (E3). This process of supplying energy is called

pumping.
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Figure (V-6): Population inversion in 3-level laser
We also use other methods to excite ground state electrons such as electric
discharge and chemical reactions. The flow of electrons from Ei to E3is called
pump transition.
The lifetime of electrons in the energy state E3 is very small as compared to the
lifetime of electrons in the energy state E2. Therefore, electrons in the energy
level E3 does not stay for long period. After a short period, they quickly fall to
the Meta stable state or energy state E2 and releases radiation less energy instead
of photons.
Because of the shorter lifetime, only a small number of electrons accumulate in
the energy state E3.
The electrons in the Meta stable state E2 will remain there for longer period

because of its longer lifetime. As result, a large number of electrons accumulate
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in Meta stable state. Thus, the population of metal stable state will become
greater than the population of energy states E3 and Ei. It can be simply written
as N2 > N1 > Ns.

In a three level energy system, we achieve population inversion between energy
levels E1 and Eo.

After completion of lifetime of electrons in the Meta stable state, they fall back
to the lower energy state or ground state Ei by releasing energy in the form of
photons. This process of emission of photons is called spontaneous emission.
When this emitted photon interacts with the electron in the Meta stable state
E2, it forces that electron to fall back to the ground state. As a result, two photons
are emitted. This process of emission of photons is called stimulated emission.
When these photons again interacted with the electrons in the Meta stable state,
they force two Meta stable state electrons to fall back to the ground state. As a
result, four photons are emitted. Likewise, a large number of photons are
emitted.

As a result, millions of photons are emitted by using small number of photons.

e In a 3-level laser, at least half the population of electrons must be excited
to the higher energy state to achieve population inversion. Therefore, the
laser medium must be very strongly pumped. This makes 3-level lasers
inefficient to produce photons or light. The three level lasers are the first

type of lasers discovered.
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I-4-3-Four-level laser:

Consider a group of electrons with four energy levels Ei, E2, E3, E4 as shown in
the Figure (V-7).

We assume that Ei < E2 < Es < E4. The lifetime of electrons in the energy state
E4 and energy state E2 is very less. Therefore, electrons in these states will only
stay for very short period.

When we supply light energy which is equal to the energy difference of E4 and
E1, the electrons in the lower energy state E1 gains sufficient energy and jumps

into the higher energy state Ea.

MNormal distribution
of electrons
el e e .
Ea Ea ———tlill E:  MNon-radiz
oo ——F amission
- “ Ea S T TS T - Ez S NS T TS Te Te Te TS Ez
111,1"}\., ; Ez ——— AR, E>
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_EH.WEJ S T TS TS ES TSTS 3y =5 h{#&ﬂ.ﬂm Esz
. r\.rv’"” ES_I?:S?;”&D“S Population inversion
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L —~— e mission
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Wﬁm' Stimulated emission
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Figure (V-7): Population inversion in 4-level laser

The lifetime of electrons in the energy state E4is very small. Therefore, after a

short period they fall back into the next lower energy state E3 by releasing non-

radiation energy.
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The lifetime of electrons in the energy state E3 is very large as compared to E4 and
Ea2. As a result, a large number of electrons accumulate in the energy level Es.
After completion of their lifetime, the electrons in the energy state E3 will fall
back into the next lower energy state E2 by releasing energy in the form of
photons.

Like the energy state Es4, the lifetime of electrons in the energy state E: is also
very small. Therefore, the electrons in the energy state E2 will quickly fall into
the next lower energy state or ground state E1 by releasing non-radiation energy.
Thus, population inversion is achieved between energy states E3 and Eo.

In a 4-level laser, only a few electrons are excited to achieve population
inversion. Therefore, a 4-level laser produces light efficiently than a 3-level laser.
In practical, more than four energy levels may be involved in the laser process.
In 3-level and 4-level lasers, the frequency or energy of the pumping photons

must be greater than the emitted photons.
I-4-4-Methods of achieving population inversion:

Under normal conditions, more electrons are in a lower energy state than in a
higher energy state. Population inversion is a process of achieving more electrons
in the higher energy state than the lower energy state.

In order to achieve population inversion, we need to supply energy to the laser
medium. The process of supplying energy to the laser medium is called pumping.
The source that supplies energy to the laser medium is called pump source. The

type of pump source used is depends on the laser medium. Different pump
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sources are used for different laser mediums to achieve population inversion.
Some of the most commonly used pump sources are as follows:

» Optical pumping

» Electric discharge or excitation by electrons

» Inelastic atom-atom collisions

» Thermal pumping

» Chemical reactions
Population inversion is easily achieved when the system of molecules or atoms
have the energy levels with favorable properties. For example, the upper energy
level has a long lifetime and the lower energy level has a short lifetime.
A-Optical pumping: As the name suggests, in this method, light is used to
supply energy to the laser medium. An external light source like xenon flash lamp
is used to produce more electrons (a high population) in the higher energy level
of the laser medium.
When light source provides enough energy to the lower energy state electrons
in the laser medium as shown in the Figure (V-8), they jump into the higher
energy state E3. The electrons in the higher energy state do not stay for long
period. After a very short period, they fall back to the next lower energy state or

meta stable state E2 by releasing radiation less energy.
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Optical pumping

Population
- me e inversion

Figure (V-8): Optical Pumping
The meta stable state E2 has greater lifetime than the lower energy state or
ground state Ei1. Hence, more electrons are accumulated in the energy state E:
than the lower energy state Ei. Thus, population inversion is achieved. Optical
pumping is used in solid-state lasers such as ruby lasers.
B-Electric discharge or excitation by electrons: Electric discharge
refers to flow of electrons or electric current through a gas, liquid or solid. In this
method of pumping, electric discharge acts as the pump source or energy source.
A high voltage electric discharge (flow of electrons, electric charge, or electric
current) is passed through the laser medium or gas (Figure (V-9)). The intense
electric field accelerates the electrons to high speeds and they collide with

neutral atoms in the gas.
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Electric discharge
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Figure (V-9): Electric Discharge

As a result, the electrons in the lower energy state gains sufficient energy from
external electrons and jumps into the higher energy state. This method of
pumping is used in gas lasers such as argon lasers.

The process of achieving population inversion in the gas laser is almost similar to
the solid laser. The only difference is the pump source used for supplying energy
and the type of material or medium (solid or gas) used as a laser medium. In solid
lasers, an external light source like xenon flash lamp is used as pump source
whereas, in gas lasers, a high voltage electric discharge is used as a pump source.
C-Inelastic atom-atom collisions: Like the electric discharge method,
here also a high voltage electric discharge acts as a pump source. However, in this
method, a combination of two types of gases, say X and Y are used. The excited
state of gas X is represented as X* whereas gas Y is represented as Y+. Both X and
Y gases have the same excited states (X* and Y*).

When high voltage electric discharge passes through a laser medium having two
types of gases X and Y, the lower energy state electrons in gas X will move to the
excited state X* similarly the lower energy state electrons in gas Y moves to the

excited state Y.
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Initially, during electric discharge, the lower energy state electrons in gas X or
atom X gets excited to X* due to continuous collision with electrons. The excited
state electrons in gas X* now collide with the lower energy state electrons in gas
Y. As a result, the lower energy state electrons in gas Y gains sufficient energy
and jump into the excited state Y+. This method is used in the Helium—Neon
(He-Ne) laser.

D-Thermal pumping: Sometimes we can achieve population inversion by
heating the laser medium. In thermal pumping, heat acts as the pump source or
energy source. In this method, population inversion is achieved by supplying
heat into the laser medium (Figure (V-10)).

When heat energy is supplied to the laser medium, the lower energy state
electrons gains sufficient energy and jumps into the higher energy level.

The process of achieving population inversion in thermal pumping is almost
similar to the optical pumping or electric discharge method, except that in this

method heat is used as pump source instead of light or electric discharge.

Thermal pumping
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Figure (V-10): Thermal Pumping
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E-Chemical reactions: If an atom or a molecule is produced through some
chemical reaction and remains in an excited state at the time of production, then
it can be used for pumping. The hydrogen fluoride molecule is produced in an
excited state when hydrogen and fluorine gas chemically combine. The number
of produced excited atoms or molecules is greater than the number of normal
state atoms or molecules. Thus, population inversion is achieved.

For example, H2 + F2 — 2HF, in this chemical reaction, hydrogen (H:)and
fluorine (F2) molecules are chemically combined to produce hydrogen fluoride

molecule (2HF) in an excited state.
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I-Introduction:

A molecule is a group of two or more atoms that stick together. A
molecule is an electrically neutral group of two or more atoms held together by
covalent chemical bonds. Molecules are distinguished from ions by their lack of
electrical charge. However, in quantum physics, organic chemistry, and
biochemistry, the term molecule is often used less strictly, also being applied to
polyatomic ions.
l1-Linear molecular: 180°
As shown in Figure (VI-1), a linear molecule is one
in which the atoms are arranged in a straight line
(less than a 180° angle). The sp hybridization Figure (VI-1): A linear
occurs at the central atom of molecules with linear molecule
electron-pair geometries. Carbon dioxide (O=C=0O) and beryllium hydride
BeH2 are examples of linear electron pairs and molecular geometry.

I11- Diatomic molecules:

Diatomic molecule, any chemical compound that is made up of only two atoms

(Figure (VI-2)). The two atoms can be the same type ofatom, such

as oxygen (02), where both atoms in the molecule are oxygen atoms; such

molecules are known as homonuclear diatomic molecules. Diatomic molecules

can also consist of two different atoms, Diatomic Molecules

Homonuclear Heleronuclear
such as sodium chloride (NaCl; also called

table salt); such molecules are called

heteronuclear diatomic molecules. Both A
homonuclear and heteronuclear diatomic
molecules are bonded to each other in a Figure (VI-2): Diatomic molecules

straight line; these bonds can be single,
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double, or triple bonds, referring to the number of interacting electron pairs
between the two atoms. The bonds also can be ionic, covalent, or polar covalent.
An example of bonding in diatomic molecules is carbon monoxide (CO), which
contains a triple bond. A standard double bond first forms between a carbon atom
and an oxygen atom, which completes the valence shell for the oxygen. To
stabilize the double bond, a lone pair of electrons from the oxygen atom is shared
by the carbon atom, forming a coordinate covalent bond (or dative bond).

I11-1-Diatomic molecule — Harmonic oscillator:

I11-1-1-Vibration energy and frequency:

Consider a molecule AB (Figure (VI-3)); made up of atoms AB, such that m; and
m, are the respective masses of the atoms A and B and G the center of mass of
the system. As a 1% approximation (neglecting the rectilinear translation

movement), we can choose G as the origin of the coordinates.

ml1 m2
G
/ r1 r2 \
A >4 > B
r

Figure (VI-3): A molecule AB; made up of atoms AB

Let r be the variable distance and which is equivalent to r{ + 75, as in the case

of the rotator, we have:

m, mq
and r, =

ry= =—Tr
my +m,

=——r
my +m,

The accelerations to which atoms A4 and B are subjected are respectively:

dzﬁ m, dz? my dz?

dt2  m, +m, dt?

—

a1=

and a, =
27 my + m, dt?
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Which gives the forces of attraction of A on B and vice versa:

— mym, dZT_’: m,my dZ.,_,.’

—_—

fl:mlal:m1+mz de? and [z =—mya; = —

m, + m, dt?

We have u is the reduced mass of the system:

d*r
I&=fz=ugg (VI-1)

If r, is the equilibrium distance between the 2 atoms (that is to say the distance
corresponding to the minimum energy of the molecule), we can observe
vibration movements (elongation, contraction) of the molecule around its

equilibrium geometry (Figure (VI-4)).

"I!hnnnﬂnnﬁjllii
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Figure (VI-4): The vibration movements of the molecule around its equilibrium
geometry
The restoring force to which the masses A and B are subjected when they are at

the distance r, are proportional to (x = r — 1) and we obtain:

d? (1' - re)
MT:—K(T—re) (VI—-2)
By setting (x = r — 1), we obtain the equation of motion:
dx koo (VI = 3)
dt? ux B

Which is the classical equation of a particle of mass u performing a simple

harmonic oscillatory motion along r. It appears, as a first approximation, that we
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can use the harmonic oscillator model to describe the vibration movement in a

diatomic molecule as shown in the Figure (VI-5).

Molécule Qgcillateur équivalent

k > k

Figure (VI-5): The harmonic oscillatory motion.

A solution to the equationis:  x = Acos wt with w = 2y,

k
x = Acoswt with w? = ; = (2mvy)? =

1 |k
Vosc = 2 I_‘ (VI-4)

Vosc represents the oscillation frequency in the case of the harmonic
approximation (classic oscillator).

Vosc frequency vibration of the molecule.

u: reduced mass

k: bond force constant (N/m)

NB: In the case of the classic oscillator, we observe only one oscillation frequency
1/Osc-)

The potential energy of the system is:
F=——EsE =j—Fdx=jkxdx=1kx2 (VI-5)
dx P 2

We have the equation of a parabola, the potential energy, in the case of the
harmonic approximation, can be represented by a parabola as described in the

Figure (VI-6).
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1
, 1
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-X0 ’ X0
Figure (VI-6): The potential energy of the system
From the microscopic point of view, to determine the vibration wave function
Pyip and the associated eigenvalues, i.e. E,;;, (vibration energy of the system), it
is necessary to solve the Schrédinger equation knowing the molecule does not

can only move along the internuclear axis):

d*¥,, 8m’u 1
dx;‘ + 7 (E — Ekxz) Y., =0 (VI—6)
The solution to this equation provides the proper values of the total energy:
h [k 1 1
Evibzﬁ ;X(U-FE) =hvvib <U+E> (VI—7)
With:

1 |k
Vb = 50 [ (VI-8)

Vyip 1s the vibration frequency and v is the vibration quantum number which
can take the valuesv =0, 1, 2. ..

We note that in the lowest energy state (v = 0), the molecule still has a
o 1 . :
vibrational energy equal to 5 hv,,;p; it is called zero-point energy. It represents

the lowest vibrational energy that the molecule can take.
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III-1-2- Energy level diagram:

Vibrational energy is the sum of kinetic energy and potential energy. At
maximum elongation, it is reduced to the potential energy: When the system
approaches its equilibrium position, the kinetic energy tends towards a maximum
and the potential energy decreases.

The energy variation between 2 consecutive vibration levels is:

AE;, = hv = h kx( +1+1> h kx( +1> (VI-9)
vib = W= o0 u v 2 21 |p VT2

h |k 1 |k
AEvib=ﬁ ﬁ=>U=UVib=E E (VI—IO)

In the case of the harmonic oscillator approximation, the levels are equidistant,
the vibrational transitions generate a single line and the frequency of the emitted
or absorbed light is equal to the frequency of the classical harmonic oscillator

(Figure (VI-6)).

The molecule vibrates at a frequency equal to that of the radiation absorbed or

emitted.
Energie
Parahole
Cscillatenrr Rarmanigne :
\ ; miadéle guantigue

Distance internucléaire

0
Figure (VI-6): The quantum model of harmonic oscillator

4 r
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The vibration energy is thus represented by a parabola, in the case of the
approximation of the harmonic oscillator.
III-1-3- Selection rule:

» The dipole moment of a diatomic molecule must vary during a vibration

for it to be spectroscopically active.

»  Homonuclear diatomic molecules do not have a vibration spectrum
because the dipole moment remains zero when the bond stretches.
Heteronuclear molecules present a vibration spectrum in absorption and
emission because the dipole moment varies with the length of the bond.
A selection rule identical to that we saw for the rotational levels applies and
limits the transitional levels to Av = = 1. This rule is based on the conservation
of the angular momentum of the system.
At room temperature, the vast majority of molecules are in their fundamental
vibrational level (v = 0). Thus the dominant transition in IR spectroscopy
corresponds to the passagev =0 - v= 1.
NB: Spectral terms are generally associated with vibrational energy. We thus
define the vibrational term G (v) and the vibrational wave number:

Eyi 1 |k 1 1 ) .
G(v):h_cbzﬂ I_l(v+5):o'(v+5) (by cm™ or m) (VI-11)

o : nombre d’onde de la vibration classique ou nombre d’onde vibrationnel
Gv+1)—Gv)=o0 (VI-12)

Connaissant le nombre d’onde on peut en déduire la constante de force k :

__1 |k = k = 4n?0%c%u (VI—-13)
2ntc |u

120



Chapter VI Introduction to molecular physics

I11-2-Diatomic molecule — Anharmonic oscillator:

In fact, the harmonic oscillator is not a very good model for studying molecular
vibrations except for low energy levels, near the minimum of the vibration
energy curve. When the distance between the atoms of the molecule increases,
the force of attraction decreases and for sufficient energy, the molecule can
dissociate and the transitions no longer obey the selection rule Av = + 1.

It is no longer possible to represent potential energy by:

1 1
Ep = Ekacz = ik(r —1,)?% (VI — 14)

Real interactions must be taken into account and a series expansion of this

expression makes it possible to find a value close to the energy of reality:
1 2 3 4
Ep=k [i F=1g)% = 2,(r =13 + Yo (r —T)* .. . ] (VI—15)

Solving the Schrodinger equation taking into account anharmonicity gives the

real vibration energy:

h |k | 1 1 1
Evib=§ EX (U+E>—xe(v+i) +ye(v+i)

[ 1 1 1 ]
= hv,,; _(v + E) — X, (v + E) + ¥, (v + E)

Depending on the spectral terms:

E,ip 1 1,2 1
Gv) = e =a<v+z>+ axe<v+§) + oye(v+§) ......... (VI-16)

X, and Y, are the anharmonicity coefficients, they have very low numerical

values which allows us to limit ourselves to the first terms of the limited

development; we then have:

1 1\2
Evib = hvm-b (U + E) — X, (U + E) (VI — 17)
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The energy levels are no longer " Asymptote
equidistant, are closer and closer e )
together (this is explained by the E

fact that the 27 term is subtracted ,
from the 1%) when v increases and E

tend towards a limiting value: the if ‘
dissociation energy of the molecule Te  Distance internucléare » -—
(Figure (VI-7)). Figure (VI-7): The energy levels for

Anharmonic oscillator

This vibrational energy curve is very often described by the Morse potential

curve given by the expression:

E,i = Dg(1— e~#p)’ (VI — 18)
With: p=r —r,and
1
2m?pu\2
B = Vyip D (VI-19)
S

D: spectroscopic dissociation energy (or binding energy) is the interval between
the asymptote and the minimum.

D, is linked to the chemical dissociation energy (determined by
thermochemistry) D, (interval between the zero-point energy and the

dissociation asymptote) by the relation:

1
DC = DS - Ehvvib (VI - 20)

In the case of the harmonic approximation, all transitions give photons of the
same frequency (equidistance of energy levels):

Vyib =V (VI-21)
In the case of anharmonicity, we have:
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AE = hv = hv,,;;[1 —2(v + 1)x,]
V=V, — 200+ Dx,V,ip (VI—-22)

Transitions from different levels generate photons of frequencies slightly
different and several lines appear on the spectrum as shown in the Figure (VI-8).
- The selection rules are slightly modified compared to the previous simple
model. We find that if the transition Av = 1 always occurs with high
probability, the transitions Av = 2,43, etc. can also occur, but with a
probability much weaker.

Av = + 1 correspond to primary or fundamental harmonics.

s

=
N A
bande F 3 J‘U = ] hﬂffﬂﬂﬂiqﬂ&
fondamlentale ; /

N v X
0 Distance internucléaire »

Av = + 2 are the secondary harmonics.

Energie

Figure (VI-8): Anharmonic curve and vibrational transitions.

I11-3- Rotation spectra of diatomic molecules:
I11-3-1-Case of rigid rotators:

As a first approximation, the rotational states of molecules are based on a model
called a rigid rotator, which is a body that is not deformed by rotation; the
simplest type of rotator is called a linear rotator and corresponds to a molecule
linear, like HCL.
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111-3-1-1-In Classical mechanics:
A-The moment of inertia:

Consider a system composed of two particles m, and m, linked together by a
rod of negligible mass as described the Figure (VI-9). The assembly is rotating at
an angular speed w(in rad/s) around an axis located at a distance r4 from m, and

T, from m,.

.f"z r
7 i
|
|
|

Centre de
masse <l

\
\ s
"
Irl' 3
| ] '||
|I | ’ ]
1 1
! i L -
J % v
o I - e
g =
|
|
|

\,." g

Figure (VI-9): A system composed of two particles m; and m,.

In rotation, it is the moment of inertia I which represents the measure of the
opposition offered by this system to having to change its state of rotational
movement around an axis.
The expression of the moment of inertia of the system is given by the relation:
I=my1r%+m,r: (Its unitis kg.m2). (VI—23)
This expression highlights the importance of the distribution of mass around the axis
of rotation. So, the closer the mass is to the axis of rotation, the smaller the rotational
inertia (the moment of inertia) will be (and vice versa of course). More generally,

for a system composed of n particles (point masses), the moment of inertia is given
by:
I= Z m;r;> (VI —24)
i
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The axis of rotation passes through the center of gravity G of the system; therefore
myry = myn,

Let's call r: interatomic distance = bond length of the diatomic molecule: r; +

T, =T

From the two previous relationships we obtain:

my m;

1"2—

ry = =7
m1+m2

=7
m1+m2

The moment of inertia I is then written:

m; 2 my 2
I = my|———r| +tmy|————r
my + m, my + m,
mym;

]‘r2=>1=m‘2 (VI — 25)

o mq+my
i is the reduced mass.
This relationship means that from a mechanical point of view, the diatomic molecule

can be studied as an atom of single mass u rotating around a point located at a fixed

distance r equal to the internuclear distance (Figure (VI-10)).

-4
'

¥4

P

o

\ .,
—

Equivalent mecanique du rotateur diatomique rigide

Figure (VI-10): Rigid diatomic rotator
B-Kinetic energy (rotational energy):

The rotational kinetic energy corresponding to these two atoms is:

E.= %mlvf + imzvg (VI — 26)
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When the molecule rotates around its center of gravity, the atoms of mass m, and

m, have the same angular speed w:

v1 = T‘la)
{Vz = rza)
1 2 1 2
E.= Eml(wrl) + Emz(wrz) (VI-27)
Therefore:
E = %Iwz (VI — 28)

In the case of a discrete system formed of n rotating particles, the total angular
momentum is given by:

L= ZZ,: Z?iAﬁ (VI —29)

i=1n i=1n

Let us now calculate the angular momentum of this diatomic molecule:

z = ?1Aﬁ) + ?ZAE = 7_">1A(m1’l7—1)) + ?ZA(mZU_Z)) > L= r{vimy + LX)

= L= (r{my+ry’my)w

Thus:
E. == Iw? (VI-30)

C-In quantum mechanics:
In quantum mechanics, the angular momentum of a microscopic system (electron,

atom, molecule, etc.) is quantified:

h
L= %w/j(j +1) i=0,123....

J: rotation quantum number (positive integer or zero).
So the rotation energies allowed are given by the relation:

L?> h?
Eyu=55=57J0+1)  With J=0123.... (VI - 31)
With A =h/2n

hZ
E,ot = m](l +1) (VI-32)
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2
We pose B = h—z / B: rotation constant
8mel

E,oe =Ej=Bj(j+1) (VI — 34)
Noticed
» The gap between energy levels increases with j.
» Forj = 0,E; = 0 (the lowest possible energy) there is no rotational energy
at the zero point for the molecules.
» The energy level diagram of the rotating molecule appears as a series of
horizontal lines representing the possible levels (Figure (VI-11)). These

possible energy levels correspond to the values ] = 0,1, 2, ...

Energie
T.
J = 4 20 7_
Z 21
J =3 12 7t
_ 21
J= 2 6 7t
_ 21
J = 1 2 71
J= 0 0 21

Figure (VI-11): The energy level diagram of the rotating molecule
D-Case of non-rigid rotators:
Molecules are not completely rigid and undergo centrifugal distortion (increase in
r) which increases the moment of inertia 1.
Solving the Schrodinger equation leads to:
E,.. = Bj(j +1) — Dj*(j + 1)? (VI — 35)

D: centrifugal distortion constant.
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E-Pure rotation spectrum of diatomic molecules:
1- Rotation selection rules:
The general selection rule for observing a pure rotation spectrum is that a molecule
must possess a permanent electric dipole moment. It expresses that only transitions
are possible for which the variation of the rotation quantum number is equal to unity,
e Aj =41
v" The transition 4j = +1 corresponds to an absorption.
v" The transition 4j = —1 corresponds to an emission.

Molecules with zero electric dipole moment (homonuclear diatomic molecules like
(H2, N2, Oy) exhibit neither rotational absorption nor emission.
1-1-Selection rule for rotation:
Aj = 41 ; ] being the rotation quantum number.
Only transitions between a level J and a level J + 1 absorption or between a level J
and a level J — 1 in emission are therefore permitted.
2-Aspect of rotation spectra (case of rigid rotators):
Since the distances between energy levels are not equal; each transition corresponds
to a different line, the result is that the rotation spectrum is composed of a bung
formed of several lines (Figure (VI-12)).
When we apply the selection rules to the expressions of the energy levels of a rigid
rotator, we find the following absorption wavenumbers j — j + 1 allowed:
The energy difference between two successive levels J and J + 1 is:

Ej 1 =Eq—E (VI - 36)

Ei=B;G+1)
Eiqs =BG +1)(j+2)
AE =2B(j + 1)
AE = hcv (VI - 37)

__2B _
V—E(I‘l') / B=-—
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Visjs1 = 2B + 1) (VI — 38)
3-Distance between two neighboring lines (between two consecutive lines, Rigid
rotators):
The next line of the transition (j — J + 1) corresponds to the transition (J + 1) —
(J + 2). Its frequency is:

Vioj+2 = 2B( +2) (VI —39)
So the distance between neighboring lines is expressed by the difference between

the two wavenumbers of the lines:

Av = 7j=1—>j+2 - Vj—>j+1
AV =2B(j+2)—2B(j+1)
AV = 2B (VI — 40)

J=0->7=1 J=5->J0=6
I

0 v { cm™1)

Figure schématique du spectre de rotation

Figure (VI1-12): Schematic figure of the rotation spectrum

3-1-Example and application and Intensity of lines:

The rotation spectrum of diatomic molecules actually shows rotation lines that do
not have the same intensity.

The figure below (Figure (VI-13)) shows the absorption spectrum of HCIL. We
observe deferential intensities and approximately equidistant bands. In fact, the
molecule is not absolutely rigid and for high values of J, the molecule undergoes an
elongation which increases its moment of inertia and decreases B: the gap between
the bands therefore tends to decrease. HCl absorption occurs at relatively high
wavenumbers in the area of rotational spectroscopy. Indeed, it is a molecule having
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a fairly small size (r y¢; = 1.27 A) and a reduced mass close to 1 amu, like all AH

type molecules. The moment of inertia is low, so B is high.

8B 6B 4B 2B

em ' ! 220 200 180 160 140 120 100 80 60 40 20 o]

Figure (VI1-13): The absorption spectrum of HCI.
4-Aspect of rotation spectra (case of non-rigid rotators):
When centrifugal deformation is taken into account (non-rigid rotator) the

expression for the wave number is:

E,=Bj(j+ 1) — Dj*(j + 1)*
Ej;1=Bj(j+ 1 +2) - DG + 1) (j +2)°
E—E =[Bj(j+ D +2) - D+ 1) +2)*]
- [BjG+ 1) -Dj*G+1)* ]
+1— E;=2Bj(j +1) —4D( + 1)3

E,

v=2B(j+1)—4D(+1)3 (VI — 41)
I11-4- Rotation-vibration spectra of diatomic molecules:
I11-4- 1-Total system energy:

e E,;=E,+E;+ Couplage rotation — vibration

E,;=Bj(j+1)+ (v +%) w, — D j*( +1)* — x,w, (v +%)2 - a, (v +

2) i) (VI - 42)
a. Represents the rotation — vibration molecular coupling constant (positive value)
_1 |k _ 3 LI o,
We = | a, = 6[x,B./w,]26B5/w,, 1, = ur?,
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D __3B3 _ h?
e w2’ €  8n?l,

(VI — 43)

I, this is the moment of inertia corresponds to the interatomic distance at equilibrium
1%t Case: We assume that the molecule is a rigid rotator - Harmonic Oscillator
without coupling.
So the total energy is:

E,j=Bj(+1)+(v+3) o (VI — 44)
B, Depends on the state of vibration because, when v increases, the molecule
expands slightly and the moment of inertia changes.
I11-4- 2-Selection rules:
A detailed analysis by quantum mechanics of the simultaneous variations of
vibrations and rotations shows that:
When the vibrational transition v - v + 1 takes place j varies from +1(4j =
+1) and in certain cases from zero (when (4j = 0) is allowed.
I11-4- 3-Bonds characteristics
It follows from the previous selection rules that there are, for the same vibration of
the vibration number v, several rotational transitions. The following figure (Figure

(VI1-14)) schematically presents these transitions:

E= E\.'i'h -+ ]:‘:'nr

L
’ >
5 J=0 1
)’ X
-1 '
' ‘1
B 3 VvV —0
2
— 5—o0 !

— —

AJT=-1"- branche P AJ==+1:branche R

Figure (VI1-14): The rotational transitions of the vibration number v.
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I11-4- 4- Spectral Branches:
The absorptions fall into three spectral branches:
Branche P: consistes of transitions for winch4j =-1, v->v+1 ,
jt1-j
(Ew+1j) — Ewj+1y)/hc
=B, j(j+1i)+ (v+;)69_§e (i+1)(i+2)—(v+%)t7>e
Vyjt1ovi1j = @ — 2B, (j + 1) (VI-45)
The distance between two consecutive lines:
AV = Vj 1) — Vjsaoje1 = @ — 2B.(j + 1) — @, + 2B.(j + 2) = 2B,
(VI—-46)

Branch Q: consists of transitions for which4j =0; v-v+1; j—j

The same steps as branch P

= .. 3. .. 1
(E(v+1,j) - E(v’]))/hc = Be](] + l) + (17 + E)(De — Be (])(] + 1) — (v + E)we
1717,j—>v+1,j = E)e (VI — 4-7)
» This branch, when permitted, forms a single line.

> In the spectrum of HCI we observe a hole because this branch is prohibited

Branch R: consists of transitions for which 4j = +1, v->v+1, j->j+1
(E w+1j+1) — E (v,j))/ hc
=B+ D +2)+ @+ )d,— B, (NG + 1)~ (v + ),
Vpjovi1j+1 = @ + 2B, (j + 1) (VI —48)
The distance between two consecutive lines:
AV =V 1 542 — Vjoji1 = @ + 2B, (j + 2) — @, — 2B.(j + 2) = 2B,
(VI — 49)
The gap between two branches R and P
e ForbranchR(j=0-j=1)
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V=a,+5,
e ForbranchP(j=1-j=0)
v=&,—B,
AV = 4B, (VI — 50)

e So the gap is twice as large as the intervals between two lines.

2"d Case: We assume that the molecule is a rigid rotator - Harmonic Oscillator with

coupling:
E,;j=Bji+1+(v+3)w.—a.(v+5)jG+1) (VI - 51)
We pose:

_ 1
Bv=Be—ae(v+E)

_ _ 1

E,;=BjGi+1)+ (v + E) @,
— 2 D —

I, = pr; B, = gr2cl,

Branch R: 4j = +1

v=0->v=1, j-oj+1

Voj-1j+1 = Ewj+1) — Eqo)

Vojo1j+1 = We + (J + 1)[2B1 + j(B1 — By )]
The distance between two consecutive lines:
Av=2(j+1)(By — By) + 2B, (VI—52)
Note: the gap Av between two consecutive lines of the branch R decreases when j
increases, which explains the tightening of the lines at large wave numbers.
Branch P: 4j = -1
v=0-v=1
Jt1-j
V- = Eap — E o+

V(0,j+1)-1j) = We + ( + 1)[(By — By) — 2By ]
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The distance between two consecutive lines:
AV = 2B, — 2(j + 1)(B, — By) (VI - 53)
Note: the gap Av between two consecutive lines of the branch P increases when

(J) increases, which is explained by the spreading of the lines.
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Abstract

These lessons, entitled Lectures on Spectroscopy, are a set of lessons
directed to second-year students of the L-M-D system physics specialty.
The content of these lessons was prepared in accordance with the
official program and was presented in a simple manner. It is divided into
six chapters. The first chapter is entitled Wave-Particle Duality, to
familiarize the student with the concept of blackbody radiation, the
photoelectric effect, the Compton effect, and de Broglie waves. The
second chapter gives information related to the planetary model of the
atom, followed by the third chapter, which deals with atomic
spectroscopy, which covers ionization potential, the excited state of the
atom, atomic spectra, the Ritz principle, and the Heisenberg uncertainty
principle. The fourth chapter is entitled: Atoms with multiple electrons.
The fifth chapter explains the absorption and stimulated emission (laser
effect). Finally, the sixth chapter is an introduction to molecular
physics, which deals with diamolecules. These chapters are supported

by illustrative diagrams and practical examples.
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