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Lecture One:

Things you need to know:

Before studying about lasers, you must be familiar with basic terms used to
describe electromagnetic waves:

« Wavelength (A)

o Frequency (v)

o Period (T)

« Velocity of light (¢ )

o Index of refraction (n)

We will briefly review these terms, but it is much better if the reader will be
familiar with:

o Some terms from geometric optics such as: refraction, reflection, thin lenses
etc.
o Some terms from "Modern Physics'" such as photons, Models of atoms, etc.

Electromagnetic Radiation in vacuum Electromagnetic Radiation is
a transverse wave, advancing in vacuum at a constant speed which is
called: velocity of light. All electromagnetic waves have the same velocity in

vacuum, and its value is approximately:

¢ =300,000 [km/sec] = 3*10° [m/sec] = 186,000 [miles/sec]

One of the most important parameters of a wave is its wavelength.

Wavelength (A) is the distance between two adjacent points on the wave, which
have the same phase. As an example (see figure 1.1 below) the distance between

two adjacent peaks of the wave.

In a parallel way it is possible to define a wave by its frequency.
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Frequency (v) is defined by the number of times that the wave oscillates per

second (The number of periods of oscillations per second).
Between these two parameters the relation is: ¢ =A% v

From the physics point of view, all electromagnetic waves are equal (have the
same properties) except for their wavelength (or frequency).
As an example: the speed of light is the same for visible light, radio waves, or x-

rays.

Wave Description

A wave can be described in two standard forms:

1. Displacement as a function of space when time is held constant.

2. Displacement as a function of time at a specific place in space.

1. Displacement as a function of space, when time is "frozen" (held constant),
as described in figure 1.1. In this description, the minimum distance between
two adjacent points with the same phase is wavelength (A). Note that the

horizontal (x) axis is space coordinate.

YA

o Wavelength Amplitude

- P 2“ -

®

{EVANNYANY, . GlVEN

[

= . S

2 Wavelength pace

o & coordinate
(At Fixed Time)

Fig 1.1: Displacement as a function of space coordinate (at fixed time)
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A = Amplitude = Maximum displacement from equilibrium.

2. Displacement as a function of time, in a specific place in space, as described
in figure 1.2. In this description, the minimum distance between two
adjacent points with the same phase is period (T). Note that the horizontal

(x) axis 1s time coordinate .
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Figure 1.2: Displacement as a function of time (at a fixed point in space)

Wavelengths Comparison

Figure 1.3 describes how two different waves (with different wavelengths) look at
a specific moment in time. Each of these waves can be uniquely described by its
wavelength. For electromagnetic waves, this wavelength is related to the type of

radiation of the wave.



Gy L e 2 o) ) Al yall /50 30 g 8 3 €l yalaa

=Y4A

@ -

N IANANN ANV
< v VUV U
a

= YA

: | AR

i7 N T >
(]

Figure 1.3: Short wavelength (11 ) compared to longer wavelength (23 )

The electromagnetic spectrum

Figure 1.4 describes the electromagnetic spectrum. Each part of the spectrum has
a common name, and its range of wavelengths, frequencies and energies.
The borders between the ranges are not sharp and clear, but are defined according

to the applications of radiation in that portion of the spectrum.
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Figure 1.4: The Electromagnetic Spectrum

The most important ideas summarized in figure 1.4 are:

(or frequency).

to the wavelength.

. Electromagnetic waves span over many orders of magnitude in wavelength

The frequency of the electromagnetic radiation is inversely proportional

. The visible spectrum is a very small part of the electromagnetic spectrum.

Photon energy increases as the wavelength decreases. The shorter the

wavelength, the more energetic are its photons.

Examples for electromagnetic waves are:

1- Radio-waves which have wavelength of the order of meters, so they need big

antennas (The dimensions of an antenna are of the same order of magnitude as

the wave).
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2- Microwaves which have wavelength of the order of centimeters. As an
example: in a microwave oven, these wavelengths cannot be transmitted
through the protecting metal grid in the door, while the visible spectrum which
have much shorter wavelength allow us to see what is cooking inside the

microwave oven through the protecting grid.

3- x-Rays which are used in medicine for taking pictures of the bone structure

inside the body.

4- Gamma Rays which are so energetic, that they cause ionization, and are

classified as ionizing radiation.

The theoretical analysis of electromagnetic waves was the work of James
Clerk Maxwell (1831-1879), and it is summarized in 4 equations (which are
beyond our scope) bearing his name. The discrete aspects of electromagnetic

radiation is the result of Einstein's work at the beginning of the 20th century.
Electromagnetic Radiation in Matter

Light Velocity in Matter when electromagnetic radiation passes through matter
with index of refraction n, its velocity (v)is less than the velocity of light in

vacuum (c), and given by the equation:
v=c/n
This equation is used as a definition of the index of refraction (n):

n = (speed of light in vacuum)/(speed of light in matter) = c/v
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Gases, including air, are usually considered as having index of refraction equal to
vacuum ny=1.

The values of the index of refraction of most materials transparent in the visible
spectrum is between 1.4-1.8, while those of materials transparent in the Infra-Red

(IR) spectrum are higher, and are 2.0-4.0.

Wavelength in Matter: We saw that the velocity of light in matter is slower than in
vacuum. This slower velocity is associated with reduced wavelength: A= A¢/n ,

while the frequency remains the same (see figure 1.5).

n=15%
AD xr AD
Vacuum M aterial Medium Vacuum
ng= 1.0 ng=10

Figure 1.5: Change of wavelength in matter

Refraction of Light Beam - Snell Law:

Reducing the velocity of light in matter, and reducing its wavelength,
causes refraction of the beam of light. While crossing the border between two
different materials, the light changes its direction of propagation according to

the Snell Equation: nl'Si“(el) = nz'Si“(ez)

Example: Wavelength in Matter The velocity of Red light (10= 0.6 [mm]) in a
certain medium is 1.5*108[m/s]. What is the wavelength of this light in this

material?
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Solution : First find the index of refraction:

3-10%- —
C S
ne=s—= =20
WV g I
1.3~ 107 =—
=]
Using n, calculate the wavelength in the material:
N 0.6-pm
AN, =—=———=03"Uum
' n 2.0 #

Conclusion: The wavelength of Red light in a material with an index of refraction

0f2.0,1s 0.3 [mm] .

Bohr model of the atom.

Lasing action 1s a process that occurs in matter.
Since matter is composed of atoms, we need to understand (a little) about the
structure of the atom, and its energy states . We shall start with the semi-classical
model, as suggested in 1913 by Niels Bohr, and called: The Bohr model of the
atom. According to this model, every atom is composed of a very massive
nucleus with a positive electric charge (Ze), around it electrons are moving in

specific paths.
Z = Number of protons in the nucleus,

e = Elementary charge of the electrons: e = 1.6*¥10™"° [Coulomb].
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Figure 2.1 illustrates a simple, but adequate, picture of the atom, the Bohr model:

Energy4
Levels
'oq__'_
E o L;/Electrons =
Nuc.leus b er E
sZe | ;Y E4]
E

Fig 2-1:Bohr picture of the Atom

Every "allowed orbit" of the electron around the nucleus, is connected to a specific
energy level. The energy level is higher as the distance of the "orbit" from the
nucleus increases. Since for each atom there are only certain "allowed orbits", only

certain discrete energy levels exist, and are named: E,, E,, E3, etc.

Energy States (Levels)

Every atom or molecule in nature has a specific structure for its energy levels. The
lowest energy level is called the ground state, which is the naturally preferred
energy state. As long as no energy is added to the atom, the electron will remain in
the ground state. When the atom receives energy (electrical energy, optical energy,
or any form of energy), this energy is transferred to the electron, and raises it to a
higher energy level (in our model further away from the nucleus). The atom is then
considered to be in an excited state. The electron can stay only at the specific
energy states (levels) which are unique for each specific atom. The electron cannot

9
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be in between these "allowed energy states", but it can "jump" from one energy
level to another, while receiving or emitting specific amounts of energy. These
specific amounts of energy are equal to the difference between energy levels
within the atom. Each amount of energy is called a "Quantum" of energy (The

name "Quantum Theory" comes from these discrete amounts of energy).

Energy transfer to and from the atom

Energy transfer to and from the atom can be performed in two different ways:

1. Collisions with other atoms, and the transfer of kinetic energy as a result of
the collision. This kinetic energy is transferred into internal energy of the
atom.

2. Absorption and emission of electromagnetic radiation.

Since we are now interested in the lasing process, we shall concentrate on the
second mechanism of energy transfer to and from the atom (The first excitation
mechanism is used in certain lasers, like Helium-Neon, as a way to put energy into

the laser, and will be discussed in chapter 6 about the different kinds of lasers).

Photons and the energy diagrams

Electromagnetic radiation has, in addition to its wave nature, some aspects of
"particle like behavior". In certain cases, the electromagnetic radiation behaves as
an ensemble of discrete units of energy that have momentum. These discrete units
(quanta) of electromagnetic radiation are called "Photons". The relation between
the amount of energy (E)carried by the photon, and its frequency (n), is

determined by the formula (first given by Einstein):

10
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The proportionality constant in this formula is Planck's constant (h):
h = 6.626*10™ [Joule-sec]

Sometimes angular frequency (w) is used instead of frequency (v), so a corrected

constant h(bar) is used:
h=h/2n = 1.054*10™* [Joule-sec]
The energy i1s givenby: E=hv=hw .................... (2)

This formula shows that the frequency of the radiation (n), uniquely determines the
energy of each photon in this radiation. This formula can be expressed in different
form, by using the relation between the frequency (n) and the wavelength: ¢ =A*v

to get: E=h * c/A

This formula shows that the energy of each photon is inversely proportional to its
wavelength. This means that each photon of shorter wavelength (such as violet
light) carries more energy than a photon of longer wavelength (such as red light).
Since h and c are universal constants, so either wavelength or frequency is enough

to fully describe the photon.

11
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Lecture Two

Introduction to Laser
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The word LASER is an acronym for:

Light Amplification by Stimulated Emission of Radiation.
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Light: All light is a form of electromagnetic radiation that is visible to the human
eye.
Amplification: This is simply the process of making something bigger or more

powerful. When you turn up the volume on a radio, you are amplifying the sound;

but with lasers, amplification makes the light brighter.

Stimulated: To stimulate means to stir to action. Laser light is created when a burst

of light (electricity) excites the atoms in the laser to emit photons. These photons
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then stimulate the creation of additional identical photons to produce the bright laser

light.

Emission: The word "emission" refers to something that is sent out or given off.

Stimulated laser emission consists of large numbers of photons that create the

intense laser light.

Radiation: The laser light is a form of energy that radiates, or moves out, from the

laser source.

o 1864 -
o 1917:
o« 1954:
o 1960 :
o 1965:
o 1965:
o 1966 :
e 1970:
. 1973

« 1979:
. 1981

. 1984

. 1993

o 1994:
o 1995:

2ol gl ey U

1940 : History of Astronomical Spectroscopy

Einstein postulates photons and stimulated emission

First microwave laser

First optical laser

Microwave laser discovered in the Orion nebula

Discovery of cosmic background radiation using microwave laser
First gas dynamic laser

First postulate of laser action in stars

: Discovery of laser action in quasars

Near Infrared laser star found in Orion nebula

: Carbon dioxide laser discovered in atmosphere of mars and venus
: First x-ray laser

: Gas contact plasma laser

Artificial laser guide stars

Far infrared laser star discovered by Kuiper Airborne Observatory

2
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o 1996 : Ultraviolet laser star discovered by Hubble Space Telescope

o 2000 : Survey of the world’s most powerful research and military lasers
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1-Monochromaticity.
2-Directionality.

3-Coherence..
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e

y = Acos(wt+f)

A = Amplitude.

w = Angular Frequency.

f = Initial Phase of the wave (Describe the starting point in time of
the oscillation).

(wt+f) = Phase of the wave.
Els¥) Om skl 3,8 B ALl ADle dlllia o as Coherent dlyjill Aualal)
L) SN AL (B Laa Aldlaial)

Coherent waves are waves that maintain the relative phase

between them.
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.Destructive
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a) Waves with Same Phase | b) Waves with Different Phase
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Superposition of waves

In Summary: Laser Radiation Properties

I. Very small divergence of the beam.The beam is almost a parallel
beam and move in one direction in space - Directionality.

2. High degree of monochromaticity. The radiation is almost one wavelength,
as can be measured by the very narrow spectral width.

3. Coherence. The combination of these properties gives the laser radiation
many advantages, like achieving very high power densities, not available

from other sources.
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In order for most laser to operate, three basic conditions must be satisfied

(1) The active medium: Collections of atoms, molecules or ions in the form of

solid or liquid or gas.

(2) population inversion

(3) Optical feed back
Energy input by pumping
Total Partial
reflector reflector
pam—— " Output
mplifying medium beam
o Laser cavity >
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The Interaction of Electromagnetic Radiation with Matter

(Emission and Absorption of Radiation)

Lea &@ﬁ&u\ﬁéz)ﬂ\gg\ﬁu\d&\ijswzjwuﬁ}ﬁ&wzjﬁ\ oi(,b_'u

1. Collisions with other atoms, and the transfer of kinetic energy as a result of
the collision. This kinetic energy is transferred into internal energy of the

atom.

2. Absorption and emission of electromagnetic radiation.

oS A anhaling 5 oSl ¢ Ll Galiaial JMA (e 48l Jlasl e adiad )5l dilee O s
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The Interaction of Electromagnetic Radiation with Matter

The interactions between electromagnetic radiation and matter cause changes in

the energy states of the electrons in matter.

Electrons can be transferred from one energy level to another, while absorbing or
emitting a certain amount of energy. This amount of energy is equal to the energy

difference between these two energy levels (E,-E,).

When this energy is absorbed or emitted in a form of electromagnetic radiation, the
energy difference between these two energy levels (E»-E;) determines uniquely the

frequency (n) of the electromagnetic radiation:

(AE) = Ez—El = hv
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_ 1
E,=h-v, = (662610 M. 7-5ec) -(4.3-10‘4-—)
SeC

E, = 2.85-10" P. Joule

Question:
Calculate in units of Nanometer, the wavelength of light emitted by the
transition from energy level E; to energy level E; in which:

E1 =0 [eV]
E, = 1.1 [eV]
E; = 3.5 [eV]
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Lecture Three

Emission and Absorption of Radiation

Every system in nature "prefers" to be in the lowest energy state. This state is

called the Ground state.

When energy is applied to a system, The atoms in the material are excited,

and raised to a higher energy level.

(The terms "excited atoms', "excited states', and '"excited electrons" are

used here with no distinction)

These electrons will remain in the excited state for a certain period of time,
and then will return to lower energy states while emitting energy in the exact

amount of the difference between the energy levels (AE).
If this energy is transmitted as electromagnetic energy, it is called photon.

The emission of the individual photon is random, being done individually by each

excited atom, with no relation to photons emitted by other atoms.

When photons are randomly emitted from different atoms at different times, the
process is called Spontaneous Emission. Since this emission is independent of
external influence, there is no preferred direction for different photons, and

there is no phase relation between photons emitted by different atoms.

Spontaneous emissionis one of a family of processes, called relaxation

processes, by which the excited atoms return to equilibrium (ground state).
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This "classic" explanation assumes that the specific frequencies emitted by an
excited atom are the same as the characteristic frequencies of the atom, which

means that the emission spectrum is identical to the absorption spectrum.

Possible Processes Between Photons and Atoms

Three possible processes between photons and atoms: absorption, spontaneous

emission, and stimulated emission.

Photon Absorption: A photon with frequency nj, hits an atom at rest (left), and

excites it to higher energy level (E,) while the photon 1s absorbed.

Initial Conditions Process Final Conditions
" i EIec.tron "
Incoming Photon . Photon Absorption
at Frequency Vy2 Electron
i Es E

Spontaneous emission of a photon: An atom in an excited state (left) emits a

photon with frequency v;, and goes to a lower energy level (E,).

Initial Conditions Process Final Conditions

M “2 Spontaneous Emiss "
Electron _~_~_y Outgoing Photon

at Frequency V12

Electron
E ¢ E
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Stimulated emission of a photon: A photon with frequency v, hit an excited

atom (left), and cause emission of two photons with frequency v,while the atom

goes to a lower energy level (E)).

Initial Conditions Process Final Conditions
——F E;
Incoming Photon Hecton (Stmated Emisson ) .~ Two Outgoing Photons
at Frequency Vi, ¥ — Electron "7 &t Frequency 1
. ) E] . ' - E

We saw that the process of photon absorption by the atom is a process of raising
the atom (electron) from a lower energy level into a higher energy level (excited

state), by an amount of energy which is equivalent to the energy of the absorbed

photon.

® = clectron

Absorption 1

& W

Spontaneous emission

- 0O
Emission
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Stimulated Emission

The incoming photon is an electromagnetic field which is oscillating in time and
space. This field forces the excited atom to oscillate with the same frequency and
phase as the applied force, which means that the atom cannot oscillate freely, but

is forced to oscillate coherently with the incoming photon.

Remember that two photons with the same wavelength (frequency) have the

same energy: E =hv = hc/A

The incoming photon does not change at all as a result of the stimulated

emission process.

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.
This is the process that was explained in the introduction:

Light Amplification by Stimulated emission of Radiation = LASER
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Average Lifetime

Atoms stay in an excited level only for a short time (about 10'8[sec]), and then

they return to a lower energy level by spontaneous emission.

Every energy level has a characteristic average lifetime, which is the the average
time the electron exists in the excited state before making a spontaneous
transition. Thus, this 1s the time in which the excited atoms returned to a lower

energy level.

According to the quantum theory, the transition from one energy level to
another is described by statistical probability. The probability of transition
from higher energy level to a lower one is inversely proportional to the
lifetime of the higher energy level. In reality, the probability for different

transitions is a characteristic of each transition, according to selection rules.

When the transition probability is low for a specific transition, the lifetime of this
energy level is longer (about 107 [sec]), and this level becomes a "meta-
stable" level. In this meta-stable level a large population of atoms can assembled.

As we shall see, this level can be a candidate for lasing process.

When the population number of a higher energy level is bigger than the population
number of a lower energy level, a condition of "population inversion" is

established.

If a population inversion exists between two energy levels, the probability is high
that an incoming photon will stimulate an excited atom to return to a lower state,

while emitting another photon of light. The probability for this process depend on
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the match between the energy of the incoming photon and the energy difference

between these two levels.

How the First Ruby Laser Works
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Components of the first ruby laser

10075 -reflective

Power o mivor Quartz flash tube

Ruby crystal

95% -reflective Laser beam

mirror

Polished aluminum
reflecting cylinder
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Lecture Nine

Sl | 0§ guiind] Ju i1

Lgarl g ddling Jal e (A ol Slea (o8 4S5 jLudl) aa i
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Al Bl G Ailly ey (T) ol e 8 ALS Ay 3ny5 (R 1 e( O770) anains
1) o) Al sadll

r= Ii =R R, ™), (1)

o
z W S Al A L) ecadil) SIS 5 gty apdocaill (la o sllaall 0o il die aal 5 (e 5S) )l oIS 13
il saall e Al ol A0S Sy 1A) ¢ DM QA ()6 aa) 5 (e (B

RR,e* 7 =1 . (2)

.......................

2L (CGm=r) _ 1 (3)
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Solution:

N = _ Ge
Bhvng(Av)

1 c
AV = — A:_,_: V="
g(Av) v T B ¢’ A
13 -6
y = SmAVGT B30 XX 230xU07 _ ¢ 45,1022 2
ni 1.82x(1.06x10°

) ol el Jaalil) e s g8l ) 5l A0 e slaall (e dgiadl die ansll Jalaa a1 Jbia
) il A dalaas (7x 10" Hz ) Jil o (1 je 5 (1.5) o sl Ll Jabas (5% 10%2m 7

9(694.3nm) s 5o x50 J skl (3005~
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Llldiay) clalaal cpliddy cilbua
Oava Jaali sl e Lea caaSall el A3 53 (N, N) ol Lia jd g alial Jal ) G plas )
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Balal) SJSQU;(pvlz)lijlﬂsu‘“;uglamj)é&@\.kﬂjgsqu\ Jsa g die Juasy jpalaial) -2
OS85 (Wi = By, ) il (2) 5 sl 1 585 eV 130 (1 5 (1) 555l b 530
& sinall e VLYY 238 Ao 22 Ll (pld3-B il ey Gl (B, ) el o dua Al
) s o (Wi, N ) sstoan 3alall (e caSall il g aaad ol Aglill 8 e Wl eladly i)
(B;2Ny oy,

o = BaNipyp v, (2)
) Asial) EESY 3 L) poarlaling 5 5eSH g lad¥) il cun salal) € 131 Jeany  Jaall cilagiy) -3
U 51 (s sinall ) 5 g LY T sy rinti oW1 o siasall 3 s 55006 (o,
B dslaay ey Sl (B, ) Shaiall o Sim Al JST3,0 (W = By 0y ) essbnt Allaialyg
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(ry = Mo + Iy) o (e s caylany)
Blz Nlpv12 = A21N2 + BZlszvlz ---------------------- (4)
BiaNioy2 = BNy oy = AN,

N
Puio = PaNp (5)
B, N; — BN,
(sl deani ((N,) Sleo (5) Aalae (& aliall 5 Jasndl dansdy
Puio = M (6)
e |-
12 21
N,
eLed A8Uall A gl e salall & Hd a ) 5l g (Saatihs g Al ¢ ) gl A e i g sliaal aladiuly
;O\ Lﬂg\
hv
Np _ e KT (7)
1
(sle deani (6) Aalae A (7) Ualas (imy 52ty
Pt ®)
B,e® —By
(_5“ ‘é_ﬂ\j J}my‘ ?'“AM &L’.&:}[ &ﬂ.\ju ‘dJLQ.A.I Aolaall 2 a..\‘)l&a.\j
8ahv’

A 7
B(ehv/ KT 1)_ CS(ehv/ KT _1)
A 8z’
B G (10)
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Ergan AllainY Lalad 258184 g i alal) Galiaial dlee saa dllaial of I (10) dobaad) i
il Giles¥) dglee

(0 (8) Aalas () (il Aldlaa (o 14BN

A
pV = B(th/KT 1)
A A
A= = Ro:—

Elas¥) Jana s AN el Jame G Aailly e (R,) o) S (R, =™/ KT —1) 10 a3

AR il s (g s il

EJ\J; :\AJJJ um Cw )SMM Q\.’—L\‘){‘ dda.n ‘_A\ ‘;I‘JM &Ll\.:_u\}” dJM O M\ &_\.m;\ :dl:u
Al o sivea Jaali Al aa A ‘(5><1014 Hz ) Lo Silani¥l 23 5 Jare K131 ¢(2000K ©)
eOEEY 13g) o Laliall

Solution:

hv/ KT _1

R, =€

6.6x1034x5x104
23
R, =€ 1.38x107°x2000 _1 ~ 12 —1=1.5%10°

hv

N2 e KT xe2-6.14x10"°

Ny
Nl

) eV ¢ saall da ge Jdal Jinall Elani¥) Jame () I3 V) Jane G sl G 3 Jlia
2 &3 (300K ) 48all 3,0 sa da 5 (590NM) s 5o J skl

SUEEY) 1agd G plaliall A8 o gise Jaals cpm dsatl) -]

€I a1 Jame () Ly gl aaall CilasiV1 Jame (55051 s Ay (g 2ie 22

048 2l 3 m da,n (R =1) W oS (W dasall Jsb L -3
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Al abaall el daad s gall Jsda Al 8 (1) Ol 3 sul) aueall ikl oy 55l i ol
Jaie wald (291073 MKO) s 0ad i () Caale 13U (b o il8 8 ¢ LY I Jaa )

€52 A gall Jshal il oyl 58 Ly (6000K ©) 5,0 dn 50 8 (A )

Arpally Jary (G) sl Jalaa ) il 1l

Bnhvg(Av)

C
53 (V) el ol 5a () ol el des 58 (1) ecuiil B Jbas Jiag (B) o om
$e1,4L ¢ pall de pu 8 (C) Ol bl aall JSE A 2 g(AV) e i) 23 53

G :(Nz - Nl)

Solution:
W
O =— i 1
= 1)
A Alaaally g (5305 55 ) ) g () 5 JEY) dltiad i (W) O S
[
F=— . 2
Y (2)
rle duan (1) alee 8 (2) Adlas iy g3 2ic
o :Vlhv .................. (3)

(sle Jrans (4) Walas (A Lghiad G ot die 5 (1 = pC /N (an g SV 325 (S
o= Bnhvg(Av)

................... 5)
C
: olan ) pabesia¥l Jalaa () L
a=(N,—N,)o
az(Nl—Nz)w ..................... (6)
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0sSale 5 (G =—a) s sl dabaa o) L
Bnhvg(Av)

G:(NZ_Nl) c

alaa Canl ¢(0.5m ) sk 52 (5 3l Jas s DA Baal 55 e 5l ¢ gacall 303 e L 13) (1 30l
Laid (50p) ey g leiV) 50 8 5aly 3l S 13 (G 3 ld Gaualy ¥ el ol e e causl)
fnsl) Jalaa (5555 oS8 jlusall il

Solution:

a) 1 =1,.°"

2 — e0.5G

In2=0.5G

G=139m™"

b) I =1,+0.051, =1.051,
1.051, = 1,e**°

_In1.05

G =0.098m™

oad Jdo sl Jalas -1 sl ‘(1m)djLL§J3gLujdeLd\ ¢ guall BAd Cadeliad 131 U
eSﬂdj.Ld\ u.nsﬂjjass(6%) J\ﬁ@t@‘}(\'&dﬁ&h\.}j\ Gl 1A 22 3 lud ety Y leadl )
TSl Jalaa Hlage (&S0
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Lecture Four

The Einstein Relation

Al OA (e ol Jead (oolaill (¥l mias 1917 ale 8 oyl alall of Tl B S0
A e @y Matter sl as Electromagnetic Radiation dshliae s Sl a8l Jels
-adll) A5 adeny) ciblaald)

1- Absorption process 2- Spontaneous Emission  3- Stimulated Emission

Of s Bp, BEq e Ahll fngine o Ao jse salall 4 8all <l N G cplidia (il Cus
Excited State. - <=8 E4 4l s siwe LI Ground State auby <oz Egddlall (5 sive
OV YL Ca s e 138 5350 pa A 0 ol i A8y sise (o Balall 8 Chaa A8 Lad) A3 YY)
ilee JS Ll ALl s gy JUWl JA . Thermal Equilibrium gl

combalina 5 Sl g V) 5 53 e Jlal

¥

& Stimulated

Absorption
- - flelare Alter
JM' ‘E,S Sdﬁ\ CresS & £ £,
e EAVAVAL Shoron
By Javas S - B £
ﬁ: {2
&” Spontaneous
Emission . & ,
Spontancous ,\/\/\—
- 2 - . - Crsen
s 53eall 2 B eSS i =

s 95all Al a5 gﬂﬂl (L
Ajy Sara: SV

] eamemena e
i. g . ) 2 ol -
& Stimulated P g I INT N\
Emission OVATA etiizuon A
_ £y -

1wl
s sieall B BN 5SS
s il I Jiing S

Brj Jama: SV

"nn

Note: (The terms "excited atoms", "excited states", and "excited electrons" are used

here with no distinction)
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85U 39 wilguine VLS GleuVl UL JB Glgigall Glewl VS bbaic ail >V
wiliziw V! Sleudl Al | Jaiw olgiga)l Jase

~-@ @-%

A photon strikes an excited And the atom emits a new
atom... photon just like the first one.

Lahat Al a5 Einstein Coefficients (2lidi) Ol By & By & Ay S3klaall s jas
B lbaall 538 Jay 5 Al CEMa sl o s ABUAD il ginnn o JUI & gam Allaial (e B 5,8
o vie Lgia JS1 Gl Jaray 5 5 jaiusa 5y sy Balall & Juand D3N CVERY) O G (any Lgazany
Bl o ¢Sy 20 O alaal) (g Jabaa & e s 65 luall O3 Al sl 5 all s

s AY

Population at thermal equilibrium

Sl gr i guSle Aslaay Gl 5i (5 yall ) 5Y) aie AUl il gisa & <A Sland (pn 48D

. Maxwell-Boltzmann Law Sbaa¥!) & ) ill

Energyd .
Es5|Ns:
e hv %
N,==LN, e ¥7 E, .
1 0 af Ng
Eo k
E ;|
Where T is the temperature in
Kelvin and there is a thermal E _
equilibrium at T, g is the 2
statistical weight which e
represent the different ways
D aon ore ey £
have the same energy _
(degeneracy). Population Number N
Population Numbers at "Normal
Population”
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Example:

Calculate the ratio of the population numbers (N;, N,) for the two energy levels
Eand E; when the material is at room temperature (300°K), and the difference
between the energy levels is 0.5 [eV]. What is the wavelength (I) of a photon

which will be emitted in the transition from E, to E;?

Solution:

When substituting the numbers in the equation, we get:

| (0.5-eV) -(16-10‘19-i>
1.38- 10 " - {300K)

=4%10

This means that at room temperature, for every 1,000,000,000 atoms at the ground

level (E,), there are 4 atoms in the excited state (E,) .

To calculate the wavelength:

m
(6.626-10" - J-sec) -(3,108-—>
h-c sec
)\: = =248',U,m

AE ( _19 J)
(0.5-ev)-| 1.6-107 - —

ev

This wavelength is in the Near Infra-Red (NIR) spectrum.
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The Rate Equations for the Absorption, Spontaneous Emission and

Stimulated Emission

Aaxi i Jaee o GO IERY) Cllead) (e dlae JS 80 Al ya Als pall sda A s i
paie 1 dN/dE goload) Y Alla B Al By B Al g gise (AN I3

Eo, Ej 48Ul () sise o de §ge &l )il (e Ao gane
Spontaneous EmissionSalil) Cilaiy)

(Al Eilag¥) dlee ol ) WIS N 2ol WS 6T B (5 sivsall alaad e JEHN Cilagl) dolee adiad
Jare 05y SN Cilag¥l Eigan Adlaial o jumy o3 A g Jabeall o JEY) 13 aaing Gl
OSars Ny o LS il Jane 21 WIS Y Qlbidl gl dly By (gl dlaad (3 il

Al Asleally Glld e el

dN;/dt = - Ao Ny (1)

Stimulated Absorption yalaia¥)

SIS 5 ¢ (abiaiel) dglae cl ) LIS N o)) L 6l B s sl alaxi e (aliaiel) dglae adixg
ol Jame 06 L pabaie¥l dlee Eigan dlaial e iy 3 By daleall e JEBY) 138 adiay
dlee O Cuay Np A WS sl Jane 21 LS (0¥ agals Gl Ay By (s sisall 2laai 8
: Ol 1 Bg 5 By Cmsiasall (48Ul (38 (5 5 48la 53 Photon Ldsi 131 caaad (aliaicy!

hv = (AE) = Ez—El

RS p DIl g ladY) RS e yuasd Wil aliaie¥) dlee b Aild) Alsbaall Bias (530 o uaill
OSarge vy die Gligidaea g ddlaial sae =i Sl s Energy density of radiation 23 3l
AU Al B s sl dlasd st e alaia¥) dlee il il

dN;/dt = + Bgy Ng p (V) (2)
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Stimulated Emission <aiaall &ilayiy)

Gl dlae al ) L Ny dlo))l WIS 6 B ssiuall dlasd o Caniadd) ClansV) dlae adiad
Glaai¥) dlae Sigas Allaial ey 53l By dalzall (o JEEY) 18 aaiey Sl ¢ Cinisal)
LS il Jane 31 LS (Y lldly e 3l iy B s sisall aland (8 aaill Joae ()08 Caniaall
Op Al 38 (g A8 3 Photon Ldsi 13) chaad Caatuaall Clagl) Adee o Cum s Ny B

oV GV By 5 By Cmsiesd)
hv = (AE) = Ez—El
adjaly g lady) S gie e Wil Cantiindl Gilan) Aulee ot Al Aaleal) (8387 (saa e yuaill

2y die Cligigd dea g Adladial (s et N5 Energy density of radiation 32 All Al p
AU sl By (s siall alaed s e Gantoall Slan¥) Adee 53l Huadl) (S g oy

dNy/dt=-ByjgNy p(V) (3)

glad¥) deliy of WA e oSy ) ddlisadl oVlall Jia dsl) AN aValed) o
N; @Al ae G T 5 s da 3 die g ylpall Ol 3V Al Ay aaldd) &)Y an ounhaling 5 <)

ol @l i (SO By A8l s gia

N; = Constant & dNy/dt = zero
Therefore

dNy/dt = -A39 Ny +Bgy Ng p(v)- BygNp p(v) = 0
Hence

N1 (-A10- Bio p(V)) + BoyNg p(v) = 0

N1 (Ao + Big p(v) = Bgi Ng p(V)
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we get

N, _ B,,p(v)
Ny, 4y + By,p(v)

(4)

JosuSle dlalea () 13gd s () adl () 3 Ja i ons LgBlELE) a3 5 Al 43N c¥aledll O Cun g
Adiaie le il o
MN_& &=
N, &
(5)
:a Wl @slasll wle Juaxs (5) @slesll (4) @slas)] &)lanss

&o Ay, + By, p(v)

& A By
(5%)

S ¥ Alee Ll Jlaal (S la s 508 () 5S5 £ LY AES (s el 5 all cils o e

sl oAl Aa o iy Y Ll Cus

when KT >> hv we get g1/99 = N31/Ng
hence

B, _&

B, &

©6)
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From equation (5) we get

Aagl 1) Aa yal) /5l 5l & 0

2o &) pualaa

& e-ﬁfho + 51 e-ﬁBlo p(v)= By p(v)

& e_ﬁAw + & Q-FBIOP(U) = &Bw p)

0

_hw
l—e”}

hv
go &go
B
But u_ S
B, &
hv
go go
we get
kv
e A4y, = By, p(v)
p(v) [1 - e'FJ
10 _
A
B, e_Fv
4 hv
10 _ KT _
B., p) (e )
1
p(U)— = hv

(7)
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Equation (7) called Einstein equation for black body radiation . From the Bank

equation of black body radiation:

o= 8:2'1720 lm
(=D 4
we get
Ay 8§rhv’
- 3
B, C | ©)

The equation (6) and (9) 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.
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From equation (8)

Szhv’ 1
p)= = =

(eF-1)

To evaluate the ratio between the spontaneous emission and the stimulated emission
hv

et r=(€¢“-1)
therefore

A, 1
U O | @ w—
pv) By R

The ratio for the spontaneous emission to the stimulated emission can be
written as

4, 1
B, p)
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Example

Calculate the ratio of spontaneous emission to stimulated emission for a
tungsten filament operating at a temperature of 2000K taking the average

frequency to be 5x101%Hz.

Solution

The ratio R = exp[(6.6x103%*4x1014)/(1.38x10723¥2000)]

gleawVl aslis Jedl o5

R = 1.5x10°

is confirms that under normal condition of thermal
stimulated emission is not an important process.

spontaneous =les & stimulated emission “des O Eiud Gaw Laa
438 stimulated emission s F5d glad 5SS absorption $ emission
Bali) iy A3 ) (Fhals Jay L OmlAY) Oflaadl Aedlls Adaad) 038 Jira &3 O

Population Inversion = —ijsialR sE; ¢ fuall laais glady) PEIIAS

10
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